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e and others have previously

demonstrated that the ability of

metal and metal oxide (MOx) nano-
particles to generate oxygen radicals and
oxidative stress constitutes one of the princi-
pal injury mechanisms through which engi-
neered nanomaterials (ENMs) can induce
adverse health effects.'~® Moreover, we have
demonstrated that the induction of oxidative
stress by nanoparticles is a multi-tier event
in which the generation of antioxidant de-
fense (Tier 1) precedes the activation of pro-
inflammatory (Tier 2) and cytotoxic (Tier 3)
responses at higher levels of oxidative stress.” °
The elucidation of the hierarchical oxidative
stress paradigm allowed us to develop a
multi-parameter, high-throughput screen-
ing (HTS) assay that assesses cellular oxygen
radical generation, calcium flux, mitochon-
drial depolarization, and cytotoxicity in a
time- and dose-dependent fashion.>'%'"
This assay, performed by fully automated
robotic equipment and epifluorescence mi-
croscopy, allows HTS of large batches of
nanoparticles in a single experiment. High
content data generation at multiple time
points and a wide range of particle doses
provides rich data sets for in silico hazard
ranking (e.g., heat maps) as well as under-
standing the relationship of nanoparticle
physicochemical properties to cellular oxi-
dant injury potential.

MOx nanoparticles represent an indust-
rially important category of nanomaterials
that is produced in high volume and fre-
quently used for their semiconducting
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ABSTRACT We demonstrate for 24 metal
oxide (MOx) nanoparticles that it is possible to
use conduction band energy levels to delineate their
toxicological potential at cellular and whole animal
levels. Among the materials, the overlap of con- g
duction band energy (£) levels with the cellular redox potential (—4.12 to —4.84 eV) was strongly
correlated to the ability of Co30,, (r,03, Ni,05, Mn,05, and Co0 nanoparticles to induce oxygen
radicals, oxidative stress, and inflammation. This outcome is premised on permissible electron
transfers from the biological redox couples that maintain the cellular redox equilibrium to the
conduction band of the semiconductor particles. Both single-parameter cytotoxic as well as multi-
parameter oxidative stress assays in cells showed excellent correlation to the generation of acute
neutrophilic inflammation and cytokine responses in the lungs of (57 BL/6 mice. C030,, Ni,0s,
Mn,05, and CoO nanoparticles could also oxidize cytochrome ¢ as a representative redox couple
involved in redox homeostasis. While Cu0 and Zn0 generated oxidative stress and acute pulmonary
inflammation that is not predicted by £, levels, the adverse biological effects of these materials
could be explained by their solubility, as demonstrated by ICP-MS analysis. These results
demonstrate that it is possible to predict the toxicity of a large series of MOx nanoparticles in
the lung premised on semiconductor properties and an integrated in vitro/in vivo hazard ranking
model premised on oxidative stress. This establishes a robust platform for modeling of MOx
structure—activity relationships based on band gap energy levels and particle dissolution. This
predictive toxicological paradigm is also of considerable importance for regulatory decision-making
about this important class of engineered nanomaterials.

KEYWORDS: metal oxide nanoparticles - band gap energy - surface dissolution -
oxidative stress - in vitro and in vivo toxicity

