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ABSTRACT 

Engineered nanoparticles (NPs) have many unique electronic, chemical, and optical 

properties. Gallium arsenide (GaAs) NPs and indium arsenide (InAs) NPs are being 

considered in different semiconductors and electronic devices due to their favorable 

properties such as high electron mobility with wide and adjustable band gaps and their 

reduced power consumption. Polishing of thin films in a process known as chemical and 

mechanical planarization (CMP) could lead potentially to the release of byproducts from 

GaAs and InAs, such as soluble III-V materials (Ga, In, and arsenic (As) species) and 

particulate III-V materials (GaAs NPs, InAs NPs, gallium oxide (Ga2O3), indium oxide 

(In2O3)) into the wastewater stream. Furthermore, the CMP process utilizes cerium oxide 

(CeO2), silica (SiO2), and alumina (Al2O3) as abrasive particles in slurries to polish and 

create flat surfaces. As a result, CeO2, SiO2, and Al2O3 NPs will also be present in the 

waste streams of the semiconductor industry. Additionally, some NPs can promote the 

transport of toxic chemicals into cells through the “Trojan Horse” effect, which can 

potentially alter the toxicity of the NPs via adsorbed chemicals. Among the soluble III-V 

ions, arsenic is a concern for the Trojan Horse effect because it is a highly toxic and 

carcinogenic element with soluble species that can become adsorbed onto NP surfaces. 

Although the toxicity of soluble arsenic species is well established, little is known about 

the potential toxicity of other soluble III-V materials and III-V NPs. Therefore, it is 

important to study and understand the environmental fate and toxicity of these materials.  

The objectives of this work are to investigate the potential toxicity and 

environmental fate of III-V nanomaterials and byproducts that could be formed in CMP 
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slurries of semiconductor manufacturing effluents as well as to study the impact of CeO2 

NPs on the sorption and toxicity of As species.  

 The acute toxicity of GaAs, InAs, Ga2O3, and In2O3 particulates was investigated 

using two microbial assays targeting methanogenic archaea and the marine bacterium, 

Allivibrio fischeri. The results showed that GaAs and InAs NPs were acutely toxic 

towards these microorganisms while Ga2O3 and In2O3 NPs were not. The release of 

soluble arsenic species from arsenide NPs was shown to play a key role in the toxic effect 

of the arsenide NPs. Their toxicity increased with decreasing particle size and with 

increasing time because of the progressive corrosion of the NPs in the aqueous bioassay 

medium. In summary, the toxicity exerted by the arsenide NPs under environmental 

conditions will vary depending upon the particle size, dissolution time, and aqueous 

chemistry. 

 In addition to microbial toxicity, these materials could cause toxic effects to 

human health. The toxic effects of Ga-based and In-based NPs (GaAs, InAs, Ga2O3, and 

In2O3) as well as soluble III-V salts (As
III

, As
V
, Ga

III
, and In

III
) on human bronchial 

epithelial cells (16HBE14o-) were evaluated using an impedance-based real time cell 

analyzing (RTCA) system. The results showed that only dissolved arsenic (As
III 

and As
V
) 

and arsenide particulate compounds caused significant inhibition at low concentrations 

(IC50 values after 16 h of exposure (16 h-IC50): 2.4 mg As
III

/L, 4.5 mg As
V
/L,  6.2 mg 

GaAs NPs/L, and 68 mg InAs NPs/L). Similar to the case with the microbial toxicity, the 

cytotoxicity of the arsenide NPs to 16HBE14o- cells was mainly caused by dissolution of 

toxic As species (mostly As
III

). On the other hand, the soluble salt, Ga
III

-citrate, and 

Ga2O3 NPs caused mild inhibition while In
III

-citrate and In2O3 NPs were not toxic at the 
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concentrations tested (16 h-IC50 value: 260 mg Ga2O3 NPs/L), while In
III

-citrate and 

In2O3 NPs were not toxic at the concentration tested (16 h-IC50 value: > 300 mg In2O3 

NPs/L). In conclusion, GaAs NPs and, to a lesser extent InAs NPs, display toxicity to 

human lung cells and the adverse effects are expected to increase with increasing NP 

dissolution. 

 Besides Ga- and In-based NPs, abrasive NPs used in CMP slurries (i.e. CeO2, 

Al2O3, colloidal SiO2 (c-SiO2), and fumed SiO2 (f-SiO2)) will be present in semiconductor 

effluents and they could potentially be toxic to microbial communities and human health. 

The toxic effects of well-characterized model CMP slurries on the marine bacterium A. 

fischeri and human bronchial epithelial cells 16HBE14o- cells were investigated. The 

results showed that f-SiO2 and CeO2 slurries did not cause acute toxicity on A. fischeri at 

concentrations as high as 1136 and 909 mg/L, respectively. In contrast, c-SiO2 and Al2O3 

caused about 30% inhibition on microbial activity after 30 min of exposure at relatively 

high concentration (1364 mg c-SiO2/L and 1364 mg Al2O3/L). Lung cells were more 

sensitive to exposure to some of these inorganic oxide NPs. High concentrations (250 and 

500 mg/L) of c-SiO2 and f-SiO2 slurries led to lung cell death in the RTCA assay. On the 

other hand, CeO2 and Al2O3 slurries were either not inhibitory or only showed limited 

inhibitory effect on 16HBE14o- cells after 24 h of exposure. As a whole, the results 

indicate that the abrasive NPs used in CMP are not likely to cause acute environmental 

and health risks at the low concentrations expected in surface water (< 1 mg/L). 

 The presence of CMP NPs together with III-V soluble species can lead to 

emerging environmental and health problems. This study showed that CeO2 NPs 

effectively decreased the concentration of available As
III

 in the culture medium through 
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adsorption; hence showing the effect completely opposite of the “Trojan Horse” effect. 

Additionally, this work showed that internalization of CeO2 NPs by human lung cells was 

observed in vesicles (most likely lysosomes).  

 Taken as a whole, this dissertation demonstrates that GaAs NPs, and to a lesser 

extent InAs NPs, cause acute toxicity to the studied microbial targets and to human lung 

cells due to the corrosion of the nanomaterials in the aqueous environment, and the 

ensuing release of toxic As
III

. Other nanomaterials anticipated in CMP effluents (i.e. 

Ga2O3 NPs and In2O3 NPs) were relatively non-toxic. Abrasive NPs like CeO2, Al2O3, c-

SiO2, and f-SiO2 used in CMP slurries caused certain toxic effects to human bronchial 

epithelial cells at relatively high concentrations. The existence of CeO2 NPs along with 

soluble As
III

 in waste effluent led to adsorption of As
III

 onto CeO2 NPs that, as a result, 

decreased the toxicity of As
III

 dramatically.  

  



18 
 

CHAPTER 1: Introduction 

1.1 Definition of nanoparticles and their applications 

A general adopted definition of engineered nanomaterials is that they are man-made 

materials with dimensions under 100 nm as shown in Figure 1-1 (Klaine et al. 2008). The 

International Organization for Standardization (ISO) classified nanomaterials into three 

main groups: nanoparticles (NPs) with all three dimensions between 1 and 100 nm; 

nanoplates with one dimension between 1 and 100 nm; and nanofibers with two 

dimensions between 1 and 100 nm (Batley et al. 2013). Due to their significantly small 

sizes, NPs have much higher surface area to volume ratio that can enhance reactivity 

tremendously. As a result, NPs have unique electronic, optical, and chemical properties in 

comparison to similar chemicals with larger size (Klaine et al. 2008; Navarro et al. 

2008a). Engineered NPs are classified into seven main groups: carbonaceous 

nanomaterials (graphene, carbon nanotubes, nanometric carbon black), semiconductor 

(quantum dots as shown in Figure 1-1), metal oxides (In2O3, CeO2, Al2O3, SiO2, TiO2), 

nanopolymers (dendrimer as shown in Figure 1-1), nanoclays (e.g. montmorillonite, 

saponite, kaolinite), emulsions (acrylic latex), and zero-valent metals (Ag
0
, Fe

0
) (Batley 

et al. 2013). These NPs can be present in many different forms from single, aggregated, 

to agglomerated depending on the shapes and surface capabilities (Batley et al. 2013).  
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Figure 1-1. Size comparison of different nanomaterials (Wich 2017) 

 

Over the last decades, nanotechnology has rapidly developed for many 

applications in medicine, semiconductor manufacturing, personal care products, and other 

fields. Thousands of commercial products containing nanomaterials are currently 

available in the market (Lopez-Serrano et al. 2014a) with the annually global production 

of nanomaterials estimated to be over 10 million tons (Holden et al. 2014b). In medicine, 

nanotechnology-based drug delivery methods (Figure 1-2) show positively significant 

effects to design and develop antimicrobial drugs as well as to overcome antibiotic 

resistance of pathogens (Gumustas et al. 2017a). Semiconductor manufacturing has been 

utilizing and applying NPs in different areas such as quantum dot sensitized solar cells 

(Tamirat 2017); semiconductor metal-based NPs and metal oxide NPs (Figure 1-2) for 

electronic and optoelectronic devices (Lu et al. 2006); conductive coating on flat-screen 

liquid crystal displays (LCD) in mobile electronic devices, computer monitors, and 

televisions (Andersen et al. 2017); light-emitting diodes (LED), lasers, and ultrafast 

supercomputer (Flora et al. 2012b). 
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Figure 1-2. Different examples of NPs and their applications across biomedical 

fields (Zhao et al. 2015)  

 

1.2 Fate and transport of NPs 

NPs are discharged into the waste streams through different sources. The significant 

sources of NPs are the waste streams from factories using and producing NPs (Klaine et 

al. 2008). When NPs are released into the environment, they can deposit, aggregate, 

suspend, and dissolve in water, soil, or atmospheric systems. In the deposition process, 

the mobile particles are attached via strong bonds to the stationary phase. In the 

aggregation process, two mobile particles interact with one another through opposite 

charge attraction, Van der Walls attraction, hydrophobic interaction, etc. (Elimelech et al. 
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1990). In aqueous system, the dissolution or leaching process plays a key role in the fate 

and transport of NPs because leached or dissolved species are highly mobile and 

bioavailable compared to NPs.  

 When the demand for nano-scale devices and optical devices has increased in the 

semiconductor industry (Tomioka et al. 2011), the content of the waste streams from the 

chemical mechanical planarization (CMP) process has caught more attention of 

researchers and general public. The chemical mechanical planarization (CMP), as shown 

in Figure 1-3, is a step used to polish wafer surfaces into ultra-flat surfaces through a 

combination of physical and chemical forces. This process utilizes slurries of abrasive 

nano-sized particles (NPs) such as alumina (Al2O3), ceria (CeO2), and silica (SiO2). 

Additionally, because III-V materials such as gallium arsenide (GaAs) and indium 

arsenide (InAs) can provide high electron mobility with wide and adjustable band gaps 

and reduce power consumption, the semiconductor manufacturing sector was planning to 

introduce III-V film structures into silicon wafers to enhance device performance (Kim et 

al. 1999). Consequently, a variety of NPs and soluble ions are detected in CMP effluents 

(Wang et al. 2009a) and municipal wastewater and sewage sludge like GaAs, InAs, 

gallium oxide (Ga2O3), indium oxide (In2O3), Al2O3, CeO2, SiO2, Ga, In, and As (Figure 

1-3) (Speed et al. 2015a).  

NPs are released primarily through industrial discharge (Boxall et al. 2007). Due 

to their presence in wastewaters, there are many concerns about the potential hazards to 

both human health and the ecosystems. Most conventional wastewater treatment plants 

do not install special processes to treat and remove NPs, the fate of these materials inside 

the plants and after being released into the environment has steadily increased the 
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concerns of the public and researchers. A few studies focused on these concerns and 

found that NPs tends to partition onto biosolids (Gómez-Rivera et al. 2012; Lombi et al. 

2012; Rottman et al. 2012). In addition, the presence of NPs in the wastewaters when 

entering the wastewater treatment plants can cause many toxic effects, especially toward 

the microbial communities. Therefore, it is important to understand the potential hazards 

in order to propose and develop treatment techniques to treat these NPs. 

 

Figure 1-3. Schematic illustration of the CMP process. 

 

1.3 Potential health hazards of NPs  

The toxicity of nano-sized III-V materials (e.g. InAs, GaAs) is poorly characterized. 

GaAs was evaluated and considered to be carcinogenic to humans according to the 

International Agency for Research on Cancer (IARC) (IARC 2006). There are many 

studies investigating toxicology of GaAs like pulmonary toxicity (Burns et al. 1993; 

Gondre-Lewis et al. 2003; Ohyama et al. 1988; Omura et al. 1996b), reproductive 

toxicity (Omura et al. 1996a), or central nervous system (Flora et al. 2009). Studies found 

that GaAs causes toxicity to different organs such as lung, kidney, brain, or immune 

system (Flora et al. 2009). The toxicity of GaAs is attributed to the toxic effects of 
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dissolved gallium and arsenic (Flora et al. 2009). Indium arsenide (InAs) is also used in 

semiconductor materials due to its advantages similar to GaAs. Some studies showed that 

InAs is noticeably toxic to certain organ like lung or affecting sperm in rats (Omura et al. 

1996b) although its toxicity is weaker than GaAs. Evidently, the presence of As in GaAs 

and InAs NPs brought attention and caused concerns to researchers because releasing 

these NPs into wastewater systems can eventually lead to potential human health hazards.   

1.4 Toxicity of NPs in semiconductor manufacturing effluents 

There are increasing concerns about the potential hazards of these materials toward the 

ecosystem and environment. During the last decades, many studies have been done 

through in vitro and in vivo experiments in order to understand the potential toxic effects 

of NPs. A study in 2008 about the ecotoxicity of nine metallic nanopowders (copper zinc 

iron oxide, nickel zinc iron oxide, yttrium iron oxide, titanium dioxide, strontium ferrite, 

indium tin oxide, samarium oxide, erbium oxide, and holmium oxide) and two organic 

nanopowders (fullerene-C60 and single-walled carbon nanotube (SWCNTs)) on bacteria, 

micro-algae, micro-invertebrates and fish reported that there was a wide range of 

sensitivity with different degrees of ecotoxicity (Blaise et al. 2008). Another study tested 

the ecotoxicity of SWCNTs on juvenile rainbow trout observed a dose-dependent rise in 

ventilation rate, gill pathologies, and mucus secretion with SWCNT precipitation on the 

gill mucus (Smith et al. 2007). One study about the effect of aluminum (Al) NPs on the 

relative root growth in corn, soybean, cabbage, and carrot found that NPs significantly 

inhibited the growth of these plants after administration of 2 mg/mL for 24 h (Yang et al. 

2005).  Many studies about the effect of zinc NPs, titanium dioxide NPs, silicon dioxide 

NPs reported that these materials caused severe lung toxicity in mice, severe symptoms 
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of lethargy, anorexia, vomiting, diarrhea, loss of body weight and even death in mice 

when they administered gastrointestinally (Li et al. 1999; Wang et al. 2006). The results 

in these studies indicated that NPs could bring potential hazards to the environment.  

When the results clearly pinpointed the toxicity of NPs, the mechanisms of 

toxicity were investigated. Common mechanisms of interaction between these materials 

and biological tissues have been proposed such as disruption of cell membrane, reactive 

oxygen species (ROS) leading to oxidative stress, changes in cellular morphology, 

dissolution of toxic ions (Elsaesser et al. 2012; Oberdörster et al. 2007; Soenen et al. 

2011) (Figure 1-4). Numerous studies have attributed the toxicity of various types of NPs 

to their ability to promote the formation of ROS (Choi et al. 2007a; Gou et al. 2010; 

Passagne et al. 2012b; Shvedova et al. 2012). In addition to ROS, some studies showed 

that soluble ions such as arsenic (As), gallium (Ga), and indium (In) released from 

engineered nanomaterials (e.g., GaAs, InAs NPs) can contribute to NP toxicity (Bomhard 

et al. 2013b; Jiang et al. 2015).  

Due to the high reactivity and surface area of NPs, different dissolved substances 

and species can accumulate at their surfaces through adsorption. For example, several 

studies have confirmed that As adsorbs strongly onto the surface of certain NPs like 

Al2O3 and CeO2 but not SiO2 (Hristovski et al. 2007b; Wang et al. 2013). Studies also 

showed that some NPs could act as “Trojan Horse” which could have positive and 

negative effects. The positive impacts of “Trojan Horse” mechanism showed that NPs 

have been used as drug carriers in nanomedicine areas (Brigger et al. 2002; Choi et al. 

2007b) and the detoxification of As
III

 in the presence of CeO2 NPs (Zeng et al. 2018). 

The negative aspect of “Trojan Horse” mechanism showed that NPs can increase the 
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toxicity of adsorbed materials by facilitating their transport into cells or organisms. One 

study reported that ROS production in lung epithelial cells exposed to cobalt and 

manganese in the presence of nano-SiO2 was 8 times higher than those of SiO2-free 

controls (Limbach et al. 2007). Another study showed that certain NPs like Al2O3, Fe2O3, 

and TiO2 significantly increased the toxicity of As
V
 toward the crustacean, Cerodaphnia 

dubia (Hu et al. 2012b; Wang et al. 2011a; Wang et al. 2011c).  

 

 

Figure 1-4. Possible mechanisms by which nanomaterials may cause 

cytotoxicity (Nel et al. 2006) 
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CHAPTER 2: Objectives 

2.1 Aim 

The overall objectives of this research were to investigate and to evaluate the 

environmental fate, the microbial toxicity, and the potential health risks of Ga-based and 

In-based NPs as well as CMP slurries introduced and utilized in semiconductor 

manufacture for new III-V materials.  

2.2 Specific objectives 

 To investigate the toxicity of Ga- and In-based NPs toward microbial communities.  

 To investigate the toxicity of Ga- and In-based NPs as well as inorganic oxides NPs 

used as abrasives in CMP slurries (Al2O3, CeO2, colloidal SiO2, and fumed SiO2) to 

human bronchial lung epithelial cells using a label-free impedance-based system for 

real-time and high-throughput real time cell analysis (RTCA). 

 To study the physical and chemical characteristics of Ga- and In-based NPs. 

 To study the role of NP dissolution on the toxicity of III-V NPs. 

 To study the potential “Trojan Horse” effect of NPs in assays with soluble arsenite in 

combination with CeO2 NPs using a label-free impedance-based system for real-time 

and high-throughput real time cell analysis (RTCA).  
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CHAPTER 3: Microbial Toxicity of Gallium- and Indium-based Oxide and 

Arsenide Nanoparticles 

3.1 Abstract 

III-V semiconductor materials such as gallium arsenide (GaAs) and indium arsenide 

(InAs) are increasingly used in the fabrication of electronic devices. There is a growing 

concern about the potential release of these materials into the environment leading to 

effects on public and environmental health. The waste effluents from the chemical 

mechanical planarization process could impact microorganisms in biological wastewater 

treatment systems. Currently, there is only limited information about the inhibition of 

gallium- and indium-based NPs on microorganisms. This study evaluated the acute 

toxicity of GaAs, InAs, gallium oxide (Ga2O3), and indium oxide (In2O3) particulates 

using two microbial inhibition assays targeting methanogenic archaea and the marine 

bacterium, Aliivibrio fischeri. GaAs and InAs NPs were acutely toxic towards these 

microorganisms; Ga2O3 and In2O3 NPs were not. The toxic effect was mainly due to the 

release of soluble arsenic species and it increased with decreasing particle size and with 

increasing time due to the progressive corrosion of the NPs in the aqueous bioassay 

medium. Collectively, the results indicate that the toxicity exerted by the arsenide NPs 

under environmental conditions will vary depending on intrinsic properties of the 

material such as particle size as well as on the dissolution time and aqueous chemistry. 
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3.2 Introduction 

Due to their unique photonic properties and high electron mobility, III-V semiconducting 

nanomaterials (e.g., gallium arsenide (GaAs) and indium arsenide (InAs), gallium-indium 

arsenide (GaInAs)) are increasingly used in a wide array of electronic products including 

mobile phones, light emitting diodes (LEDs) for displays, light sources and detectors, 

microcircuits, lasers, bioimaging agents, and biosensors (Dayeh et al. 2009; Fan et al. 

