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Abstract The potential mammalian hepatotoxicity of
nanomaterials was explored in dose-response and
structure-activity studies in human hepatic HepG2 cells
exposed to between 10 and 1000 μg/ml of five different
CeO2, three SiO2, and one TiO2-based particles for
3 days. Various biochemical parameters were then eval-
uated to study cytotoxicity, cell growth, hepatic func-
tion, and oxidative stress. Few indications of cytotoxic-
ity were observed between 10 and 30 μg/ml. In the 100
to 300 μg/ml exposure range, a moderate degree of
cytotoxicity was often observed. At 1000 μg/ml expo-
sures, all but TiO2 showed a high degree of cytotoxicity.
Cytotoxicity per se did not seem to fully explain the
observed patterns of biochemical parameters. Four
nanomaterials (all three SiO2) decreased glucose 6-
phosphate dehydrogenase activity with some significant
decreases observed at 30 μg/ml. In the range of 100 to
1000 μg/ml, the activities of glutathione reductase (by
all three SiO2) and glutathione peroxidase were

decreased by some nanomaterials. Decreased glutathi-
one concentration was also found after exposure to four
nanomaterials (all three nano SiO2 particles). In this
study, the more responsive and informative assays were
glucose 6-phosphate dehydrogenase, glutathione reduc-
tase, superoxide dismutase, lactate dehydrogenase, and
aspartate transaminase. In this study, there were six
factors that contribute to oxidative stress observed in
nanomaterials exposed to hepatocytes (decreased gluta-
thione content, reduced glucose 6-phosphate dehydro-
genase, glutathione reductase, glutathione peroxidase,
superoxide dismutase, and increased catalase activities).
With respect to structure-activity, nanomaterials of SiO2

were more effective than CeO2 in reducing glutathione
content, glucose 6-phosphate dehydrogenase, glutathi-
one reductase, and superoxide dismutase activities.
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Introduction

It is difficult to evaluate nanomaterials to determine their
degree and type of toxicity and to subsequently make
science-based decisions (Holsapple et al. 2005; Warheit
et al. 2007;Walker and Bucher 2009). For nanomaterials,
a major determinant of their biological action may be
their surface properties, particularly the ability to donate
or accept electrons (Thompson and Yates 2006), to re-
lease or absorb oxygen (Merrifield et al. 2013) and to
generate free radicals such as reactive oxygen species
(ROS) (Nel et al. 2006, Khan et al. 2015).

Thus, oxidative stress has frequently been hypothe-
sized as a major possible mode of action of nanomaterials
(Nel et al. 2009; Yokel et al. 2014; Shvedova et al. 2012).
A second major theory of nanomaterial toxicity is the
inflammation theory (Nel et al. 2006; Park and Park
2009). Oxidative stress and inflammation can be closely
related in many ways.

Good reviews of CeO2 nanomaterials are available
stressing various aspects such as redox and physical-
chemical properties (Grulke et al. 2014), fuel additives,
and toxicology (Cassee et al. 2011) and in vivo and
in vitro inhalation exposures (Demokritou et al. 2013).
For TiO2 nanomaterials, in vitro toxicology (Iavicoli et al.
2011) and inhalation toxicology (Shi et al. 2013) have
been recently reviewed. After i.p. administration of a
SiO2 nanomaterial to mice, increased oxidative stress,
inflammation, and DNA damage parameters were ob-
served in several mouse organs including the liver
(Nemmar et al. 2016).

This biochemical study is part of a large, coordinated
US Environmental Protection Agency study of metal
oxide nanomaterials composed of CeO2, SiO2, and
TiO2 for systemic toxicity in several organs including
the liver. Because study parameters have been selected
to evaluate cell growth, cytotoxicity, hepatic function,
and oxidative stress, comparisons can be made to deter-
mine which parameters respond to low exposure concen-
trations, which parameters are themost responsive, and to
what degree the observed effects are driven by cytotox-
icity. Other completed studies in this series include
in vitro immuno spin-trapping effects (oxidative stress)
(Kitchin et al. 2011), proteomics effects, (Ge et al. 2011)
genomics studies in HepG2 cells (Thai et al. 2015a, b,
2016), and metabolomics (Kitchin et al. 2014).

The central purpose of this study was to further inves-
tigate the potential hepatotoxicity of CeO2 containing
nanoparticles. Thus, nano CeO2 particles W4, X5, Y6

and Z7 were selected (see Table 1 for particle descrip-
tions). CeO2 Q was selected as a larger, not nano sized,
CeO2 particle which had been well studied by a European
group (Geraets et al. 2012). Nano SiO2 particles K1 and
N2 were selected in an attempt to study thin coatings of
nano CeO2 on a SiO2 base particle (J0)). Finally, TiO2

T8141 was included as an additional control of a (a) not
CeO2 and (b) not nano sized but still a metal oxide
particle. The four major purposes of this present study
were (a) dose-response, (b) structure-activity, (c) better
connecting the physical-chemical characterization infor-
mation to their toxic biochemical effects, and (d) develop
a nanomaterial-toxicity database useful for structure-
activity and dose-response modeling. Many of the study
parameters were related to oxidative stress (e.g., superox-
ide dismutase (SOD), catalase (CAT), glutathione perox-
idase (GPx), glutathione reductase (GRD), glucose 6-
phosphate dehydrogenase (G6PDH), gamma
glutamyltranspeptidase (GGT), reduced glutathione con-
centration (GSH), and thioredoxin reductase (THRR)).
Two other parameters were related to cell growth
(microalbulmin (MIA) and protein concentration).
Cytotoxicity-related parameters were done by a variety
of methods (cytotoxicity by dyes and by visual criteria
using a microscope), released enzymes subsequent to
membrane damage and toxicity (percentage of total lac-
tate dehydrogenase (%LDH), alanine aminotransferase
(%ALT), and aspartate transaminase (%AST). The half-
life of LDH enzyme that has been released from cells into
the surrounding medium is approximately 9 h (informa-
tion from Promega Technical Bulletin TB163 at www.
promega.com/protocols/CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Product G1780)). In circulating hu-
man blood, the plasma half-life of AST is 17 ± 5 h while
the half-life for ALT is 47 ± 10 h (Price andAlberti 1979).
Hepatic function was assessed by measuring the alkaline
phosphatase (ALP) activity and the concentration of total
bilirubin (T BIL) and triglycerides (TRIG).

