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Abstract

Engineered nanoparticles are reported to cause liver toxicity in vivo. To better assess
the mechanism of the in vivo liver toxicity, we used the human hepatocarcinoma cells
(HepG2) as a model system. Human HepG2 cells were exposed to 6 TiO2
nanomaterials (with dry primary particle sizes ranging from 22 to 214 nm, either 0.3, 3
or 30 pug/ml) for three days. In culture media with 10% fetal bovine serum the
hydrodynamic sizes ranged from 328 to 534 nm. With respect to physical-chemical
characteristics, hydrodynamic agglomerated particle size rather than dry particle size or
surface area correlated best with our biological and genomic outcomes. Even though
all six NPs are composed of TiO2, they elicited fairly different canonical pathway
responses. Some of these canonical pathways changed by nano-TiOz in vitro
treatments have been already reported in literature, such as NRF2-mediated stress
response, fatty acid metabolism, cell cycle and apoptosis, immune response,
cholesterol biosynthesis and glycolysis. But this genomic study also revealed some
novel effects such as protein synthesis, protein ubiquitination, hepatic fibrosis and
cancer related signaling pathways. More importantly, this genomic analysis of HepG2
cells treated with 6 nano-TiO2 linked some of the in vitro canonical pathways to in vivo
adverse outcomes, e.g., NRF2 mediated response pathways to oxidative stress, acute
phase response to inflammation, cholesterol biosynthesis to steroid hormones
alteration, fatty acid metabolism changes to lipid homeostasis alteration, G2/M cell
checkpoint regulation to apoptosis and hepatic fibrosis/stellate cell activation to liver
fibrosis. This study revealed some possible mechanisms through which nanoparticles

caused liver toxicity in vivo.



Abbreviations: NP: nanoparticles; DEG: differentially expressed genes; FA: fatty acids;
ROS: reactive oxygen species; IPA: Ingenuity Pathway Analysis.

Introduction

Titanium dioxide, TiO2 nanopatrticles (NPs) are among the most commonly used
in consumer products, including paints, coatings, plastics, papers, inks, medications,
pharmaceuticals, food products, cosmetics, sunscreens and toothpastes. Titanium
dioxide nanoparticles (nano-TiO2) are also being used in additives in biomedical
applications such as orthopedics, dental implants and drug delivery systems.
Traditionally, nano-TiO2 were considered non-toxic because larger sized (bulk) TiO2 did
not produce deleterious effects in previous toxicity tests [1]. However, there is
increasing evidence suggesting that nanoparticles, particularly nano-TiOz2, pose a threat
to human health.

Many in vivo studies show that NPs accumulate in the liver, kidney, spleen, lung,
heart and brain; generate various inflammatory responses in mice [2]; and induce liver
toxicity [3]. Intratracheal instillation of nano-TiO2 particles in rats demonstrates that a
small fraction of nano-TiO2 particles are transported from the airway lumen to the
interstitial tissue and are subsequently released to the systemic circulation [4]. NPs
accumulate in the liver after either intravenous or intraperitoneal injections of nano-TiO2
in both mice [5-7] and rats [5-8]. After intravenous administration in mice, the liver had
the highest accumulated amount of nanoparticles of all the tissues examined [5]. In one
of the studies, liver damage was observed after intraperitoneal injection [9]The oral
exposure route is important because nano-TiOz is widely used as a food additive, in

toothpaste and capsules. Following oral exposure (single, high-dose gavage (5 g/kg) of



nano-TiOz in mice, nano-TiO2 accumulated mainly in the liver and spleen [2]. There are
many reports of nano-TiOz induced-toxicity to both the rodent respiratory tracts (in vivo)
and in vitro lung cells [10, 11]. However, there are few reports on in vitro cytotoxicity on

hepatocytes or in vivo liver toxicity.

The goal of the present in vitro dose-response study was to use genomic
techniques to determine the signaling and canonical pathways altered by different nano-
TiO2 in human HepG2 cells. The design of our genomic studies emphasized
nanomaterial toxicity, dose-response, structure-activity, the connection between
physical-chemical properties and biological effects and also linking these effected
genomic pathways to the in vivo adverse outcomes. New cellular targets of nano TiOz
were sought. This in vitro information may also provide a possible molecular bases for
predicting in vivo liver toxicity by these nanoparticles. This research is part of a large
scale multi-disciplinary coordinated research program of the US EPA integrating
different types of metal and metal oxide nanomaterials as stressors, different cells to
represent expected target organs systems (e. g. lung, skin, gastrointestinal tract, liver,
brain and eye), and types of biological responses (oxidative stress, inflammation

etc.)[12-14]

Materials and Methods
Nanomaterials, their dispersion via ultrasound and their characterization

The six nano-TiOz used in this study (Supplementary Table |) were selected by
the perceived data needs of the US EPA. These nanomaterials are being used by
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multiple research laboratories at the US EPA in a coordinated research effort with many

different scientific disciplines and experimental techniques [15].

The nanomaterials were obtained from five different vendors (Alfa Aesar,
Degussa, NanoAmor (Nanostructured & Amorphous Materials, Inc.), Mknano and
Acros). The chemical purity was high (> 98.8% for all cases and as high as 99.9% for
five cases), the primary dry particle sizes ranged from 22 to 214 nm. With respect to
crystal form, three of the TiO2 nanomaterials contained both the anatase and rutile
crystal forms (A, B and D); one contains only rutile (H), and the two other TiO2

nanomaterials were all anatase (C and ).

All of the physical-chemical characterization and elemental composition analysis
were done by Dr. Eric Grulke and his group at the University of Kentucky. Elemental
analysis of nano-TiO2 was performed using ICP/MS (Plasma Quad 3 following EPA
Method 200.7). Trace elements and Water, Solids and Biosolids analysis was
performed using Inductively Coupled Plasma-Atomic Emission Spectrometry [16].
Specific surface area/porosity was measured using a Micromeritics TriStar BET. Crystal
structure was assessed uéing a Siemens 5000 XRD. Particle shape and morphology
were assessed with TEM and SEM. Supplemental Table | presents the six
nanomaterials and their physical characterizations as dry powders. In the text of this
paper the primary particle size presented is that from the University of Kentucky and not

the vendors.

For dispersion of NPs, 0.01% (v/v) corn oil in PBS was added to dry

nanomaterials in a glass vial. The general protein coating recipe of Dale Porter was



followed in that the ratio of the nanomaterial to BSA was 1/0.6 [17] Sonication was
performed at a nanomaterial concentration of 3.34 mg/mL and 3.0 mLs of volume.
Sonication was done for two 10 minute cycles of 13 seconds on, 7 seconds off with a
typical total power of about 138 watts and 168,000 joules with a S-4000 Misonix

Ultrasonic Liquid Processor with a 2.5 inch cup horn (Farmingdale, NY).

Excess unbound BSA and corn oil was removed by centrifuging (12,000 x g for
10 minutes) and resuspending the NPs in cell culture media. After nanomaterial
dispersion, the degree of agglomeration was determined by dynamic light scattering at
35°C. Refractive index values for inz were 2.488 for anatase crystal structure, 2.609
for rutile crystal structure, 2.504 for the Degussa TiO2 nanomaterial (86% anatase, 14%
rutile from manufacturer's description). Size and zeta potential determinations were
done both just after sonication and 3-days later to correspond with the end of cell

exposure using a Malvern Model Zen3600 Zetasizer.

Chemical and cell culture methods

Chemicals and suppliers used in this study were: bovine serum albumin (Sigma,
St. Louis, MO) and fetal bovine serum (Life Technologies, Grand Island, NY). Human
Hepatocellular Carcinoma Cells, designation HepG2 (ATCC cat# HB-8065, Manassa,
VA, USA) were obtained and expanded through passage seven using growth medium
(Basal Medium Eagle, Gibco cat. 21010-046) containing 2mM GlutaMAX™ (Gibco
cat.35050-061, Life Technologies), 1mM sodium pyruvate (Gibco cat. 11360-070, Life

Technologies) and 10% fetal bovine serum and then frozen in liquid nitrogen. Cells



were subsequently carefully thawed and expanded before experimentation at passage

number 10 to 20.

HepG2 is a human hepatoceliular carcinoma cell line useful for many in vitro
studies including polarized hepatocyte function, plasma protein secretion, liver
metabolism, toxicity, genotoxicity and heptocarcinogenesis. Cell cultures were
maintained in a humidified incubator at 37°C and 95%Air/5% CO2 during the study.
Cells were plated at 40,000 cells/cm? in vented T-25 flasks (Corning) for 48 hours prior
to nanomaterial exposure. Working stocks of each nanomaterial were prepared at 1.0
mg per mL and diluted using culture medium. Individual flasks were dosed with 200 uL
per cm? of the appropriate nanomaterial dilution, and incubated for 72 hours. At the end
of 72 hours, the media was vacuum aspirated and the flasks rinsed with warm
Dulbecco’s Phosphate-Buffered Saline (DPBS). RNA was extracted following

procedure described in “RNA extraction”.
Cytotoxicty assays and kits

Many common cytotoxicity assays (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-
yllbenzenesulfonate, CAS 138169-43-4, (Promega, Madison, WI)), alamar blue
(resazurin, CAS 62758-13-8, (Cell Tier-Blue, Promega, Madison, WI)), neutral red (3-
amino-7-dimethylamino-2 methylphenaiine hydrochloride, CAS 553-24-2, (Sigma-
Aldrich, St Louis, MO)), ATP (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 culture with various
nanomaterials, cytotoxicity assays based on MTT, MTS, alamar blue and ATP were
performed using the assay kit directions. Neutral red (Sigma-Aldrich, St Louis, MO)
uptake cytotoxicity assays were also performed. Cytotoxicity assays results were
always checked with each other and with visual assessment of the cells to ensure the

cytotoxicity assays were working well.