properties, including as catalysts for redox
reactions in engineered systems and natural
environments.'>~'* From a biological per-
spective, these semiconducting properties
could be responsible for generating adverse
health outcomes, as suggested by the acute
inflammatory effects of metal oxide weld-
ing fumes in the lungs of welders or the
rodent lung during deliberate exposure.’'®
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Moreover, epidemiological data indicate that chronic
metal oxide exposures can lead to pneumoconiosis
(such as by aluminum oxide and iron oxide).'”'® Not
only can oxide semiconductors serve as conduits for
electron transfers between aqueous reactants, but the
occurrence of these transfers is dependent on simi-
larities in the energetic states of the nanomaterials and
ambient redox-active aqueous substances. While the
relevant energy levels for the semiconductor are the
top of the valence band (E,) and the bottom of the
conduction band (E), the relevant energy level for
aqueous substances is their standard redox potential
(E9."° Thus, the feasibility that electron transfers will
take place between the semiconductor and redox-
active bystanders is the relative energetics of E, or E.
versus E°. Extrapolation of this concept to oxide nano-
particles that are introduced into an aqueous biologi-
cal environment, such as the cellular interior, should
consider the role of material band gap in relation to the
energy levels of the biomolecular redox couples that
maintain the cellular redox potential in the range of
—4.12 to —4.84 eV.%° Burello and Worth have recently
suggested a theoretical framework in which the rela-
tionship between the cellular redox potential to MOx
band gap could explain why some of these materials
generate oxidative stress and toxicity.??? According to
this band gap hypothesis, the reasoning is that it
should be possible to predict the oxidative stress
potential of MOx nanoparticles by comparing the E,
and E. levels to the cellular redox potential. Thus,
when the biological and material energetic states are
similar, the permissive electron transfers could lead to
formation of oxidizing or reducing substances that
decrease the levels of antioxidants and/or increase
the production of reactive oxygen species (ROS) and/
or oxidized biological materials.?’** This concept
dovetails with our hierarchical oxidative stress hypoth-
esis, which is premised on the concept that the Tier 1
response attempts to maintain and restore the cellular
redox equilibrium by increased expression of glutathione
and other redox-active substances following the activa-
tion of the Nrf2 pathway.”?>?* If, however, this defense is
overwhelmed by an escalating amount of ROS, the cellular
response shifts to activation of pro-inflammatory signal-
ing cascades and ultimately to mitochondrial-mediated
cell death.”??* These injurious oxidative stress effects
also manifest as pulmonary inflammation during inhala-
tion exposure or particle instillation in the lung.' ®

In addition to the possible contribution of MOx
surface energy states, it is important to consider the
contribution of dissolution and metal ion shedding to
nanoparticle toxicity.?® The driving force for dissolution
depends on the metal solubility in a given biological
environment as well as the concentration gradient
between the particle surface and the bulk solution.
While for highly soluble materials, like ZnO, the major
toxicological impact is the release of metal ions,'*® we also
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need to consider that for less soluble materials both the
catalytic nanoparticle surface as well as ion release could
contribute to the toxicity and ROS generation.> Moreover,
itisimportant to consider that MOx dissolution depends on
redox potential and that it is possible to distinguish reduc-
tion/dissolution as well as oxidation/dissolution reactions.>®

In consideration of the complementary ideas dis-
cussed above, we set out to determine whether the
expression of the valence and conduction band en-
ergies of 24 MOx nanoparticles in relation to the
cellular redox potential (—4.12 to —4.84 eV) could be
used to compare their performance in our multi-
parametric HTS assay for oxidative stress*'%'" as well
as in acute pulmonary inflammation in C57 BI/6 mice.
We were also interested to see whether the use of
in silico hazard ranking and other statistical tools®”%® can
be used to establish a predictive toxicological paradigm
in which in vitro toxicological ranking predicts the in vivo
toxicological outcome. Out data demonstrate that it is
indeed possible to predict the in vitro as well as in vivo
toxicity of the selected oxide nanoparticles based on E.
as well as the materials' dissolution characteristics,
thereby establishing a predictive toxicological paradigm
that can be used for modeling of MOx toxicity.

RESULTS

Acquisition and Physicochemical Characterization of MOx
Nanoparticles To Determine Band Gap Energy versus Biological
Redox Potential. Twenty-four MOx nanoparticles, which
cover representative oxides across the periodic table,
were chosen for the study premised on E. energy levels
that are higher, in the range of or lower than the
cellular redox potential (—4.12 to —4.84 eV). E. was
chosen because this represents the lowest unoccupied
molecular orbital that participates in electron transfers
from and to the MOx surface, while the valence band is
usually occupied.'®?"?? Thus, if the cellular redox
potential is higher than the conduction band edge of
the MOx, the direct electron transfer from the aqueous
electron donor to the E. can proceed.'®?"*? Alterna-
tively, electrons injected from an aqueous donor could
be transferred to the nanoparticle and from there to a
series of ambient electron acceptors until a steady
state is reached. While a few of the materials were
synthesized in-house by flame spray pyrolysis (CuO,
Co30,4, Fe30,4 Sb,0s5, TiO,, WOs5, and ZnO), which
allowed control over the primary particle size, the
majority of the materials were acquired from commer-
cial sources (Table 1), where it was not always possible
to specify the specific particle size. Primary particle
sizes, as determined by TEM, were in the range
10—100 nm, except for Cr,O3 and Ni,Os that were much
larger, exhibiting sizes of 193 + 90.0 and 1406 +
52.5 nm, respectively (Supporting Information, Figure S1).
The crystallinity of these materials was determined by
XRD, which showed that most particles were of high
quality, exhibiting single-crystalline phases and without
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TABLE 1. Commercial Source Information for Metal Oxide
Nanoparticles

metal oxide NPs source catalogue number

Al,03 Meliorium Technologies Al,05 NPs, 10 nm

Ce0, Meliorium Technologies Ce0, NPs, 8 nm

(o0 SkySpring Nanomaterials 23105C

(r,03 US Research Nanomaterials, Inc. US3060

Fe,05 US Research Nanomaterials, Inc. US3200

Gd,0; Nanostructured & Amorphous 2681RE
Materials, Inc.