In respect to structure-activity issues, we tried to de-
termine if the studied CeO2, SiO2, and TiO2

nanomaterials are similar toxicologically or if they have
quite different biological properties. Specifically, we stud-
ied the differences in biochemical effects of these nine
metal oxide nanomaterials ranging in dry primary particle
size of 8 to 214 nm. These nine particles (Table 1) also
differed in other physical-chemical characteristics (e.g.,
specific surface area/porosity, primary and agglomerated
particle size and particle shape, as well as oxygen, elec-
tron, and metal vacancies or excesses on the surfaces).
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These biochemical parameters were chosen to (a)
evaluate the type and degree of possible cellular toxicity
and to (b) evaluate the oxidative stress theory of
nanomaterial-induced toxicity. The resulting data is
interpreted in terms of possible mode of action (free
radical attack, glutathione depletion, and oxidative
stress), dose-response and structure-activity relationship.

Methods

Chemicals and related items

The chemicals and suppliers used in this study were as
follows: bovine serum albumin and dimethyl sulfoxide
(Sigma of St. Louis, MO, USA), fetal bovine serum,
phosphate buffered saline (PBS), Dulbecco’s PBS
(DPBS), glutamate, sodium pyruvate, penicillin/
streptomycin (Invitrogen of Carlsbad, CA, USA), and
corn oil (Food Lion of Durham, NC, USA). The
nanomaterials sources (Nano-oxides, Aldrich, Alfa
Aesar, Sigma, Sigma Aldrich and US Research
Nanomaterials) and the available physical-chemical
characterization are presented in Table 1.

Nanomaterials, their dispersion via ultrasound, and their
characterization

The nine nanomaterials used in this study (Table 1) were
primarily selected to explore the biochemical and meta-
bolomics effects of different CeO2 nanomaterials.
Atomic layer deposition (170 or 350 cycles (for SiO2

K1 and SiO2 N2 respectively) of 250 °C for 40min) was
used in the attempt to put a thin coat of CeO2 (particles
SiO2 K1 and SiO2 N2) on top of a base SiO2 particle
(J0). This CeO2 coating endeavor was not successful.
The TiO2 T8141 particle was included in this study as a
non-CeO2 and non-nano control particle.

All CeO2 and SiO2 particles have been well charac-
terized by either Dr. Eric Grulke’s group at the Univer-
sity of Kentucky or in Geraets et al.’s study (Geraets
et al. 2012) (Table 1). Nanomaterial physical-chemical
characterization was done by a variety of techniques for
primary particle size, range of particle size, surface area,
% purity, and crystal form by either their manufacturer
or by an independent party (University of Kentucky,
Chemical & Engineering Department) under a US
EPA contract. Other physical-chemical characterization
data available from the University of Kentucky studies

on our nanomaterials includes elemental analysis by
TEM/EDX, primary and agglomerated particle size,
crystal structure by XRD, and particle shape and mor-
phology by TEM and SEM. This detailed nanomaterial
physical-chemical characterization information for
nanomaterials W4, X5, Y6, Z7, J0, K1, and N2 will be
published elsewhere (Hancock et al. in preparation). Of
these nine particles, seven have dry sizes in the nano
range, while two have larger dry sizes (CeO2 Q and
TiO2 T8141) (Table 1).

In the text of this paper, the primary particle size
presented is either from the University of Kentucky or
Geraets et al.’s (2012) study (OECD) (Geraets et al.
2012) and not from the vendors. The physical-
chemical characterization of CeO2 Q has been already
published (Geraets et al. 2012). By TEM, the primary
dry particle sizes of the seven nanomaterials ranged
from 5 to 50 nm. For CeO2 Q size, estimates were >
500 nm by TEM and < 615 nm by SEM (Table 1). The
surface area estimates of these nine particles ranged
from 3.73 to 137.4 m2 per gram (Table 1).

For dispersion, measured amounts of bovine serum
albumin solution (200 mg/ml in deionized water), sonicat-
ed and filter sterilized corn oil (0.01% (v/v) in PBS), and
PBS were added to the dry nanomaterials in a glass vial.
The general nanomaterial coating recipe of Dale Porter
(Porter et al. 2008) was followed in that the mass ratio of
the albumin to the nanomaterial was 0.6/1 and the mass
ratio of the albumin to the corn oil was 60/1.

The recipe for the preparation of SiO2 “J0” was
30.15 mg of nanomaterial “J0,” 18.09-mg bovine serum
albumin, 3.28-ml of 0.01% corn oil, and 6.05 ml of PBS.
Sonication occurred at a nanomaterial concentration of
3.20 mg/ml and 9.42 ml of volume in three tubes. Sonica-
tion was done for two 10-min cycles of 13 s on, 7-s off
with a total typical power of about 132 watts and
159,351 joules with a S-4000 Misonix Ultrasonic Liquid
Processor with a 2.5-in. cup horn (part #431-A,
Farmingdale, NY). Excess unbound albumin and corn oil
were removed by centrifugation of the nanomaterials
(9300×g for 5 min) and then resuspending them in cell
culture media without any sonication of the culture media.

After nanomaterial dispersion, the degree of agglom-
eration was determined by dynamic light scattering at
35 °C with a Malvern Model Zen3600 Zetasizer. Re-
fractive index values used were 2.33 for CeO2, 1.544 for
SiO2 and 2.488 for TiO2. Size and zeta potential deter-
minations were performed both just after sonication and
3 days later at the end of cell culture.
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Cell culture methods

Human hepatocellular carcinoma cells (HepG2, ATCC
cat# HB-8065) were obtained and expanded through
passage seven using Eagle’s minimum essential medi-
um (Basal Medium Eagle (BME) containing 2-mM
GlutaMAX™, 1-mM sodium pyruvate, and 10% fetal
bovine serum (all from InVitroGen)) and then frozen in
liquid nitrogen. Cells were subsequently carefully
thawed and expanded before experimentation between
passage 10 and 15. Cell cultures were maintained in a
humidified incubator at 37 °C and 95% air/5% CO2

during the study. Cells were plated at a density of
30,000 cells/cm2 in 60-mm dishes (Corning) for 48 h
prior to nanomaterial exposure.