2014; Michalet et al. 2005; Tomioka et al. 2011). GaAs is also utilized in the 

manufacturing of thin film photovoltaic solar modules and other photovaltic devices. The 

industrial application of GaAs is growing rapidly. The world primary production of Ga in 

2018, estimated at 410 metric tons, was 5.25-fold higher than in 2009 (USGS 2010, 

2019). This rapid growth is due to the higher content of GaAs in smartphones and 

increasing use of GaAs-based LEDs (USGS 2014). 

Manufacturing of III-V based devices often involves chemical mechanical 

planarization (CMP) processing to produce an ultra-flat wafer surface and prepare the 

material surface for further processing. CMP is a growing market segment, worth over 

$1.5 billion annually (SEMI 2014). The process relies on the application of slurries 

containing abrasive engineered nano-sized particles (chiefly alumina (Al2O3), ceria 

(CeO2), and silica (SiO2)) and other chemicals such as corrosion inhibitors, surfactants, 

and biocides and strong oxidizers such as H2O2 (Banerjee 2014; Brightup et al. 2010). 

During the CMP process, a significant amount of clean water is required to wash away 

unwanted materials. Consequently, each year millions of liters of CMP waste are 

discharged to municipal sewers (Kosmulski 2016). CMP processing of thin films of III-V 

materials such as GaAs and InAs can potentially result in the release of soluble III-V 
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species (e.g., Ga
III

, In
III

, arsenite (As
III

), and arsenate (As
V
) and suspended III-V 

particulates (e.g., GaAs, InAs, gallium oxide (Ga2O3), and indium oxide (In2O3)) into 

CMP effluents (Brightup et al. 2010; Matovu et al. 2013; Shepard et al. 2014c; Speed et 

al. 2015b). Gallium and indium oxides are formed due to corrosion of the respective 

arsenides (Gumustas et al. 2017b; USGS 2010). Spent slurries produced from CMP 

process can also contain significant amounts of III-V particulates together with III-V ions 

among other unspecified substances (Speed et al. 2015b; Torrance et al. 2010). The 

concentrations of arsenic in the waste streams of electronics manufacturing facilities that 

utilize III-V materials can be very high. A LED fabrication process in Taiwan using 

GaAs technology produced a wastewater containing very high concentrations of soluble 

arsenic (500–2000 mg As/L) at a flow rate of 10–100 m
3
/day (Huang et al. 2007). Very 

high concentrations of soluble arsenic have also been found in wastewater from GaAs 

semiconductor production facilities in China (35-75 mg As/L) (Li et al. 2015) and the 

United Kingdom (80 to 2000 mg/L), depending on the polishing parameters (Torrance et 

al. 2010). Although arsenide particulates are expected in CMP waste streams (Jiang et al. 

2015; Osborne et al. 2017b), the concentrations found in these effluents have not been 

reported to date. Inductively coupled plasma mass-spectrometry (ICP-MS) analyses 

performed by Torrance and coworkers (Torrance et al. 2010) revealed total GaAs 

concentrations (including soluble and particulate GaAs) ranging from 3000-5000 mg/L in 

wafer polishing effluents from different industrial sites. The latter study reports that even 

higher concentrations of total GaAs (20-75 g/L) can be found in effluents from GaAs 

wafer manufacturing. CMP effluents are treated on site prior to discharge into municipal 

sewers to remove regulated pollutants (e.g. copper, soluble arsenic), but these wastewater 
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treatment systems are often not designed to remove Ga- and In-based NPs or other 

engineered nanomaterials. 

The growing interest in the application of new III-V nanomaterials in 

semiconductor manufacturing has led to increasing concerns about possible toxic effects 

of CMP effluents generated during the planarization of thin films of III-V materials. In 

particular, there is a concern about the health risks and environmental impacts of As, 

which is well known as a carcinogenic and highly toxic metalloid (ATSDR 2007; Jain et 

al. 2000; Madal et al. 2002). The World Health Organization (WHO 1993) and the U.S. 

Environmental Protection Agency (EPA 2001) have established the maximum arsenic 

concentration allowed in drinking water at 10 g/L. Gallium arsenide has also been 

classified as an immune toxicant and a group I carcinogen to humans (Flora et al. 2012a). 

Less is known about the potential hazard and toxic effects of other soluble III-V species 

and III-V particulates (Bomhard et al. 2013a; Carter et al. 2003; Jiang et al. 2015; Kitchin 

2001; Zeng et al. 2018). This information gap, combined with the importance of CMP 

effluents, indicates the need for further research to characterize the ecotoxicity of III-V 

particles such as GaAs, InAs, Ga2O3, and In2O3. To the best of our knowledge, the acute 

toxicity of these materials toward microorganisms has not been reported to date. We are 

only aware of three recent studies that investigated the microbial toxicity of related 

nanomaterials, gallium nitride NPs (Sahoo et al. 2013) and NPs of gallium(III) with 

different porphyrins (Choi et al. 2019a, 2019b). Porphyrins are a group of heterocyclic 

macrocycle organic compounds that serve multiple purposes in many living organisms 

(Guilard 2012).  
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The goal of this study was to investigate the microbial toxicity of nano-sized Ga- 

and In-based oxides and arsenides (i.e., GaAs, InAs, Ga2O3 and In2O3). GaAs and InAs 

are III-V materials being considered in semiconductor manufacturing. Ga2O3 and In2O3 

can potentially be formed during polishing operations of III-V films. Different tests were 

performed including the widely used commercial toxicity Microtox bioassay (which 

assesses the inhibition of a marine bioluminescence bacterium, Aliivibrio fischeri) as well 

as bioassays using microbial populations important in wastewater treatment, specifically, 

anaerobic methanogenic microorganisms. The effect of particle size and exposure time on 

the toxicity and dissolution/corrosion kinetics of the most inhibitory materials (i.e., GaAs 

and InAs) was also investigated. 

 

3.3 Materials and methods 

3.3.1 Chemicals 

Gallium oxide (Ga2O3) nanopowder (CAS# 12024-21-4, 99.9+% purity, average particle 

size (APS) = 654±8 nm) was obtained from American Elements (Los Angeles, CA, USA). 

Indium oxide (In2O3) NPs (CAS# 1312-43-2, 99.995% purity, APS = 626±12 nm) was 

purchased from SkySpring Nanomaterials, Inc. (Houston, TX, USA). Gallium arsenide 

nano-powder (GaAs) (CAS# 1303-00-0, 99.99% purity, APS = 80-100 nm) and indium 

arsenide (InAs) nano-powder (CAS# 106097-59-0, 99.99% purity, APS = 80-100 nm) 

were obtained from Nanoshel LLC (Wilmington, DE, USA). GaAs pieces (99.999% 

metals basis) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and InAs pieces 

(99.9999% trace metal basis, 1.5-9.5 mm polycrystalline pieces) were purchased from 
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BeanTown Chemical (Hudson, NH, USA). All other chemicals used were analytical 

reagent.  

3.3.2 Preparation of micron-sized materials 

GaAs and InAs were pulverized with a mortar and pestle to produce different micron-size 

fractions of 125-355 m (mesh #120), 355-710 m (mesh #45), and > 710 m (mesh 

#25). Mesh sieving parts were assembled with the lower mesh number (#25) on top and 

the highest number (#120) at the bottom. After GaAs and InAs particles were pulverized, 

the particles were poured into the sieving column and different size particles were 

separated by shaking. The sieved particles were collected according to sizes.  

3.3.3 Size distribution and zeta () potential 

The average hydrodynamic particle sizes and the particle size distribution of Ga2O3 and 

In2O3 NPs were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS 

(Malvern Instruments, Westborough, MA, USA) with a laser wavelength of 633 nm and a 

scattering angle of 173. The refractive index of the Ga2O3 and In2O3 NPs was 1.92 and 

1.86, respectively. The concentration of the samples analyzed by DLS was 100 mg NPs/L. 

The -potential of Ga2O3 and In2O3 dispersions was also determined using the 

Zetasizer Nano ZS instrument. The data were determined using the Smoluchowski 

equation that correlates the particles electrophoretic mobility to their -potential value. 

Due to the poor suspension behavior caused by extensive aggregation of the GaAs and 

InAs NPs in different media, their particle size distribution and average size could not be 

determined.  
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3.3.4 Particle corrosion and dissolution 

In order to explore the combined effect of corrosion and dissolution, 500 mg/L of 

micron-sized and NPs were prepared in 1 g/L NaHCO3 in serum flasks. The flasks were 

sealed with septa and shaken for 5 d (110 rpm at 30
o
C). The pH of solution was 

maintained at 7.85 throughout the process by supplying 1% CO2 gas each day after liquid 

samples were collected. Liquid samples were collected for inductively coupled plasma 

optical emission spectrometry (ICP-OES) analysis. 

Micron-sized and NPs utilized in some toxicity tests were subjected to the 

corrosion/dissolution procedure described in the previous paragraph for 5 d prior to 

testing, and these are referred to as “aged” particles. In contrast, the term “fresh” particles 

refer to particles that were not subjected to any corrosion/dissolution procedure prior to 

testing. 

3.3.5 Inhibition of methanogenic activity 

In this study, anaerobic methanogenic granules were used to test the acute toxicity of the 

different chemicals towards the specific methanogenic activity of a mixed methanogenic 

culture to ensure that the results obtained are of practical relevance to wastewater 

treatment systems (e.g. anaerobic wastewater treatment systems and anaerobic 

sludge/slurry digestions systems). Pure microbial cultures often displayed much higher 

sensitivity to toxicants than mixed microbial biolfilms/granules due to the protection 

afforded by the dense biofilm structure, synergistic interactions, etc. (Adam et al. 2002; 

Fang et al. 1994; Jahid et al. 2014; Lin et al. 1997; Visser et al. 1996). Natural and 

engineered methanogenic environments typically harbor complex microbial communities, 

rather than pure cultures. 
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The methanogenic archaea utilized in this study were natural mixed cultures in 

anaerobic granular sludge obtained from a full-scale upward flow anaerobic sludge 

blanket reactor treating wastewater at a brewery (Mahou, Guadalajara, Spain). Anaerobic 

granular sludge was washed and sieved to remove fine particles prior to use in the 

toxicity bioassays. The content of volatile suspended solids (VSS) in the sludge was 

6.57% based on wet weight. The specific methanogenic activity of the sludge was 770 

mg CH4-as chemical oxygen demand (COD)/(g VSS*d). The sludge was stored in the 

refrigerator at 4
o
C prior to use. 

The basal mineral medium was prepared using ultrapure water (NANOpure 

Infinity, Barnstead Int., Dubuque, IA, USA) and contained (in mg/L): K2HPO4 (250), 

NH4Cl (280), NaHCO3 (3,000), yeast extract (100), CaCl2•2H2O (10), MgCl2•6H2O (183), 

and trace element solution (1 mL/L). The trace elements solution contained (in mg/L): 

AlCl3•6H2O (90), FeCl2•4H2O (2,000), ZnCl2 (50), MnCl2•4H2O (50), H3BO3 (50), 

CoCl2•6H2O (2,000), NiCl2•6H2O (50), (NH4)6Mo7O24•4H2O (50), NaSeO3•5H2O (100), 

CuCl2•2H2O (30), resazurin (200), EDTA (1,000), and 36% HCl (1 mL). The pH of the 

basal medium was adjusted to 7.2 with HCl or NaOH, as required. 

The assays were conducted in glass serum flasks (160 mL) or in glass test tubes 

(26.5 mL) supplied with appropriate amounts of basal medium and anaerobic sludge (1.5 

g VSS/L). A control group (in triplicate) was also prepared in the same manner. The 

liquid phase was flushed with N2/CO2 (80:20, v/v) for 3 min. All flasks and test tubes 

were sealed with butyl rubber stoppers and aluminum crimp seals. Subsequently, the 

headspace was then flushed with the same gas mixture N2/CO2 (80:20, v/v) for 3 min to 

ensure anaerobic conditions and to provide buffer capacity (pH 7.2). Subsequently, the 
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gas mixture H2/CO2 (80:20, v/v) was added to 9 psi to each serum flask/test tube to 

supply hydrogen as an electron donor. The flasks/test tubes were pre-incubated overnight 

in the dark at 30°C in an orbital shaker at 110 rpm to ensure that the sludge adapted to 

medium conditions. The following day, different amounts of the test compounds were 

added to each flask/test tube to obtain a range of tested concentrations. The control group 

contains no tested compounds. The headspace was flushed again with same gas mixture 

for 3 min to remove any methane produced during pre-incubation. Hydrogen was added 

to 9 psi again. The methane content of the headspace of each flask was measured 

periodically during the subsequent days until the production of methane plateaued in the 

toxicant free controls. At the end of the assay, liquid samples from each serum flask/test 

tube were collected for ICP-OES analysis. All the bioassays were conducted in duplicates.  

The maximum specific methanogenic activity (mg CH4-COD/(g VSS*d)) was 

calculated from the slope of the cumulative methane production. The maximum specific 

activity at a given toxicant concentration was determined during the time when the 

toxicant-free control displayed the maximum specific activity. A normalized 

methanogenic activity (NMA) was determined using the Equation 3 – 1: 

 

         
                                                 

                                    
  (3 – 1) 

 

The percent inhibition observed was determined according to Equation 3 – 2: 

 

           ( )      *    
                                                     

                                        
+  (3 – 2) 
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The initial concentration of a toxicant causing 50% inhibition compared to an uninhibited 

control is referred to as IC50. This value was calculated by interpolation in the graph 

plotting the inhibition observed (expressed as percent) as a function of the inhibitor 

concentration. Unless otherwise indicated, reported inhibitory concentrations are average 

values of duplicate assays and corresponding standard deviations. 

3.3.6 Microtox bioassay 

Microtox® is an in vitro, metabolic inhibition test system that utilizes a strain of naturally 

luminescent marine bacterium named Aliivibrio fischeri that produce light as byproduct 

of cellular respiration. These bacteria are very sensitive to a wide range of different toxic 

substances, and the toxicity of certain toxicant can be recognized by the loss of 

luminescence level that results from cellular respiration inhibition (James et al. 2003). 

Microtox® Model 500 analyzer (Strategic Diagnostics, Inc. SDIX, Newark, DE, 

USA) was used to perform the experiment. Stock NP solutions were prepared. ICP-OES 

was used to determine the concentration of As, Ga, and In in the solutions. In the 

experiment, the stock solution was first mixed with osmotic adjusted solution (10:1, v/v). 

Subsequently, the solution was diluted to different concentrations with Microtox
®

 diluent 

(pH 6.78). The light levels were tested after 0, 5, 15, and 30 min of exposure. The 

microbes were used within 2 h after reconstitution. All tests were performed in duplicate; 

negative controls without NPs were run in parallel.  

In Microtox® tests, parameter gamma (t), the ratio of the light loss to the 

remaining light level at time t is commonly used for data processing. The value of light 

loss is achieved by the Equations 3 – 3 and 3 – 4 (James et al. 2003): 
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where    is the light output ratio of a negative control (toxicant free) at time t (  ) to the 

value at time 0 (  ). It is used to correct and normalize the light variation in the test.    

and    are the light levels of the samples at time 0 and time t. Bioluminescent inhibition 

and activity can be derived by the Equations 3 – 5 and 3 – 6 (James et al. 2003): 
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3.3.7 Analytical methods 

Methane concentration in the headspace of the serum flasks and test tubes was 

determined by gas chromatography (GC) using an HP5890 II Plus system (Agilent 

Technologies, Palo Alto, CA, USA) equipped with a flame ionization detector (GC-FID) 

and a Stabilwax-DA column (Carboxen-1010 PLOT, 30 m x 0.53 mm I.D., Restek Corp., 

Bellefonte, PA, USA). The temperature of the oven, the injector port, and the detector 

were 140, 180, and 250
o
C, respectively. Helium was used as the carrier gas (5.2 mL/min), 

and air and hydrogen as flame source. Samples were collected from the headspace using 

a gastight SampleLock gas syringe (100 L) (Hamilton Company, Reno, NV, USA). 
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The concentration of dissolved arsenic, gallium, and indium in liquid samples was 

determined by ICP-OES (ICP-OES 5100, Agilent Technologies) at a wavelength of 

188.980 nm (for As), 294.363 nm (for Ga), and 230.606 nm (for In). The limit of 

detection for all three metals was 30 g/L. Prior to ICP analysis of Ga2O3, In2O3, GaAs, 

and InAs, liquid samples were centrifuged (12,000 rpm for 10 min) and filtered through a 

25-nm membrane filter. The filtered samples were then diluted to proper concentrations 

with 2% HNO3 for analysis. The concentration of As
III

 and As
V
 in liquid samples was 

determined using an HPLC-inductively coupled plasma-mass spectrometry (HPLC–ICP–

MS) system fitted with a reverse-phase C18 column (Prodigy 3u ODS(3), 150 mm × 4.60 

mm, Phenomenex, Torrance, CA, USA) and guard cartridge as previously described 

(USGS 2019). 

Other analyses, including pH and VSS content in sludge, were performed 

according to standard methods (APHA 2005). 

3.3.8 Statistical analysis 

The statistical analysis was performed using a two-sample t-test assuming unequal 

variances on Microsoft Excel. The statistical comparison was based upon the t-critical 

two-tail values and the t-stat values. Significance was considered to be at the p < 0.05 

probability level. 
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3.4 Results 

3.4.1 Physicochemical characterization of nanoparticles 

Figure 3-1 shows the transmission electron micrographs of the different nanomaterials 

investigated in this study. The micrographs show that the particle morphology of the 

nanomaterials is diverse and includes rod-like, nearly spherical, and amorphous particles. 

The average particle size values determined by electron microscopy are reported in Table 

3-1. These values were 100 nm in all cases, except for Ga2O3 that had an average particle 

size of 500 nm. Dynamic light scattering (DLS) was utilized to evaluate the particle size 

distribution in the aqueous media used in the different toxicity bioassays. The average 

hydrodynamic diameter includes the particle with water or other molecules adsorbed on 

its surface and, therefore, it is generally higher that the primary size determined for the 

dry particles by electron microscopy. 
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Figure 3-1. Transmission electron microscope (TEM) images of Ga2O3 (A), In2O3 (B), 

GaAs (C), and InAs (D) nanoparticles provided by the respective nanomaterial 

manufacturers. 

 

Table 3-1 shows that the average hydrodynamic particle sizes of the NPs in the 

anaerobic basal medium and Microtox diluent were much higher than their primary sizes. 

The average aggregate sizes determined for Ga2O3 and In2O3 ranged from 1401 to 2217 

nm. Additionally, the average zeta potential of the oxide dispersions was within the range 

of +30/-30 mV, typical threshold that separates unstable dispersions with low charged 
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surfaces from stable dispersions with highly charged surfaces (Gumustas et al. 2017b). 

Although the isoelectric point (IEP) of Ga2O3 and In2O3 NPs dispersions in water (8.4-

9.2) (Kosmulski 2001, 2016) is higher than the pH of the bioassay media (6.8-7.2), the 

observed particle aggregation in the bioassay medium is not surprising. It is well known 

that many NP dispersions are destabilized in complex aqueous media (Banerjee 2014) 

containing high levels of salts and/or organic compounds (Huang et al. 2007), resulting in 

aggregates that have effective sizes that are orders of magnitude higher compared to that 

of the primary particles. The arsenide nanoparticle dispersions were also very unstable in 

the aqueous bioassay media and formed large aggregates that settled readily and could 

not be assessed for particle size using the Zetasizer Nano ZS instrument. Characterization 

of NPs in the medium of study is important, since the formation of large aggregates may 

influence their toxic impact. 
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Table 3-1. Average particle size and zeta potential (-potential) of the nanoparticles used 

in this study in the different basal media used in the microbial bioassays. 