Hf0, US Research Nanomaterials, Inc. US3245

In,0; US Research Nanomaterials, Inc. US3250

La,05 Nanostructured & Amorphous 2920RE
Materials, Inc.

Mn,0; Nanostructured & Amorphous 3610FY
Materials, Inc.

NiO Sigma-Aldrich 637130

Ni,03 SkySpring Nanomaterials 54205C

Si0, Nanostructured & Amorphous 4850MR
Materials, Inc.US

Sn0, Research Nanomaterials, Inc. US3460

Y,03 Meliorium Technologies Y,03 NPs, 8—10 nm

Yb,0; MKNano MKN-Yb203-090

Ir0, US Research Nanomaterials, Inc. US3600

TABLE 2. Primary and Hydrodynamic Sizes of Metal Oxide
Nanoparticles

size (nm)

metal oxide

nanoparticles primary water BEGM DMEM
Al,03 147 +£52  2829+37 2604169 2305+66
Cuo 128 +£34 2633+£45 305356 3138+£49
(Ce0, 183+68 1976+70 2616+£73 2484+22
(050, 100+24 1745+41 2227 +£44 2303 +£45
(o0 71.8 + 162 1848 + 114 2083 +54 191.6 = 7.1
(ry03 193.0 +90.0 2564 +54 3169 +56 318779
Fe,05 123429 1447 +£27 2063 £68 1966 £ 43
Fe30, 1204+32 1984 +£41 2566+£93 2436+53
Gd,03 438+ 158 1957 £43 2274+ 46 2220 + 49
Hf0, 284+73 29184112 3077 +£43 2806+ 16
In,05 596 +19.0 1922421 2598 +12 2445+ 25
La,05 246 +53  211.0 4105 1551493 1626 £ 2.0
Mn,03 515+73 2868 +28 2984494 2917 £ 119
Ni0 131459 2280457 2028 +30 1895+ 3.1
Ni;03 140.6 + 525 3114 4+71 3395499 3226 £+ 13.6
Sh,05 N8+33 1476+18 27494193 1955+ 3.1
Si0, 135+42 1134+£42 1819+£89 46.4 + 1.0
Sn0, 624 + 132 2037 +47 24254+50 1980+79
Ti0, 126 £43 1660 +63 109.2 £ 88 559 + 1.2
W0, 166 =43 1766 £18 1961 +£25 1985+ 22
Y,05 327 +81 31224154 3322490 3516 £ 89
Yb,03 617 £ 113 2307 =18 29.1+57 2356 £ 36
In0 226 +51 20454+ 151 M474+£105 694+ 04
110, 40.1 £ 126 3065+ 103 3143+£99 3123+ 102

noticeable contaminants (Supporting  Information,

Table S1). Ni,O5 and Fes0, are the only two exceptions,
in which small fractions of other crystalline phases were
detected (i.e.,, NiO in Ni,O5; and Fe,05 in Fe;0,).
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TABLE 3. Parameters for Calculation of Band Energies of
Metal Oxide Nanoparticles

metal oxide nanoparticles  yoxde (6V) Egmeasurea (6V) PZZP  E E,
Al,03 5.67 83 74 —151 981
Cuo 5.87 1.34 79 =517 —6.51
(Ce0, 5.65 3.65 78 —38 745
(050, 593 243 94 —459 —7.02
(o0 5.74 241 92 —442 —6.83
(r,03 5.86 3.08 53 —444 752
a-Fe,03 5.98 1.99 72 —499 —6.99
Fe30, 5.78 1.85 5 =5 —6.85
Gd,03 55 5.28 8§ —283 81
Hf0, 571 541 81 —296 —837
In,03 5.58 3.69 92 —363 —732
La,05 5.38 5.77 94 —238 —8.15
Mn,03 592 299 37 —465 —7.63
Ni0 5.74 3.88 14 —357 —745
Ni;03 6.05 338 83 —431 —7.69
Sh,0; 5.51 4.49 1 364 814
Si0, 6.19 9.1 1T =202 —-1.12
Sn0, 5.81 4 4 —401 -8.01
Ti0, (anatase) 5.77 333 64 —416 —7.49
W0, 6.64 3.05 03 —553 —859
Y,03 541 5.85 96 —235 82
Yb,03 543 5.1 82 —283 —793
In0 5.67 331 96 —38 —72
110, 5.62 5.04 58 =319 823