Working stock dispersions of each nano material
were prepared in cell culture media at 1.0 mg/ml and
diluted as needed using cell culture media. Individual
dishes were dosed with 200 μl/cm2 of the appropriate
nano material dilution. Two separate cultures were done
for the purposes of (a) cytotoxicity via the dyes MTS
and alamar blue and (b) the three release enzymes
(LDH, AST, and ALT) and the biochemical parameters
(e.g., G6PDH and SOD).

Cultures were then incubated for 72 h prior to har-
vesting. At 72 h, the media was vacuum aspirated and
the dishes rinsed with warm DPBS. The DPBS was
removed, cells were scraped free of the dish, and then
the cells were collected in 1 ml of warm DPBS by
micropipette and transferred into a labeled 15-ml tube.
The cells were then centrifuged at 10×g for 5 min. The
supernatant was removed via vacuum aspiration and the
cellular pellet was placed on dry ice before transfer to −
80 °C freezer for storage prior to all biochemical anal-
ysis. For enzyme release samples, the cells were taken
up in PBS rather than DPBS.

Cytotoxicity assays and kits

Determining cytotoxicity in nanomaterial research can be a
major challenge (Monteiro-Riviere et al. 2009). Briefly,
nanomaterials may interfere with common cytotoxicity
assays by scattering light, absorbing light, fluorescence
and precursor dyes, and/or product dyes adsorption onto
the nanomaterial surface. Many common cytotoxicity as-
say kits (MTT (3-[4,5-dimethyl-2-thiazol]-2,5-diphenyl-
2H-tetrazolium bromide, CAS 298-93-1, Sigma-Aldrich,
St Louis, MO), MTS (4-[5-[3-(carboxymethoxy)phenyl]-
3-(4,5-dimethyl-1,3-thiazol-2-yl)tetrazol-3-ium-2-

yl]benzenesulfonate, CAS 138169-43-4, Promega, Madi-
son, WI), alamar blue (resazurin, CAS 62758-13-8, Cell
Titer-Blue, Promega, Madison, WI), ATP (CAS 34369-
07-8, CellTiter-Glo® Luminescent Cell Viability Assay,
Promega,Madison,WI), and simple visual examination of
the cells) have been used by our laboratory seeking to
avoid or minimize interferences from the study
nanomaterials themselves. After 3 days of nanomaterial
treatment, cytotoxicity assays based on MTT, MTS, and
alamar blue were performed using commercial kits. Cyto-
toxicity assay results were always checked with each other
and with visual assessment of the cells to ensure that the
cytotoxicity assays were working well. Based on micro-
scopic examination of the cultured cells at 20X with a
Zeiss inverted microscope, they were classified into the
categories of healthy, normal cells, or cells displaying
slight toxicity, moderate toxicity, or a high degree of
toxicity. A PerkinElmer 1420Multilabel Counter Victor3V
was used as the plate reader for all cytotoxicity assays.

Biochemical assays via Konelab Arena 30

Media was removed and the cultured cells were rinsed
with 2 ml of warm DPBS. Then 500 μl of cold PBS was
added and the cells removed by scraping. Harvested
cells were subjected to five cycles of freezing on dry
ice and thawing as a method of cellular disruption. The
disrupted cells were then spun at 1500×g for 5 min, the
supernatant was transferred to new microfuge tube, and
the samples were frozen. All samples were maintained
at − 80 °C until processed. The Konelab Arena 30
clinical chemistry instrument (Thermo Scientific) de-
pends on absorption of visible light and was used to
determine many enzyme activities (GRD, THRR, SOD,
GPx, G6PDH, GGT, CAT, and ALP) and biochemical
concentrations (TRIG, T BIL, MIA, GSH, and protein)
via commercial kits. The protein assay is based on
coomassie blue binding.

For GSH assay, media were decanted and then the
cells rinsed with 2000 μl of warm DPBS. Five hundred
microliters of cold PBS is added and the cells were
removed by scraping. The cells were spun down at
100×g for 10 min and the supernatant was removed.
One hundred microliters of a solution of 270-mM tri-
chloroacetic acid and 6.6-mM Na4EDTA was added to
the cell pellet. The cell containing the tube was vortexed
for 1 min and then spun at 10,000 rpm for 5 min at room
temperature. The supernatant was used for the determi-
nation of GSH concentration.
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LDH enzyme activities do not tolerate freezing and
thawing, so LDH assays were done on the day of cell
harvesting without freezing. %LDH values are corrected
for culture media activity of LDH. The half-life of LDH
enzyme that has been released from cells into the sur-
rounding medium is approximately 9 h (information
from Promega Technical Bulletin TB163 at www.
promega.com/protocols/ CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Product G1780)).
LDH, AST, and ALT determinations were done from
both cells and the culture media. For cellular enzyme
determinations of LDH, AST, and ALT, 760 μl of 1%
Triton X-100 was added to each culture well and then
incubated at 37 °C for 5 min. Supernatants were spun at
1500×g for 5 min and the supernatants stored at 2 to
8 °C (for cellular LDH) or frozen at − 80 °C until
processed (for cellular AST and ALT).

Study design

This study was done to determine the biochemical ef-
fects of CeO2, SiO2, and TiO2-based particles (dose
range 10 to 1000 μg/ml) on enzyme activities in HepG2
cells. The number of samples per group is usually 6 but
sometimes is as low as 3 (e.g., for TiO2 T8141 treat-
ments, all experimental N are tabulated in Supplemen-
tary Table 1). The major comparisons in this study are
between different nanomaterials (structure-activity rela-
tionship (SAR), different exposure concentrations
(dose-response), and degree of responsiveness of the
multiple experimental parameters (Tables 2 and 3)).

Statistical analysis

All data were normalized to protein concentration with
the exception of the enzyme release data (%LDH,
%AST, and %ALT), GSH, and the protein content itself.
All numerical data were analyzed using mixed-effects
models in SAS PROC MIXED (SAS v. 9.3 (SAS Insti-
tute, Cary, NC)). The data met the assumptions of para-
metric statistical tests (normal distribution and homog-
enous variances), and therefore, the data were not trans-
formed. Restricted maximum likelihood estimation was
used to estimate the model parameters. A model of Y =
dose effects plus an error term with time as a random
variable was used to minimize the impact of day effects
of measurement. P values were adjusted for multiplicity
of testing by a Tukey multiple-comparison test
(Table 3). In supplementary Figs. 1 to 10, the displayed

standard error of the mean error bars includes both the
variation within days and the variation between different
experimental days (day effects). Results were consid-
ered statistically significant at the P value of < .05. The
degree of statistical significance presented in this study
is both the common P < .05 and additionally the
P < .010 and P < .001 levels. For quantitative compari-
sons, experimental results are presented as mean, stan-
dard deviation, standard error of the mean (SEM), and N
in Supplementary Table 1 (e.g., for %LDH, %ALT,
%AST, G6PDH, GRD, GPx, and SOD).