 

NA*= The arsenide nanoparticle dispersions were very unstable in the aqueous bioassay 

media and formed large aggregates that settled readily and could not be assessed for 

particle size using the Zetasizer Nano ZS instrument. 

 

3.4.2 Microbial toxicity of Ga and In-based oxide and arsenide nanomaterials 

The toxicity of fresh, non-aged Ga2O3 and In2O3 NPs was tested in the methanogenic and 

Microtox inhibition bioassays (Figures 3-2 and 3-3, respectively). The two byproducts of 

the CMP process only caused low inhibition (less than 8%) in these acute tests at the 

highest tested concentration of 227 mg NPs/L. Figure 3-4 shows an example of typical 

time course of methane production in a methanogenic toxicity bioassay. The normalized 

methanogenic activity in Figure 3-3A decreases slightly by 10% (with fresh Ga2O3 NPs) 

and by 16% (with fresh In2O3 NPs) at concentrations up to 500 mg NPs/L
 
(Figure 3-3A). 

Nanoparticles 

Particle size (diameter, nm) -potential (mV) 

Reported 
Methanogenic 

basal medium 

Microtox 

diluent 

Methanogenic 

basal medium 

Microtox 

diluent 

Ga2O3 500 1401 ± 64 2217 ± 26 −10.6 ± 0.1 14.1 ± 0.4 

In2O3 20-70 1485 ± 144 1292 ± 315 −7.9 ± 0.2 −2.8 ± 1.1 

GaAs 80-100 NA* NA* -- -- 

InAs 80-100 NA* NA* -- -- 
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From these tests, it can be concluded that the two oxides did not cause any noteworthy 

acute inhibition towards microorganisms at the high concentrations tested. 

The microbial toxicity of fresh, non-aged GaAs and InAs NPs was also 

investigated and the results are presented in Figures 3-2, 3-3B, and 3-3C. Compared to 

Ga2O3 and In2O3 NPs, the arsenide NPs often caused greater acute toxicity. The 

bioluminescent activity of A. fischeri dropped sharply by 69% in the presence of GaAs 

NPs (227 mg/L) and by 26% in the presence of InAs NPs (227 mg/L), whereas no such 

drop off in activity occurred following cell exposure to high concentrations of Ga2O3 and 

In2O3 NPs (Figure 3-2B). In the methanogenic assays, fresh GaAs NPs only caused a 

slight decrease in activity (20 %) at the highest tested concentration, 45 mg NPs/L
 
(Figure 

3-3B). Exposure to InAs NPs also caused a moderate drop off in methanogenic activity 

(38 %) at the highest tested concentration of 250 mg NPs/L (Figure 3-3C). A summary of 

the 50% inhibition concentrations (IC50) determined for the different NPs is shown in 

Table 3-2. The results demonstrate that exposure to non-aged GaAs and InAs NPs only 

caused partial inhibition of the microbial activity of the target populations at the very 

high concentrations tested.  
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Figure 3-2. Impact of aging and concentration on the toxicity of different gallium and 

indium-based NPs to the bioluminescent marine bacterium, A. fischeri, after 15 min of 

exposure.  The „aged‟ particles were incubated in 1 g/L NaHCO3 (pH= 7.8) for 5 d. Panel 

A: Ga2O3 NPs (), aged Ga2O3 NPs (), In2O3 NPs (), and aged In2O3 NPs (); 

Panel B: GaAs NPs (), aged GaAs NPs (); Panel C: InAs NPs (), and aged InAs 

NPs (). The standard deviation bars are plotted but they were small and are not visible. 

Treatments that are not statistically different from the controls (p values ≤ 0.05) are 

marked with an asterisk (*). 
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Figure 3-3. Impact of aging and concentration on the toxicity of different gallium and 

indium-based NPs to methanogenic microorganisms. The „aged‟ particles were incubated 

in 1 g/L NaHCO3 (pH 7.8) for 5 d. Panel A: Fresh Ga2O3 NPs (), aged Ga2O3 NPs (), 

fresh In2O3 NPs (), and aged In2O3 NPs (); Panel B: Fresh GaAs NPs (), aged 

GaAs NPs (); Panel C: Fresh InAs NPs (), and aged InAs NPs (). Treatments that 

are not statistically different from the controls (p values ≤ 0.05) are marked with an 

asterisk (*). 
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Figure 3-4. Time course of methane production by anaerobic granular sludge exposed to 

fresh- and aged GaAs NPs. The „aged‟ particles were incubated in 1 g/L NaHCO3 (pH 

7.8) for 5 d. Control (), 12 mg/L of fresh GaAs (), and 10 mg/L of aged GaAs (). 
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Table 3-2. Impact of aging on the 50% inhibiting concentration values of micron-sized 

and nano-sized GaAs and InAs in methanogenic activity tests and in the Microtox 

bioassay. The aged particles were incubated for 5 d in 1 g/L NaHCO3 (pH 7.8, 

temperature of 30
o
C, 110 rpm). The initial particle concentration was 500 mg/L.  

*The highest concentration tested.  NT = No Test performed. 

Material 

Methanogenic activity 

 

Microtox 

50% Inhibiting Concentration (mg/L) 

GaAs 

 Fresh, 80-100 nm 

 

> 45.0* 

 

143.2 

 Aged, 80-100 nm 5.8 46.8 

 Fresh, 125-355 m > 250.0*  NT 

 Aged, 125-355 m 166.7 NT 

InAs  

 Fresh, 80-100 nm 

 

> 250.0* 

 

> 227.0*  

 Aged, 80-100 nm 128.5 240.3 

 Fresh, 125-355 m > 250.0* NT 

 Aged, 125-355 m > 250.0* NT 
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3.4.3 Impact of NP corrosion/dissolution on the microbial toxicity of Ga and In-

based oxide and arsenide nanomaterials 

Because III/V NPs may undergo corrosion and/or dissolution in the aqueous environment, 

it is important to understand how the time of exposure to the aqueous medium may alter 

their inhibitory potential. For this purpose, the microbial inhibition exerted by fresh, non-

aged arsenide NPs was compared to that of arsenide NPs previously aged by exposure to 

an aqueous solution (1 g/L sodium bicarbonate, pH 7.8) for 5 d. 

The IC50 values determined for the fresh and 5-d aged NPs in the Microtox and 

methanogenic toxicity bioassays are compared on Table 3-2. Exposure of the target 

microbial culture to Ga2O3 and In2O3 NPs did not cause significant microbial inhibition, 

regardless of whether the NPs were aged for 5 d prior to inhibition testing (Figures 3-2 

and 3-3). In contrast, corrosion/dissolution of GaAs and InAs NPs in aqueous media 

resulted in a considerable increase of the acute microbial toxicity of these nanomaterials. 

As an example, exposure of A. fischeri to aged GaAs NPs (114 mg/L) caused a 79% 

decrease in the bioluminescent activity, whereas exposure to the same concentration of 

fresh GaAs NPs resulted in only 36% inhibition (Figure 3-2B). Likewise, cell exposure to 

aged InAs NPs (227 mg/L) decreased the bioluminescent activity by 47%, a value that is 

almost two-fold higher compared to the inhibition caused by the same concentration of 

fresh InAs NPs (Figure 3-2C). 

Similarly to the results obtained in the Microtox bioassay, aging of InAs and 

GaAs in aqueous medium for 5 d resulted in a marked increase in their inhibitory impact 

on the methanogenic activity of an anaerobic enrichment culture (Figures 3-3 and 3-4). 

As an example, severe methanogenic inhibition (98%) was detected when the culture was 
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exposed to the aged GaAs NPs (20 mg/L), compared to only 14% inhibition in bioassays 

spiked with the same concentration of fresh GaAs NPs (Figure 3-3B). A similar trend 

was observed in the case of fresh and aged InAs NPs (Figure 3-3C).  

3.4.4 Dissolution/corrosion of Ga and In-based oxide and arsenide nanomaterials in 

aqueous solution 

The dissolution of GaAs and InAs NPs (500 mg NPs/L) in aqueous medium (1 g/L 

sodium bicarbonate, pH 7.8) was investigated. Incubation of GaAs NPs for 7 d led to the 

release of 259 mg/L of soluble arsenic, indicating complete dissolution of the 

nanomaterial (Figure 3-5). In contrast, leaching of InAs NPs under similar testing 

conditions resulted in a much lower soluble arsenic concentration (20 mg/L). Speciation 

measurements confirmed that arsenite (As
III

) was the dominant As species released from 

GaAs and InAs NPs, representing 71% and 81% of the respective total As concentrations. 

The concentrations of soluble gallium and soluble indium detected at the end of these 

experiments (0.11 mg Ga/L and 0.56 mg In/L) were very low compared to the total 

concentration of arsenic. 

In addition to the nature of III/V NPs and the dissolution time, particle size could 

have an important role in the release of arsenic species and, thereby, on the acute toxicity 

exerted by the arsenide particulates. Decreasing particle size, particularly in the nano- to 

low micron- range is known to result in a marked increase in the specific particle surface 

area, which in turn often contributes to enhance dissolution rates for reactive particles (Li 

et al. 2015). The dissolution of different GaAs and InAs particle batches with a gradient 

of different particle sizes (80-100 nm, 125-355 m, 355-710 m, and > 710 m) in 
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aqueous medium (1 g/L sodium bicarbonate, pH 7.8) was studied at an initial 

concentration of 500 mg/L of particles. 
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Figure 3-5. Time course of dissolution of GaAs NPs (80-100 nm) (), and InAs NPs 

(80-100 nm) () in 1 g/L NaHCO3 at pH 7.8. The initial NP concentration was 500 mg/L. 

 

As expected, the results confirmed that the rate at which soluble As was released 

from the GaAs and InAs particles increased with decreasing particle size (Figure 3-6). 

For example, after 5 d, the concentrations of soluble As released from GaAs NPs and 

micron-sized (125-355 m) GaAs particles were 259 and 46 mg As/L, respectively 

(Figure 3-5). A similar trend was observed for the InAs particles (results not included) by 

the much higher concentration of soluble As determined after 5 d in the assay with the 

NPs (20 mg/L) compared to that in the assays with the larger micron-sized (125-355 m) 

particles (0.24 mg/L). The data suggests that the higher specific surface area afforded by 
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the smaller particles enables a faster release of arsenic into aqueous solution, which in 

turn it is expected to result in an increase of the acute toxicity. 

 

Figure 3-6. Time course of dissolution of GaAs particles with different particle size in 1 

g/L NaHCO3 at pH 7.8. Legends: NPs (80-100 nm) (), 125-355 m (), 355-710 m 

(), and > 710 m (). The initial particle concentration was 500 mg/L. 

 

3.5 Discussion 

3.5.1 Microbial toxicity of Ga and In-based oxide and arsenide NPs 

In this study, the acute microbial toxicity of several III-V semiconducting materials 

(GaAs, InAs) and their potential corrosion byproducts (Ga2O3 and In2O3) were studied 

using the bioluminescent marine bacterium A. fischeri and methanogenic archaea as the 
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target organisms. The study demonstrated that high concentrations of Ga2O3 (up to 227 

mg/L) and In2O3 NPs (up to 500 mg/L) did not inhibit the metabolic activity of either A. 

fischeri or methanogens. GaAs and InAs particles were more toxic to the target 

microorganisms compared to the oxide particulates (Table 3-2). Although published 

studies concerned with the inhibitory impact of GaAs and InAs NPs on microorganisms 

are lacking, a few previous studies have reported that GaAs and InAs particles cause 

toxicity to human cells and higher organisms (e.g. mammals, fish embryos) (Carter et al. 

2003; Tanaka 2004). Furthermore, in agreement with the higher acute toxicity observed 

for GaAs compared to InAs in this study (Table 3-2), a recent study using macrophage-

like THP-a cells and a transformed human bronchial epithelial cell line BEAS-2B 

reported that GaAs (micron-scale particles ranging 0.2-3 m and NPs < 100 nm) 

displayed higher toxicity than InAs particulates (Jiang et al. 2015). 

3.5.2 Dissolution/corrosion of Ga and In-based oxide and arsenide NPs in aqueous 

solution 

This study also demonstrated that prolonged exposure of NPs to aqueous medium 

impacted the toxicity of GaAs and InAs. In stark contrast with the fresh arsenide NPs that 

only had moderate toxic effects, 5-d aged arsenide NPs strongly inhibited the 

methanogenic activity of an anaerobic consortium (Table 3-2). Aging also enhanced 

inhibition of the bioluminescence activity of A. fischeri by GaAs NPs (Table 3-2). The 

higher inhibitory potential of the aged arsenide NPs is likely related to the sharp increase 

in the release of soluble As with increasing exposure time to the aqueous medium 

(Figures 3-5 and 3-6). Chemical composition impacted the dissolution rate of the arsenide 

NPs, with GaAs being more readily dissolved than InAs. This study demonstrated the 
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near complete dissolution of GaAs NPs in pH-7.8 bicarbonate medium in 7 d. InAs NPs 

also underwent some dissolution in the same medium, but the extent and rate of 

dissolution was considerably lower compared to GaAs (10% of the total As dissolved in 7 

d) (Figure 3-5). These results are in agreement with previous studies demonstrating that 

GaAs is thermodynamically unstable in water and that the material undergoes rapid 

corrosion in aqueous medium with concomitant release of soluble As species (USGS 

2010). The gallium released will tend to precipitate as Ga(OH)3 at circumneutral pH due 

to the low solubility of Ga
III

 (solubility product of Ga(OH)3 or Ksp = 7.28 x 10
-36

 at 25ºC 

(CRC 2007)), which is in agreement with the low concentrations of soluble Ga (0.11 

mg/L) detected after 7 d. Under aqueous conditions, InAs also corrodes readily, leading 

to the release of soluble As and to the formation of a surface oxide layer rich in In2O3 

(Gumustas et al. 2017b). This layer contributes to passivate the surface of InAs since In
III

 

displays a very low solubility in water (Ksp  of In(OH)3 or Ksp = 1.3  10
-34

 at 25ºC) 

(Wood et al. 2006a).  

In this study, we observed that the size of the arsenide particles had a strong 

impact on their microbial toxicity. Smaller particles (nano-scale) had a higher inhibitory 

effect compared to larger size particles (micron-scale) (Table 3-2). This finding agrees 

with previous cytotoxicity studies using mammalian cells in which decreasing particle 

size was reported to result in an increase of the in vivo dissolution rate of GaAs and/or 

InAs particles (micron-scale and nano-scale) (Carter et al. 2003; Jiang et al. 2015; Jiang 

et al. 2017). The enhanced toxicity observed with decreasing particle size can be 

attributed to the greater specific surface area of smaller particles allowing for faster 

dissolution rates. Experimental measurements conducted in the present study 
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demonstrated that, under similar testing conditions, GaAs NPs completely dissolved after 

7 d while larger GaAs particles ranging in size from 125-355 m, 355-710 m, and > 710 

m did not (Figure 3-6). 

3.5.3 Role of soluble arsenic on the microbial inhibition of InAs and GaAs NPs 

The microbial toxicity of the arsenide particles appears to be mainly due to corrosion and 

dissolution of inhibitory arsenic species, consisting chiefly of As
III

. Several studies have 

shown that As
III

 and, to a lesser extent, arsenate (As
V
) exert significant methanogenic 

inhibition (Sierra-Alvarez et al. 2004). The concentrations causing 50% inhibition (IC50) 

reported in the latter study for As
III

 and As
V
 toward H2-utilizing methanogens were 1.6 

and 1.4 mg As/L. Soluble arsenic species have also been found to be inhibitory in the 

Microtox bioassay, and some reports indicate that As
V
 is more toxic to A. fischeri than 

As
III

 (Fulladosa et al. 2004; Fulladosa et al. 2005; Zeng et al. 2017a). For example, Zeng 

and coworkers determined IC50 values of 89.9 and 4.9 mg/L for As
III

 and As
V
, 

respectively, in Microtox bioassays (Zeng et al. 2017a). The high reactivity of As
III

 with 

sulfhydryl groups is known to play an important role in its microbial toxicity (Hughes 

2002; Kitchin 2001). In particular, methanogens are highly sensitive to As
III

 due to its 

ability to inactivate coenzyme M, an important sulfhydryl containing coenzyme which is 

central to the biochemical reaction of methanogenesis (Deppenmeier 2002). The 

microbial toxicity of As
V
 toward microorganisms, including A. fischeri in the Microtox 

assay, has been attributed to potential interference of this arsenic species in biochemical 

reactions due to its analogue structure to phosphate (Fulladosa et al. 2007; Rubinos et al. 

2014). Light production in A. fischeri respiratory pathways requires adenosine 

triphosphate (ATP) (Dunn 2012; Fulladosa et al. 2007). 
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In addition to soluble arsenic species, corrosion of GaAs and InAs  resulted in the 

release of very low concentrations of trivalent gallium and indium (Ga
III

 and In
III

) into 

solution (0.11 mg Ga/L and 0.56 mg In/L after 7 d). However, the latter species are not 

expected to contribute to the acute inhibition displayed by the arsenide particulates. A 

recent report from our research group has shown that Ga
III

 and In
III

 complexed with 

citrate are not or only mildly inhibitory towards Microtox and methanogenic 

microorganisms at concentrations that are three to four orders of magnitude higher 

compared to those present in the bioassays (Table 3-3) (Zeng et al. 2017a). It is worth 

noting that several studies have reported that Ga
III

 is inhibitory to some microorganisms 

due to its physical and chemical similarity with Fe
III 

and ability to disrupt critical Fe-

dependent cellular redox processes (Chitambar 2016b). However, the susceptibility of 

different microorganisms to Ga
III

 inhibition appears to vary widely (Baldoni et al. 2010; 

Gugala et al. 2019). A recent study attributed the inhibitory impact of gallium nitride NPs 

on bacterial biolfim formation to the release of soluble Ga
III

 ions into the culture medium 

(Sahoo et al. 2013).  
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Table 3-3. Comparison of the 50% inhibiting concentrations determined in a recent study 

from our research group in methanogenic toxicity tests and Microtox bioassays for 

different soluble III-V species, i.e., arsenite (As
III

), arsenate (As
V
), gallium (Ga

III
), and 

indium (In
III

) (Zeng et al. 2017a). 

Chemical 
Methanogenic activity Microtox 

50% Inhibiting concentrations (mg/L) 

As
III

 1.6 89.9 

As
V
 1.4 4.9 

Ga
III

 > 174* > 635* 

In
III

 > 124* > 1045* 

*The highest concentration tested. 

 

3.5.4 Environmental Implications 

The results of this study revealed that GaAs NPs undergo rapid dissolution in 

circumneutral aqueous environments leading to the release of toxic arsenic species. On 

the one hand, these observations suggest that GaAs NPs will be labile under the water 

chemistry conditions typically encountered in municipal wastewaters and receiving 

surface water. On the other hand, they imply that the indirect microbial toxicity caused by 

GaAs NPs will vary widely depending on the size of the NPs, contact time with the 
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aqueous medium, aqueous chemistry conditions, and other factors influencing GaAs 

dissolution. This study demonstrated that the dissolution rate of GaAs particles increased 

significantly with decreasing particle size. Previous studies conducted by our research 

group to investigate the corrosion of GaAs in aqueous medium under a range of redox 

conditions, pH levels, ionic strength, and in the presence/absence of organic constituents 

commonly found wastewaters have shown that, in agreement with thermodynamic 

predictions, oxic environments and mildly alkaline conditions (pH 8.1−8.5) promote the 

release of soluble As (chiefly arsenite) to the surrounding aqueous environment (Ramos-

Ruiz et al. 2018). In contrast with GaAs NPs, InAs NPs showed a comparatively low As 

leaching potential. The lower dissolution rate was likely due to the formation of a 

passivating layer on the surface of InAs consisting of corrosion products rich in highly 

insoluble In oxides (In2O3 and In(OH)3), as previously discussed. Whereas In
III

 is highly 

insoluble at circumneutral pH, its solubility increases rapidly in acidic (pH < 4) and 

alkaline conditions (pH > 10) (Wood et al. 2006a), and/or in the presence of effective 

chelating agents such as EDTA, NTA (Chrysikopoulos et al. 1987) or citrate (Ivanova et 

al. 2015). This suggests the potential for a marked enhancement in the dissolution of InAs 

NPs and their indirect microbial toxicity when the NPs are exposed to acidic conditions 

or present together with chelating co-contaminants.  