RNA extraction

Total RNA was extracted from cells using a mirVana™ RNA extraction kit (Life
Technologies, Grand Island, NY) following the manufacturer’s protocol. In short, cells
were lysed with lysis buffer. RNA was extracted by aciq phenol-chloroform, then
precipitated with ethanol and purified through glass fiber columns. RNA integrity was
assessed by the RNA 6000 LabChip® kit using a 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). The RNA Integrity number (RIN) of all samples were

between 9.8 and 10.0.

Microarray analysis, statistical analysis and pathway analysis

The global gene expression change was analyzed by using lllumina Human HT-
12 v4 Expression Beadchips following the manufacturer’s protocol. This version of
lllumina Human HT BeadChips targets more than 47,000 transcripts derived from NCBI

Reference Release 38. The data processing was performed using Bioconductor’s



beadarray package (version 2.4.1) for the R language (version 2.14.0). The bead-level
data were loaded into a single data object using the read/llumina function and a log2
transformation of the intensity data was performed. A probe-level summary was
produced using the summarize function by taking the median log2-intensity for each
bead-type. A quantile normalization of this probe-level data was performed using the
normaliselllumina function. The illuminaHumanv4.db package (version 1.12.1)
containing the lllumina HumanHT12v4 annotation data was used to annotate the

normalized probe-level data.

Statistical analysis was performed using R’s imma package (version 3.10.0).
First, a matrix encoding the contrasts between all 24 treatment categories and the
control was created. The 1-way ANOVA analysis was performed on all probes using
the ImFit function, and the estimated variances of the probes were regularized using the
‘eBayes function. A list of the most differentially expressed probes (genes) for each
contrast was generated using the topTable function. To correct for multiple
comparisons, only those probes with both a Benjamini-Hochberg corrected p-value of
less than 0.05 and a 1.5x or greater fold change were placed on the DEG list.
Statistically significant gene changes in each dose group were analyzed in terms of their
associated molecular/cellular functions and inclusion in canonical pathways using
Ingenuity Pathway Analysis (IPA, v1485783, release date 4-30-2013, Ingenuity

Systems, Redwood City, CA).
Results

Nanoparticle properties



The NPs evaluated in this study were characterized by the vendor and the
University of Kentucky. All the NPs have the same chemical composition, TiO2, but
differ in crystal structure, the ratio of anatase and rutile, size of the particle, purity and
surface areas. Fuller physical-chemical characterization of TiO2 nanomaterials D and H
are given in Supplemental Table 1 and in Supplemental infermation 1. Physical-
chemical characterization of TiO2 nanomaterials A, B, C and | have been published
elsewhere [18]. The hydrodynamic agglomerated nanoparticle sizes and zeta potentials

measured at time 0 and 72 hours are listed in Table 1.

Cytotoxicity

Cytotoxicity was determined using assays to evaluate multiple endpoints (MTS, MTT,
alamar blue, ATP, visual examination of cells, cellular microalbumin and protein, and
also release of the enzymes LDH, ALT and AST). At 0.3 and 3 pg/ml there was no
cytotoxicity (Kitchin et al, manuscript submitted to JNN). At 30 pg/ml NPs A, H and | did
not produce cytotoxicity, but B, C and D produced a cytotoxic response. At 300 and
1000 pg/ml, all of these TiO2NPs produced cytotoxicity. The order of decreasing
cytotoxicity for these TiO2NPs was C > D > B > H, | > A (Kitchin et al., in preparation).
These cytotoxicity results roughly correlates with surface area of the NPs as C and D

have the largest surface areas while H and | have the smallest.
Differentially Expressed Genes (DEG) and Dose-response

The number of DEGs from each treatment is listed in Table 2. The number of
genes altered by 30 ug/ml nano-TiOz2 treatment (D< C< H< I< A <B) roughly correlated

with the agglomerated particle sizes rather than the dry particle sizes. At 30 pg/ml, the
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mean hydrodynamic particle sizes were 328 (D), 331 (C), 403 (A), 453 (H), 468 (l) and
534 nm (B). All of the nano-TiOz2 treatments resulted in a monofonic dose-response
except nano H. Nano H treatments resulted in more genes being changed in lowest
dose (397 genes) than of higher doses (158 at 3 pg/ml and 241 at 30 pg/ml). We
repeated nano H treatments and gene profiling experiments and obtained similar results

(data not shown). Thus, the results with nano H are repeatable. [20]

Ingenuity Pathway Analysis (IPA)

The differentially expressed genes from each treatment were evaluated using
Ingenuity Pathway Analysis (IPA) to delineate the canonical/signaling pathways
changes. The15 canonical pathways with lowest p values altered by each nano-TiOz2 at
30 pg/ml are listed in Table 3; since low dose nano H (0.3 ug/ml) caused more

canonical pathway changes than the high dose, we included it in the table.
Discussion
Dose-response

Four of the TiO2 nanomaterials produced monotonic dose-response effects in the
number of DEGs (A, B, C and D) (Table 2). For example, nano C produced 10, 25 and
228 DEGs at 0.3, 3 and 30 pg/ml, respectively. However, both H and | gave dose-
response relationships that did not display much positive slope over a 100-fold increase
in exposure concentration (397, 158 and 241 DEGs for H and 323, 480, 479 for | at 0.3,

3 and 30 pg/ml, respectively). The observation of unexpectedly high number of DEGs
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at low doses has been observed before both in our genomic work and the work of
others [20], [25]. In addition to the size of the aggregates, there are other properties that
affect the properties of these NPs, e.g., chemical composition, impurities in the
preparations, size and surface area, shape, crystal structure, inherent activity of the
surfaces, coating with proteins, lipids and other cell culture conditions. The nano-TiO2
NPs used have the same chemical composition (all are TiOz2), but they have different
dry particle sizes, crystal structures, surface areas, and agglomeration properties and
could have different protein composition in the protein corona. All these different
factors can contribute to the effects of the NPs on the gene expression and toxicity. It
points out the value of repeating such low exposure concentrations to test the
reproducibility of these unexpected low dose results and of extending the

experimentation to even lower doses that might also exhibit some biological activity.

Dry particle size, hydrodynamic agglomerated particle sizes and endocytosis

All six nano-TiO2 agglomerated under the protein and corn oil coating,
ultrasonication dispersion and culture media conditions (with 10% fetal bovine serum)
we employed, an observation that is consistent with literature [26]. As the NP
concentration increases, the hydrodynamic agglomerated NP sizes determined on day
0 of culture also increase (looking at Size by Peak). However, after incubating in the
culture media for 3 days, the agglomerated sizes at high concentration became smaller
(comparing size at 0 hour and 72 hour) with nano A being the only exception. The

reason for reduction in the agglomerated sizes are not clear, some possible reasons
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may be settling, absorption to the surface of the culture flask and endocytosis of the
larger particles. The hydrodynamic agglomerated sizes did not correlate with the dry
primary particle size of the NPs. The literature has indicated that the hydrodynamic
agglomerated NP sizes to which the cells are exposed are important and affect
biological properties such as cellular absorption, cytotoxicity and gene expression
profiles [19, 27]. Our results are consistent with the literature. At 30 pg/ml the order of
size of hydrodynamic agglomerated NPareB>1>H>A>C > D (Table 1). At30
pg/ml, the order of altered genesis B> A >1>H > C > D. Thus for these NPs the # of
DEGs roughly follows the hydrodynamic agglomerated sizes at day 0 and not the dry
primary particle sizes or the surface areas. This indicates that the hydrodynamic
agglomerated sizes may be one of the more important factors in both determining the

cellular uptake and subsequently the biological properties affected by the NPs

Nanopatrticles are taken into cells through endocytosis and then can alter the
gene expression profiles. We believe that alterations in the gene expression levels
(either up- or down-regulation) in a particular signaling pathway indicate the deviation
from the homeostasis as a result of the NP treatment. There is a tendency of getting
everything back to homeostasis, and depending on the time we look at the gene
expression, it could be up- or down-regulated. There are three major endocytosis
pathways, caveolar-mediated endocytosis, clathrin-mediated endocytosis and
macropinocytosis. Expression of genes in all three endocytosis pathways are altered by
nano B (Table 4) indicating a change in homeostasis caused by NP treatment. Clathrin-
mediated endocytosis genes are altered in nano B, | and H high doses, while caveolar-

mediated endocytosis is altered in nano A and B high dose treated cells. Both clathrin-
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and caveolar-mediated endocytosis are altered in multiple nano-TiO2 treated cells. But
macropinocytosis was only altered in nano B high dose treated cells. This is consistent
with the agglomerated sizes of the NPs. Nano B is the only one that has an
agglomerated size (at day 0) larger than 500 nm which is the average size necessary

for macropinocytosis to take place.
Connecting physical-chemical characteristics and biological outcomes

In earlier observations from our TiO2 and CeO2 research, GSH depletion may
correlate somewhat with smaller dry particle size and larger surface area [18]. Of the
four nano-TiO2 that analyzed by metabolomics, only nanomaterials A, B and C which
have the smaller dry particle sizes caused reduction in the HepG2 GSH levels, while

nanomaterial | did not.