Results

Nanomaterial characterization

In this series of nine particles, the range of zeta poten-
tials in cell culture media was − 6.1 to − 13.1 mV (data
not shown). In PBS, TiO2 T8141 gave the lowest zeta
potential recorded − 16.5 mV. Thus, in cell culture me-
dia, the measured zeta potential for all nine particles
were in the range where monodispersed nanomaterials
are energetically unfavored under the colloidal DLVO
(Derjaguin, Landau, Verwey and Overbeek) theory
(Mishchuk 2011). Thus, it is not surprising that attrac-
tive van der Waals forces were larger than electrostatic
repulsion forces and the nanomaterials agglomerated in
a cell culture media containing 10% FBS.

Generally, the CeO2 particles showed the smallest
hydrodynamic diameters by dynamic light scattering
with values ranging from 102 to 597 nm for CeO2 X5,
Y6, and Q. For nano CeO2 W4, wet sizes ranged from
116 to 994 nm while nano CeO2 Z7 sizes ranged from
297 to 1326 nm (data not shown). The three SiO2 based
particles agglomerated much more in cell culture media
giving a size range from about 170 to 2320 nm in the
concentration range of 10 to 1000 μg/ml of SiO2 J0,
SiO2 K1, and SiO2 N2. TiO2 T8141 gave wet sizes
between 505 nm and 897 nm.

As the SiO2 gave the highest wet sizes of any of the
nanomaterials we tested, more DLS sizing data is pro-
vided for one of the SiO2 series—uncoated JO. All the
zeta potentials were unremarkable for JO ranging from a
low of − 12.5 to − 9.9 mV in cell culture media. In PBS,
100 μg/ml of J0 had a zeta potential of − 14.6 on day 1
and − 16.1 mVon day 3 compared to − 6.8 (day 1) and
− 7.8 mV (day 3) for the PBS solvent alone. The base-
line DLS size values recorded for the cell culture media
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alone were 20 and 175 nm on day 1 and day 3, respec-
tively. On day 1 of cell culture, the mean DLS wet sizes
were 172, 739, 1290, and 1744 nm at 30, 100, 300, and
1000 μg/ml of JO, respectively. On day 3 of cell culture,
the mean DLS wet sizes were 201, 196, 234, and
2321 nm at 30, 100, 300, and 1000 μg/ml of JO respec-
tively. Thus, for JO, there was clear concentration-
dependent agglomeration occurring during cell culture.

Cytotoxicity and released enzymes

Table 2 presents the overall patterns in the dose-
dependent degree of cytotoxicity observed after expo-
sures to nine metal oxide particles. At 10 μg/ml, no
treatment showed any cytotoxicity using our multiple
parameter cytotoxicity system outlined at the bottom of
Table 2. However, at 1000 μg/ml, all treatments except
TiO2 T8141 (not a nano-sized particle with a low surface
area (9.7 m2/g)) (by the Brunauer, Emmett, Teller meth-
od (BET)) were graded as high in cytotoxicity degree.
The most cytotoxic particles were nano CeO2 Z7, nano

SiO2 J0, and nano SiO2 K1 all of which also showed a
high degree of cytotoxicity in the dose range of 100 to
300 μg/ml. All the nano CeO2 and nano SiO2 particles
showed at least a low or medium degree of cytotoxicity
in the dose range of 30 to 300 μg/ml. For exposures to
these particles, %LDH and %AST were the major
drivers in determining the cytotoxicity rating of these
CeO2, SiO2, and TiO2 particles.

With respect to cytotoxicity, a clear overall dose-
response pattern was seen (Table 2). No signs of cyto-
toxicity were seen at 10 μg/ml of any of the nine
particles. A low degree of cytotoxicity was seen at 30
to 300 μg/ml, depending on the particle. A medium
degree of cytotoxicity was observed at 30 to 1000 μg/ml
doses. Finally, at 1000 μg/ml, high degrees of cytotox-
icity were seen for everything except TiO2 T8141. The
doses required to cause high degrees of cytotoxicity in
our HepG2 cells ranged from a low of 100 μg/ml (for
nano CeO2 Z7 and nano SiO2 J0) to 1000 μg/ml (the
highest concentration used) (for nano CeO2 W4, nano
CeO2 X5, nano CeO2 Y6, CeO2 Q, and nano SiO2 N2).

Table 2 Dose-response relationship for the degree of cytotoxicity observed following metal oxide particle treatments

Cytotoxicity
rating

CeO2 SiO2 TiO2

Concentration W4 X5 Y6 Z7 Q J0 K1 N2 Sigma
T8141

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- LowCT LowCT MediumCT LowCT ----- -----

100 μg/ml LowCT LowCT ----- HighCT LowCT HighCT MediumCT MediumCT -----

300 μg/ml MediumCT LowCT MediumCT HighCT MediumCT HighCT HighCT MediumCT LowCT

1000 μg/ml HighCT HighCT HighCT HighCT HighCT HighCT HighCT HighCT MediumCT

ND, not done

To interpret all the cytotoxicity information from many different sources, dyes (alamar blue and MTS) that were 86–89% of control values
were considered a low degree of response

For a medium response, dyes were 80–85% of control, less than or equal to 0.8 for the ratio of total LDH, total AST, or total ALT, greater than
or equal to 1.3 for ratio of %ALT, greater than or equal to 1.4 for ratio of %AST, and greater than or equal to 1.5 for ratio of %LDH

For a high response, dyes were 41–79% of control, less than or equal to 0.7 for the ratio of total ASTor total ALT, less than or equal to 0.6 for
the ratio of total LDH, greater than or equal to 1.6 for ratio of %ALT, greater than or equal to 1.8 for ratio of %AST, and greater than or equal
to 2.0 for ratio of %LDH

Both the number and degree of response were considered for each of the seven parameters (LDH, AST, ALT, alamar blue, MTS, cellular
protein concentration, and microscopic rating of cell appearance) germane to “cytotoxicity” in this data set. Then the below key was used to
place exposures into one of the five cytotoxicity categories

Key:

——, not cytotoxic

LowCT, one or two cytotoxicity parameters are beginning to respond

MediumCT, substantial evidence of cytotoxicity in two or more parameters

HighCT, clearly cytotoxic by two or more responding parameters with high degree of change

136 Cell Biol Toxicol (2019) 35:129–145



Table 3 Biological effects of nine particles in HepG2 cells: direction and degree of statistical significance

CeO2 SiO2 TiO2

Concentration W4 X5 Y6 Z7 Q J0 K1 N2 Sigma T8141

A. %LDH

10 μg/ml ----- ----- ----- ----- ----- ----- P= .048 ---- ----
160

30 μg/ml ----- ----- ----- P= .017 P < .0001 ----- P= .0003 ----- ----
201 180 199

100 μg/ml ----- ----- ----- P< .0001 P < .0001 P < .0001 P < .0001 P = .018 -----
472 177 391 273 309

300 μg/ml P= .0017 ----- P < .0001 P < .0001 P < .0001 P < .0001 P < .0001 – P= .027

280 170 721 274 887 401 149

1000 μg/ml P< .0001 P = .0002 P < .0001 P < .0001 P < .0001 P < .0001 P < .0001 P < .0001 P < .0001

388 276 241 871 409 1505 682 852 297

The %LDH data is not normalized to HepG2 protein

B. %AST

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- ----- P< .0001 ----- P< .0001 P < .0001 P = .012 -----
196 151 156 168

300 μg/ml ----- ----- ----- P< .0001 P = .036 P < .0001 P < .0001 P = .044 -----
309 126 240 227 158

1000 μg/ml P< .0001 P = .003 ----- P< .0001 P < .0001 P < .0001 P < .0001 P < .0001 -----
240 178 358 151 379 333 341

The %AST data is not normalized to HepG2 protein

C. %ALT

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

300 μg/ml ----- ----- ----- ----- ----- ----- P= .015 ----- -----
118

1000 μg/ml ----- ----- ----- ----- ----- ----- P= .0002 P = .0046 -----
126 124

The %ALT data is not normalized to HepG2 protein

D. Catalase (CAT)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

300 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

1000 μg/ml ----- ----- ----- P= .0091 ----- ----- ----- ----- -----
176

E. Gamma glutamyltranspeptidase (GGT)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml P= .019 ----- ----- ----- ----- ----- ----- ----- -----
127

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

300 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- P= .025

160
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Table 3 (continued)

CeO2 SiO2 TiO2

Concentration W4 X5 Y6 Z7 Q J0 K1 N2 Sigma T8141

1000 μg/ml ----- ----- ----- ----- ----- ----- ----- P= .0008 -----
156

F. Glucose 6-phosphate dehydrogenase (G6PDH)

10 μg/ml P= .032 ----- ----- ----- ----- ----- ----- ----- P= .039

250157

30 μg/ml P= .049 ----- ----- ----- P = .0037 P = .013 ----- P = .0045 -----
154 66 74 77

100 μg/ml ----- ----- ----- ----- P = .024 P = .0004 ----- P = .0002 -----
72 65 69

300 μg/ml ----- ----- ----- ----- ----- P = .0003 P = .013 P = .012 -----
64 49 79

1000 μg/ml ----- ----- ----- ----- ----- P = .0005 ----- P ≤ .0001 -----
65 66

G. GSH

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- ND

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- ND

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- ND

300 μg/ml ----- ----- ----- P ≤ .0001 ----- ----- ----- ----- ND
71

1000 μg/ml ----- ----- ----- P ≤ .0001 ---- P ≤ .0001 P = .001 P ≤ .0001 ND
37 33 42 34

H. Glutathione peroxidase (GPx)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- P ≤ .0001 ----- ----- ----- ----- ----- -----
77

300 μg/ml ----- ----- P ≤ .0001 ----- ----- ----- ----- ----- -----
79

1000 μg/ml ----- ----- P ≤ .0001 ----- ----- ----- ----- ----- -----
78

I. Glutathione reductase (GRD)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- P = .0069 -----
82

100 μg/ml ----- ----- ----- ----- ----- P = .038 ----- P = .0003 -----
88 76

300 μg/ml ----- ----- ----- ----- ----- P = .0009 P = .003 P = .0027 -----
82 64 80

1000 μg/ml ----- ----- ----- ----- ----- P ≤ .0001 ----- P ≤ .0001 -----
79 65

J. Microalbulmin (MIA)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

300 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

1000 μg/ml ----- ----- ----- ----- ----- ----- ----- P = .0033 -----
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%LDH released

In the data and discussion sections of this paper, the
quantitative data itself is primarily presented in

Supplementary Table 1 and Supplementary Figs. 1–10.
The direction of the biological effects and degree of
statistical significance achieved are presented in Table 3.
Table 3 allows one to see the pattern of biological

Table 3 (continued)

CeO2 SiO2 TiO2

Concentration W4 X5 Y6 Z7 Q J0 K1 N2 Sigma T8141

23

K. Superoxide dismutase (SOD)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- P = .034 -----
78

30 μg/ml ----- ----- ----- ----- ----- ----- ----- P = .0031 -----
72

100 μg/ml ----- ----- ----- ----- ----- P = .018 ----- P = .0078 -----
84 74

300 μg/ml ----- ----- ----- ----- ----- P = .049 ----- ----- -----
86

1000 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

L. Total bilirubin (T BIL)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- P = .028 ----- ----- ----- ----- ----- -----
79

