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Abstract

The production and application of engineered nanoparticles (NPs) are increasing in demand with 

the rapid development of nanotechnology. However, there are concerns that some of these novel 

materials could 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 the 

cells were exposed to 0.5 mg/L As(III) in the presence of CeO2 NPs (250 mg/L), the CI was only 

reduced by 12.9% compared to the control. 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 vesicles. The results demonstrate that dissolved As(III) in 

the aqueous solution was the decisive factor controlling As(III) toxicity of 16HBE14o- cells, and 

that CeO2 NPs effectively reduced available As(III) through adsorption. These data emphasize the 

evaluation of mixtures when assaying toxicity.
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1. Introduction

Nanoparticles (NPs) are defined as materials with at least one dimension between 1–100 nm 

in size. Their extremely small size gives NPs unique electronic, optical and chemical 
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properties compared to their bulk counterparts (Klaine et al., 2008; Navarro et al., 2008). 

With the rapid development of nanotechnology, NP production and subsequent applications 

are growing continuously. The global production of engineered NPs is estimated to be higher 

than 10 million tons per year (Holden et al., 2014). The first Nanotechnology Consumer 

Product inventory was created in 2005, listing 54 products containing nanomaterials; 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 engineered NPs, environmental 

and unintentional human exposure is also increasing (Gottschalk and Nowack, 2011; 

Gottschalk et al., 2013; Keller and Lazareva, 2014; Kuhlbusch et al., 2011; Sun et al., 2014). 

Therefore, there are concerns that release of 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 and 

Bucheli, 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 large specific surface area and surface reactivity characteristic of NPs, different 

contaminants could accumulate on the surface of NPs and subsequently affect the fate and 

toxicity of these materials. It has been reported that some NPs could act as “Trojan Horses”, 

enhancing the toxicity of adsorbed materials by facilitating their transport into cells or 

organisms. For example, lead (Pb) loaded on 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., 2012b). 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., 2011). In a 

different study, nano-diamonds were shown to facilitate the transport of adsorbed heavy 

metals (e.g. Cu2+) into living cells, causing subsequent release of ions in the interior of cells 

and leading to oxidative stress (i.e., generation of reactive oxygen species (ROS)) and 

cytotoxicity (Zhu et al. 2015). Similarly, Limbach et al. (2007) observed enhanced ROS 

production in lung epithelial cells exposed to cobalt and manganese in the presence of nano-

SiO2 compared to the silica-free controls free of SiO2 NPs. 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 and Kinniburgh, 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., 2000; Smith et al., 2000; 

Xie et al., 2014). In natural water, inorganic trivalent arsenite (As(III)) and pentavalent 

As(V) in the forms of oxyanions are the most predominant As species.
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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., 2007; Jegadeesan et al., 

2010), among them, cerium dioxide (CeO2) is an important industrial material with the 

annual global production about 7,500 to 10,000 tons (Holden et al., 2014; Keller and 

Lazareva, 2014). CeO2 is unique with the ease of switching the valence state (between +3 

and +4 state) in favorable environment. Due to this high oxygen mobility, CeO2 NPs are 

widely use in catalyst, fuel additives and medical applications (Kumar et al., 2014). In 

addition, a 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., 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 high concentrations of inorganic oxide NPs and other 

chemicals present in the original slurry (e.g., oxidizers, surfactants, dispersants, corrosion 

inhibitors) as well as soluble species removed from the wafer. The recent introduction of 

arsenic-containing materials in semiconductor manufacturing is expected to result in CMP 

wastewaters that also contain toxic soluble arsenic species. Arsenic containing 

semiconductor materials such as indium arsenide (InAs) and gallium arsenide (GaAs) are 

increasingly used in light emitting diodes (LEDs), liquid crystal displays (LCDs), and 

photovoltaics biosensors and microcircuits due to their high electron mobility, attractive 

optoelectric properties, and low power requirements (Dayeh, Soci, Bao, & Wang, 2009; 

Dick et al., 2010; Yamaguchi et al., 2008). High concentrations of dissolved arsenic species 

were reported in GaAs CMP wastewater (Torrance and Keenan, 2009). The potential that 

inorganic oxide NPs in CMP effluents (e.g. CeO2) may act as carriers of toxic arsenic 

species is a concern. 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., 2009; Ke et al., 

2011). 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, the 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., 2012), among many other toxicants. Although RTCA measurements are reliable and 

highly sensitivity in cytotoxicity assessment (Limame et al., 2012), a disadvantage of this 

toxicity bioassay is its inability to provide mechanistic information. Nonetheless, several 

studies have demonstrated a strong correlation between RTCA measurements for different 
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toxicants and results obtained in conventional cytotoxicity bioassays (e.g. MTT assay) 

(Otero-Gonzalez et al., 2012; Xing et al., 2005).

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.

2. Materials and Methods

2.1 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).

2.2 Cell culture

In this work, 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, 2 mM 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.