In contrast, most of the DEGs results of this study showed good correlation
between hydrodynamic size and biological potency. When the number of DEGs is
divided by the hydrodynamic diameter, numbers ranging from 0.51 to 2.58 result (Table
3). In other words all the TiO2 nanomaterials acted roughly with the same potency per
wet size. In contrast, if the number of DEGs is divided by the dry surface area, a much
larger range of values results (from 1.9 to 68.5) (Table 3), suggesting a poor correlation
between dry surface area and DEGs. Theoretically, many biological outcomes should
be roughly proportional to nanomaterial surface area and the cells are exposed to the
hydrodynamic diameter of the agglomerated nanomaterials not the dry particle

diameter.
Canonical pathways
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In order to demonstrate that there are some pathways that may be important in
understanding the effects of these NPs on the HepG2 cells but not present in Table 3,
we chose some relevant categories of effects and listed the rank of pathways altered in
IPA (Table 4). It is clear from table 4 that there are common pathways that are altered
by more than one nano-TiOz2, such as EIF2 signaling (altered by 4 out of 6 NPs), acute
phase response signaling (altered by 3 NPs) and others. There are also pathways that
are only altered by one nano-TiOz, such as hepatic fibrosis/hepatic stellate cell

activation for nano D and FXR/RXR signaling for nano B.
A. Stress response

There is at least one stress response pathway altered in all the NP treated HepG2 cells

except nano C treatment (Table 4).
1. Mitochondrial dysfunction and fatty acid metabolism

Mitochondrial dysfunction is only significantly altered in nano H low dose. In addition to
nano H, fatty acid activation, FA beta-oxidation and L-carnitine shuttle pathways (all
three pathways involve in fatty acid oxidation) are also affected in nano |, D and C

treated cells.

The observed effects of these nano particles on mitochondria and the lipid homeostasis
in vitro are consistent with literature. Metal oxide nanoparticles have been shown to
cause changes in lipid metabolism and mitochondrial membrane potential imbalance in
vitro [28-31] and in vivo [3, 7, 32, 33]. Changes in mitochondrial redox state, membrane

potential and intracellular calcium levels precede mitochondrial dysfunction. Our group
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also observed fatty acids accumulation [18] and mitochondrial dysfunction following

nano-CeO2 exposure in HepG2 cells.
2. NRF2-mediated stress response

The NRF2-mediated stress response was altered only in A and B, the two with
the highest GSH concentration reduction. The nano A high dose upregulated most of
the genes downstream of NRF2 in this pathway, e.g., HSP90, AOX1, STIP1 and
TRXR1 (Supplemental Table 2). MAFG, which heterodimerizes with NRF2 to bind to the
antioxidant response element (ARE), is upregulated in nano A high dose treated cells.
Thus, there is a strong indication that the NRF2-mediated stress response is
upregulated in these cells. As a result, these cells could be protected from the ROS
insults by the induction of antioxidant enzymes. However, in the nano B treated cells,
some of the down-stream genes in this pathway are downregulated, while others are
upregulated. Therefore, whether the NRF2-mediated stress response pathway is up- or
downregulated cannot be easily determined from genomic data. ROS production,
reduced levels of GSH and perturbation of GSH redox reaction in the liver in vivo after
nano-TiO2 treatment has been reported [9, 34, 35] but alteration of the NRF2-mediated
stress response has only been reported in the nano TiOz2 treated brain microglia [36].
Our results show that not all of the nano TiO: altered the NRF2 signaling pathway.
Nano A (Degussa P25) induced NRF2-mediated stress response in brain microglia cells
[36] and also induced NRF2 signaling in our HepG2 cells. The six NPs used in this
study were reported to cause DNA-centered free radical formation in a cell free system,

and all of them were shown to increase ROS production in that system, albeit at varying
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degrees of potency [15]. These results taken together clearly point to differential effects

of these nano-TiO2 on ROS response in HepG2 celis.
3. Acute phase response signaling

The acute phase response is a rapid non-specific inflammatory response that provides
defensive protection against microorganisms, tissue injury, trauma or surgery. After a
single stimulus the levels of these proteins remain elevated for at least 24 hours and
decrease after about 48 hours [37]. Acute phase response was reported to be induced
by nano-TiO2 in the lung of treated mice [38]. In the liver, key players in the acute
phase response are pro-inflammatory cytokines, particularly, IL-1, IL-6 and TNFa. /n
vivo studies have shown that nano TiO2 caused upregulation of IL-1, IL-6 and TNFa
expressions both at mRNA and protein levels [3], an indication of altered acute phase
response. Acute phase response is changed in nano H high and low, and in nano B and
| high dose treated cells. IL-1RN, an IL-1 receptor antagonist, is downregulated in both
nano | and H high dose. Most of the altered genes in this pathway are upregulated in
nano | and H high dose treated cells, indicating an induction of acute phase response
signaling in these cells. However, IL-1RN is upregulated in nano B high and H low dose
treated cells, indicating a downregulation of this signaling pathway. So, two of the six

nano TiO2 up-regulated and two down-regulated inflammatory response in HepG2 cells.

4. Hepatic fibrosis/hepatic stellate cell activation

Early stage of Hepatic fibrosis was observed in mice treated with a nano TiOz2 (3.6 nm)

by intraperitoneal injection [5]. The fibrosis signaling pathway is only altered in nano D
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high dose treated cells. Both downregulated genes IGFBP4 [39] and SERPINE 1 (also
known as plasminogen activator inhibitor 1, PAI-1) are fibrogenic. Of the two
upregulated genes, IL-10 is antifibrogenic, [40], while Leptin is fibrogenic (Supplemental
Table 2). With more antifibrogenic genes upregulated and fibrogenic genes
downregulated nano D high dose treated cells appear less likely to cause fibrosis.
However, these results were from in vitro treatments, and in vivo studies are needed to

more strongly support or refute these nano D effects.

There are many reports on negative effects on hepatic functions, e.g., altered
ALT/AST, inflammation, apoptosis and more [41], but there is only one group that
reported observed hepatic fibrosis in mice 14 days after nano-TiO2 treatment [5],
showing the need of more animal studies in this area. Five out of six NPs in present
study caused some kind of stress response. Nano C is the only NP that did not induce
any of the stress response pathways listed in Table 4 in the present genomics study.
However, in the metabolomics study, nano C did reduce GSH level to 34% of the

control level.
B. Cell cycle and apoptosis

Nano TiOz(various sizes and forms) have been shown to be genotoxic and cause both
DNA damage and apoptosis in HepG2 cells [34, 35] and in vivo mouse liver [10],
possibly as a result of ROS generation. DNA damage triggers disturbances in G2/M cell
cycle checkpoint regulation. G2/M cell cycle checkpoint regulation was affected in nano
B, D and | treated cells. All three of fhree NPs are higher in anatase than rutile crystal

form, and this is consistent with reports that anatase is more active of the two crystal
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forms. Moreover, these three nano TiOz are the three with the largest particle sizes of
anatase form. Whether the particle sizes play a part in causing G2/M DNA damage

checkpoint regulation awaits further research.

Al of the genes pertaining to the G2/M cell cycle checkpoint pathway in cells treated by
nano | (7 genes) and D (2 genes) respectively, were downregulated. That indicated
these cells were slowed down as they proceeded through this checkpoint
(Supplemental Table 2). In nano B treated cells cell cycle seems disturbed because
ATM is upregulated and other affected genes in cell cycle progression such as CDC2
are upregulated, thus these cells are likely to experience some cell cycle disturbance at
the G2/M checkpoint. This interpretation also awaits further studies to confirm or refute
it. This is consistent with the cytotoxicity data which showed some cell death for nano B

high dose, but very little death for nano D and .