Assessment of the hydrodynamic sizes by DLS in
water, as well as BEGM and DMEM tissue culture media,
demonstrated hydrodynamic sizes below 340 nm,
which reflects the dispersal effect of BSA or 10% fetal
calf serum (FCS), respectively (Table 2). Band gap
energy was measured by UV—vis spectroscopy, while
conduction (E.) and valence (E,) band energies were
calculated (Table 3) using eqs 1 and 2 as shown in the
Materials and Methods section.'®?'?? All of the energy
levels, including cellular redox potential, were ex-
pressed according to the absolute vacuum scale
(Figure 1). According to this band gap profiling, six of
the 24 nanomaterials (TiO,, Ni,O3, CoO, Cr,03, Co30,,
and Mn,0s) showed potential overlap of E. with the
redox interval between —4.12 and —4.84 eV and were
therefore predicted to participate in electron transfers
between the particle surfaces and biological redox
couples that maintain the cellular homeostasis.?*>°

Single-Parameter Cellular Toxicity Testing Using MTS, ATP,
and LDH Assays. The cytotoxicity of the MOx nanoparti-
cles was assessed by single-parameter assays in human
bronchial epithelial (BEAS-2B) as well as murine mye-
loid (RAW 264.7) cell lines, using single-parameter MTS,
ATP, and LDH assays. These assays were included
because they are commonly used to screen for ENM
cytotoxicity without reference to a specific mechanism.
Following exposure to the selected nanoparticles over
a wide dose range (400 ng/mL to 200 ug/mL), perfor-
mance of the MTS assay in BEAS-2B cells showed that
seven oxide nanoparticles significantly decreased cell
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Figure 1. Proposed relationship of band gap energy to the cellular redox potential (—4.12 to —4.84 eV). Conduction band (E.)

and valence band (E,) were calculated according to eqs 1 and 2

described in Materials and Methods. Band gap energy (Ey) was

measured by UV—vis spectroscopy, and absolute electronegativities (yoxiqe) Were calculated using a set of equations reported
by Portier et al.>® Point of zero zeta-potential (PZZP) was determined by measuring zeta-potentials of each nanoparticle
suspension over a wide pH range (typically 2—11). According to this band gap profiling, six of the 24 nanomaterials (TiO,,
Ni,03, CoO, Cr,03, Co30,4, and Mn,03) showed potential overlap of E. with the cellular redox interval and were therefore
predicted to participate in electron transfers between the particle surfaces and the cellular redox couples. These band gap
predictions are very close to those predicted by Burello, who calculated E. and E, by using the theoretical Eg,60 Xoxide derived
from Portier's studies,” as well as the PZZP reported in the literature.®’ The toxicological predictions for TiO,, Ni,Os, CoO,

Cr,03, Co304, Mn;03, CuO, and Fe,03, according to the latter

viability, with CuO, Mn,03, CoO, and ZnO NPs, demon-
strating a marked decline in cell viability while Co30,,
Cr,03, and Ni,O5 had lesser but still significant effects
(Figure 2A). The rest of the materials analyzed had no
significant effect on cell viability (Figure 2A). Almost
identical results were seen in RAW cells (Figure S2A).
The ATP assay confirmed the results of the MTS assay,
showing a dose-dependent decline in the cellular energy
levels in response to Coz0,4, Cry,05, NiyOs3, CuO, Mn,0s,
Co0, and ZnO, with the rest of the materials not showing
any significant effect (Figure 2B and Figure S2B). In
contrast, the LDH assay showed a robust increase in
membrane leakage in response to CuO, Mn,0s;, CoO,
and ZnO in both cell types, while Co30,, Cr,03, and Ni,O3
had lesser but still significant effects (Figure 2C and Figure
S2Q). The rest of the materials did not exert a significant
effect on cellular viability. All considered, there was
excellent correlation between the different cellular meth-
ods for nanoparticle toxicity assessment.