300 μg/ml ----- ----- P = .002 ----- ----- ----- ----- ----- -----
73

1000 μg/ml ----- ----- P = .025 ----- ----- P= .013 ----- ----- -----
79 127

M. Thioredoxin reductase (THRR)

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

100 μg/ml ----- ----- ----- ----- ----- ----- ----- P = .029 -----
58

300 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

1000 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

The protein data in this Table is not normalized to HepG2 protein

N. Protein

10 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

30 μg/ml ----- ----- ----- ----- ----- ----- ----- P= .024 -----
128

100 μg/ml ----- ----- ----- ----- ----- ----- ----- ----- -----

300 μg/ml ----- ----- P = .058 ----- ----- ----- ----- ----- -----
120

1000 μg/ml – ----- P = .030 ----- ----- ----- ----- ----- -----
117

ND= not done; —— = not significant; the P values are for comparison of the treated group versus the zero nanomaterials concentration
control group. Statistically significant increases are shown in italics while significant decreases are displayed in bold. In the case of statistical
significance, the displayed numbers are the percentage of control values observed in the treatment group. Data was normalized to total
protein concentration of HepG2 cells
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responses in respect to dose-response, treatment chemi-
cal, and biological parameter. For example, all nine metal
oxide treatments were capable of increasing the %LDH
released. The dose at which initial membrane dysfunction
or damage occurs with LDH release varies but all nine
compounds are showingmajor %LDH effects (allP < .01
and more elevated than 2.4-fold) at 1000 μg/ml (Table 3).
Among the CeO2 particles, nano CeO2 Z7 and CeO2 Q
appeared to be themost potent cytotoxins to HepG2 cells,
with nano CeO2 X5 as the least potent. Nano SiO2 K1
was active at increasing%LDH at much lower doses than
either nano SiO2 J0 or nano SiO2 N2. The larger TiO2

particle had a lower degree of %LDH release (Table 3).
Graphical representation of all the %LDH released to the
media data are provided in Supplementary Fig. 1.

%AST released

Compared to %LDH release, generally HepG2 cells
showed the same or less degree of response with %AST
(Table 3). In two cases, nano CeO2 Y6 and TiO2 T8141, no
significant%ASTeffectswereobserved evenat 1000μg/ml.
NanoCeO2 Z7 againwas the strongest CeO2 particle giving
P < .001 responses at 100, 300, and 1000 μg/ml. The
parameter %AST was increased by several doses of nano
SiO2 J0 and nano SiO2 K1 (at 100, 300, and 1000 μg/ml).
Graphical representation of all the %AST released to the
media data are provided in Supplementary Fig. 2.

%ALT released

As seen before with other metal oxide nanoparticles
(Kitchin et al. 2016), %ALT was much less responsive
to nanomaterial exposure than was either %LDH or
%AST, the two other cytotoxicity release enzymes.
Only three significant findings were observed for
%ALT (nano SiO2 K1 at 300 and 1000 μg/ml and nano
SiO2 N2 at 1000 μg/ml) (Table 3). %ALT was nonre-
sponsive for all other seven treatments.

Graphical representation of all the %ALT released to
the media data is provided in Supplementary Fig. 3.

Biochemical assays via Konelab Arena 30

Parameters related to hepatotoxicity—ALP, MIA, T BIL,
TRIG, and protein

No significant effects were seen in either ALP or TRIG
for any of the nine particle treatments (Table 3 presents

all hepatotoxicity related data). In respect to MIA, only
one significant effect was observed, a decrease in MIA
following 1000 μg/ml nano SiO2 N2. Nano CeO2 Y6
(100, 300, and 1000 μg/ml) reduced total bilirubin
concentration. In contrast, at 1000 μg/ml nano SiO2 J0
increased T BIL, a significant effect in the opposite
direction. There were three significant increases in pro-
tein concentration found at 300 μg/ml and 1000 μg/ml
with nano CeO2 Y6 and 30 μg/ml with nano SiO2 N2.

Graphical representations of all the T BIL and protein
data are provided in Supplementary Figs. 4 and 5,
respectively.

Parameters related to oxidative stress—CAT, GGT,
GPx, SOD, THRR, GSH, GRD, and G6PDH

Catalase enzyme activity was significantly increased by
only nano CeO2 Z7 at 1000 μg/ml (Table 3 presents all
oxidative stress related data). Three significant increases
were observed with GGT, nano CeO2 W4 at 30 μg/ml,
nano SiO2 N2 at 1000 μg/ml, and TiO2 T8141 at
300μg/ml. NanoCeO2Y6 (at 100, 300, and 1000μg/ml)
was the only one of the nine particle treatments that
decreased GPx activity (supplementary Fig. 6). Nano
SiO2 J0 and nano SiO2 N2 caused reductions in SOD in
fairly low (10 and 30 μg/ml for nano SiO2 N2) or more
intermediate dose range (100 μg/ml of nano SiO2 N2,
100 and 300 μg/ml of nano SiO2 J0) (Supplementary
Fig. 7). Unexpectedly at the highest dose of 1000μg/ml,
no SOD decreases were observed for any of the nine
particulate treatments. The sole significant finding with
THRR was a reduction at 100 μg/ml of nano SiO2 N2.

Nano CeO2 Z7, nano SiO2 J0, nano SiO2 K1, and
nano SiO2 N2 all significantly decreased GSH concen-
tration at 1000 μg/ml (Supplementary Fig. 8). Nano
CeO2 Z7 also decreased GSH concentration at
300 μg/ml. Only nano SiO2 (J0, K1, and N2) particles
caused significant decreases in GRD activity. These
GRD reductions were observed in the dose range of 30
to 1000 μg/ml. G6PDH enzyme activity was the most
responsive hepatic enzyme of this study. For two parti-
cles (nano CeO2 W4 at 10 and 30 μg/ml and also TiO2

T8141 at 10 μg/ml), significant increases were observed
at low exposures. However, the much more common
G6PDH biochemical response was decreases in the 30
to 1000 μg/ml range observed with CeO2 Q, nano SiO2

J0, nano SiO2 K1, and nano SiO2 N2. In addition, there
were observed G6PDH activity decreases (even though
the individualP values ranged only between .15 and .05,
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thus not reaching the common standard for statistical
significance of P < .05) in the dose range of 100 to
1000 μg/ml for nano CeO2 Y6, nano CeO2 Z7, and
CeO2 Q, (decreases were seen in six out of eight cases).
Graphical representations of all the GRD and G6PDH
data are provided in Supplementary Figs. 9 and 10,
respectively. Out of all these parameters, GRD and
G6PDH stand out as the most responsive.