C. Immune response

Inflammatory response is reported in nano-TiO2 treated mice [3]. In our in vitro
system, the complement system (altered in B and H high treatments) and IL-3, IL-4 and
IL-5 signaling pathways (altered in the H low treatment) are the only inflammation-
related pathways altered besides acute response signaling. Therefore,
inflammatory/immune response pathways are not strongly altered by nano-TiO2 in our
HepG2 cells. It is reported that liver reticuloendothelial Kupffer cells are much more
responsive to inflammatory stimulation than are hepatocytes [42], this may explain why

we did not see a strong immune response in HepG2 cells (originated from hepatocytes).
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D. Metabolism
Protein synthesis/degradation

Protein synthesis is not presently known to be altered by NPs in vivo. However,
many protein synthesis genes are altered by most of the TiO2 NPs in our in vitro study.
Nano A, B |, and H (both high and low) treatments affected expression of genes related
to translation initiation, EIF2 signaling, mTOR signaling and regulation of elF4 and
p70S6K signaling while nano D and C did not. Genes in these four pathways do not
show a consistent pattern of up- or down-regulation, therefore, it is hard to determine
how these NPs affect these pathways. Another pathway related to protein modification
is the protein ubiquitination pathway. Protein ubiquitination effects happened only in
nano B, D and | treated cells. Nano B, D and | have anatase form and larger particle
sizes. Our group also observed alteration of these pathways in nano CeO: treated
HepG2 cells (Thai et al. submitted to Nanoscience and Nanotechnology). These results

are again pointing to the complexity of the cellular responses to the NP treatments.

NPs have been shown to react with cellular molecules, including proteins. The
NPs that affected protein synthesis are different from the NPs that affected protein

ubiquitination, indicating different mechanisms are employed.

Glycolysis and cholesterol biosynthesis
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Nanoparticles effects on glycolysis in cultured cells and in mice have been
reported [7, 43] and our group also observed similar results from nano CeO: treated
HepG2 cells (Thai et al, accepted by JNN). Glycolysis is affected in nano A and | high
dose treated cells and most of the affected genes are downregulated indicating a
slowed or lower production of pyruvate from this pathway.. However, genes in the TCA
cycle are not affected by these NPs treatments. Cholesterol biosynthesis and FXR/RXR
signaling, which regulates cholesterol metabolism, are affected only in-nano B high
dose treated cells while bile acid biosynthesis and zym(;sterol (a precursor of
cholesterol) biosynthesis are affected only in nano A and D high dose treatments
(Supplemental Table 2). Liver is the major organ for cholesterol synthesis in animals,
therefore, this cholesterol biosynthesis effect of NPs may have systemic and long term
effects on the whole animal. Since cholesterol is essential for the structure and function
of caveolae- and clathrin-coated pits, endocytosis process may be affected by
nanoparticle treatments. Cholesterol is also a precursor for vitamin D and steroid
hormones including sex hormones. The alteration in metabolism of cholesterol may

affect vitamin D and other hormones down-stream of cholesterol. Nanoparticle induced

alteration of cortisol and sex hormone have been reported in rodent models [44, 45].

E. Cancer related signaling pathways

BulkTiOz is not carcinogenic to humans [46] or to rats or mice in feeding studies
(NTP, 1979). However, nano-TiO2 can produce lung tumors in rats when exposed

through inhalation or intratracheal instillation [47]. Even though no liver cancer has
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been reported in animal treated with nano-TiO2, oxidative stress and DNA damage
(cancer precursor events) have been reported in the livers of the treated animals [23,
48). Hepatic fibrosis was observed in the liver after intraperitoneal injection of 1.94 g/kg
of nano TiOz2 in mice [5]. While liver fibrosis itself is benign, it may progress to liver
cirrhosis and may eventually cause liver cancer. The liver is a major accumulation
organ after TiO2 exposure [2, 5]. In the present study we report that the nano TiOz2 also
induces different cancer signaling pathways in HepG2 cells. Ih combination, thesé data
point to the need for more studies on the carcinogenesis potential for nano TiOz in

animals.

Conclusions:

We used six TiO2 NPs differing in size and crystal structures to treat HepG2 cells
and performed genomic studies to identify altered genes/signaling pathways. The
results show: 1) the potency of the NPs to alter gene expression correlates better with
the hydrodynamic agglomerated size rather than the dry primary particle size, 2) even"
though all six NPs have the same elemental composition, they elicited quite different
responses/canonical pathways in HepG2 cells, 3) nano-TiOz2 altered canonical
pathways which have been reported in literature from in vitro studies, such as NRF2-
mediated stress response, fatty acid metabolism and glycolysis, 4) some novel
pathways such as protein synthesis, protein ubiquitination, hepatic fibrosis and cancer
related signaling pathways were not reported before in any of the in vitro studies, 5)

many canonical pathways altered by nano-TiOz2 in vitro treatments correlated well with
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the in vivo toxicological changes such as inflammation, oxidative stress, lipid
metabolism, cholesterol biosynthesis, G2/M cell cycle checkpoint regulation and hepatic
fibrosis, 6) with the exception of H and |, these six nano-TiO2 nanomaterials gave
monotonic dose-response relationship from 0.3 to 30 ug/ml, and 7) connecting physical-
chemical characteristics with biological outcomes is difficult because of the large
number of physical-chemical parameters that may determine the biological effects. In
spite of this limitation we have been able to make some general observations
correlating biological effects with hydrodynamic agglomerated particle size, dry particle

size and surface area.
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table

Nanoparticle ID

A
Time 0 hour 72 hour®
Type of DLS Zeta
Characterization | Size by Peak® Size by Z-Average*® Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
{(nm) | SEM? | (nm) | SEM Pdi® N | (mV) | SEM N (nm) | SEM | (nm) | SEM Pdi N {(mv)e
Media with 10%
FBS" 23.7 3.2 15.7 0.6 0.33 3 -2.4 | 1.00 3 133.1 | 23.9 | 259.1 | 47.5 | 0.32 3 -8.58
0.3 pg/ml 159.2 | 109 | 2144 | 22.8 0.27 3 -8.9 0.15 3 171 3.5 138.4 5.1 0.46 3 -8.48
3 pg/ml 218.1 | 25 |2116| 7.6 0.25 3 | -10.8 | 0.60 3 241.4 | 16.4 | 194.3 | 10.6 | 0.47 3 -8.83
30 ug/ml 402.8 | 173 | 3565 | 74 0.38 3 | -10.1 | 0.52 3 4231 | 276 [ 3450 | 24 0.38 3 -9.79
Nanoparticle ID 5
Time 0 hour 72 hour
Type of DLS Zeta
Characterization | Size by Peak Size by Z-Average Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
{(nm) | SEM | (nm) | SEM Pdl N | (mV) | SEM N {nrm) | SEM | (hm) [ SEM Pdl N {(mV)
Media with 10%
FBS 23.7 3.2 15.7 0.6 0.33 3 -2.4 | 1.00 3 133.1 | 239 | 259.1 | 47.5 | 0.32 3 -8.58
0.3 ug/ml 68.9 | 24.2 | 1345 | 366.9 0.81 3 -9 1.08 3 1439 | 4.7 | 2259 | 83 0.29 3 -9.7
3 pg/ml 1914 | 71 | 1141 | 78.8 0.83 3 ND! 150.4 | 13.7 | 4899 | 61.3 | 0.54 3 -8.8
30 pg/ml 534 | 171 | 7260 | 195 | 038 | 3 | 94 | o008 | 3 |1583] 210 | 1047 | 1849] 078 | 3 8.2
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Nanoparticle ID

C
Time 0 hour 72 hour
Type of DLS Zeta
Characterization | Size by Peak® Size by Z-Average® Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
(nm) | SEM [ (nm) | SEM Pdif N | (mV) | SEM N (nm) | SEM [ (hm) | SEM Pdl N (mV)
Media with 10%
FBS 443 3.1 35.2 34 0.44 3 -1.3 | 0.38 3 1573 | 2.0 | 1254 | 4.2 0.44 3 -6.9
0.3 pg/m! 231.6 | 23.7 | 495.6 | 38.7 0.51 3 -8.5 | 0.28 3 2218 | 5.7 | 2714 | 189 | 0.30 3 9.2
3 ug/ml 289.7 | 18.5 | 367.4 | 24.6 0.39 3 -84 | 040 3 240.4 | 25.8 | 293.1 | 35.2 | 0.41 3 -9.8
30 ug/ml 331.2 | 74 |437.2| 125 0.42 3 -8 0.20 3 253.8 | 10.6 | 3545 | 11.7 | 0.40 3 -9.2
Nanoparticle ID b
Time 0 hour 72 hour
Type of DLS Zeta
Characterization | Size by Peak Size by Z-Average Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
{(nm) | SEM | (nm) | SEM Pdl N [ (mV) | SEM N {nm) | SEM | (nm) | SEM Pdl N {mV)
Media with 10%
FBS 44.3 3.1 35.2 3.4 0.44 3 -1.3 | 0.38 3 1573 | 2.0 | 1254 | 4.2 0.44 3 -6.9
0.3 pg/ml 1075 | 5.5 | 505.5 | 33.8 0.61 3 -9.2 | 0.23 3 160.1 | 25.7 | 415.3 | 84.0 | 0.40 3 -9
3 pg/ml 192 5.5 | 506.8 | 21.8 0.53 3 -5.3 | 0.80 3 261.4 | 329 | 309.8 | 44.1 | 0.46 3 -8.7
30 pg/ml 328 7.3 | 4428 | 143 0.45 3 -89 | 0.32 3 3009 | 114 | 3326 | 20 0.37 3 -10.4
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Nanoparticle ID