 

3.6 Conclusions 

This study demonstrated that, whereas Ga2O3 and In2O3 NPs are non-toxic, GaAs and 

InAs NPs are acutely toxic towards methanogenic microorganisms and the Microtox 

bacterium, A. fischeri. The toxic effects exerted by aqueous suspensions of the arsenide 
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particles increased with contact time and decreasing particle size due to the role of these 

factors in enhancing NP corrosion and, thereby, the concentration of toxic arsenic species 

in solution. Under similar testing conditions, higher dissolution was observed for GaAs 

compared to InAs particles of comparable size, which is in agreement with the higher 

toxicity exerted by the GaAs particulates. Taken together, the results demonstrate that 

dissolution plays a key role on the microbial toxicity of GaAs and InAs. Furthermore, 

they indicate that the inhibitory potential of these arsenide NPs under environmental 

conditions may vary widely depending on particle size, aqueous chemistry and contact 

time with the aqueous medium. 
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CHAPTER 4: Cytotoxicity Assessment of Gallium- and Indium-Based 

Nanoparticles toward Human Bronchial Epithelial Cells Using an Impedance-Based 

Real Time Cell Analyzer 

4.1 Abstract 

The semiconductor manufacturing sector plans to introduce III-V film structures (e.g. 

gallium arsenide (GaAs), indium arsenide (InAs)) onto silicon wafers due to their high 

electron mobility and low power consumption. Aqueous solutions generated during 

chemical mechanical planarization (CMP) of silicon wafers can contain a mixture of 

metal oxide nanoparticles (NPs) and soluble indium, gallium, and arsenic. In this work, 

the cytotoxicity induced by Ga- and In-based NPs (GaAs, InAs, Ga2O3, In2O3) and 

soluble III-V salts on human bronchial epithelial cells (16HBE14o-) was evaluated using 

a cell-impedance real time analysis (RTCA) system. The RTCA system provided 

inhibition data at different concentrations for multiple time points: e.g. GaAs (25 mg/L) 

caused 60% inhibition after 8 h of exposure and 100% inhibition after 24 h. Direct testing 

of As
III

 and As
V
 demonstrated significant cytotoxicity with 50% inhibition concentrations 

after 16-h exposure (IC50) of 2.4 and 4.5 mg/L, respectively. Cell signaling with rapid rise 

and decrease of signal was unique to arsenic cytotoxicity, a precursor of strong 

cytotoxicity over the longer term. In contrast with arsenic, soluble gallium(III) and 

indium(III) were less toxic. Whereas the oxide NPs caused low cytotoxicity, the arsenide 

compounds were inhibitory at low concentrations (IC50 of GaAs and InAs= 6.2 and 68 

mg/L). Dissolution experiments over 7 d revealed that arsenic was fully leached from 

GaAs NPs whereas only 10% of the arsenic was leached out of InAs NPs. These results 
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indicate that the cytotoxicity of GaAs and InAs NPs is largely due to the dissolution of 

toxic arsenic species. 

 

4.2 Introduction 

Gallium arsenide (GaAs) and indium arsenide (InAs) materials are being considered for 

semiconductor manufacturing. In comparison to silicon, these materials have direct band 

gap, higher electron mobility, and semi-insulating properties which help to increase 

electrical performance and decrease power consumption in semiconductor devices (Dick 

et al. 2010; Tomioka et al. 2011; Vurgaftman et al. 2001; Yamaguchi et al. 2008). 

Although these III-V materials have advantages, there are occupational health and 

environmental safety concerns due to the potential release of hazardous waste materials 

during wafer production via the chemical and mechanical planarization (CMP) process. 

CMP uses pristine slurries such as silica (SiO2), alumina (Al2O3), or ceria (CeO2) 

nanoparticles (NPs) to produce smooth material surfaces (Brightup et al. 2010). Polishing 

of III-V thin could generate CMP waste containing nano-sized GaAs and InAs, as well as 

potential by-products such as gallium and indium oxides (Ga2O3, In2O3) that are formed 

due to corrosion of the respective arsenides.(Brightup et al. 2010; Matovu et al. 2013) 

The CMP-derived waste streams can also contain dissolved III-V species (e.g. 

gallium(III), indium(III), arsenic(III) and arsenic (V)) which are released into the aqueous 

environment during the planarization process (Brightup et al. 2010; Matovu et al. 2013; 

Shepard et al. 2014a; Speed et al. 2015b; Torrance et al. 2010). The combination of these 

materials in the waste stream may cause potential environmental, safety, and health 
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problems that need to be carefully considered.  In particular, there is a concern about the 

health risks and environmental impacts of dissolved arsenic (As), a well-known 

carcinogen and highly toxic metalloid (ATSDR 2007; Jain et al. 2000), and arsenic-

containing materials. Relatively high concentrations of arsenic have been found in 

effluent streams of electronic fabrication facilities that utilize III-V materials in several 

countries (35-2000 mg/L) (Huang et al. 2007; Li et al. 2015; Torrance et al. 2010). High 

levels of arsenide particulates are also expected in CMP waste streams (Jiang et al. 2015; 

Osborne et al. 2017a), but the concentrations found in these effluents have not been 

reported to date. CMP effluents are treated at semiconductor facilities to remove 

regulated pollutants (e.g. copper, soluble arsenic) prior to discharge to municipal sewer 

systems, but current treatment systems are not designed to remove nano-sized gallium 

and indium arsenides or other gallium and indium containing NPs. The limit of arsenic in 

effluents from electronic manufacturing in the United States is 2.09 mg/L as the 1-d 

average maximum and 0.83 mg/L as the average of daily values for 30-consecutive-d 

maximum (EPA 2015).  

Arsenic (As) is well-known for its toxicity and carcinogenicity (ATSDR 2007), 

and thus is highly regulated. Gallium arsenide has also been classified as a group I 

carcinogen to humans (Flora et al. 2012a). Exposure to As can cause different effects 

such as gastrointestinal distress, death, or major organ damages. There is a long history of 

adverse health effects by As that can target multiple organs, including the lung (Hughes 

et al. 2011). We have shown that As compromises basic lung epithelial cell signaling and 

barrier function (Olsen et al. 2008; Sherwood et al. 2013a; Sherwood et al. 2011a; 

Sherwood et al. 2013c). The most common route for As-induced lung disease is via 
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contaminated drinking water (Ferreccio et al. 2000b; Smith et al. 2000a; Xie et al. 2014a). 

The World Health Organization and the United States Environmental Protection Agency 

(U.S. EPA) have established an acceptable limit of As concentration in drinking at 10 

g/L (EPA 2001; WHO 1993). Since As has toxicity and carcinogenicity implications, 

implementation of NPs containing arsenic in semiconductor industry can potentially 

cause toxic effects via different exposure routes.  

In toxicity assessments, conventional in vitro cytotoxicity assays measuring 

fluorescence, luminescence, or absorbance are alternatives to animal tests (Xing et al. 

2005) but NPs can interfere with these optical measurements (Fisichella et al. 2009a; Ke 

et al. 2011a). Impedance-based assays, such as the xCELLigence real time cell analysis 

(RTCA) system, allow for cytotoxicity and cell viability assessment that is label-free, 

dynamic, and can facilitate high throughput studies (Abassi et al. 2009; Ke et al. 2011a; 

Moe et al. 2013; Moe et al. 2014). The measured impedance is affected by the biological 

status of the cells interacting with the surface of wells in which the culture cells are 

growing (Ke et al. 2011a; Otero-Gonzalez et al. 2012a). There have been studies applying 

this system to investigate the cytotoxicity of arsenic, mercury, sodium dichromate, 

sodium arsenite, and inorganic NPs with reliable and highly sensitive results (Ceriotti et 

al. 2007; Otero-Gonzalez et al. 2012a; Ponti et al. 2006). 

The objective of this study is to investigate the cytotoxic effects of gallium- and 

indium-based NPs: GaAs, InAs, Ga2O3, and In2O3 toward human bronchial epithelial 

cells (16HBE14o-) using impedance-based RTCA assays. We demonstrated that gallium- 

and indium-based NPs caused cytotoxicity in 16HBe14o- cells and that this cytotoxicity 

could be due to corrosion of the NPs and subsequent dissolution of toxic arsenic species.  
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4.3 Materials and Methods 

4.3.1 Chemicals 

Gallium(III) chloride (GaCl3, CAS# 13450-90-3, > 99.99%), sodium meta-arsenite 

(NaAsO2, CAS# 7784-46-5, ≥ 99%), sodium arsenate dibasic heptahydrate 

(Na2HAsO4·7H2O, CAS# 10048-95-0, ≥ 98%) and citric acid (C6H8O7, CAS# 77–92-9) 

were purchased from Fisher Scientific (Pittsburgh, PA, USA). Indium(III) chloride 

tetrahydrate (InCl3·4H2O, CAS# 22519-64-8, > 99.99%) was obtained from Strem 

Chemicals (Newburyport, MA, USA). Due to their low solubility in the neutral pH 

range,(Wood et al. 2006b) the stock solutions of indium(III) and gallium(III) were 

supplied with citrate at a molar ratio 1:3.75, metal: citrate to prevent any precipitation in 

the circumneutral bioassay media. Citrate, a metabolite of living cells, is a ubiquitous 

compound found in the natural environment (Hoyt et al. 1992). This compound is also 

used as a chelating agent in metal processing industries like semiconductor 

manufacturing (Thomas et al. 2000). Therefore, it is relevant to couple citrate with In
III

 

and Ga
III

 in this study. 

Gallium oxide (Ga2O3) nanopowder (CAS# 12024-21-4, > 99.9% purity, average 

particle size (APS) = 654 nm ± 8 nm) was obtained from American Elements (Los 

Angeles, CA, USA). Indium oxide (In2O3) nanoparticles (CAS# 1312-43-2, 99.995% 

purity, APS = 626 nm ± 12 nm) was purchased from SkySpring Nanomaterials, Inc. 

(Houston, TX, USA). Gallium arsenide nano-powder (GaAs) (CAS# 1303-00-0, 99.99% 

purity, APS: 80-100 nm) and indium arsenide (InAs) nano-powder (CAS# 106097-59-0, 

99.99% purity, APS: 80-100 nm) were obtained from Nanoshel LLC (Wilmington, DE, 

USA). All of the transmission electron microscopy (TEM) images of tested NPs (GaAs, 
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InAs, Ga2O3, and In2O3) provided by the respective nanomaterial manufacturers could be 

found in Figure 3-1. 

4.3.2 Corrosion and dissolution of III-V particles  

Dispersions of micron-sized particulates and NPs (500 mg/L) were prepared in 1 g/L 

NaHCO3 in serum flasks under regular aerobic conditions. The pH of the dispersions was 

maintained at 7.85 throughout the process by supplying 1% CO2 gas (v/v, based on the 

volume of headspace of the serum flasks) after liquid samples were collected. The flasks 

were shaken in an incubator at 110 rpm at 30
o
C. The corrosion and dissolution 

experiments were carried out for 7 d. Liquid samples were collected daily for analysis.  

4.3.3 Immortalized human bronchial epithelial cell culture 

In this research, 16HBE14o- cells were obtained from California Pacific Medical Center 

Research Institute (San Francisco, CA, USA). The cells were initially grown as 

previously described (Otero-Gonzalez et al. 2012a; Zeng et al. 2018). Firstly, cells were 

grown in tissue culture flasks coated with a collagen/fibronectin/bovine serum albumin 

(CFB) matrix in a controlled growth medium (CGM) that contains minimum essential 

medium (MEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM glutamax, 

penicillin and streptomycin at 37
o
C in a 5% CO2 atmosphere. Next, the cells were 

transferred to RTCA assay plates coated with CFB and maintained with a reduced serum 

(5% FBS) medium. 

4.3.4 Real-time cell analysis (RTCA) assay 

The xCELLigence RTCA instrument (ACEA Biosciences, San Diego, CA, USA) allows 

for dynamic monitoring cytotoxicity and cell proliferation based upon impedance 
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measurements. The instrument is placed in a standard CO2 cell culture incubator and 

interfaces via a cable with analysis and control units which are located outside the 

incubator. In the RTCA assay, 150 L of 16HBE14o- cells were plated onto 96-well E-

plates (E-Plate 96; ACEA Biosciences, San Diego, CA, USA) at 100,000 cells/well as 

described above with relative impedance values recorded every 15 min. Cells were 

incubated overnight at 37
o
C and 5% CO2 to verify proper attachment and cell growth. 

After cell stabilization (15 to 18 h), 50 µL of soluble species or NP stock solutions were 

added to each well with impedance values measured and recorded every 15 min for 24 h. 

Assays were performed in quadruplicate and appropriate controls (e.g., without soluble 

species or NPs) were run in parallel. 

Relative impedance, is expressed as a cell index (CI), is presented after 

normalization (NCI) and was calculated for data analysis using the following equation: 

     
   
   

 (3 – 1) 

where: CIt is the CI at any time t and CI0 is the CI at the time of toxicant dosing (where 

NCI is equal to 1). The percent inhibition was then calculated based on NCI values using 

the following equation: 

          ( )  
   (       )     (      )

   (       )   
              (3 – 2) 

when the NCI values of the samples were less than 1, inhibition values were reported as 

100%. When the slope was horizontal or negative, the activity was assumed to be 0 and 

the inhibition value was reported as 100%. NCI values from the 16-h exposure time were 

used to develop concentration-response curves. 
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4.3.5 Uptake of NPs by 16HBE14o- cells 

Approximately 550,000 16HBE14o- cells in MEM supplemented with 5% FBS, 2 mM 

glutamax and pen/strep were plated onto 6-well plates coated with CFB and incubated for 

24 h. The cells were then exposed to 250 mg/L GaAs NPs for 24 h. Finally, the cells were 

prepared for transmission electron microscopy (TEM) measurements after washing by 

Hank‟s balanced salt solution (HBSS). Cells were viewed in a Tecnai Spirit Bio Twin 

(FEI America, Hillsboro, OR, USA) operated at 100 kV. Eight bit tilt images were 

captured via an AMT 4Mpix digital camera. Measurements were taken at eucentric 

height using FEI TIA software. 

4.3.6 Analytical methods 

The concentration of dissolved As, Ga, and In in liquid samples was determined by 

inductively coupled plasma-optical emission spectrometry (ICP-OES model 5100, 

Agilent Technologies, Santa Clara, CA, USA) at a wavelength of 188.980 nm (for As), 

294.363 nm (for Ga), and 230.606 nm (for In). The limit of detection for all three metals 

was 50 g/L. Prior to ICP analysis of Ga2O3, In2O3, GaAs, and InAs, liquid samples were 

centrifuged (12,000 rpm for 10 min) and filtered (through 25 nm membrane filter). The 

filtered samples were then diluted to proper concentrations with 2% HNO3 for analysis. 

All other analyses, including pH, were performed according to standard methods. 
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4.4 Results and Discussion 

4.4.1 Cytotoxicity of Ga- and In-based NPs 

CMP uses pristine slurries such as silica (SiO2), alumina (Al2O3), or ceria (CeO2) NPs to 

produce smooth material surfaces (Brightup et al. 2010). When new materials are 

introduced onto the wafer, CMP could generate waste containing GaAs NPs and InAs 

NPs as well as potential by-products such as Ga2O3 NPs and In2O3 NPs. We first 

evaluated the potential cytotoxicity of GaAs and InAs NPs to human bronchial epithelial 

cells using the xCELLigence RTCA system. 16HBE14o- cells were exposed to GaAs and 

InAs NPs at concentrations ranging from 0-250 mg/L and the normalized cell index 

(NCI) was recorded for 24 h (Figures 4-1A and 4-1B). GaAs NPs caused strong 

inhibition to the target cells. Increasing concentration of GaAs NPs resulted in a high 

initial increase of NCI within the first 4 h of exposure, followed by a loss of NCI over the 

24-h period (Figure 4-1A). At the highest tested concentration of GaAs NPs of 125 mg/L, 

the initial NCI increase was rapid, peaking near 2 h, followed by a drastic decrease in 

NCI values until there was no impedance within 10 h of exposure. These changes are 

consistent with GaAs-induced cellular signaling (i.e., increased NCI) followed by 

cytotoxicity (i.e., loss of NCI). RTCA measurements following InAs NPs resulted in a 

similar concentration-dependent short-term signaling and long-term cytotoxicity, albeit 

with a significantly reduced response (Figure 4-1B). A 16-h exposure time point was 

chosen to compare toxicity and develop a concentration response (Figures 4-1C and 4-

1D). With GaAs NPs, an inhibition of 95% was observed at 25 mg/L
 
and 100% inhibition 

at 125 mg/L. The 50% inhibition concentrations, IC50 value, after 16-h exposure was 6.2 

mg/L (Table 4-1). For InAs NPs, a concentration of 125 mg/L resulted in ca. 60% 



69 
 

inhibition, and full inhibition was only reached at the highest concentration tested (250 

mg/L). The calculated 16-h IC50 for InAs NPs (68.0 mg/L, Table 4-1) was 10-fold higher 

than that observed for GaAs NPs. Similar cytotoxicity toward BEAS-2B cells (an 

alternative human bronchial cell line) has been reported for GaAs NPs (< 10 nm) using 

single time point (24 h) fluorescent assay (IC50= 12.5 mg/L) (Jiang et al. 2015). In the 

same study, InAs NPs (20-200 nm) displayed limited cytotoxicity towards BEAS-2B 

cells (< 10% cell death at 98.7 mg/L) (Jiang et al. 2015). The use of the RTCA in the 

current experiments allowed for an examination of physiological changes (including 

cytotoxicity as an end point) over time. The RTCA system provided the percent 

inhibition toward the 16HBE14o- cells at different concentrations at multiple time points 

such as after 8, 16, and 24 h of exposure (Figures 4-2A and 4-2B). This is a significant 

difference from previous work in which cytotoxicity was reported at a single time point 

(Jiang et al. 2015). Such analysis shows that early (i.e., 1-4 h) signaling, as noted in the 

rapid increase in NCI, is predictive of a later cytotoxicity response, recorded here as a 

loss of NCI and previously in single time point fluorescence assays (Jiang et al. 2015). 
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Figure 4-1. Dynamic cytotoxicity response of human bronchial epithelial cells 

(16HBE14o-) exposed to increasing concentrations of different NPs: GaAs NPs (A) and 

InAs NPs (B). Lines represent average values of four replicates. Inhibitory effects (%) of 

GaAs NPs (C) and InAs NPs (D) on human bronchial epithelial cells after 16 h of 

exposure as a function of concentration. 
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Figure 4-2. Inhibitory effects (%) of GaAs NPs (A), InAs NPs (B), Ga2O3 NPs (C), and 

In2O3 NPs (D) on human bronchial epithelial cells at different concentrations (mg/L) as a 

function of time. Panel A: () 2.5, () 12.5, () 25.0, and () 125.0. Panel B: () 2.5, 

() 12.5, () 25.0, () 125.0, and () 250.0. Panel C: () 3.0, () 30.0, and () 

300.0. Panel D: () 3.0, () 30.0, and () 300.0. 
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Table 4-1. Concentrations of soluble and nano-sized III/V chemicals tested causing 50% 

inhibition concentration (IC50) after 16 h of exposure in the impedance-based RTCA 

bioassay. 