Discussion

Dose-response

In Table 3, some “statistically significant” responses
(P < .05 or even lower) may be spurious as they appear
to occur randomly in the data set. These putative “ran-
dom effects” were not confirmed by similar statistically
significant findings at higher doses (possible examples
of increased GGT by nano CeO2 W4 at 30 μg/ml,
increased G6PDH at 10 and 30 μg/ml by nano CeO2

W4, decreased G6PDH at 30 and 100 μg/ml of CeO2 Q,
increased G6PDH at 10 of TiO2 T8141, decreased SOD
by 100 and 300 μg/ml of nano SiO2 J0, decreased
THRR by 100 μg/ml of nano SiO2 N2, and increased
protein in 30 μg/ml of nano SiO2 N2). Other than these
possibly random effects, the overall biological re-
sponses (particularly with %LDH and %AST) generally
appeared fairly monotonic (always increasing with
dose). However, the dose-response slope was not high
in many cases in the upper dose region. Thus, there was
a degree of “upper asymptote” character to some of the
dose-response curves. Several examples of biochemical
parameters that showed somewhat of an upper asymp-
tote in the quantitative degree of change are shown in
Supplementary Table 1. For example, this pattern can be
observed with G6PDH by nano SiO2 J0 and nano SiO2

N2, GPx by nano CeO2 Y6, GRD by nano SiO2 J0 and
nano SiO2 N2, and T BIL by nano CeO2 Y6.

It is well known that CeO2, SiO2, and TiO2 are highly
insoluble in water and do not contribute high concen-
trations of soluble and potentially toxic metal ions to
cause biological effects. This low degree of solubility
and ionization of CeO2, SiO2, and TiO2 may be a reason
that the slope of dose-response curves for CeO2, SiO2,
and TiO2 is so flat in the upper dose region.

In comparing the responses between this study’s five
nano CeO2 particles and our group’s prior study (Kitchin
et al. 2016) with four other nano CeO2 particles, some

conclusions are possible. First, in respect to oxidative
stress-related parameters, the current group of nano
CeO2 particles showed fewer statistically significant ef-
fects in regard to G6PDH, GRD, GPx, and SOD. Second,
this same pattern of fewer effects was observed with
respect to both HepG2 protein and MIAwith the current
nano CeO2 particles showing fewer statistically signifi-
cant effects. Why the current nano CeO2 particles are less
biologically active than the prior CeO2 set (Kitchin et al.
2016) is not known. It may be that the current nano CeO2

particle surfaces are less active in generating ROS
species.

Structure-activity

The most cytotoxic nano CeO2 was Z7 (by cytotoxicity
grading and %AST release); nano CeO2 Z7 also had the
largest wet size of these CeO2 particles (1325-nm peak
on day 1 of cell culture). These two observations may
not be causally related. With respect to G6PDH, GRD,
GPx, SOD, MIA, and HepG2 protein, the low number
of significant responses seen in the present study was
noteworthy when compared with more active CeO2

particles in a prior study (Kitchin et al. 2016).
Attempts to coat SiO2 particles with CeO2 by atomic

layer deposition were unsuccessful as determined by
multiple chemical assays for Ce concentration by multi-
ple groups. By ICP-OES analysis, the ratio of the coated
(K1 or N2)/uncoated (J0) concentrations for several other
metals was quite large—for Mn over 80-fold, for Cu over
90-fold, and for Zn over 10-fold. Thus, particles K1 and
N2 were inadvertently coated with Mn, Cu, and Zn
during the atomic layer deposition procedure. After the
atomic layer deposition procedure, the three nano parti-
cles appeared to be somewhat different in some of their
biological effects. Examples include cytotoxicity grades
which were higher for SiO2 J0, intermediate for SiO2 K1,
and lowest for SiO2 N2. It was quite surprising that
%ALTwhich often is an unresponsive parameter showed
significant changes with both nano SiO2 K1 and nano
SiO2 N2, the two “coated” SiO2 particles, but for not for
any other of the seven particles tested. For both G6PDH,
GRD, and SOD, nano SiO2 J0 and nano SiO2 N2 showed
significant reductions in enzyme activity, while nano
SiO2 K1 showed fewer effects.

In respect to G6PDH, GRD, and SOD, there was a
similarity of effect (all decreases) between the nano SiO2

particles of this study and by the prior nano CeO2 particles
(Kitchin et al. 2016). Some metal oxide nanomaterial
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surfaces may generate ROS and/or RNS free radicals and
decrease cellular glutathione concentrations which has
been observed in other published studies as well as our
own HepG2 studies. For example, GSH concentration
decreases have been observed after exposure to CeO2

(Lin et al. 2006) (Monteiller et al. 2007; Kitchin et al.
2014) or SiO2 particles (Ramesh et al. 2013; Polimeni
et al. 2008). In murine alveolar macrophages (MH-S)
exposed in vitro to 1–10-μm diameter quartz particles,
decreases were observed for G6PDH, the pentose phos-
phate pathway and GSH while increases were seen for
thiobarbituric acid reactive substances (Polimeni et al.
2008). In human lung cells (A549), CeO2 nanomaterial
exposure produced decreases in GSH and alpha-
tocopherol concentration and increases in malondial
dehyde and 2′,7′-dichlorofluorescin diacetate fluorescence
(Lin et al. 2006).

In human lung cells (A549) exposed to SiO2

nanomaterials, decreases were observed with SOD and
GPx activity (Yu et al. 2015). However, increases were
seen in respect to malondialdehyde, 2′,7′-dichloro
fluorescin diacetate fluorescence and DNA damage by
the comet assay. Viewed collectively, our structure-
activity data and the published redox-related data of
others suggest that some but not all CeO2 and SiO2

surfaces may generate ROS and deplete GSH concen-
tration directly as well as perturb the cellular G6PDH,
GR,D and SOD antioxidant defence enzyme systems.
Depending on the material and the biological system,
nanomaterials are known to have prooxidant, antioxi-
dant, or neither overall biological effect (Merrifield et al.
2013). In our studies, G6PDH, GRD, and SOD are the
best biomarkers or functional assays, for oxidative stress
(this study and (Kitchin et al. 2016)).

Glutathione, oxidative stress, and literature review

All nine particles tested in the concentration range of 10
to 100 μg/ml did not significantly decrease HepG2GSH
concentration. Above this dose level (at both 300 and
1000 μg/ml), only one CeO2-based nanomaterial (Z7)
decreased GSH concentrations. However, at
1000 μg/ml, all three nano SiO2 (J0, K1, and N2)
reduced GSH concentration at a high P < .001 level of
significance. In our present study, the particle exposures
that reduced GSH often caused other biochemical ef-
fects as well—decreased activities of G6PDH, GRD,
and SOD. It is difficult to know if all four biochemical
effects are coming from the same cause or if GSH

depletion itself is driving the observed decreases in the
activities of G6PDH and GRD.