H
Time 0 hour 72 hour
Type of DLS Zeta
Characterization | Size by Peak Size by Z-Average Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
{nm) | SEM | (nm) | SEM Pdl N | (mV) | SEM N (nm) | SEM | (nm) | SEM Pdl N (mv)
Media with 10%
FBS 13.9 3.5 48.4 | 221 0.12 3 ND 1146 | 0.9 65.0 5.9 0.21 3 -8.1
0.3 pg/ml 1543 | 3.6 | 7959 | 58.0 0.75 3 | -10.7 | 0.76 3 153.7 | 13.1 | 6720 | 713 | 0.57 3 -10
3 pg/ml 321.7 | 183 | 599.8 | 33.6 0.45 3 | -10.2 | 0.56 2278 | 7.0 | 532.4 | 197.3 | 0.66 3 -8.9
30 pg/ml 4527 | 8.7 5722 | 8.2 0.34 3 9.9 | 0.56 379.0 | 15.1 | 465.2 | 68.6 | 0.55 3 -9.5
Nanoparticle ID l
Time 0 hour 72 hour
Type of DLS Zeta
Characterization | Size by Peak Size by Z-Average Zeta Potential Size by Peak Size by Z-Average Potential
Mean Mean Mean Mean Mean Mean Mean Mean
(nm) | SEM | (hm) | SEM Pdl N | (mV) | SEM N (nm) | SEM | (nm) | SEM Pdl N (mV)
Media with 10%
FBS 139 3.5 484 | 221 0.12 3 ND 1146 | 0.9 | 65.0 5.9 0.21 3 -8.1
0.3 ug/ml 179.2 | 7.8 | 7314 | 276 0.58 3 -5.8 | 0.37 3 159.1 | 13.7 | S84.4 | 66.0 | 0.51 3 -7.6
3 pg/mi 238 8.1 | 582.1| 176 0.53 3 -8.7 | 0.44 259.2 | 19.3 [ 337.1| 773 | 0.41 3 9.5
30 pug/ml 4679 | 106 | 4539 | 3.2 0.23 3 9.4 | 1.07 234 | 13.8 | 348.7 | 21.6 | 033 3 9.1

aFinal measurement after 72 hours of incubation at 37°C.

bThe predominant peak based on intensity analysis is reported.
<The Z-Average is the cumulants mean, expressing the mean hydrodynamic particle diameter.

dStandard error of the mean.

epolydispersity index (Pdl), a unitless measure of the width of the size distribution of the particles, ranging from 0 to 1.
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Nano Particle | Low (0.3 ug/ml) | Mid (3 ug/ml) | High (30 pg/ml) | Sum of DEGs
A 6 420 610 1,036
B 190 664 1089 1,943
C 10 25 228 263
D 67 104 168 339
H 397 158 241 796
! 323 480 479 1,282

Table 2: number of differentially expressed genes (DEGs).




A high B high C high D high H high H low | high
Particle size 31 59 25 22 214 214 142
surface area 529 22.2 118 49.8 11.6 11.6 6.99
crystal structure A% RP A> R A A>R R R A
agg. size attime 0 402.8 534.0 331.2 328.0 379.0 153.7 467.9
DEG 610 1089 228 168 241 397 479
DEG/Agg. Size 1.51 2.04 0.69 0.51 0.64 2.58 1.02
DEG/Surface area 11.53 49.05 193 3.37 20.78 34.22 68.53
# of pathway 11 60 13 22 29 41 51
L Fatty acid Glucocorticoid :
1 EIF2 signal EIF2 signali EIF2 si i IF2 signali EIF2 signali
ignaling signaling R aton et ieline F2 signaling EIF2 signaling signaling
Caveolar- Regulation of elF4 A remodeling of - Cell cycle G2/M
amma-linolenate Fatty acid T
2 mediated and P70S6K g : i _y } epithelial ~ DNA damage
: L biosynthesis I activation ; £u
endocytosis signaling adherens checkpoint
Mitochondrial L- 2 iR o e
: e S e i3 gamma-linolenate | 14-3-3-mediated Mitotic roles of
3 Glycolysis Integrin signaling | carnitine shuttle X Fedntes 3 SRR AN AT
biosynthesis [1 ~ signaling Polo-like kinase
pathway e AT A Bt T o
b 2 remodeling of
Mirachonchalls lucocorticoid ithelial
4 Gluconeogensis CDK 5signaling | carnitine shuttle & : : '_ SRS
receptor signaling adherens
pathway : 2
| junctions
Regulation of elF4
s | oroncamn |
- s B 'k & S|i5=h s s signaling
| Actin nucleation Estrogen-
6 FAK signaling by ARP-WASP | dependent breast Aryl i rc?carblon .Stearate : mTOR signaling
s receptor signaling [  biosynthesis
complex cancer signaling :
AR Hepatic 3
Epithelial
Glycogen Acute phase fibrosis/hepatic 2 ? ; Erb2-Erb3
7 4 ) ¢ adherens junction R P
degradation Ill |response signaling stellate cell IS signaling
activation signaling M
Regulation of elF4 Protein
. : g - :
8 and p70S6K ubiquitination attY acnd. Hete Ga;-) M nf:txon DHA signaling | Integrin signaling
; : oxidaation | signaling
signaling pathway
i Al ! e
Fatty acid beta- Astinniclestion Tyrosine ) dos-tero.n 14-3-3-mediated
9 N by ARP-WASP ] ! signaling in B o
oxidation biosynthesis IV o - signaling
complex epithelial cells ; :
Bile acid LXR/RXR id beta- Stear. Stearate
10 . . ./ : Fatty acu-i t : ate_ s . t :
biosynthsis activation oxidation | biosynthesis g s biosynthesis
NRF2-mediated P i
GETSRES FXR/RXR Retinoate kil Breast cancer e Coagulation
11 oxidative stress £ 111 - 3 ubiquintination regulation by ILK signaling
activation biosynthesis Il ) system
response ha Stathmin 1
P . Phenylalanine Regulation of elF4 Glucocorticoid
12 Paxilin signaling : and p70S6k o e
degradation | : : receptor signaling
[of signaling
: = : : 5 h
13 MTOR signaling Athgroscl_erosus . Proline : Prohne' Fatty'acu‘:l beta Acute p- ase_
signaling biosynthesis | degradation oxidation | response signaling
14 Glycogen Sucrose
degradation I1I degradation V
Cell cycle: G2/M |
DNA damage | 4-hydroxylproline | i =
15 ; PTEN signaling Glycol |
checkpoint degradation| | e .mg,_ i Ve
regulation : '

Table 3: Top canon

ical pathways from IPA

protein metabolism related pathways




fatty acid and glucose metabolism related pathways
cytoskeleton related pathways

cell cycle regulation related pathways

nuclear receptor signaling

Stress response
cell proliferation
other metabolism

Pathways don't fit into above categories

a.
Anatase
b
Rutile



functional categories canonical pathways A high | Bhigh | Chigh [ Dhigh | Hhigh | Hlow | [high
crystal structure A>RY | A>R A A> R R R A
surface area 52.9 22.2 118 49.8 11.6 11.6 6.99
Primary Particle size 31 59 25 22 214 214 142
Agg. size at high dose 402.8 | 534.0 | 331.2 | 328.0 | 452.7 | 154.3 | 467.9
DEG 610 | 1089 | 228 168 241 397 479
Mitochondrial dysfunction - - -—- - - 30 e 1
Acute Phase Response
. ---- 7 - -—-- 5 5 13 4
ot . Signaling
ress hesponse NRF2-mediated St
mediated Stress 11 40 L B N L i 5
Response
Hepatic fibrosis/hepatic
stellate cell activation - - o 7 T - - 1
EIF2 signaling 1 1 — -—-- 1 1 1 5
mTOR singaling 5 13 - -—-- 26 39 6 5
Protein Synthesis/ [Regulation of elF4 and P7056K
degradation signaling 8 2 - - 12 10 5 >
Protein Ubiquitination L 3 L 11 L L 18 3
pathway
Cell cycle/cell Cell Cycle: G?/M DNA d:‘ﬂmage . )8 L 15 L L ) 3
liferation Checkpoint Regulation
RrC Myc-mediated apoptosis - 33 - - ---- —== Fas 1
Fatty Acid Activation - e 1 2 --- 20 31 4
Mitochondrial L- iti
itochondrial L-carnitine L L 3 4 L 34 50 a
Shuttle Pathway
metabolism Fatty acid beta oxidation -—-- -—-- 10 8 ---- 13 - 3
Glycolysis 3 S === S e e 15 2
Cholesterol biosynthesis 37,38, il
FXR/RXR signa[ing 11 i
Role of tissue factor in cancer 14 12 2
Breast c.:ancer regulation by 11 1
Stathmin 1
Cancer related Non-small cell lung cancer - "
pathways signaling
Glioma invasiveness signaling 30 1
Estrogen-dependent breast 6 1
cancer signaling
Inflammation complement 29 25 2
Caveolar—.me.dlate.ad 5 31 L . L L L 2
endocytosis Signaling
Endocytosis clathrln-met.ﬂ|ate‘d Endocytosis| 17 L L 27 L 17 3
Signaling
Macropinocytosis — 53 - - — — —- 1

a.
Anatase
b:
Rutile

Table 4. Ranking of selected canonical pathways from
Ingenuity Pathway Analysis. --- means not present on
the list (p< 0.05); Pathways affected by 4 or more

treatments are highlighted and the numbers are

bolded.