Tested chemical IC50 (mg/L) 

Soluble species 

AsIII 

 

2.7 

AsV 4.5 

GaIII* 155.0 

InIII* NDa 

Nanomaterials  

GaAs 6.2 

InAs 68.0 

Ga2O3 260.0 

In2O3  NDb 

*Ga
III

 and In
III

 were complexed with citrate at molar ratio as 1:1.31 (Ga:Cit) and 

1:3.75 (In:Cit). ND stands for not detected. 
a
The highest In

III
 concentration tested 

(30 mg/L) only caused 30% inhibition. 
b
The highest In2O3 concentration tested 

(300 mg/L) caused 30% inhibition.  

 

In addition to the arsenide NPs derived from the III-V materials, Ga2O3 and In2O3 

NPs can also be formed as potential byproducts of the CMP process of the semiconductor 

fabrication plant (Brightup et al. 2010; Matovu et al. 2013). Ga2O3 and In2O3 NPs were 
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found to be relatively non-toxic to the 16HBE14o- target cells. Unlike the arsenic-

containing NPs above, the cytotoxicity traces for Ga2O3 and In2O3 NPs showed 

significant decreases only at the highest concentrations tested (30 and 300 mg/L for 

Ga2O3 NPs and 300 mg/L for In2O3 NPs; Figures 4-3A and 4-3B). Similarly, at a 

concentration of 300 mg/L, Ga2O3 and In2O3 NPs only caused 56% and 30% inhibition, 

respectively, after 16 h of exposure. Data in this current study are in agreement with 

single-time point (24 h) viability assays (MTT) where In2O3 (> 200 nm) has been shown 

to have minimal effects on BEAS-2B cells at 50 mg/L, and 50% reduction in viability at 

1000 mg/L (Badding et al. 2014). A direct comparison of the Ga2O3 and In2O3 NPs 

RTCA traces with the GaAs and InAs NPs RTCA traces shows a loss of early signaling 

upon addition of the oxidized compounds and a distinct loss of cytotoxicity. 
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Figure 4-3. Dynamic cytotoxicity response of human bronchial epithelial cells 

(16HBE14o-) exposed to increasing concentrations of different NPs: Ga2O3 NPs (A) and 

In2O3 NPs (B). Lines represent average values of four replicates. Inhibitory effects (%) of 

Ga2O3 NPs (C) and In2O3 NPs (D) on human bronchial epithelial cells after 16 h of 

exposure as a function of concentration. 
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4.4.2 Corrosion and dissolution of GaAs and InAs NPs 

The heightened signaling and subsequent cytotoxicity observed in GaAs and InAs NPs 

compared to Ga2O3 and In2O3 NPs reported above could be caused by the NPs 

themselves or by toxic species released into solution due to NP corrosion and subsequent 

dissolution. Dissolution experiments were performed over 7 d for GaAs and InAs NPs 

(Figure 4-4). In aqueous media, the arsenide NPs underwent significant dissolution. Of 

the initial 500 mg NPs/L of GaAs (80-100 nm) incubated at the start of the experiment, 

almost all of the As was leached out (259 mg As/L, corresponding to 100%) after 7 d. 

Speciation results showed that 50% of total measured As was As
III

 and 11% was As
V
. 

Under similar testing conditions, only 20 mg As/L
 
( 10% of the As) was leached out of 

InAs NPs. Speciation results of InAs NPs study indicated that about 68% of total 

measured As was As
III

 and 7% was As
V
. The results of dissolution and speciation studies 

indicate that the potential cytotoxic effects of GaAs NPs and InAs NPs can come from 

the toxic soluble As species. These results are in contrast to a previous evaluation of 

GaAs NPs and InAs NPs dissociation conducted in bronchial epithelial growth medium 

supplemented with 2% bovine serum albumin (Jiang et al. 2015). In this current study, 

dissolution of Ga and In was very low, accounting for only 0.03 and 12.3 mg/L after 7 d, 

corresponding to 0.01% and 4.1% of their concentrations in GaAs and InAs NPs, 

respectively. Higher concentrations of soluble Ga
III

 and In
III

 would be expected based on 

the concentrations of dissolved arsenic determined. The molar As:Ga ratio was over 

8,000 and the molar As:In ratio was 2.5. These ratio values were higher than the 

theoretical ratio of 1:1 in the solid phase NPs, suggesting that a large fraction of Ga and 

In released by corrosion had been oxidized to insoluble products. It is well-known that 
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Ga
III

 and In
III

 are sparingly soluble (0.01–1.0 mg/L of soluble Ga, < 0.1 mg/L of soluble 

In) in water at pH values ranging 6.0–8.0 and ambient temperature (Wood et al. 2006b). 

In addition, the 16-h IC50 values of As
III

 and As
V
 at 2.7 and 4.5 mg/L, respectively, were 

very similar to that of GaAs NPs at 6.2 mg/L. When combining the results of corrosion 

and dissolution experiments of GaAs and InAs NPs with the IC50 values of the 

cytotoxicity tests, it is evident that the release of toxic soluble As species significantly 

contributes to the observed cytotoxic effects to human bronchial epithelial cells. 

 

Figure 4-4. Time course of dissolution of GaAs NPs (80-100 nm) (), and InAs NPs 

(80-100 nm) () in 1 g/L NaHCO3 at pH 7.8. The initial NP concentration was 500 mg/L. 
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4.4.3 Cytotoxicity of soluble As, In, and Ga species  

It has been suggested that the toxicity of GaAs NPs, and to a lesser extent that of InAs 

NPs, is due to the As that dissociates in solution (Jiang et al. 2015). To test for such a 

speciation-driven toxicity, we performed RTCA toxicity assays with 16HBE14o- cells 

and As
III

, As
V
 and the relatively soluble Ga

III
-citrate and In

III
-citrate. As

III
 displayed a 

distinct pattern of cytotoxicity over the 24-h experiment. At the highest As
III 

concentration tested (5 mg/L), a RTCA pattern similar to cytotoxic concentrations of 

GaAs NPs was observed; there was a rapid development of increasing NCI (1-3 h) 

followed by a dramatic decrease in NCI that continued throughout the 24-h experiment 

(Figure 4-5A). The cytotoxic effect of As
III

 was concentration dependent and 

concentrations as low as 1 mg/L caused cytotoxicity (Figure 4-5A). The IC50 value after 

16 h of exposure (2.7 mg/L) was even lower than that observed for GaAs NPs (6.2 mg/L) 

(Table 4-1). Additionally, data in this current study indicated that as the exposure time 

increased, the inhibitory effect increased (Figure 4-6). It is evident that even at low 

concentrations, As
III

 is significantly cytotoxic. 

Next, the cytotoxicity of As
V
 was tested. At the highest tested concentration of 

As
V
 (30 mg/L), the NCI initially increased in values during the first 3 h, followed by a 

dramatic decrease in the NCI and eventual loss of signal (Figure 4-5B). Also similar to 

As
III

 traces, lower concentrations of As
V
 resulted in reduced cellular signaling and a 

reduction in overall impedance loss, indicative of less cytotoxicity. The dose-related 

inhibition after 16-h exposure is shown in Figure 4-5D in which 100% inhibition was 

observed at 30 mg/L. The IC50 value after 16-h exposure was 4.5 mg/L (Table 4-1). 

Similarly, evaluation of the cytotoxicity caused by different As
V
 concentrations after 8, 
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16, and 24 h of exposure indicated that the inhibitory impact increased with increasing 

exposure time (Figure 4-6B).  

 

 

Figure 4-5. Dynamic cytotoxicity response of human bronchial epithelial cells 

(16HBE14o-) exposed to increasing concentrations of: As
III

 (A) and As
V
 (B). Lines 

represent average values of four replicates. Inhibitory effects (%) of As
III

 (C) and As
V
 (D) 

on human bronchial epithelial cells after 16 h of exposure as a function of concentration. 
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Figure 4-6. Dynamic cytotoxicity response of human bronchial epithelial cells 

(16HBE14o-) exposed to increasing concentrations of: Ga
III

-citrate (A) and In
III

-citrate 

(B). Lines represent average values of four replicates. Inhibitory effects (%) of Ga
III

-

citrate (C) and In
III

-citrate (D) on human bronchial epithelial cells after 16 h of exposure 

as a function of concentration. 

 

The evidence suggests that As
III

 has a major impact on human bronchial epithelial 

cells. Considering various human cell lines, the IC50 of As
III

 in the literature ranges from 

0.14 to 12.2 mg/L (Jiang et al. 2015; Styblo et al. 2000a; Xie et al. 2014a). The 
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distinctive pattern of the rising and decreasing NCI was reported once before and 

discussed by Xing et al (2005) with NIH 3T3 cells (a standard fibroblast cell line) treated 

with As
III

 (Xing et al. 2005). In their study, it was observed that NIH 3T3 cells fused 

together and formed larger multinuclear cell bodies during the first 3 h of exposure to 

As
III

 (Xing et al. 2005). However, after 8 h of exposure to As
III

, the multinuclear cells 

began to dissociate into smaller cells which led to the decrease in NCI (Xing et al. 2005). 

This phenomenon of the NCI rising and decreasing is unique to As since it does not occur 

with other metals (Xing et al. 2005). In this current study, As
III

 did not lead to any cell 

detachment or cell death at lower tested concentrations that is consistent with the findings 

of Xing et al (Xing et al. 2005) who did not observe an early increase in the NCI at a 

lower As
III

 dose (0.094 mg/L). Even though the cell line in this study is different from the 

other studies, the results are within the range of reported values and prove that As
III

 can 

lead to acute toxic effects to human lung cells at relatively low concentrations. The other 

arsenic species behaved similarly. 

Results in the current study and previous work showed that As
V
 is cytotoxic to 

human cells. Considering different human cell lines, the 24-h IC50 of As
V
 in the literature 

range from 3.8 to 97.6 mg/L (Jiang et al. 2015; Moe et al. 2016; Xiao et al. 2002). The 

observed pattern of the rising and decreasing NCI when human lung cells were exposed 

to As
V
 was also reported before by Xiao et al (2002) and Moe et al (2016) with the 

fibroblastic V79 cell line and the human lung carcinoma cell line A549 treated with As
V
, 

respectively (Moe et al. 2016; Xiao et al. 2002). In both of these earlier studies, it was 

observed that at the highest tested concentrations of 1.4 and 278.9 mg As
V
/L the NCI 

values increased during the first 5-6 h, then slowly decreased below the NCI values of the 
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control group (Moe et al. 2016; Xiao et al. 2002). Similar to As
III

, this phenomenon of the 

NCI rising and decreasing is unique to As since it does not occur with other metals (Xing 

et al. 2005). Compared to As
III

, in this current study As
V
 did not lead to any cell 

detachment or cell death at the lowest tested concentrations. This finding is consistent 

with the previous findings of Xiao et al (2002) and Moe et al (2016) who did not no 

observe the early increase in the NCI at low As
V
 doses (3-7 mg/L) (Moe et al. 2016; Xiao 

et al. 2002). The results in this current study are within the previously reported IC50 range 

in the literature suggesting that As
V
 significantly affects human epithelial lung cells. 

In addition to soluble As species, the potential cytotoxicity of soluble Ga
III

-citrate 

and In
III

-citrate to 16HBE14o- cells was studied. Ga
III

-citrate and In
III

-citrate were 

distinctly less toxic than the arsenic species (Figures 4-6A and 4-6B). The NCI values 

from samples exposed to Ga
III

-citrate were only slightly lower than that of control group 

at 250 mg/L while at lower concentrations, no significant decrease was observed (Figure 

4-6A). In Figure 4-6B, approximately 60% inhibition was recorded at this highest tested 

Ga
III

-citrate concentration (250 mg/L). Additionally, at three different time points of 

exposure (8, 16, and 24 h), Ga
III

-citrate was moderately cytotoxic at the concentrations of 

250 and 500 mg/L (Figure 4-7C). The IC50 value after 16-h exposure was 155 mg Ga
III

-

citrate/L (Table 4-1). Like Ga
III

-citrate, In
III

-citrate was not very toxic as evidenced by the 

NCI values from samples exposed to different concentrations of In
III

-citrate being were 

very close to that of the control after 24-h exposure (Figure 4-6B). A similar trend of 

non-cytotoxicity of Ga
III

-citrate and In
III

-citrate was reported in previous studies using 

different human cell lines (Jiang et al. 2015; Rzhepishevska et al. 2011). The results in 
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this current study demonstrated that Ga
III

-citrate and In
III

-citrate was less cytotoxic to 

target cells compared to soluble As species.  
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Figure 4-7. Inhibitory effects (%) of As
III

 (A), As
V
 (B), Ga

III
-citrate (C), and In

III
-citrate 

(D) on human bronchial epithelial cells at different concentrations (mg/L) as a function of 

time. Panel A: (▬) 0.03, () 0.1, () 0.3, () 1.0, () 3.0, and () 5.0. Panel B: () 

0.1, () 0.3, (▬) 0.6, () 1.0, () 3.0, () 6.0, () 10.0, and () 30.0. Panel C: () 2.5, 

() 5.0, () 25.0, () 50.0, () 250.0, and () 500.0. Panel D: () 1.0, () 3.0, () 

10.0, () 30.0, and () 100.0. 
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4.4.4 NP uptake by 16HBE14o- cells 

Due to their small size, NPs more likely enter mammalian cells and can potentially 

contribute to toxic effects compared to larger size particles with the same chemical 

composition. In this work, GaAs NPs were shown to be taken up by human bronchial 

epithelial cells which can contribute to the potential cytotoxic effects. GaAs NPs were 

taken up and accumulated in Golgi body of the cells (Figure 4-8) which could affect its 

biological function and eventually affect the overall activity of human lung cells. 

Additionally, the potential release of As
III

 from GaAs NPs could increase the inhibitory 

effects. The finding in this study agrees with one previous study in which GaAs NPs 

were taken up into endosomal compartments of the BEAS-2B cells (Jiang et al. 2015). 

The researchers of that previous study also reported that the GaAs NPs likely resided in 

lysosomes and because of the low pH (4.5) inside lysosomes, they observed an increase 

in GaAs particle dissolution (compared to neutral pH) (Jiang et al. 2015).  

 

Figure 4-8. TEM image of GaAs NPs in 16HBE14o- human bronchial epithelial cells  
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4.4.5 Potential mechanisms of species cytotoxicity  

Corrosion and speciation studies suggest that the species primarily responsible for the 

cytotoxicity of GaAs and InAs NPs is As
III

. The literature provides several plausible 

mechanisms for As
III

 toxicity. The toxic effect of As
III

 has been attributed to oxidative 

stress due to the generation of reactive oxygen species (ROS) (Li et al. 2014). Oxidative 

stress develops when reactive oxygen species (ROS) are formed and react with cellular 

constituents including thiols, sulfides, and lipids (Hughes 2002). These oxidants deplete 

glutathione and the redox status of the cell can be affected causing stressful toxic 

situation (Hughes 2002). In addition, As
III

 increases heat shock or stress proteins in 

cultured human cells (Keyse et al. 1989). In addition to As
III

, As
V
 is also released from 

GaAs and InAs NPs which can add to the observed cytotoxicity.     

According to previous studies, one of the main mechanisms of toxicity of As
V
 

relates to the chemical similarities of As
V 

and phosphate. As
V
 has the identical structure 

and acid dissociation constants as phosphate so As
V
 can substitute phosphate in many 

biochemical reactions (Carter et al. 2003; Dixon 1996). When As
V
 substitutes for 

phosphate, the methylation metabolism can convert As
V
 into compounds with different 

properties from phosphate (Carter et al. 2003). Additionally, As
V
 reacts with adenosine 

diphosphate (ADP) to form a mixed arsenate-phosphate bond in molecules like adenosine 

triphosphate (ATP) (Carter et al. 2003). This bond can be hydrolyzed easily and the 

mixed arsenate-phosphate molecule can dissociate quickly without generating an ATP 

(Carter et al. 2003; Goyer et al. 2001). As
V
 can also replace phosphate in the sodium 

pump and the anion exchange transport system of the human red blood cell (Kenney et al. 

1988).    
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In this study, Ga
III

-citrate was found to cause only low to moderate toxicity at low 

concentrations (16-h IC50= 166 mg Ga/L). Previous studies have shown that Ga
III

 can 

compete with Fe
III

 in cellular systems. One recent study reported that the interference of 

Ga
III

 on Fe homeostasis can cause disruption of ribonucleotide reductase and 

mitochondrial function as well as the regulation of transferrin receptor and 

ferritin.(Chitambar 2016a) Ga(III) shares certain properties with Fe
III

, for instance, Ga
III

 

has an octahedral ionic radius of 0.620 Å and a tetrahedral ionic radius of 0.47 Å while 

those of Fe
III

 are 0.645 Å and 0.49 Å (Chitambar 2016a). Because of these similar 

properties, Ga
III

 can compete with Fe
III

 for binding to several redox enzymes and 

eventually interfere with some essential biological reactions (Antunes et al. 2012).  

 

4.5 Conclusions 

Gallium- and indium arsenide NPs caused noteworthy acute toxicity to 16HBE14o- 

human bronchial epithelial cells due to the release of inorganic arsenic species, As
III

 and 

As
V
, via corrosion and dissolution. On the other hand, Ga

III
 and In

III
 were only 

moderately toxic. Oxide NPs of Ga2O3 and In2O3 were not cytotoxic and were also not 

subject to dissolution. The results of this study indicate that the discharge of GaAs and 

InAs NPs can potentially be hazardous to humans if semiconductor manufacturing sector 

plans to introduce these materials.  
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CHAPTER 5: Toxicity of Abrasive Nanoparticles (SiO2, CeO2 and Al2O3) on 

Aliivibrio fischeri and Human Bronchial Epithelial Cells (16HBE14o-) 

5.1 Abstract 

SiO2, CeO2, and Al2O3 nanoparticles (NPs) are used as abrasive particles in chemical and 

mechanical planarization (CMP), a key process in semiconductor fabrication. The CMP 

process generate high volumes of effluents containing abrasive NPs. Since no regulations 

are available for the release of these NPs, there are concerns about their potential 

environmental and health risks. This study investigates four industry relevant model 

slurries including colloidal silica (c-SiO2), fumed silica (f-SiO2), cerium oxide (CeO2), 

and aluminum oxide (Al2O3) for their inhibition on bioluminescence activity of the 

marine bacterium, Aliivibrio fischeri. Additionally, the cytotoxicity of the slurries on 

human bronchial epithelial cells (16HBE14o-) was evaluated using a novel impedance 

based real time cell analysis (RTCA) system. The results showed that f-SiO2 and CeO2 

slurries did not display acute toxicity on A. fischeri at concentrations up to 1136 and 909 

mg/L, respectively. A concentration of 1364 mg/L of c-SiO2 and Al2O3 led to 37.6 and 

28.4% inhibition on microbial activity after 30 min of exposure. High concentrations of 

c-SiO2 and f-SiO2 slurries (250 and 500 mg/L) led to cell death in the RTCA assay. Also, 

this study demonstrated the toxicity of the model CMP slurries was due to the abrasive 

NPs and not to other additives in the slurry. In contrast, CeO2 and Al2O3 slurries were not 

or only showed limited inhibitory effect on 16HBE14o- cell viability and proliferation 

after 24 h of exposure. The results from this study indicate that the abrasive NPs used in 

CMP are not likely to cause acute environmental and health risks at environmentally 

relevant concentrations.  
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5.2 Introduction 

Nanoparticles (NPs) are defined as particles with at least one dimension between 1-100 

nm in size. Due to the extreme small sizes, NPs have enhanced reactivity, unique 

electronic, optical and chemical properties compared to their bulk counterpart with the 

same composition (Klaine et al. 2008). Nano-sized silicon oxide (SiO2), cerium oxide 

(CeO2), and aluminum oxide (Al2O3) are three most industrially important NPs used for a 

variety of applications (Holden et al. 2014a). For example, SiO2 is used in cosmetics, 

printer toners, construction materials biomedical imaging and drug delivery; Al2O3 is 

used in production of tires, paper, catalyst, polymers and personal care products; CeO2 is 

used in catalyst, fuel additives and medical applications (Lopez-Serrano et al. 2014b). In 

addition, one primary application of these NPs is in chemical and mechanical 

planarization (CMP), a key process applied to polish wafers in semiconductor fabrication 

(Jindal et al. 2003; Krishnan et al. 2010; Matijevic et al. 2008). In this process, SiO2, 

Al2O3, and CeO2 NPs (particle size from 20 to 200 nm, 1-5% wt) are used as abrasive 

particles in CMP slurries (Zantye et al. 2004). It has been reported that NPs used for 

semiconductor manufacturing accounted for 60% of the $1 billion market for 

nanomaterials in 2005 (Feng et al. 2006). CMP process is characterized by a high water 

demand and can generate high volumes of effluents containing ENPs with the 

concentrations estimated in the range from 50 mg/L to 8.5 g/L (Liu et al. 2014; Wang et 

al. 2009b). So far there are no wastewater discharge regulations specifically regulate the 

release of these NPs, therefore, there are concerns these novel materials may lead to 

emerging environmental and health problems. 
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Different in vitro and in vivo approaches have been applied to investigate the 

potential ecotoxicity and human health risks of SiO2, CeO2, and Al2O3 NPs. Studies show 

SiO2 NPs are comparatively innocuous (Brunner et al. 2006; Yang et al. 2009; Yu et al. 