Calculation of the slopes of the dose—response
relationships in the MTS and ATP assays demonstrated
that Co304, Cr,05, NiyO3, CuO, Mn,05, CoO, and ZnO
resulted in slopes that are significantly steeper than the
rest of the materials in both cell types (Figure 3). These
slopes were used for calculating the corresponding
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set of calculations, are shown in Figure $10.%'

logECs, values, which confirmed that the materials
with steeper dose—response relationships exhibit sta-
tistically significantly lower ECsq values than the rest of
the materials (Supporting Information Table S2). Thus,
the calculated logECsqg values of Co304, Cr,03, NiyOs,
CuO, Mn,03, CoO, and ZnO nanoparticles were <3.71
with relatively small standard deviations (<0.67), while
the rest of the materials showed large or infinite values.
Although there was a trend toward lower logECs,
values for NiO, Y,0s3, and SnO,, these results were not
statistically significant and were accompanied by large
standard deviations.

Multi-Parameter Toxicity Testing Shows an Excellent Predic-
tion with Band Gap Overlap. We also performed in vitro
toxicological analysis utilizing our automated multi-
parametric HTS assay, which has been developed to
assess a functionally inter-related group of Tier 3 oxida-
tive stress responses as previously described *'%"" De-
tails of the assay are recapitulated in Figure S3 and
Table S3. This multi-parameter fluorescence assay
quantitatively assesses changes in ROS production (DCF
and MitoSox red fluorescence), intracellular calcium flux
(Fluo-4 fluorescence), mitochondrial membrane poten-
tial (JC-1 fluorescence), and surface membrane perme-
ability (Pl uptake) in BEAS-2B and RAW 264.7 cells
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Figure 2. Single-parameter toxicological screening of MOx nanoparticles in BEAS-2B cells. (A) MTS assay; (B) ATP assay;
(C) LDH assay. This experiment was performed by introducing a wide dose range (400 ng/mL to 200 «g/mL) of each material to
10000 cells grown in 96-well plates overnight and then performing the assays with commercial kits as described in Materials
and Methods. The left-hand panels show the profiles of particles with significant toxicity, and the right-hand panels show the
profiles of nontoxic materials. Comparable data for RAW 264.7 cells appear in the Supporting Information, Figure S2.

(Figure S3). The particles were introduced over the dose were contemporaneously assessed at hourly intervals for
range of 400 ng/mL to 200 ug/mL, and above responses 1—6 h and again at 24 h. The assay utilizes experimentally
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Figure 3. Calculation of the dose—response slopes for the MTS and ATP assays in BEAS-2B and RAW 264.7 cell lines. The data for
the MTS and ATP assays in Figure 2 were first normalized and then used to calculate the slopes for all of the nanoparticles using a
sigmoid dose—response function. The slopes of Co30,, Cr,0s3, Ni,O3, CuO, Mn,0s, CoO, and ZnO are significantly steeper than
the rest of the nanoparticles. The slopes were also used to calculate the corresponding logECs, values, as shown in Table S2.

determined fluorescence threshold values to score the %
cells with supra-threshold intensities as detailed in
Materials and Methods.>'®"" The rich data sets (e.g., 36 960
data points for each cell type in Figure 4) were statistically
analyzed through the strictly standard mean deviation
(SSMD) method'"?7?8 to generate a heat map in which a
red display signifies significant toxicity while green re-
presents no significant change (Figure 4). This display
ranked the 24 included materials into two major cate-
gories, namely, a group of seven nanoparticles (Cos0y,,
Cr,03, NiyO3, CuO, Mn,03, CoO, and ZnO) with robust and
comparable multi-parameter responses in both cell types
while the rest of the materials showed lesser or no effects
(Figure 4A,B). While most of the robust response param-
eters included increased Pl uptake, MitoSox Red, and
JC-1 fluorescence, CuO and ZnO nanoparticles induced
stronger intracellular calcium flux that did not feature as
prominent for other particle types. We also constructed a
Pearson correlation matrix to assess the degree of corre-
lation between the different response parameters in the
HTS assay (Figure S4). The results show that P, Fluo-4,
MitoSox Red, and JC-1 fluorescence shows strong corre-
lation coefficiencies within each cell type, as well as
between cell types, demonstrating a high degree of
consistency among these phenotypes.

ZHANG ET AL.