A B C D H |
surface area 52.9 22.2 118 49.8 11.6 6.99
dry particle size 31 59 25 22 214 142
agglomerated size (30
402.8 534.0 331.2 328.0 452.7 467.9
pg/ml)
anatase >|anatase > anatase > ;
crystal structure ) ) anatase . rutile anatase
rutile rutile rutile
; < . a
Immuno-spin trapping NE NE NE NE NE NE
(30 ug /ml)
immuno-spin trappinga medium NE large small small NE
(100 ug /mi) increase increase | increase | increase
NOT NOT
GSH (reduced 80% 87% 66% NO
(redyced) : 5 ° | DONE | DONE
NOT NOT
decreased free fatty acid NO Y NO Ye
ased free fatty acids es DONE DONE s
change in a.a and peptides NOT NOT
Yes Yes Yes Yes
levels DONE DONE
change in metabolites in 5 o
. NOT NOT
glycolysis and Yes Yes Yes 5 ONE Yes
Igluconeogenesis RONE 2
fatty acid activation/L- Yes, in
V / NO NO YES YES Yes
carnitine shuttle pathway low dose
protein synthesis YES YES NO NO YES YES
Glycolysis YES NO NO NO NO YES
2. ;
NRF2-mediated stress VES VES NO NO NO NO
response
Acute ph
R TEPORaS NO NO NO NO YES YES
signaling
YES, in low
Mitochondrial dysfunction NO NO NO NO NO G
apoptosis NO yes NO NO NO NO
Cell cycle regulation NO YES NO YES NO YES
hepatic fibrosis NO NO NO YES NO NO
Cancer sigaling NO ES NO YES YES YES

Table 5. Summary table of 6 nano-TiO2 effects

a:s . ;
Kitchin et al., 2011
NE No Effect

data from genomic study
data from metabolomic study




Primary Size Surface
Particle | Range Area % Crystal
ID | Chemical Vendor Cat No. Lot Number | Size (nm) (nm) (m2/gr) Purity Form Assayer
86% :
275 | 1464 | 49 95.1 a":z:f‘e'
i AEROXIDE® -
A TiO2 Degussa P25 4165012298 rutile Vendor
anatase
31 12-88 529 99.9 and Univ
rutile Kentucky
B TiO2 | NanoAmor ) )
oAmo S485HT 030007 59 3697 2222 999 | 3natase Univ
> rutile Kentucky
10 1122- anatase
C Ti02 Alfa Aesar 44690 D22T034 Ve"(.""'
25 6-60 118 98.8 | anatase Univ
. Kentucky
32 45 99.9 anatase Vendor
D TiO2 Alfa A 39953 C27R043 .
' s e 22 | 961 | 498 | 977 || univ
> rutile Kentucky
200-400 6.8 99.97 rutile
H | TiO2 Mknano | MKN-TIO2- 495/2007 - 37 —
R250 214 i 11.6 98.7 rutile Univ
410 Kentuck
Ave.
. 200 anatase Vendor
| TiO2 Acros 21358 A0075656 67
- Univ
142 322 6.99 99.9 anatase Kentucky

Supplemental Table 1. Physical-chemical properties of nano-TiO:
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A .B C D H H low | | mid
primary particle size (nm) 31 59 25 22 14 14
crystal structure A>R A>R A>R A>R R R A A
a. Metabolomics analysis YES YES YES ND ND ND YES YES
GSH -5 -7.7 -29 ND ND ND NC NC
long chain fatty acid NC NC NC ND ND ND down | down
ong chain fatty aci (some) | (more)
lysolipids NC NC NC ND ND ND down NC
sphingolipids up NC up ND ND ND NC NC
b. Mitochondrial Sig.
dysfunction altered
: I, v, m, v
over all change NC L, M,V lup NC I up and V up down
Complex
1
genomics NDUFAF2 1.6*
NDUFB3 1.8
NDUFB7 -1.56
NDUFS8 -1.57
NDUFS7 -1.56 1.50
complex
]
genomics SDHC 1.8
SDHD 1.7
complex
[]]]
genomics UQCRB 2 1.55 -1.70
UQCRH 1.55
Complex
v
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genomics

COX78

1.98

complex
Vv

genomics

ATPSD

ATPSE

1.54

ATP5F1

2.2

ATP5G1

-1.53

total number of altered genes in

complex | to V

Other genes/proteins in mitochondria

genomics

APP
(Amyloid
b, C161)

-2.06

2.10

-1.84

1.82

PRX3

1.54

2.2

Furin

-1.50

metabolomics

NAD+

-1.49

GSH

citrate

-1.49

-1.28
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c. NRF2 signaling Ao | Aeed
NRF2 -1.6
RAS 1.7
PI3K ATM: 1.6
AKT -1.6
MEK1/2 = MAP2k2 -2.1 1.7 -1.7 2
GPX -1.6 1.8
MAFG 1.7 -1.5 1.5
] TXN 1.6
EPHX1, epoxide 16
hydrolase 1
Actin up/d 2.2 2.5 -1.7
SR-B1 d
STIP1 - 1.8 -1.6 -1.54 1.8 1.5 15
TXNRD1 2 -1.5
HSP22/40/90 HS;?O. HSng);\Al. HS;:L DN;\.JGBG.
AOX 15
ccT7 -1.7 1.8 2.2 -1.8 -1.8
GST MGST1:- | MGSTL:
1.8 -2.0
GCLM -1.5
ERP29 -1.7
PTPLAD1 1.6

42




d. Acute phase response sig. sig. Sig. Sig.
altered altered | altered | altered

ILIRN -1.9 18 -1.5 2 -1.6

TNFR -1.5

GP130 1.7

RAS 1.7

AKT -1.7

MEK1/2 -2.1 1.7 -1.7

TCF3/4 -1.6 1.7

HNRPK -4.3 2.8

c3 -1.9 2.5 1.8

A2M -1.8 1.9

HAMP -1.8 -1.6

C4BP -1.5 1.6

SERPIND1 -15

SERPINF -1.9 1.8

Cc2 -2 1.6

SERPING1 -1.6

APOH -1.5

RBP 1.9 1.6 -1.7 -1.7 -1.5

FGB 1.9

FGG 1.6

C5 1.5

HP 16 15 1.5

SERPINE1 -1.4 -1.8 15

SHC1 -1.5

OSMR 1.8
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e. Hepatic fibrosis

Sig.

altered
Leptin (fibrogenic) 15
1i-10 (antifibrotic) 1.8
IGFBP4 (fibrogenic) -1.79 -1.7
PAI-1 (SERPINE1,
plasminogen activator
inhibitor 1)) (fibrogenic) -1.8
usually induced in liver
fibrosis
Sig. Sig. Sig.
f. cell cycle altered altered altered
CCND 1.5 -1.6
G2/M Arrest?? slowed slowed
YWHA
YWHA b,
14-3-3 Y!;{\IlH: e z:1.7, YYVHA b, e: -
1. 2.0, 1.6 e: 1.6 16, -
15
ATM 1.63
CCNB -1.5 -1.6
Cdc2 (CDK1) 1.7 -1.9
Cdc25b/c -1.6
CKS1 1.8
CKS2 -1.7 1.5 -1.6
p21 CIP 15
PIK1({positive regulator
for G2/M) -1.5
Topo i -1.8




EIF2 Sig. Sig. Sig. Sig. Sig.
altered altered altered | altered | altered
overall change down ? NC NC ? ? down
PI3K NC ATM: 1.6 NC NC NC NC NC
RAS NC 1.7 NC NC NC NC NC
AKT NC -1.7 NC NC NC NC
MEK1/2 NC -2.1 NC NC 1.7 -1.7 NC
EIF3 mostly | ostyup | NC NC NC 23 | mosty
down down
EIF4 mostly mostly up NC NC mostly mixed mostly
down up down
PDK1 -1.9 NC NC NC NC 1.7 NC
: |
40 S ribosomal subunit mostly mixed, NC NC mostly | allup:3 | mostly
down down genes down
. allup: | allup: all up:
: | mostl
60 S ribosomal subunit r:;g:::]y mr(r)\;:le du 4 3 d:\:m 20 downy
yup genes | genes genes
SHC -1.5

NC: No change; NE: Not Done

Supplemental Table 2. Gene list and expression levels of pathway genes for 5 major areas (metabolomics

analysis, mitochondrial dysfunction, NRF2 signaling, acute phase response, hepatic fibrosis and cell cycle).

4 Fold change for parameter
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~ Supplemental Information:

Physical-chemical characterization information for nano TiOz2 D and H.
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PR-NC-08-10414. Sample D

Sample D.

This table lists the data supplied by the EPA as provided by the manufacturer or source.
Sample ID D
Vendor Alfa Aesar
Composition TiO,
Catalogue number 39953
Primary particle size, nm 32
Size range, nm -
Surface area, m’/g 45

% purity 99.9
Crystal form anatase

Lot number C27R043 .