2.3 Characterization of CeO2 NPs

The primary particle size of CeO2 NPs was determined by transmission electron microscopy 

(TEM) as describe below in Section 2.8. In addition, the particle size and zeta potential (ζ 
potential) of the NPs (500 mg/L) in MEM were determined. 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°. ζ potential was determined by electrophoresis using the same equipment. The 

Smoluchowski equation was applied to correlate particle electrophoretic mobility to ζ 
potential value.

2.4 As(III) adsorption on CeO2 NPs

Firstly, an As(III) stock solution (160 mg/L) was prepared, andthe 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:

Ce
qe

= 1
Keq ⋅ qmax

+
Ce

qmax
(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:

qe = K f Ce
1 n (2)

where Kf [(mg/g)/(mg/L)1/n] and n (dimensionless) are the Freundlich constants. The 

adsorption parameters were acquired by fitting the experimental data into those two models 

using the software OriginPro 9.1 (OriginLab Corp., Northampton, MA, USA).

2.5 RTCA assay

The xCELLigence RTCA instrument (ACEA Biosciences, San Diego, CA, USA) is a novel 

system allows for dynamic monitoring cytotoxicity and cell proliferation based on 

impedance measurements. The instrument is placed in a standard CO2 cell culture incubator 

and interfaces via a cable with analysis and control units that are housed outside the 

incubator (www.aceabio.com). Assays are conducted in 96-well E-plates with plate cover 

(E-Plate 96; ACEA Biosciences; plate dimensions: 12.77 cm x 8.55 cm x 1.75 cm (W x D x 

H)). The volume of each well is 243 μL ± 5 μL, and the well diameter is 5.0 mm ± 0.05 mm. 

When cells attach to the plate, they create impedance that can be detected by the 

interdigitated gold microelectrodes 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. The principles of RT-CES 

technology have been described previously (Atienza et al., 2006; Xing et al., 2005).

As shown in Fig. 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 
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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 Fig. 

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.

2.6 As(III) toxicity to 16HBE14o- cells in 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 conditions as described in Section 
2.4. In this step, NP-free As(III) solutions and CeO2 dispersions (1 g/L) were run in parallel. 

The concentrations of dissolved As(III) were measured as described in Section 2.4. After 

this pre-adsorption step, the cytotoxicity of As(III) in the presence and absence of CeO2 NPs 

was evaluated using the RTCA assay.

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 an xCELLigence MP instrument. 

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., controls without As(III) and NPs, 

and controls without As(III) but lacking NPs) were run in parallel.

The normalized cell index (NCI) was calculated for data analysis using the following 

equation:

NCIt =
CIt
CI0

(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:

Inhibition( % ) = NCI(control) − NCI(sample)
NCI(control) − 1 × 100 (4)

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

100%. The inhibition was calculated based on the NCI values determined in controls lacking 

As(III) and NPs.
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2.7 Uptake of CeO2 NPs by 16HBE14o- cells

Approximately 550,000 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 

TEM measurements after washing by Hank’s balanced salt solution (HBSS).

2.8 Transmission electron microscopy

The primary particle size of CeO2 NPs was determined by TEM using a Tecnai G2 Spirit 

Biotwin instrument operated at 100 kV as described (Ramos-Ruiz et al., 2016). Washed cells 

exposed to nanoparticles were pre-fixed with 2.5% glutaraldehyde overnight and then fixed 

with 1% osmium in 0.1M 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°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 

Company, Hillsboro, OR, USA) operated at a power intensity of 100 kV.

2.9 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.

3. Results and discussion

3.1 Characterization of CeO2 NPs

Fig. 2 shows a TEM image of the CeO2 NPs. The figure shows that 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 was 1463.0 ± 108.9 nm. DLS data showed that the polydispersity index (PDI) of 

particle dispersion was 0.29. The ζ potential of CeO2 was −7.2 ± 1.1 mV. These results 

indicated particle aggregation in MEM. Colloidal dispersions with ζ potential values higher 

than +30 mV or lower than −30 mV are considered stable (Howe et al., 2012), while 

particles with low surface charge tend to aggregate due to limited electrostatic repulsion 

forces. The pH of the MEM solution is around 7.0, within the reported point zero charge 

(PZC) range of CeO2 NPs (6.7–8.6) (Cornelis et al., 2011; Oriekhova and Stoll, 2016; 

Otero-Gonzalez et al., 2014). This can explain the low particle surface charge observed in 

the experiment. In addition, MEM contains high concentrations of NaHCO3 (2.2 g/L), NaCl 

(6.8 g/L) and other salts. The high ionic strength can compress the electrical double layer 

and, consequently, lower the energy barrier promoting particle agglomeration.
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3.2 As(III) adsorption on CeO2 NPs

Fig. 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 
2.4, the parameters obtained from the fitting are summarized in Table 1. The results show 

that although As(III) adsorption by the CeO2 NPs can be described well by both models, the 

Langmuir isotherm provided slightly better fitting. Different from Freundlich adsorption 

isotherm that is an empirical model, Langmuir isotherm assumes monolayer adsorption and 

no interaction between adsorption sites (Dutta et al., 2004). The adsorption capacity (qmax) 

acquired form the model was 20.2 mg As(III)/g CeO2. 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 As(III)/g CeO2 (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 As(III)/g sorbent, 

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 

nanocrystalline titanium dioxide (TiO2) (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).