2012). But it has been reported that 1 mg/L SiO2 NPs (10 nm) led to 15% and 20% 

mortality of freshwater crustacean Daphnia magna and the larva of the aquatic midge 

Chironomus riparius, after 96 and 24 h of exposure (Lee et al. 2009). In addition, SiO2 

NPs were found to induce acute toxicity to model macrophage (RAW 264.7), lung cancer 

epithelial cells (A549) (Yu et al. 2011), marine alga Dunaliella tertiolecta (Manzo et al. 

2015), and two renal cell lines (human HK-2 and porcine LLC-PK1) (Passagne et al. 

2012a) at high concentrations (about 100 mg/L or higher). Toxic effects of CeO2 NPs 

were reported to bacteria (Bour et al. 2016; Krishnamoorthy et al. 2014; Pelletier et al. 

2010), freshwater organisms (Angel et al. 2015; Lee et al. 2009; Rodea-Palomares et al. 

2011), marine organisms (Baker et al. 2014), and human cells (Hussain et al. 2012; Kim 

et al. 2010; Lin et al. 2006).  Cerium atoms in CeO2 tend to have a dual oxidation state as 

Ce
III

 or Ce
IV

. Due to the composition and transformation between Ce
III

 and Ce
IV

, CeO2 

NPs could induce the production of reactive oxygen species (ROS) leading to toxic 

effects or act as ROS scavenger and antioxidant promoting cell survival under conditions 

of oxidative stress (Buzea et al. 2007; Leung et al. 2015). For Al2O3 NPs, studies have 

reported their toxicity on various model organisms used in ecotoxicity tests, such as 

Bacillus subtilis, Pseudomonas aeruginosa (Bhuvaneshwari et al. 2016), Ceriodaphnia 

dubia (Li et al. 2011; Pakrashi et al. 2013), and zebrafish (Zhu et al. 2008), as well as on 

mammalian cells (Mui et al. 2016). Although these studies provide valuable data, 

information about the potential environmental and health risks from commercial slurries 
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or industrially relevant abrasive NPs is limited. Therefore, this is a need to fill this 

knowledge gap. 

In this study, the toxicity of four industrially relevant slurries including colloidal 

silica (c-SiO2), fumed silica (f-SiO2), cerium oxide (CeO2), and aluminum oxide (Al2O3) 

were evaluated. Microtox, an acute toxicity bioassay was performed, in which inhibition 

of bioluminescence activity on the marine bacterium Aliivibrio fischeri was tested. In 

addition, the cytotoxicity of the slurries to human bronchial epithelial cells (16HBE140-) 

was investigated using a novel real time cell analysis (RTCA) system. This study 

provides information understanding the potential risks from abrasive NPs used in 

semiconductor manufacturing. 

 

5.3 Materials and methods 

5.3.1 Materials 

Four industry relevant model slurries as c-SiO2, f-SiO2, CeO2, and Al2O3 with the 

simplest formulation to generate stable suspensions were used in this study. c-SiO2 and f-

SiO2 slurries were prepared in acetic acid (< 1%) and potassium hydroxide (< 1%); no 

additive was provided in CeO2 slurry; Al2O3 slurry was provided with dilute nitric acid (< 

1%). The concentrations NPs in the pristine slurry and the pH of the slurries are listed in 

Table 5-1. Detailed physical and chemical characterization of these slurries was 

summarized previously (Speed et al. 2015c).  
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Table 5-1. Summary of slurry pH and concentration of the corresponding NPs in the 

model CMP slurries. 

 

Slurry pH NP concentration (g/L) 

c-SiO2 2.5-4.5 30.0 

f-SiO2 10.0 50.0 

CeO2 3.0-4.0 10.0 

Al2O3 4.5-5.0 30.0 

 

 

Microtox reconstitution solution (ultrapure water), osmotic adjusting solution 

(22% NaCl) and diluent (2% NaCl) were purchased from Modern Water (Cambridge, 

UK). Minimum essential medium (MEM) with Earle‟s salts was obtained from 

Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from Sigma-

Aldrich (St Louis, MO, USA). All other chemicals were from Sigma-Aldrich or Fisher 

Scientific (Pittsburgh, PA, USA). In the experiments, all solutions were prepared using 

ultrapure water (Milli-Q Water System, Millipore, Billerica, MA, USA). 

5.3.2 Cell culture 

A. fischeri, a naturally bioluminescent marine bacterium, was used in the Microtox assay. 

The strain was obtained from Modern Water (Cambridge, UK). In RTCA experiments, 

16HBE14o-, an adherent human bronchial epithelial cell line was used. This cell line is 

often used as a model cell type to study pulmonary adsorption, transport and permeability 

to airway exposure (Ehrhardt et al. 2003; Forbes et al. 2003; Sherwood et al. 2013b). In 
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this study, 16HBE14o- cells were obtained from California Pacific Medical Center 

Research Institute (San Francisco, CA, USA). The cells were initially grown in tissue 

culture flasks coated with a collagen/fibronectin/bovine serum albumin (CFB) matrix in a 

controlled growth medium (CGM) that contains MEM supplemented with 10% (v/v) FBS, 

2mM glutamax, penicillin and streptomycin at 37°C in a 5% CO2 atmosphere. 

Subsequently, the cells were transferred to RTCA assay plates coated with CFB and 

maintained with a reduced serum (5% FBS) medium. 

5.3.3 NP particle characterization 

Particle size distribution (PSD) and zeta potential (ζ potential) were determined using a 

Malvern ZetaSizer Nano ZS (Sirouthborough, MA, USA). Dynamic light scattering 

(DLS) method was applied for PSD measurements, the refractive index values applied for 

SiO2, CeO2, and Al2O3 were 1.47, 1.83, and 1.76, respectively. ζ potential was 

determined through electrophoresis using the Smoluchowski equation. 

5.3.4 Microtox acute toxicity bioassay 

Microtox M500 analyzer (Strategic Diagnostics, Inc. SDIX, Newark, DE, USA) was used 

to conduct the toxicity assay. In the experiment, 3000 mg/L of c-SiO2 and Al2O3, 2500 

mg/L of f-SiO2, and 2000 mg/L of CeO2 NP stocks were prepared by diluting the pristine 

slurry. The pH of the NP suspensions was adjusted to about 7.0 using dilute NaOH or 

HCl. Stock solution was first mixed with osmotic adjusting solution (10:1, v/v) to 

maintain osmotic pressure. Then four NP suspensions with different concentrations were 

prepared by a 2-fold serial dilution using Microtox diluent. Finally, NP suspensions were 

transferred to the cell culture (prepared in Microtox diluent) with 1:1 ratio (v/v). 



93 
 

Luminescent levels were tested at 0, 15, and 30 min. Percent inhibition on microbial 

activity was calculated by comparing the light levels acquired from the sample to the NP 

free control as previously described (Zeng et al. 2017b). All tests were performed in 

duplicate. Particle size and ζ potential of the NPs in Micrtotox medium were measured 

using the method described in Section 3.3.3. 

5.3.5 RTCA assay 

The xCelligence real time cell analysis system (ACEA Biosciences, San Diego, CA, 

USA) is a label-free, dynamic and high throughput technique for cytotoxicity assessment. 

With this system, biological status of adherent cells is monitored through impedance 

measurements (Kirstein et al. 2006). When cells attach to the plate, they create 

impedance that is detected by the interdigitated gold microelectrodes integrated on the 

bottom of the testing plate. The impedance value is proportional to cell biological statues 

as cell number, morphology and adhesion. 

In RTCA assay, 16HBE14o- cells were first plated onto 96-well E-plates (ACEA 

Biosciences) at a cell density of ~100,000 cells/well (total volume 150 µL). Then the 

cells were incubated overnight at 37°C and 5% CO2 to verify proper growth. During this 

growth period, the impedance was continuously monitored using the RTCA device 

(ACEA Biosciences, San Diego, CA, USA). After about 16 h, 50 µL NP suspensions (20 

to 2000 mg/L of c-SiO2 and f-SiO2; 50 to 5000 mg/L of CeO2 and Al2O3) prepared in 

MEM were added to each well. The final volume of the solution in each well was 200 µL 

and the final concentration of the NPs was one quarter as compared to the stock. Cell 

responses to NPs were measured and recorded every 15 min for 24 h. In the experiments, 

assays were performed in quadruplicate, NP-free controls were run in parallel. Particle 
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size and ζ potential of the NPs in MEM were measured as described in Section 3.3.3. In 

the experiments, c-SiO2 and f-SiO2 NPs showed clear cytotoxicity to 16HBE14o- cell. In 

order to better understand whether the toxicity was resulted from the abrasive NPs or 

possible additives in the slurries, slurry supernatants of c-SiO2 and f-SiO2 were also 

tested for their toxicity. Slurry supernatants were prepared as follows: slurry stocks (20 to 

2000 mg/L as SiO2) were first centrifuged at 13300 g for 10 min, the liquids were then 

filtered through 25 nm membrane filters to remove remaining particles. The filtrates were 

used in RTCA assay. 

In this assay, measured impedance is expressed as cell index (CI). The CI is 

defined as (Rn-Rb)/15, where Rn is the impedance of the well when it contains cells, while 

Rb is the background impedance with only the medium. Normalized cell index (NCI) was 

calculated using the following equation: 

     
   
   

 (5 – 1)  

where CIt is the CI at any time t and CI0 is the CI at the time of NPs dosing (where NCI is 

equal to 1). The percentage inhibition was then calculated using the following equations: 

          ( )  
   (       )     (      )

   (       )   
              (5 – 2) 

in this study, when the calculated percent inhibition values were higher than 100% (NCI 

of the samples < 1), they were reported as 100%; when NCIs of the samples were higher 

than the control, percent inhibition values were reported as 0%. 
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5.3.6 Uptake of NPs by 16HBE14o- cells 

Approximately 550,000 16HBE14o- cells in MEM supplemented with 5% FBS, 2 mM 

glutamax and pen/strep were plated onto 6-well plates coated with CFB and incubated for 

24 h. The cells were then exposed to 250 mg/L CMP slurries for 24 h. Finally, the cells 

were prepared for transmission electron microscopy (TEM) measurements after washing 

by Hank‟s balanced salt solution (HBSS).  

5.3.7 Transmission electron microscopy 

The washed cells exposed to slurries were pre-fixed with 2.5% glutaraldehyde overnight 

and then fixed with 1% osmium in 0.1 M PIPES at pH 7.4 for 30 min. After fixation, the 

cells were washed twice with demineralized water (DI) for 5 min, and centrifuged at 

3200 rpm for 10 min. The cells were stained with 2% aqueous uranyl acetate for 20 min, 

washed with DI water for 5 min, and then dehydrated by immersion in aqueous solutions 

containing increasing ethanol concentration (50%, 70%, 90%, and 100% each for 5 min, 

followed by washing with 100% ethanol for 20 min). Finally, the cell pellet was 

embedded in resin Embed 812 (resin/acetonitrile (1:1) overnight, followed by incubation 

in resin at room temperature for 60 min (three times), and polymerization at 60 
o
C for 24 

h). Ultra-thin slices (70-100 nm) of embedded cells were obtained using a microtome 

(Leica EM UC7m Buffalo Grove, IL, USA) and collected on 200 mesh grids. Sections 

were examined with a Tecnai G2 TEM (FEI America, Hillsboro, OR, USA) operated at 

100 kV. Eight bit tilt images were captured via an AMT 4Mpix digital camera. 

Measurements were taken at eucentric height using FEI TIA software. 

 



96 
 

5.4 Results and Discussion 

5.4.1 Microtox acute toxicity test 

Microtox is an in vitro testing system uses a strain of marine bacteria A. fischeri that 

produce light as by-product of cellular respiration. When exposed to a toxic substance, 

the respiratory process is disrupted, leading to reduced luminescence level. The inhibition 

of industrially relevant CMP slurries on A. fischeri activity is shown in Figure 5-1. The 

results indicate that the abrasive NPs were not or only mildly inhibitory even at relatively 

high concentrations. No metabolic inhibition was observed for the samples exposed to f-

SiO2 and CeO2 slurries at concentrations up to 1136 mg/L (f-SiO2) and 909 mg/L (CeO2). 

On the other hand, 1364 mg/L of c-SiO2 and Al2O3 led to 37.6% and 28.4% inhibition on 

cell activity, respectively, after 30 min of exposure.  
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Figure 5-1. Normalized activity of A. fischeri as a function of the concentration of 

abrasive NPs after 5 min (■), 15 min (●), and 30 min (▲) of exposure: c-SiO2 (A), B: f-

SiO2 (B), CeO2 (C), and Al2O3 (panel D). 

 

Particle size and ζ potential of the NPs in Microtox medium are shown in Figure 

5-2. The exact values and polydispersity (PDI) are summarized in Table 5-1. The results 

show NP agglomeration occurred in Microtox medium as the particle sizes were 

generally larger than those in the pristine slurries, especially for CeO2 and Al2O3 NPs the 

hydrodynamic sizes of the particles increased from 89 to 4159 nm and from 125 to 1886 

nm, respectively. In addition, the absolute values of ζ potential were lower, indicating the 

NPs became unstable in the medium, which was also evident as the PDI values increased 
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compared to pristine materials. Microtox tests were conducted under pH at about 7.0, 

which was close to the isoelectric point (IEP) of CeO2 (6.7-8.6) and Al2O3 (7-8) (Howe et 

al. 2012), leading to the lowered surface charge and decreased electrostatic repulsion 

forces between particles. Also, in the assay, Microtox diluent contained 2% NaCl (20 

g/L), so the high ionic strength could compress the electrical double layer. These factors 

could make Van der Waals attraction outweigh the electrostatic repulsion and resulted in 

NP aggregation. In the experiment, particle settle was observed in the bioassay medium, 

especially for CeO2 and Al2O3, as the suspensions were separated as two layers: one clear 

supernatant layer on the top and one layer of turbid solids settled at the bottom. After 30 

min, the recoveries of c-SiO2, f-SiO2, CeO2, and Al2O3 in the supernatant were 48.3%, 

41.3%, 6.5%, and 15.4%, respectively. The stability of NP suspensions controls their 

mobility in aquatic systems: stable colloidal suspensions of NPs are readily for efficient 

interactions with aquatic organisms (Navarro et al. 2008b). Therefore, particle 

aggregation and sedimentation in the testing medium could be a factor responsible for the 

limited toxicity of the CeO2 and Al2O3 slurries in the Microtox assay. 
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Figure 5-2. Particle size (A) and ζ potential (B) of abrasive NPs in the different pristine 

CMP slurry dispersions (black color), Microtox assay medium (red color), and RTCA 

assay medium (blue color). 
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Studies have demonstrated that A. fischeri bacteria are highly sensitive to a wide 

range of different toxic substances (EPA 2003). Because of this, Microtox has been 

applied worldwide and accepted by organizations such as U.S. Environmental Protection 

Agency (USEPA), the Organization for Economic Co-operation and Development 

(OECD) and the International Organization for Standardization (ISO) (Zeng et al. 2017b). 

Binaeian and coworkers have compared the effect of seven NPs on A. fischeri, in which 

the 50% inhibition concentrations (IC50) of SiO2 were about 700 and 350 mg/L at 5 and 

30 min, respectively (Binaeian et al. 2012). For Al2O3, literature results confirm no 

toxicity was observed in Microtox assays supplemented with Al2O3 up to 100 mg/L 

(Doshi et al. 2008; Velzeboer et al. 2008). These results are in agreement with what we 

have found in this study. To our best knowledge, there is no information available about 

CeO2 toxicity on A. fischeri. 

5.4.2 Cytotoxicity of CMP NPs to 16HBE14o- cells 

Release of industrial effluents into aquatic systems could lead to NPs exposure to humans, 

especially through aerosols generated (Liu et al. 2014; Ma et al. 2014).  Therefore, it is 

important to understand the effects of abrasive NPs on pulmonary system. Firstly, the 

cytotoxicity of c-SiO2 slurry on human lung bronchial epithelial cells (16HBE14o-) was 

shown in Figure 5-3. The CI values were normalized based on the time of slurry dosing 

(time zero in the figure) as described in Section 4.3.4. The initial NCI rise was due to 

mixing. In RTCA system, CI value is proportional to cell number and morphology. A 

decreased cell index (negative slope) indicates cytotoxicity leading to cell death and 

toxicity induced detachment; while a positive slope (yet lower than the slope of control) 
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indicates inhibitory effects on cell viability and proliferation (Moniri et al. 2015; Rakers 

et al. 2014). In this case, high concentrations of c-SiO2 slurry (250 and 500 mg/L) 

showed clear cytotoxicity as the slopes of the curves became negative immediately after 

NP dosing (Figure 5-3A). On the other hand, low concentrations of c-SiO2 NPs (5, 25, 

and 50 mg/L) did not show any effects on 16HBE14o- cells as the response curves 

behaved almost the same as compared to slurry free control. Also, as shown in Figure 5-

3B, c-SiO2 slurry supernatant was not inhibitory, indicating the toxicity of the slurry was 

resulted from the abrasive NPs. Secondly, as shown in Figure 5-4, 250 and 500 mg/L of 

f-SiO2 led to cell detachment after about 6 and 10 h of exposure, respectively. Similar 

with c-SiO2, no toxic effects were observed for the samples exposure to low 

concentrations of f-SiO2 and slurry supernatant (Figures 5-4A and 5-4B). Thirdly, there 

was no evidence showing cytotoxicity from CeO2 and Al2O3 slurries at concentrations up 

to 1250 mg/L in the experiments (Figure 5-5). Exposure to the highest concentration of 

CeO2 and Al2O3 NPs after 24 h only led to about 20% inhibition of cell viability and 

proliferation. Finally, NP aggregation was also observed in the test medium (MEM) 

(Table 5-2), which was liked caused due to the same factors already mentioned in Section 

5.4.1.  
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Figure 5-3. Dynamic cytotoxicity response of 16HBE14o- human bronchial epithelial 

cells exposed to c-SiO2 slurry (A) and corresponding slurry supernatant (B). c-SiO2 

concentrations (mg/L): 0 (gray line), 5 (green line), 25 (blue line), 50 (orange line), 250 

(red line), and 500 (black line). 
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Figure 5-4. Dynamic cytotoxicity response of 16HBE14o- human bronchial epithelial 

cells exposed to f-SiO2 slurry (A) and corresponding slurry supernatant (B). f-SiO2 

concentrations (mg/L): 0 (gray line), 5 (green line), 25 (blue line), 50 (orange line), 250 

(red line), and 500 (black line).  
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Figure 5-5. Dynamic cytotoxicity response of 16HBE14o- human bronchial epithelial 

cells exposed to CeO2 slurry (A) and Al2O3 (B). CeO2 or Al2O3 concentrations (mg/L): 0 

(gray line), 12.5 (green line), 62.5 (blue line), 125 (orange line), 625 (red line), and 1250 

(black line). 
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Table 5-2. Particle size and ζ potential of slurries under different testing conditions. 