1. Elemental analysis by TEWEDX

1.0x10° o

8.0x10%1

6.0x10* e e et e

Counts

4.0x10%1

2.0x10%1 | 1|

1.0 2.0 3.0 4.0 5.0 6.0
Energy (keV)

0

Elemental composition of the sample was recalculated from original EDX data to exclude
Si, which was found in the sample background. Although it is possible that Si is present
in the sample, i_t:could not be distinguished from the background Si.

***Quantification Results**"
Correction method: Thickness

Detector Absorption
Element Weight% Atomic % Uncertainty % Correction k-Factor Correction
O(K) 32.369 58.333 0.068 0.514 1.980 1.000
Al(K) 0.694 0.742 0.009 0.965 1.040 1.000
Si(K) 1.493 1.532 0.011 0.977 1.000 1.000

Ti(K) 65442 - 39.392 0.073 0985  1.299 1.000
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Si and Cl on this EDX spectrum are also present in the background, and cannot be

confirmed by this analysis.

30000 B - S e -[oEnx]
Background of Sample D
" 200004—— ]
nl
10000
\_JIJ l.IL/?\ S cl
c ) ' 1 ) T
0.5 1.0 1.5 20 25
Energy (keV)
+**Quantification Results Background of Sample D*** A
Correction method: Thickness
Detector Absorptlon it
Element Weight% Atomic % Uncertainty % Correction " k-Factor Correction
C(K) 96.565 97.664  0.262 0.173 6.279 1.000
O(K) 2670 2.027 0.024. 0.514 1.980 1.000
Si(K) 0.509 0.220 0.007 0.977 - 1.000 1.000
1.138 1.000

CI(K) 0.254 0.087 0.005 - 0.936

2, Elemental a_nalysié by ICP

Ti = 59.95%
Certified SPEX TiO,. standard Tl 59 93%
Theoretical titanium level in TIOz, Ti = 59.95%.

The contaminants with the hlghest concentrations in the SPEX TiO; standard were: Co

(753 ppm), P (25 ppm), 8102 (538 ppm), and V (250 ppm).

Because the sample showed high purity, the ICP/MS system was set up to find
contaminants, rather than directly measure the titania concentration. A set of thirty-one
elements was checked, as shown in the master table for this analysis. The levels of
contaminants in the highest concentration were: Co (608 ppm), Fe (131 ppm), SiO (495

ppm) and V (171 ppm).

3. Specific surface area/porosity by BET

The BET surface area is 49.8 m?/g. If the sample were individual primary particles that
were not aggregated, the average diameter would be 31 nm. The TEM photomicrographs
suggests an average primary pamcle size of 19 nm, which would correspond to a surface
area of ~82.2 m?/g for discrete primary particles. As discussed in the next section,

Sample D appears to have a multimodal particle size distribution, with a peak centered an
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order of magnitude larger than the primary particle size measured by TEM. This type of
distribution would result in a measured surface area lower than that estimated from the
average diameter of the smallest peak.

Test/estimate Surface D,,, nm
area, mzlg

BET result, estimate of discrete primary particle size 49.8 31.4

Dy result, estimate of primary particle surface area 82.2 19

BET measurements of Sample D

Measurement PR-NC-08-10414

BET, m*/g 47.7

BJH adsorption cumulative surface area of | 51.0 (0.85-150 nm)
pores, m*/g

BJH desorption cumulative surface area of | 53.8 (0.85-150nm)

ores, mlf'g

Single point surface area, mZ/g 47.7 (P/Py=0.300)
BJH adsorption cumulative pore volume, 0.30

cm’/g

BJH desorption cumulative pore volume, 0.30

cm’/g

t-plot micropore area, m’/g 0.85

t-plot external surface area, m"‘/g 48.9

BJH adsorption pore diameter (4V/A),nm | 11.6

BJH desorption pore diameter (4V/A),nm | 10.9

4. Primary and aggregated size by TEM and DLS

TEM images show nearly spherical primary particles with a wide range in particle size
distribution.

0.2um’ 50 nm
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Figure 4.1 a&b. Sample D. Few large aggregates are visible (RHS), and the
primary particles appear to be agglomerated rather than aggregated (LHS).

Figure 4.2. Sample D nanoparticles
on the edge of the lacey carbon
grid.

© oo oo
g o ~ 0o

I + Sample D
— log normal

=
~

cumulative frequency

© oo
- N W
oy

o
(Moo

T

0 50 100 150
Diameter, nm

Log normal model parameters. Evaluation of TEM images gave the following table of
the log normal distribution parameters that describe Sample D. The average particle size
is 19 nm. The model is systematically higher in cumulative frequency than the data for
particle sizes greater than 30 nm, i.e., there are more large particles than the model
predicts. Some much larger primary particles, ~ 300 nm, were observed in SEM photos
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but not in the TEM images. Sample D likely has a multimodal particle size distribution,
with one peak centered near 20 nm, another near 100 nm, and a third near 300 nm.

Log normal model coefficients

Coefficient Estimate Average standard | Estimate/A.S.E.
error
Mean, Inp 2.931 0.005 831
[exp(n) = 19 nm]
Standard dev., 6 0.527 .006 83.6
Diameter range, 90% of sample fraction i
Dos, nm Average diameter, Dys, nm
nm
Data 8 18 ; 52
Model 8 18 e 44

5. Crystal structure by XRD

XRD pattern of the sample was matched with JCPDé'c’érds # 21-1272 and #21-1276
which correspond to anatase and rutile. This sample contains- mixture of anatase and

rutile with anatase being predominant phase.
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6. Elemental analys:s
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The elemental analys:s results showed little carbon (<0. 05%), hydrogen (0.24%) and
nitrogen (< 0. 12%) These results are typlcal for high purity inorganic solids with sorbed

water.

The elemental analys;s of the SPEX titania standard was: carbon (<0.05%), hydrogen (<
0.01%) and mtrogen (<0. 01%)

7. Particle shape and morphology by TEM and SEM
Nanopartlcles in this sample are almost perfect spheres. They exhibit little aggregation,

there is a wide particle size distribution, and they are crystalline. Two analyses reveal
evidence of functionalization or contamination - TEM/EXD detects Al .

7

Table 7-1. Primary particle and aggregate sizes.
Method Particle # Dgv, nm | Range, | Comments
type nm
TEM Primary 101 |22 9-61 Individual ‘ primary
nanoparticles observed.
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agglomerates No obvious fusion between
primary particles.
DLS 1* peak NA | 100 92-129
2" peak NA | 650 480-675
SEM Primary ~300 Observed in several images
Aggregates 1-25 um Most of the mass is the
largest aggregates
Sample ID Sample D (Combined) 100
Operetor ID  NM ] E
Elapsed Time 00:05:00 : gso ;
Mean Diam. 228.1 nm % 1 E
0 1
Rel. var. 0.498 'so.o . seoo.o'
Skew 3.257 Dlametsr (nim )
dinm) G(d) Cd) dnm) G(d) C(d] dinm) G(d) C(d)
1294 0 0| 2807 0 92| 6089 O 92
1388 0 0| 3012 o0 92| 6534 6 94
1490 0 O 3231 o0 92| 7010 6 95 -
1598 48 14| 3467 0 92| 7521 2 96 hd
1715 77 37| 3720 0 92| 8070 O 96
1840 100 67| 3991 o0 92| €659 11 100
1974 58 84| 4283 0 92| 9280 1 100
2118 28 92| 4595 0 92| 9968 O 100
273 0 92| 4930 0 9210695 O 100
2438 0 92| 5290 0 92| 11475 0 100
2616 0 92| 5575 0 9212312 0O 100

DLS. i

The DLS sample was somcated and the number frequency distribution is shown below.
The smallest size fraction observed (100 nm) is larger than the maximum primary particle
measured in TEM (60 nm), it appears likely that sonication did not completely fracture
the aggregates to prrmary partlcles The volume frequency plot shows a second aggregate
peak near 650 nm in length scale. -

SEM images with arrows pfbinting to large primary particles ~350 nm in diameter. The
rest of the primary particles are much smaller.
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Appendix

D. Sample TiO,, Alfa Aesar, Cat No. 39953, Lot No. C27R043

4. Primary and aggregated size by TEM and DLS

Primary size of the particles was determined by using Digital Micrograph program from
Gatan (files in .dm3 format). Parameters of only clearly visible and non-overlapping
particle could be determined by this method. Each random qualified particle was outlined
manually and analyzed by the software.

Figure 2. Sample D Images 3 and 4 analyzed
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i
Figure 3. Sample D Images 5 and 6 analyzed

10



PR-NC-08-10414. Sample D

.. * .
Vol
Figure 6. Sample D Image 12 analyzed
7. Particle shape and morphology by TEM and SEM

TEM images of the sample
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50 nm

12



PR-NC-08-10414. Sample D

:‘;"
,-,:"-‘ .-o
- A
L 3
¢

07-Aug-08

WD14.9mm 3.0kV x1.0k

Saum




PR-NC-08-10414. Sample D

v

07-Aug-08

WD14.

e

9mm

3.0kV x1

0k

14



PR-NC-08-10414. Sample D

WD15.0mm 3.0

"a

KV x50

15



PR-NC-08-10414. Sample H.