3.3 As(III) toxicity to 16HBE14o- cells with the presence of CeO2 NPs

This study investigated the response of 16HBE14o- cells to different concentrations of 

As(III) in the presence and absence of CeO2 NPs (Fig. 4). 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., 2013).

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. The RTCA system has been reported to 

generate agent-specific kinetic profiles (Limame et al., 2012). This technique has been 

applied in a previous study investigating the effect of As(III) on NIH 3T3 cells (Kanel et al., 

2005), in which the characteristic cell response pattern was also observed at the dose range 

from 1.3 to 29.6 µM (about 0.1 to 2.2 mg/L As).

In the current study, 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 marked cytotoxicity leading to cell death at concentrations 

of 5.0 mg/L (Fig. 4A) and 2.5 mg/L (Fig. 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 
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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 bronchial epithelial 

cells have been reported in different studies. For example, a study found that exposure to 

0.75 mg/L of As(III) reduced the relative cell survival to 59% after 24 h exposure in a 

clonogenic assay (a cell survival assay assessing the effects of an agent on cell proliferation) 

(Xie et al., 2014). In another study, exposure to the same concentration of As(III) led to 80% 

inhibition in MTT conversion (MTT assay is a widely used physiological end-point assay 

that evaluates cell viability) (Styblo et al., 2000). In both studies, normal human bronchial 

epithelial cells were used. Despite the differences between the assays, our results are 

generally in agreement with these previous studies indicating that As(III) can cause acute 

toxic effects to human lung cells even at relatively low concentrations. The toxicity of 

As(III) has been attributed to oxidative stress due to the generation of reactive oxygen 

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., 2011).

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 Fig. 4A, the presence of CeO2 NPs 

lowered the rate of cell death for cells exposed to 5.0 mg/L As(III) (less steep negative 

slope). Exposure to 2.5 mg/L As(III) led to significant cell death, however, in the presence of 

CeO2 NPs no clear cell death was observed and the treatment only inhibited cell viability 

and proliferation (Fig. 4B). The reduction in As(III)-mediated toxicity was most significant 

for the samples containing 0.5 mg/L of As(III) together with CeO2 NPs. In those assays, the 

inhibition caused by As(III) after 48 h of incubation was 81.3% compared to only 12.9% 

when the cells were exposed to the same concentration of As(III) in the presence of CeO2 

NPs (Fig. 4C). A detailed comparison of the percent inhibition data is summarized in Fig. S1 

(Supplementary Information).

Table 2 shows the concentrations of dissolved As(III) in the MEM medium after the pre-

adsorption step as described Section 2.6. 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 Fig. S2 (Supplementary Information). 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.

3.4 CeO2 NP uptake by 16HBE14o- cells

In this work, internalization of CeO2 NPs by human bronchial epithelial cells was observed. 

As shown in Fig. 5, the NPs were taken up and they accumulated in cell vesicles. Although 

the nature of the vesicles could not ascertain based on the TEM images, for the sake of this 
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discuss we hypothesize that the observed vesicles were most likely lysosomes. Lysosomes 

are vesicles found in cells that function as “garbage disposal”, involved in the degradation of 

biomolecules and xenobiotic materials originating outside the cell. Previous studies have 

shown that NP uptake through endocytic routes often converge in the lysosome and that 

lysosomes are 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 has 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 3.3.

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 cell vesicles 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, there should be no As(III) 

release due to CeO2 dissolution. Secondly, the acidic environment in the lysosome only has 

a limited effect on the affinity of CeO2 NPs for As(III). Feng and coworkers have reported 

that the adsorption of As(III) 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.

4. 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 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.
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Fig. 2. 
TEM image of CeO2 NPs.
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Fig. 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.
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Fig. 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 (panel A), 2.5 mg/L (panel B) and 0.5 mg/L (panel 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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Fig. 5. 
TEM image of CeO2 NPs in 16HBE14o- human bronchial epithelial cells.
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Table 1

Equilibrium adsorption isotherm fitting parameters for As(III) onto CeO2 NPs in MEM.

Model Langmuir Freundlich

Parameters qmax [mg/g] Keq [L/mg] R2 Kf [(mg/g)/(mg/L)1/n] n R2

20.21 0.75 0.98 7.32 2.52 0.91
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Table 2

Concentrations of dissolved As after 2-day pre-adsorption in the presence and absence of CeO2 NPs (250 

mg/L).

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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