 

  

                            Pristine Slurry Slurry in Microtox Medium Slurry in RTCA Medium 

Slurry 

Name 

Particle Size 

(nm) 

ζ potential 

(mV) 

PDI 

 

Particle Size 

(nm) 

ζ potential 

(mV) 

PDI 

 

Particle Size 

(nm) 

ζ potential 

(mV) 

PDI 

c-SiO2 37.4 ± 0.5 -17.0 ± 0.1 0.11 60.0 ± 5.5 -21.7 ± 0.6 0.32 46.5 ± 0.3 -27.4 ± 0.3 0.06 

f-SiO2 168.1 ± 3.5 -51.9 ± 2.6 0.17 148.1 ± 1.5 -10.9 ± 1.1 0.14 458.0 ± 12.2 -8.8 ± 2.3 0.35 

CeO2 89.4 ± 1.4 37.5 ± 1.2 0.28 4159 ± 531 16.9 ± 0.2 0.35 4482 ± 127 0.3 ± 0.9 0.22 

Al2O3 124.6 ± 2.3 59.7 ± 1.4 0.16 1886 ± 71 31.3 ± 0.8 0.43 6852 ± 806 -7.7 ± 1.4 0.50 
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The cytotoxicity of SiO2 NPs to 16HBE14o- cells has been reported in a previous 

RTCA study (Otero-Gonzalez et al. 2012b). Commercial SiO2 NPs (10-20 nm) resulted 

in cell detachment at concentrations equal or higher than 200 mg/L. At 300 mg/L, cell 

death occurred after 3 h of NP dosing. These results are generally in agreement with what 

we have observed in this work. Wei and coworkers has performed in vitro experiments to 

study the cytotoxicity of Al2O3 NPs (10 and 50 nm) on human lung epithelium cells 

(A549) (Wei et al. 2014). These authors found that Al2O3 NPs were inhibitory at the 

highest concentration level (10 g/L) tested in their study, while 1 g/L of Al2O3 NPs (both 

10 nm and 50 nm) did not show any effects on cell viability and proliferation. This result 

is in agreement with what we have observed in this study. Rubio and coworkers 

confirmed the antioxidant property of one commercial CeO2 NP (< 25 nm) in the 

experiment using human epithelial lung cell line BEAS-2B (Rubio et al. 2016). Flaherty 

and coworkers have compared the toxicity of pristine abrasive NPs and several 

commercial slurries in relative survival experiments using mouse alveolar macrophage 

cells (ATCC) (Flaherty et al. 2015). They found pristine NPs as well as CeO2 and Al2O3 

slurries did not induce any significant cytotoxicity at concentrations up to 1000 mg/L 

after 24 h exposure. 1000 mg/L SiO2 NPs led to 60% inhibition on cell viability and one 

SiO2 slurry resulted in 82% inhibition at the same concentration.  

Shepard and Brenner have investigated the potential exposure of abrasive NPs in 

different work areas (fab, subfab, and wastewater treatment) at a facility conducting CMP 

(Shepard et al. 2014b). Increased concentrations of respirable particles were observed, 

but the magnitude of the NP levels was very low. For example, peak concentrations of 

NPs in fab, subfab, and wastewater treatment areas were 4 to 74, 3 to 84, and 1710 to 
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45519 particles/cm
3
, respectively. So far different studies have been done to evaluate the 

environmentally relevant concentrations of NPs. Although NP levels varied with different 

studies, the estimated SiO2, CeO2, and Al2O3 NP concentrations in wastewater treatment 

plant effluents and biosolids were in ppb level (Holden et al. 2014a; Keller et al. 2014; 

Lazareva et al. 2014), which were much lower than the levels showed toxicity in the 

study and values reported from literature. 

5.4.3 Uptake of CMP NPs by 16HBE14o- cells 

In this study, internalization of tested CMP slurries by human bronchial epithelial cells 

was observed. As shown in Figures 5-6 and 5-7, the NPs were taken up and eventually 

accumulated in different cellular organelles. In Figures 5-6A and 5-6B, colloidal-SiO2 

NPs are visible inside the vesicle of the cells. Fumed-SiO2 NPs are shown to be 

accumulated in Golgi body of the cells (Figures 5-6C and 5-6D). Meanwhile, Al2O3 NPs 

are inside the cells (Figures 5-7A and 5-7B) and CeO2 NPs are in lysosome of the cells 

(Figures 5-7C and 5-7D). Previous studies have reported that NPs can be taken up in 

cellular organelles of human lung cells. A study about the toxicity of As
III

 in the presence 

and absence of CeO2 NPs observed accumulation of CeO2 NPs inside lysosomes of 

human lung cells (16HBE14o-) (Zeng et al. 2018). Other studies also reported 

internalization of NPs inside various human cell lines via endocytosis: Ag NPs 

accumulated inside mitochondria, lysosome, and nucleus of human lung fibroblast cells 

and human glioblastoma cells (AshaRani et al. 2009); modified Au NPs found in 

endosome or freely dispersed in cytosol of human lung fibroblast cells (Nativo et al. 

2008); chitosan Au NPs inside endosome or lysosome of human lung carcinoma cells 
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(Jeong et al. 2011). The TEM results clearly indicated that human lung cells have the 

capacity to take up NPs.    
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Figure 5-6. TEM images of colloidal-SiO2 (c-SiO2) (Panels A and B) and fumed-SiO2 

(f-SiO2) (Panels C and D) slurries in 16HBE14o- human bronchial epithelial cells. The 

particle size is 30-50 nm (c-SiO2) and 20-40 nm (f-SiO2). Both particles in slurries have 

spherical shape.   
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Figure 5-7. TEM images of Al2O3 (Panels A and B) and CeO2 (Panels C and D) slurries 

in 16HBE14o- human bronchial epithelial cells. The particle size of Al2O3 is 

approximately 31 nm with spike shape, while the particle size of CeO2 is approximately 

36 nm with spherical shape.  
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5.5 Conclusions 

In summary, the results from Microtox and RTCA assays indicate that abrasive NPs used 

in CMP slurries are not likely to cause acute environmental and health risks at 

environmentally relevant concentrations. The model slurries used in this study are 

representative of those used in commercial slurries, but lack the complexity of the slurries 

used in practice. CMP slurries normally contain additives like buffers, complex agents, 

oxidizer, corrosion inhibitors, and surface active organics. Therefore, further study is 

required to better understand the potential toxicity of the wastewater discharged from 

semiconductor manufacturing. 
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CHAPTER 6: Cerium Dioxide (CeO2) Nanoparticles Decrease Arsenite (As
III

) 

Cytotoxicity to 16HBE14o- Human Bronchial Epithelial Cells 

6.1 Abstract 

The production and application of nanoparticles (NPs) are increasing in demand with the 

rapid development of nanotechnology. However, there are concerns these novel materials 

may also lead to emerging environmental and health problems. Some NPs are able to 

facilitate the transport of contaminants into cells/organisms via a “Trojan Horse” effect, 

which enhances the toxicity of the adsorbed materials. In this work, we evaluated the 

toxicity of arsenite (As
III

) adsorbed onto cerium dioxide (CeO2) NPs to human bronchial 

epithelial cells (16HBE14o-) using the xCELLigence real time cell analyzing system 

(RTCA). Application of 0.5 mg/L As
III

 resulted in 81.3% reduction of cell index (CI, an 

RTCA measure of cell toxicity) over 24 h when compared to control cells, exposed to 

medium lacking As
III

. However, when 0.5 mg/L As
III

 was applied to the cells in the 

presence of CeO2 NPs (250 mg/L), CI was only reduced by 12.9% compared to the 

control cells. The CeO2 NPs had a high capacity for As
III

 adsorption (20.2 mg/g) in the 

bioassay medium, effectively reducing dissolved As
III

 in the aqueous solution and 

resulting in reduced toxicity. Transmission electron microscopy was used to study the 

transport of CeO2 NPs into 16HBE14o- cells. NP uptake via engulfment was observed 

and the internalized NPs accumulated in the lysosomes. However, the acidic environment 

of lysosome did not enhance the release of toxic materials. The results demonstrate that 

dissolved As
III

 in the aqueous solution was the decisive factor controlling As
III

 toxicity of 

16HBE14o- cells, and CeO2 NPs effectively reduced available As
III

 through adsorption. 

These data emphasize the evaluation of mixtures when assaying toxicity.  
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6.2 Introduction 

Nanoparticles (NPs) are defined as materials with at least one dimension between 1-100 

nm in size. The extremely small size gives NPs unique electronic, optical and chemical 

properties compared to their bulk counterparts (Klaine et al. 2008; Navarro et al. 2008b). 

With the rapid development of nanotechnology, NP production and subsequent 

applications are growing continuously. The global production of nanoparticles (NPs) is 

estimated to be higher than 10 million tons per year (Holden et al. 2014a). The first 

Nanotechnology Consumer Product inventory was created in 2005, listing 54 products 

containing nanomaterials (NMs); in 2015, the inventory listed 1,814 products from 622 

companies located in 32 countries (Vance et al. 2015). With the growing production and 

application of NPs, environmental and unintentional human exposure is also increasing 

(Gottschalk et al. 2011; Gottschalk et al. 2013; Keller et al. 2014; Kuhlbusch et al. 2011; 

Sun et al. 2014). Therefore, there are concerns these novel materials may lead to 

emerging health problems. 

So far most research has focused on the potential ecological impacts and human 

health effects resulted from pristine NPs (Buzea et al. 2007; Lowry et al. 2012; Nowack 

et al. 2007; Seaton et al. 2010), however, in the environment, NPs are present with 

different types of contaminants including toxic materials such as metals and metalloids. 

Due to the novel surface characteristics such as large specific surface area, and reactivity 

of the NPs, different contaminants could accumulate on the surface of NPs and 

subsequently affects the fate and toxicity of these materials. It has been reported that 

some NPs could act as “Trojan Horse”, enhancing the toxicity of adsorbed materials by 

facilitating their transport into cells or organisms. For example, lead (Pb) loaded on 
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cerium dioxide (CeO2) or titanium dioxide (TiO2) NPs in the gastrointestinal tract of the 

water flea, Ceriodaphnia dubia, enhanced the bioavailability of Pb, resulting in a higher 

toxicity (Hu et al. 2012c). Enhanced toxic effects have been observed in experiments 

using arsenate (As
V
) in the presence of ferric oxide (Fe2O3), aluminum oxide (Al2O3) or 

TiO2 NPs (Hu et al. 2012a; Wang et al. 2011b). While information about the toxicity of 

NPs is valuable, it is also important to understand the synergistic effect of these materials 

and contaminants occurring together in the environment. 

Arsenic is a well-known contaminant with high toxicity and carcinogenicity 

(ATSDR 2007). Acute exposure to As can cause effects range from gastrointestinal 

distress to death; chronic As exposure could affect several major organ systems based on 

the dose (Hughes et al. 2011).  The World Health Organization guideline of As in 

drinking water is set to 10 µg/L, while a number of large aquifers with As concentrations 

significantly higher than 50 µg/L have been identified in different parts of the world 

(Smedley et al. 2002). In these regions, a significant relationship between consumption of 

As contaminated water and increased risks of lung diseases/cancer was found (Ferreccio 

et al. 2000a; Smith et al. 2000b; Xie et al. 2014b). In natural water, inorganic trivalent 

arsenite (As
III

) and pentavalent (As
V
) in the forms of oxyanions are the most predominant 

As species. Different NPs have been reported to have outstanding capacity for As
III

 and 

As
V
 adsorption (Cui et al. 2012; Feng et al. 2012; Hristovski et al. 2007a; Jegadeesan et 

al. 2010), among them, CeO2 is an important industrial material with the annual global 

production about 7,500 to 10,000 tons (Holden et al. 2014a; Keller et al. 2014). One 

primary application of CeO2 NPs is chemical and mechanical planarization (CMP), a key 

process applied to polish wafers when fabricating integrated circuits (Krishnan et al. 
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2010). In CMP NPs such as CeO2 are used in the slurry as an abrasive to remove 

unwanted materials on the wafer and create a flat surface. The semiconductor industry 

requires large amounts of water, consequently generating high volumes of wastewater. 

The waste stream from CMP contains the original slurry and soluble species removed 

from the wafer including arsenic. However, information about the effect of CeO2 NPs on 

arsenic transport and toxicity is still lacking. 

In vitro cytotoxicity assays are common alternatives to animal tests in toxicity 

assessment (Xing et al. 2005). Conventional cytotoxicity assays (e.g. MTT assay) depend 

on absorbance, fluorescence or luminescence measurements. These methods have a 

defect as the test results can be greatly obscured when measuring materials (e.g. 

mesoporous SiO2 NPs) that tend to interfere with optical measurements (Fisichella et al. 

2009b; Ke et al. 2011b). Also, single end-point assays provide only limited information 

about the interaction between testing materials and the target cells. The xCELLigence 

real time cell analysis (RTCA) system is a novel label-free, dynamic and high throughput 

technique for cytotoxicity and cell viability assessment. In this system, biological status 

of adherent cells is monitored through impedance measurements (Atienza et al. 2006). 

Since impedance determination is not invasive, the cells remain in their normal 

physiological state during the assay. This system has been applied in different studies 

investigating the toxicity of arsenic, mercury, sodium dichromate (Xing et al. 2005) and 

inorganic nanoparticles (Otero-Gonzalez et al. 2012b), in conjunction with the data being 

compared with those acquired by conventional assays (e.g. MTT assay). The results show 

RTCA system is reliable and has high sensitivity in cytotoxicity assessment (Limame et 

al. 2012).  
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The objective of this study was to investigate the synergistic toxic effect of CeO2 

NPs and As
III

. To this end, RTCA system was used to assess the cytotoxicity of As
III

 on 

human bronchial epithelial cells (16HBE14o-) in the presence of CeO2 NPs. In addition, 

CeO2 uptake by 16HBE14o- cells was investigated using transmission electron 

microscopy (TEM). This study intends to better understand potential risks from NPs with 

the presence of other contaminants in the environment. 

 

6.3 Materials and Methods 

6.3.1  Materials 

CeO2 NP powder (20 nm) was obtained from MTI Corporation (Richmond, CA, USA). 

Minimum essential medium with Earle‟s salts (MEM) were purchased from Invitrogen 

(Carlsbad, CA, USA). Fetal bovine serum (FBS) and sodium meta-arsenite (NaAsO2, ≥ 

90%) were from Sigma-Aldrich (St Louis, MO, USA). In the experiments, all the 

solutions were prepared using ultrapure water (Milli-Q Water System, Millipore, 

Billerica, MA, USA). 

6.3.2 Cell culture 

Human epithelial cells represent a primary target tissue from environmental toxicants 

(Feng et al. 2015). These cells are also important as they form a barrier to the 

environment and protect more sensitive underlying tissue of various organs. 16HBE14o-, 

an adherent and immortalized human bronchial epithelial cell line, is often used as a 

model cell type to study pulmonary adsorption, transport and permeability to airway 

exposure (Ehrhardt et al. 2003; Forbes et al. 2003; Sherwood et al. 2013b). In this work, 
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16HBE14o- cells were obtained from California Pacific Medical Center Research 

Institute (San Francisco, CA, USA). The cells were initially grown as described (Flynn et 

al. 2011). In brief, cells were grown in tissue culture flasks coated with a 

collagen/fibronectin/bovine serum albumin (CFB) matrix in a controlled growth medium 

(CGM) that contains MEM supplemented with 10% (v/v) FBS, 2mM glutamax, penicillin 

and streptomycin at 37°C in a 5% CO2 atmosphere. Subsequently, the cells were 

transferred to RTCA assay plates coated with CFB and maintained with a reduced serum 

(5% FBS) medium. 

6.3.3 Characterization of CeO2 NPs 

The primary particle size of CeO2 NPs was determined by TEM using a Tecnai Spirit 

Biotwin instrument operated at 100 kV as described (Ramos-Ruiz et al. 2016). In 

addition, the particle size and zeta potential ( potential) of the NPs in MEM were 

measured. The hydrodynamic particle size was measured by dynamic light scattering 

(DLS) using a Zetasizer Nano ZS (Malvern Instruments, Sirouthborough, MA, USA) 

with a laser wavelength of 633 nm and a scattering angle of 173.  potential was 

determined by electrophoresis using the same equipment. Smoluchowski equation was 

applied to correlate particle electrophoretic mobility to  potential value. 

6.3.4 As
III

 adsorption on CeO2 NPs 

Firstly, As
III

 stock solution (160 mg/L) was prepared, the pH of the solution was adjusted 

to near 7.0 using diluted HCl. Then the solution was diluted to 16.0, 8.0, 1.6, 0.8, and 

0.16 mg/L using serum-free MEM supplemented with 2mM glutamax, penicillin and 

streptomycin in 50 mL centrifuge tubes with total liquid volume of 10 mL. Finally, 250 
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mg/L CeO2 NPs were added into each tube. The dispersions were mixed for 48 h using an 

orbital shaker at 150 rpm at room temperature (25°C) to attain adsorption equilibrium. 

NP-free As
III

 solutions were run in parallel during this process. After 48 h, the 

suspensions/solutions were collected for analysis of dissolved As
III

. The samples were 

first centrifuged at 13,300 g for 10 min, and then the supernatants were filtered through 

25-nm membrane filters to remove all the particles. The concentration of As in the 

filtrates was determined by inductively coupled plasma-optical emission spectroscopy 

(ICP-OES, 5100, Agilent Technologies, Santa Clara, CA, USA) at a wavelength of 

188.98 nm. The amount of As(III) adsorbed on CeO2 NPs was calculated from mass 

balance. 

In this study, Langmuir and Freundlich isotherms were applied to describe As
III

 

adsorption onto CeO2 NPs. The equation of Langmuir isotherm is shown as follows: 

  
  
 

 

        
 

  
    

 (1) 

where Ce [mg/L] is the equilibrium concentration, qe [mg/g] is the amount of As
III

 

adsorbed on the solid, Keq [L/mg] is the adsorption equilibrium constant and qmax [mg/g] 

is the adsorption capacity. The Freundlich isotherm is expressed as follows: 

       
        (2) 

where Kf [(mg/g)/(mg/L)
1/n

] and n (dimensionless) are the Freundlich constants. 

6.3.5 RTCA assay 

RTCA is a novel system allows for dynamic monitoring cytotoxicity and cell 

proliferation based on impedance measurements. When cells attach to the plate, they 

create impedance that can be detected by the interdigitated gold microelectrodes 
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integrated on the bottom of the testing plate. Measured impedance is calculated and 

plotted as cell index (CI), which is proportional to cell biological statuses as cell number, 

morphology and adhesion.  

As shown in Figure 6-1, the background impedance (or baseline) is measured 

with only assay medium. CI value increases after the introduction of the cells, and the 

number becomes higher with increased cell number, size and spreading until it reaches 

the plateau when the well is 100% covered. The introduction of cytotoxicity inducing 

agents leads to cell detachment or cell death, which results in a decreased CI (or negative 

slope) as show in Figure 6-1 (red line). Some materials are not able to cause cell death 

but can inhibit cell viability/proliferation, in this case, it creates a curve with positive 

slope but with CI values lower than the control.  
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Figure 6-1. Impedance-based real time cell analysis system. Impedance changes due to 

cell adherence are detected by the interdigitated gold microelectrodes on the well bottom 

of the testing plate. The detection is proportional to cell biological status as cell number, 

morphology and adhesion. Increased cell number and spreading results in a higher value. 