Sample H.

This table lists the data supplied by the EPA as provided by the manufacturer or source.
Sample ID H

Vendor Mknano
Composition TiO,
Catalogue number MKN-Ti02-R250
Primary particle size, nm 200-400

Size range, nm -

Surface area, m2/g 6.8

% purity 99.86
Crystal form rutile

Lot number 459/2007

1. Elemental analysis by TEM/EDX

Output of the EDX data depends on the several factors such as a position of the sample
(above the Lacey carbon or on the side of Lacey carbon), position of the spot (in the
middle of the sample or at the edge of the sample), and morphology of the particles.
Below are two examples that demonstrate difference of EDX results. In first example, the
spot was positioned in the middle of the sample. In second example, the spot was
positioned close to the edge of the sample.

Example 1. Spot was positioned in the middle of the sample

["= EDXPeak Fit
e v | 0 EDX -

B000 = | | e e e e e e

40004 s e e

3000 - [

Counts

i

20004 [ .
1000 }J
si

G 1 1 )

2.0 . 4.0 6.0
Energy (keV)
***Quantification Results***
Correction method: Thickness
Detector Absorption

Element Weight% Atomic % Uncertainty % Correction k-Factor Correction
O(K) 26.417 51.508 0.295 0.514 1.980 1.000
Si(K) 1.243 1.380 0.054 0.977 1.000 1.000
Ti(K) 72.339 47.110 0.349 0.985 1.299 1.000
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Example 2. Spot was positioned close to the edge of the sample

***Quantification Results*** at edge
Correction method: Tt_\ickness

Detector Absorption
Element Weight% Atomic % Uncertainty % Correction k-Factor Correction
O(K) 31.868 58.274 0.675 0.514 1.980 1.000
Si(K) 0.258 0.268 0.064 0.977 1.000 1.000

Ti(K) 67.873 41.456 0.713 0.985 1.299 1.000

Background of sample H

20001~ . i ‘-:- zgi Peak Fit I

1500,

1000

500+ Ti O

}J ljmi A

(-]

20 4.0 . 6.0
Energy (keV)

***Quantification Results***
Correction method: Thickness

Detector Absorption
Element Weight% Atomic % Uncertainty % Correction k-Factor Correction
C(K) 97.760 98.401 0.861 0.173 6.279 1.000
O(K) 1.950 1.473 0.068 0.514 1.980 1.000
Si(K) 0.289 0.124 0.021 0.977 1.000 1.000

TiO, composition was confirmed. C, Cu, and Si in this sample came from copper grid
-covered with Lacey carbon. No measurable presence of other elements was detected in
the sample.

Elemental composition of the sample was recalculated from original EDX data to exclude
Si. Si was found in a background of the sample. Although it is possible that Si is present
in the sample, it could not be distinguished from the background Si.

2. Elemental analysis by ICP

Ti=59.40
Certified SPEX TiO; standard; Ti = 59.93%.
Theoretical titanium level in TiO,; Ti = 59.95%.
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The contaminants with the highest concentrations in the SPEX TiO; standard were: Co
(753 ppm), P (25 ppm), SiO2 (538 ppm), and V (250 ppm).

Because the sample showed high purity, the ICP/MS system was set up to find
contaminants, rather than directly measure the titania concentration. A complete set of
thirty-one elements was checked, as shown in the master table for this analysis. The
levels of contaminants in the highest concentration were: Al (896 ppm), As (707 ppm),
Co (396 ppm), Na (218 ppm), SiO2 (496 ppm), V (121 ppm).

3. Specific surface area/porosity by BET

The BET surface area is 11.6 m*/g, which would be equivalent to discrete primary
particles of titania having an average diameter of 135 nm. This corresponds well to the
average primary particle size estimated from TEM measurements of 214 nm (which
would correspond to a surface area of 6.4 m%/g).

Test/estimate Surface D,,, nm
area, m%/g

BET result, estimate of discrete primary particle size 11.6 135

D,y result, estimate of primary particle surface area 6.4 214

BET measurements of Sample H

Measurement PR-NC-08-10414
BET, m’/g 11.6

BJH adsorption cumulative surface area of | 8.98 (0.85-150 nm)
pores, m*/g

BJH desorption cumulative surface area of | 10.5 (0.85-150nm)
pores, mz/g

Single point surface area, m’/g 10.9 (P/Py=0.300)
BJH adsorption cumulative pore volume, | 0.050

cm’/g

BJH desorption cumulative pore volume, 0.051

cm3/g

t-plot micropore area, m/g 0.60

t-plot external surface area, m’/g 10.9

BJH adsorption pore diameter (4V/A),nm | 11.0

BJH desorption pore diameter (4V/A), nm | 9.7




PR-NC-08-10414, Sample H.

4. Primary and aggregate size

TEM images show that most primary particles are ~200 nm in diameter. However, the
distribution of primary particles is at least bimodal, as there are some nanoparticles with
diameters near ~50 nm.

¥,

Image HI a, b&c. Image Hla shows
2 um aggregates. Image H1b shows
typical aggregates in the submicron
range. Image Hlc shows an aggregate
with a spherical cluster containing
nanoparticles less than ~ 50 nm in
diameter.

. £ —:
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Sample H log normal
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Log normal model parameters. Evaluation of TEM images gave the following table of
the log normal distribution parameters that describe Sample D. The average particle size
is 214 nm. The cluster containing small nanoparticles appears as a “step” for 50 nm <D
< 100 nm on the cumulative frequency curve. The smaller nanoparticles are likely to
cause an increase in the surface area measurement compared to the distribution average.

Log normal model coefficients

Coefficient Estimate Average standard | Estimate/A.S.E.
error
Mean, Inp 5.372 .005 1153
fexp() =214 nm]
Standard dev., & 0.387 0.008 46
Diameter range, 90% of sample fraction :
Dgs, nm Average diameter, Dos, nm
nm
Data 64 225 368
Model 114 214 409
Average size in 64

small cluster
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5. Crystal structure by XRD

XRD pattern of the sample was matched with JCPDS card #21-1276 which correspond to
rutile. The peaks are extremely narrow which indicates large primary size of the particles.

 Fie corogran A Date Corenent *
Rutte 27.58° _m
800—
‘s453
m—
B
400—
49
4 . 69.22%
200 56.92° “
'“y- " .
‘3943 f285ha 22,
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vyt ad s adid ] i Ak A e AN st i
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6. Elemental content

Degrees 2-Theta

The elemental analysis results showed little carbon (< 0.05%), hydrogeh (0.07%) and
nitrogen (< 0.01%).

The elemental analysis of the SPEX titania standard was: carbon (< 0.05%), hydrogen (<
0.01%) and nitrogen (< 0.01%).

7. Particle shape ahd morphology

Table 7-1. Primary particle and aggregate sizes.

Method Particle # D.v, nm | Range, | Comments
type nm

TEM Primary 91 214 37-410 | Bimodal distribution
aggregates ~1000

DLS 1* peak; ~500 Appears to be near the




PR-NC-08-10414. Sample H,

primary particle average
diameter
2" peak; | NA | ~2000 Typical aggregate size
aggregates
SEM Primary 250-500
Aggregates 15-25
um
Sample ID Sample H (Combined) 100
Operator ID - NM w75 f :
Elapsed Time 00:05:00 gso 5 ;
Mean Diam. 466.8 nm n ; ;
0 1 1
Rel. Var. 0.024 L 1 = itton
Skew 10519 Clam étar (nim )
dinm) G(d) Cref  d(nm) Gte) C(d)f dinm) G(d) C(d)
2854 0 0| 7313 0 100 | 18742 0 100
308 0 0| 7967 0 100 | 20416 O 100
3386 O 0 8678 0 100 | 222389 O 100
Numbet v
3689 0 0 9453 0 100 | 24226 0 100
4018 79 23| 10208 0 100 | 26380 O 100
4377 94 51| 127 0 100 | 28747 0 100 |
4768 100 80 | 12219 0 100 | 31314 0 100
5194 28 88| 13314 0 100 | 34111 0 100
5658 18 94 | 14439 0 100 | 37158 O 100
6163 22 100 | 15794 0 100 | 40477 O 100
6714 0 100 | 17205 0O 100 | 44082 O 100

SEM photos show aggregates in the range of 15-25 um and primary particles near 400
nm.

SE 22-Sep-08
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Appendix
H. Sample TiO,, Mknano, Cat No. MKN-TiO2-R250, Lot No. 459/2007

4. Primary and aggregate size

Primary size of the particles was determined by using Digital Micrograph program from
Gatan (files in .dm3 format). Parameters of only clearly visible and non-overlapping
particle could be determined by this method. Each random qualified particle was outlined
manually and analyzed by the software.
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7. Particle shape and morphology
TEM images of the sample
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SEM images of the sample

WD15.1mm 3.0KV x30k  lum
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