With respect to published nano CeO2 studies, de-
creased GPx was found in three different biological
systems—in the rat liver (Tseng et al. 2012), human
hepatoma (SMMC-7721) cells (Cheng et al. 2013),
and rat brain (Hardas et al. 2012). These three GPx
studies agree with our observation of nano CeO2 Y6
causing GPx decreases in HepG2 cells (Table 3).

With respect to nano SiO2 studies, GSH depletion
has been observed by two investigators in human lung
A549 cells (Akhtar et al. 2010; Yu et al. 2015) and also
in carp liver (Stanca et al. 2013). In human lung A549
cells treated with SiO2 nanoparticles, decreased GRD
was observed (Akhtar et al. 2010). Glutathione concen-
tration decreases are a well-known effect of many metal
oxide nanomaterial exposures (Kumar et al. 2011;
Kitchin et al. 2014). Following the administration of
Si/SiO2 nanoparticles, decreased carp liver G6PDH
has been observed (Stanca et al. 2013). Finally, after
nano SiO2 exposures to human lung A549 cells, de-
creased SOD was found (Yu et al. 2015). Overall, sev-
eral of our observations of the health effects presented in
Table 3 (decreased GSH, GPx, GRD, G6PDH, and
SOD) are in agreement with observations of others in
different biological systems.

Does “cytotoxicity” explain the observed biochemical
findings?

The major problems with the interpretation that cyto-
toxicity causes biochemical effects are that none of the
responsive cytotoxic parameters (%LDH, %AST, or
combined interpretations of cytotoxicity parameters as
a whole) (Table 2) matched the responses of the biolog-
ical parameters well (Table 3). For example, in 16 out of
18 cases, doses of 300 μg/ml or higher caused medium
or high degrees of cytotoxicity (Table 2). However, with
the exception of GSH, in all 12 other cases, there was
not a medium or higher degree of biological response
seen throughout these two higher dose groups (e.g.,
GPx, SOD, GGT, and protein). At the usually cytotoxic
dose of 1000 μg/ml, four of the eight tested particles did
indeed significantly deplete GSH concentration (mostly
nano SiO2 particles) but four CeO2 particles did not
cause GSH depletion at any dose. Thus, overall, the
correlation between observed HepG2 cytotoxicity and
other biochemical effects was poor. In prior HepG2
hepatotoxicity data sets, there appeared to be a higher
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degree of possible correlation between cytotoxicity and
other biochemical effects (Kitchin et al. 2016).

Physical-chemical characterization to biological effects
connection

Extensive physical-chemical characterization on eight
of the studied nanomaterials is available from two
sources (Geraets et al. 2012, Hancock et al. in
preparation) and also summarized in Table 1. In decreas-
ing order, the BET surface area (in m2/g) of the nine
studied nanomaterials was 137.4 (SiO2 J0), 128.8 (SiO2

K1), 120.5 (SiO2 N2), 57.0 (CeO2 Z7), 52.8 (CeO2W4),
40.3 (CeO2 Y6), 20.8 (CeO2 X5), 9.7 (TiO2 T8141), and
3.73 (CeO2 Q) m

2/g (Table 1). The larger surface area of
the nano SiO2 particles gives an obvious potential cause
of the higher degree of activity of these nano SiO2

particles observed for GSH, G6PDH, GRD, and SOD.
If surface area is the largest cause of effects however, it
is difficult to understand why nano SiO2 K1 has so few
effects (3), and nano SiO2 J0 (11) and SiO2 N2 (16) have
so many effects. All of nano SiO2 K1-induced effects
(G6PDH,GRD, and GSH)were also duplicated by nano
SiO2 J0 and nano SiO2 N2. Relative to the number of
significant biochemical effects found at the P < .05 level
or lower, the order was 16 (SiO2 N2), 11 (SiO2 J0), 8
(CeO2 Y6), 3 (CeO2 W4, CeO2 Z7, and SiO2 K1), 2
(CeO2 Q and TiO2 T8141), and 0 (CeO2 X5). The
company Nano-oxides of Salt Lake, Utah, was the
source of both nano CeO2 W4 (surface area of 52.8
and three noted significant effects) and nano CeO2 X5
(surface area of 20.8, zero noted significant effects)
(Table 1). So, in this case with CeO2, larger surface area
(W4 more than X5) correlates with more significant
effects. However, the biological effects are probably
being determined by many physical-chemical factors;
only one of which is surface area.

Utility of this experimental data set to modeling

This large data set should contribute to an even larger
potentially useful data set for modelers with respect to
dose-response, structure-activity, and linking physical-
chemical characteristics with in vitro hepatic effects and
other more “big data” orientated uses. In the future, this
data from the current and other related hepatotoxicity
studies should become available in an EPA knowledge
base called “NaKnowBase” that can be used bymultiple
people in many different institutions for different

purposes. From the point of view of modeling, there
are two negative aspects to consider. First, the current
group of nano CeO2 particles was considerably less
active than the first group of studied nanoCeO2 particles
(Kitchin et al. 2016). Second, with the three nano SiO2-
based particles, attempts to coat them with CeO2 failed
and we were not able to demonstrate any CeO2-depen-
dent effects with particles K1 and N2 versus J0. As
atomic layer deposition placed three new metal contam-
inants (Mn, Cu, and Zn) on the surface of particles K1
and N2, any differences in the biological properties of
the coated particles versus J0 can be due to these three
factors. This makes the SiO2 J0 versus SiO2 K1 versus
SiO2 N2 SAR comparison quite problematic.

Summary and conclusions

With CeO2, SiO2, & TiO2 particle exposures to HepG2
cells for 3 days, our major findings are:

a) decreased GSH was found after exposure to four
nanomaterials (all three nano SiO2 particles),

b) reduced G6PDH activity was observed following
many exposures (six out of nine nanomaterials).
Decreases in the activity of this enzyme could de-
plete NADPH and GSH concentrations and lead to
oxidative stress (Xu et al. 2010),

c) decreases in SOD and GRD were also observed
with exposure to several SiO2 nanomaterials; these
biological effects will also contribute to oxidative
stress,

d) nano SiO2 was more active than nano CeO2 in
respect to decreasing GSH content and G6PDH,
GRD, and SOD enzyme activities,

e) cytotoxicity per se did not correlate or explain well
the patterns of biological responses observed. The
pattern of cytotoxicity degree observed (Table 2)
does not match well the number of significant ef-
fects found (Table 3) and

f) in this study, the more responsive and informative
assays were G6PDH, GRD, SOD, %LDH, and
%AST.
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