In this system, the measured impedance is expressed as Cell Index (CI). The CI is defined 

as (Rn-Rb)/15, where Rn is the impedance of the well when it contains cells and Rb is the 

background impedance measured with only the medium. 

 

6.3.6 As
III

 toxicity to 16HBE14o- cells with the presence of CeO2 NPs 

As
III

 solutions (2, 10, and 20 mg/L) were first prepared in 10 mL MEM in 50 mL 

centrifuge tubes (pH adjusted to about 7.0). CeO2 NPs (1 g/L) were then added into each 

vial. The mixtures were mixed for 48 h under the same condition as describe in Section 

6.3.4. In this step, NP-free As
III

 solutions and CeO2 dispersions (1 g/L) were run in 

parallel. After this pre-adsorption step, the cytotoxicity of As
III

 in the presence and 
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absence of CeO2 NPs was evaluated using RTCA assay. Also, concentrations of 

dissolved As
III

 were measured as described in Section 6.3.4. 

In the RTCA assay, 16HBE14o- cells were first plated onto 96-well E-plates 

(ACEA Biosciences, San Diego, CA, USA) at a cell density of ~100,000 cells/well (150 

µL). Then the cells were incubated at 37°C and 5% CO2 to verify proper growth. During 

this growth period, the impedance was continuously monitored using the RTCA device 

(ACEA Biosciences, San Diego, CA, USA). After about 20 h, 50 µL of As
III

 stock 

solutions (in the presence/absence of CeO2 NPs) were added to each well. The final 

volume of the solution in each well was 200 µL and the final concentrations of the testing 

materials were one quarter as compared to the stock. CI values were measured and 

recorded every 15 min for 48 h. In the experiments, assays were performed in 

quadruplicate and appropriate controls (e.g., without As
III

 and NPs) were run in parallel. 

The normalized cell index (NCI) was calculated for data analysis using the 

following equation: 

     
   
   

 (6 – 3) 

where CIt is the CI at any time t and CI0 is the CI at the time of toxicant dosing (where 

NCI is equal to 1). The percent inhibition was then calculated based on NCI values using 

the following equations: 

          ( )  
   (       )     (      )

   (       )   
              (6 – 4) 

when the NCI values of the samples were less than 1, inhibition values were reported as 

100%. 
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6.3.7 Uptake of CeO2 NPs by 16HBE14o- Cells 

Approximately 550,000 16HBE14o- cells in MEM supplemented with 5% FBS, 2 mM 

glutamax and pen/strep were plated onto 6-well plates coated with CFB and incubated for 

24 h. The cells were then exposed to 250 mg/L CeO2 NPs for 24 h. Finally, the cells were 

prepared for transmission electron microscopy (TEM) measurements after washing by 

Hank‟s balanced salt solution (HBSS). 

6.3.8 Statistical analysis 

The statistical analysis was performed using t-test two samples assuming unequal 

variances on Microsoft Excel. The statistical comparison was based upon the t-critical 

two-tail values and the t-stat values. Significance was considered to be at the p < 0.05 

probability level. 

 

6.4  Results and Discussion 

6.4.1 Characterization of CeO2 NPs 

Figure 6-2 is a TEM image shows the morphology of the CeO2 NPs. The particles are not 

very homogeneous. Some of NPs have a sphere-like shape with a diameter of about 8 nm; 

while others have a rod-like shape with a length of about 35 nm and a diameter of about 

10 nm. The hydrodynamic diameter of the NPs determined by DLS was 1,463.0 ± 108.9 

nm with a polydispersity index (PDI) of 0.29, indicating particle aggregation in MEM. 

The  potential of CeO2 was -7.2 ± 1.1 mV. Colloidal dispersions with  potential values 

higher than +30 mV or lower than -30 mV are considered stable, while particles with low 
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surface charge tend to aggregate due to limited electrostatic repulsion forces. The pH of 

the MEM is around 7.0, within the reported point zero charge (PZC) range of CeO2 NPs 

(6.7-8.6) (Cornelis et al. 2011; Oriekhova et al. 2016; Otero-Gonzalez et al. 2014). This 

can explain the low surface charge observed in the experiment. In addition, the MEM 

contains high concentrations of NaHCO3 (2.2 g/L), NaCl (6.8 g/L) and other salts. Ionic 

strength can compress the electrical double layer and, consequently, lower the energy 

barrier preventing particle agglomeration. Therefore, ionic strength could be another 

factor leading to NP aggregation. 

 

Figure 6-2. TEM image of CeO2 NPs. 
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6.4.2 As
III

 adsorption on CeO2 NPs 

Figure 6-3 shows the adsorption equilibrium isotherms of As
III

 on CeO2 NPs in MEM. 

The experimental data were fitted with Freundlich and Langmuir models described in 

Section 6.3.4, the parameters obtained from the fitting are summarized in Table 6-1. The 

results show As
III

 adsorption can be best described by Langmuir isotherm. The adsorption 

capacity (qmax) acquired form the model was 20.2 mg/g. So far there is only one study 

that has investigated the adsorption characteristics of As
III

 on CeO2 NPs in water, in 

which the reported qmax is 18.0 mg/g (Feng et al. 2012). Some other widely used NPs 

have also been studied for their potential on As
III

 removal. For example, the qmax values 

for nanoscale zero-valent iron and Fe2O3 at neutral pH are 1.8 and 2.5 mg/g, respectively 

(Kanel et al. 2005; Prasad et al. 2011). When using high initial As
III

 concentrations (up to 

80 mg/L), the qmax was reported in the range of 46.1-57.5 mg/g for titanium dioxide 

(TiO2) nanocrystalline (Pena et al. 2005). In summary, CeO2 NPs showed comparatively 

high efficiency for As
III

 adsorption, which may pose an impact on the fate, transport and 

toxicity of aqueous As
III

. 
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Figure 6-3. Adsorption isotherms of As
III

 on CeO2 NPs in the bioassay medium (MEM). 

The square markers are the experimental data; the red and blue lines are the Langmuir 

and Freundlich fitting. 

 

Table 6-1. Equilibrium adsorption isotherm fitting parameters for As
III

 onto CeO2 NPs in 

MEM. 

Model Langmuir Freundlich 

Parameters 
qmax  

[mg/g] 

Keq  

[L/mg] 

R
2 

 

Kf  

[(mg/g)/(mg/L)
1/n

] 

N 

 

R
2 

 

 20.21 0.75 0.98 7.32 2.52 0.91 
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6.4.3 As
III

 toxicity to 16HBE14o- cells with the presence of CeO2 NPs 

Figure 6-4 shows the response of 16HBE14o- cells to different concentrations of As
III

 in 

the presence and absence of CeO2 NPs. The CI values are normalized based on the time 

of As
III

 dosing (time zero in the figure) as described in Section 6.3.6. Cells exposed to 

As
III

 showed a characteristic pattern distinguished by an initial transient NCI increase in 

values during the first 5 h after As
III

 dosing, thereafter the NCIs decreased dropping 

below the NCIs of the control culture lacking As
III

. In addition, the characteristic 

response was dose-dependent as the higher the level of As
III

 led to a more significant 

initial NCI increase and subsequent NCI decrease. RTCA system has been reported to 

generate agent-specific kinetic profiles (Limame et al. 2012). This technique has been 

applied in one previous study investigating As
III

 effect on NIH 3T3 cells (Kanel et al. 

2005), in which the characteristic cell response pattern was also observed at the dose 

range from 1.25 to 29.64 µM (about 0.1 to 2.2 mg/L As). 

In the experiment, As
III

 was highly inhibitory to 16HBE14o- cells as evidenced by 

NCI values of the samples exposed to As
III

 solutions were much lower than those from 

the control after 48 h. As
III

 caused a clear cytotoxicity leading to cell death at 

concentrations of 5.0 mg/L (Figure 6-4A) and 2.5 mg/L (Figure 6-4B). The NCIs of these 

samples decreased continuously after the initial transient increase and became lower than 

1.0 after 15 and 40 h of exposure, respectively. Especially for the samples exposed to 5.0 

mg/L of As
III

, most of the cells were detached from the plate after 48 h. At 0.5 mg/L, As
III

 

did not lead to considerable cell death, however, it caused significant reduction on cell 

viability and proliferation as the NCI was only slightly higher than the initial value but 

much lower than that of the control after 48 h of exposure. As
III

 toxic effects on human 
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bronchial epithelial cells have been reported in different studies. For example, one study 

found 0.75 mg/L of As
III

 reduced the relative cell survival to 59% after 24 h exposure in a 

clonogenic assay (Xie et al. 2014b). In another study, same concentration of As
III

 led to 

80% inhibition in MTT conversion (Styblo et al. 2000b). Despite the differences between 

the assays, our results are generally in agreement with these previous studies, indicating 

As
III

 can cause acute toxic effects to human lung cells even at relatively low 

concentrations. The toxic mechanism from As
III

 has been attributed to oxidative stress 

due to the generation of reactive oxygen (ROS) species (Li et al. 2014). As
III

 has also 

been shown to alter cell signaling and compromise wound response of 16HBE14o- cells 

(Sherwood et al. 2011b). 

In this work, CeO2 NPs (250 mg/L) were not toxic to the cells as the NCI values 

from the sample exposed to CeO2 NP alone were very close to those from the control 

cells lacking CeO2 NP. In addition, CeO2 NPs decreased the toxic effects exerted by As
III

 

as the NCIs of the treatments with As
III

 and CeO2 NPs were much higher than those 

exposed to As
III

 alone after 48 h of exposure. As shown in Figure 6-4A, at 5.0 mg/L As
III

, 

CeO2 NPs lowered the rate of cell death (less steep negative slope). 2.5 mg/L As
III

 led to 

significant cell death, however, with the presence of CeO2 NPs, no clear cell death was 

observed and the treatment only inhibited cell viability and proliferation (Figure 6-4B). 

The reduced toxicity was most significant for the samples treated with 0.5 mg/L of As
III

. 

As shown in Figure 6-4C, the reduced toxicity was observed after 11 h of exposure; after 

48 h, the percent inhibition of As
III

 was lowered from 81.3% to only 12.9%. A detailed 

comparison of the percent inhibition data is summarized in Figure 6-5.  
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Table 6-2 shows the concentrations of dissolved As
III

 in the fluids after the pre-

adsorption step as described Section 6.3.6. It is clear that the adsorption of As
III

 onto 

CeO2 NPs significantly decreased the concentrations of soluble As
III

 remaining in the 

aqueous solution. The correlation between NCI values at 48 h and dissolved As
III

 

concentrations was summarized in Figure 6-6. This result indicates that the decreased 

toxicity observed in the experiment was due to the reduced As
III

 concentration in the 

aqueous solution. In order to better understand the mechanism of this detoxification 

effect, CeO2 NP uptake by 16HBE14o- cells was investigated. 
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Figure 6-4. Dynamic cytotoxicity response of 16HBE14o- human bronchial epithelial 

cells exposed to different concentrations of As
III

 in the presence and absence of CeO2 

NPs. As
III

 concentrations: 5.0 mg/L (A), 2.5 mg/L (B), and 0.5 mg/L (C). The black lines 

represent the NP and As
III

 free control; the yellow lines are the samples only exposed to 

250 mg/L CeO2 NPs; the red lines show the samples treated with As
III

 alone; the blue 

lines are the samples exposed to As
III

 solutions adsorbed to CeO2 NPs. 
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Figure 6-5. As
III

 (0.5 mg/L) inhibitory effects on cell viability of 16HBE14o- human 

bronchial epithelial cells in the presence and absence of 250 mg/L CeO2 NPs as a 

function of time. In this figure, present inhibition data from the first 11 h were excluded 

as the detoxification effect of CeO2 NPs was observed after 11 h of exposure. The red 

line show the results samples exposed to As
III

 alone; the blue line is the sample exposed 

to As
III

 with the presence of CeO2 NPs. 
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Figure 6-6. Normalized cell index at 48 h in respect with dissolved As
III

 concentration 

remained in the aqueous phase after 48 h mixing in MEM with the presence or absence of 

CeO2 NPs as described in Section 6.3.6.  

 

Table 6-2. Concentrations of dissolved As after 2-d pre-adsorption in the presence and 

absence of CeO2 NPs. 

Sample Composition As Concentration (mg/L) 

5.0 mg/L of As
III

 4.93 

5.0 mg/L of As
III

 with CeO2 NP 1.36 

2.5 mg/L of As
III

 2.47 

2.5 mg/L of As
III

 with CeO2 NP 0.29 

0.5 mg/L of As
III

 0.50 

0.5 mg/L of As
III

 with CeO2 NP 0.03 
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6.4.4 CeO2 NP uptake by 16HBE14o- cells 

In this work, CeO2 transport into human bronchial epithelial cells was observed. As 

shown in Figure 6-7, all the NPs that were taken up, accumulated in the lysosome. 

Lysosomes are vesicles found in cells that function as “garbage disposal”, involved in the 

degradation of biomolecules and xenobiotic materials originating outside the cell. Studies 

show NP uptake through endocytic routes converge in the lysosome and it is the most 

common intracellular site for NP sequestration and degradation (Stern et al. 2012). A 

variety of widely used NPs (such as TiO2, silver and SiO2) have been reported to cause 

lysosomal dysfunction, and subsequently lead to adverse effects on cells including cell 

death (Stern et al. 2012). Although numerous studies have been conducted to investigate 

the cytotoxicity of CeO2 NPs, cytotoxic effects resulting from lysosomal NP 

accumulation have not been reported (Song et al. 2014; Stern et al. 2012; Strobel et al. 

2015). In this work CeO2 NP uptake by human bronchial epithelial cells was observed. 

However, the uptake did not lead to any acute toxicity as described in Section 6.4.3.  

Hydrolytic enzymes and acidic pH (4.5-5.0) occur in the lysosome creating an 

environment that facilitates the degradation of unwanted biopolymers in the cells 

(Mindell 2012). The acidic environment in lysosome could also trigger the release of 

toxic ions and increase toxicity. Sabella and coworkers have coined the term “lysosome-

enhanced Trojan Horse effect” to describe that effect (Sabella et al. 2014). In this work, 

opposite results were observed. Uptake and accumulation of As
III

 loaded CeO2 NPs in 

16HBE14o- lysosomes did not enhance the toxicity of As
III

. Although lysosomes have an 

acidic pH, this does not necessarily lead to significant As
III

 desorption from CeO2 NPs. 

Firstly, CeO2 NPs are insoluble at the pH in the lysosome (Dahle et al. 2015), therefore, 
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there should be no As
III

 release due to CeO2 dissolution. Secondly, the acidic 

environment in the lysosome only has limited effect on CeO2 NP‟s capacity for As
III

 

adsorption. Feng and coworkers have reported that the As
III

 adsorption on CeO2 NPs only 

decreased about 10% at mild acidic pH (pH 4-6) compared to the data measured at 

neutral pH range (Feng et al. 2012). In the same study, desorption hysteresis (referred as 

irreversible adsorption) was reported. After adsorption equilibrium, desorption 

experiment showed that the released As accounted only for a portion (maximum 40%) of 

total As adsorbed. Overall, the results show that the dissolved As
III

 in the aqueous 

solution had much higher bioavailability than the As absorbed onto CeO2 NPs. 

 

Figure 6-7. TEM image of CeO2 NPs in 16HBE14o- human bronchial epithelial cells. 
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6.5 Conclusions 

As
III

 in solution is highly inhibitory to human bronchial epithelial cells. As
III

 adsorbed 

onto CeO2 NPs diminishes the inhibitory impact of As
III

 by lowering its aqueous 

concentration. As
III

 loaded CeO2 NPs taken up by cells accumulated in the lysosomes, but 

the acidic environment of lysosomes did not lead to massive As
III

 release.  

 

 

  



135 
 

CHAPTER 7: Conclusions 

This work studied the potential environmental effects and health hazards of Ga-based 

NPs (GaAs, Ga2O3), In-based NPs (InAs, In2O3), and CMP NPs (CeO2, Al2O3, colloidal 

SiO2, and fumed SiO2) utilized in semiconductor manufacture. The toxicity of GaAs and 

InAs NPs was tested using different bioassays and toxicity targets. The results showed 

that GaAs NPs caused acute toxicity toward the methanogenic bacterium, the marine 

bacterium A. fischeri, and human lung bronchial epithelial cells at relatively low 

concentrations (5.8-143.2 mg/L). In contrast, InAs NPs were only toxic toward target 

microorganisms and human lung cells at significantly higher concentrations. NP 

corrosion leading to the release of soluble As
III

 was the main cause of the observed 

toxicity. This indicated that the toxicity of tested NPs depends on particle size, contact 

time, and aqueous chemistry.  

 In addition to arsenide NPs, Ga2O3 and In2O3 NPs, which are potential by-

products of the CMP process, were also tested for toxic effects. The results showed that 

Ga2O3 and In2O3 NPs were significantly less toxic or not toxic towards human lung 

bronchial epithelial (16HBE14o-) cells and microorganisms (methanogenic and A. 

fischeri) compared to their respective arsenides. These results, as a whole, suggest that 

Ga-based and In-based oxide NPs do not pose any potential environmental or health 

hazards after their release.  

 The acute toxicity of abrasive NPs in well-characterized, model CMP slurries (i.e., 

CeO2, Al2O3, colloidal SiO2, and fumed SiO2) was also investigated. From the study, only 

colloidal-SiO2 and Al2O3 slurries caused mild inhibition on A. fischeri while fumed-SiO2 

and CeO2 were not toxic. In the impedance-based RTCA assay, colloidal SiO2 and fumed 
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SiO2 slurries, at high concentrations, caused cell death. On the other hand, CeO2 and 

Al2O3 slurries did not have significantly inhibitory effect on human lung bronchial 

epithelial cells. As a result, the study indicates that the abrasive NPs used in CMP, at the 

low concentration expected in surface water (< 1 mg/L), do not likely cause acute 

environmental and health risks. 

 Among the III-V ionic species tested using real time cell analysis (RTCA) system, 

As
III

 and As
V
 caused acute inhibitory effects toward 16HBE14o- cells at low 

concentrations (16 h-IC50 values: 2.4 mg As
III

/L and 4.5 mg As
V
/L). Meanwhile, In

III
-

citrate and Ga
III

-citrate did not cause any inhibition at comparable concentrations. The 

results in the RTCA confirm that As species are cytotoxic and can cause health risks.  

Although soluble As
III

 is highly inhibitory to human bronchial epithelial cells, the 

presence of CeO2 NPs into the As
III

 solution can alter its toxic effect. The results in this 

study confirmed that CeO2 NPs have a high capacity for As
III

 adsorption. As
III

 adsorption 

onto CeO2 NPs was shown to effectively reduce the amount of dissolved As
III

 in aqueous 

solution, resulting in detoxification.  

 In conclusion, this dissertation delivers methodology and experimental results that 

can aid to a better understanding about the possible environmental fate and 

environmental/health risks of Ga-based NPs, In-based NPs, inorganic oxide NPs in CMP 

slurries, and III-V soluble species. The results from this study show that arsenide NPs and 

soluble As species cause acute microbial toxicity and cytotoxicity at relatively low 

concentrations. In contrast, Ga and In oxide NPs, inorganic oxide NPs in CMP slurries, 

Ga
III

-citrate, and In
III

-citrate did not cause toxicity at anticipated environmentally relevant 
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concentrations (<1 mg/L). The study also confirms that As
III

 can be adsorbed onto CeO2 

NPs which leads to detoxification of As
III

.  
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