In order to reconcile the data in the single- and
multi-parameter assays, we performed a principal
components analysis (PCA) of the full data set (Figure
S4). This analysis confirmed strong correlation be-
tween PI, Fluo-4, MitoSox Red, JC-1, LDH, MTS, and
ATP and the first principal component of variation.
Thus, there was a good agreement between the multi-
parameter and single-parameter responses, confirm-
ing that Co30,4, Cr,0s, Ni,03, CoO, Mn,03, CuO, and
ZnO nanoparticles are potentially more hazardous in
general toxicity assays as well as during comparative
analysis of their oxidative stress effects in the multi-
parameter assays. Equally important, the toxicity of five
of these materials (with the exception of CuO and ZnO)
were predicted by the E. overlap with the cellular redox
potential (Figure 1).

In Vivo Toxicity Testing Shows an Excellent Correlation
between In Vitro Toxicological Analysis and Development of
Pulmonary Inflammation in the Mouse. Although there
was an excellent correlation between single-parameter
and multi-parameter in vitro toxicity assays, the major
goal of a predictive toxicological exercise is to demon-
strate the correlation of the in vitro results with tox-
icological outcomes in vivo.”® While a number of
studies have demonstrated that the propensity of
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Figure 4. Heat maps to compare the toxic oxidative stress potential of MOx nanoparticles in BEAS-2B and RAW264.7 cells using the
multi-parameter HTS assay. (A) Heat map for BEAS-2B cells. (B) Heat map for RAW cells. The heat maps were established using SSMD
statistical analysis to evaluate the supra-threshold cellular responses by automated epifluorescence microscopy in the high-
throughput screening laboratory. The response parameters included measurement of surface membrane permeability (Pl),
intracellular calcium flux (Fluo-4), ROS generation (MitoSox Red and DCF), and mitochondrial membrane depolarization (JC-1).
Cells were treated with a wide dose range of MOx nanoparticles, beginning at 400 ng/mL and then doubling the dose up to 200 «g/
mL. Epifluorescence images were collected hourly for the first 6 h and then again that 24 h. The rationale of the assay and the addition
of the cocktails according to the layout of the individual 384 plates are explained in Supporting Information Figure S3. The utility of
these dyes, their excitation/emission wavelengths, and response profiling are explained in Supporting Information Table S3.

nanomaterials like oxide nanoparticles to induce ROS toxicological assays for a variety of reasons, including
production and oxidative stress at cellular level and the selection of the toxicological parameters that are not
intact lung,®> % it has been difficult to demonstrate a directly comparable. However, we know that transcrip-
robust relationship between the in vitro and in vivo tional activation of the nuclear factor (NF)-«B and
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activator protein-1 (AP-1) response elements down-
stream of the oxidative stress triggered NF-«B and the
MAP kinase signaling cascades is involved in cytokine
and chemokine production,?**! which could result in
acute pulmonary inflammation. Moreover, assessment
of pulmonary inflammation has been used as a platform
for comparing the toxicity of MOx nanoparticles.'>*232
We were interested, therefore, to see how the assess-
ment of acute pulmonary inflammation in the mouse
model compares to the in vitro toxicity assays and the
material band gap predictions. Because of logistical
reasons (number of animals in one experiment), it was
not possible to perform experimentation on all of the
MOx nanoparticles assayed in vitro, so we used two
experiments to compare in each a number of nanopar-
ticles from the predicted high (Co30,, Cr,05, Ni,O3, CuO,
Mn,03, and CoO nanoparticles) with the predicted low
(Y503, ZrO,, CeO,, HfO,, In,03, NiO, Fe,03, and Fe;0,),
toxicological categories (Figure 5 and Figure S6). ZnO
was not included in these animal studies because we
have previously demonstrated its acute pro-inflamma-
tory potential in a murine model based on its ability to
induce oxidative stress."?® In the first set of experiments,
we compared the acute pro-inflammatory effects of
20 ug of Co30,4 and Cr,0O3 with the same amount of
CuO with NiO, Fe,0s, and Fe;0,4 nanopatrticles, which
were oropharyngeally instilled (Figure 5, experiment 1).
This dose was chosen based on preliminary dose—
response analysis of a limited number of materials,
which demonstrated that 20 ug falls on the steep part
of the dose—response curve."?® The mice were sacri-
ficed after 40 h, and bronchoalveolar lavage (BAL) fluid
was collected for the performance of differential cell
counts as well as measuring cytokine and chemokine
levels. The data demonstrated that Cos0,4, Cr,03, and
CuO induced statistically significant (p < 0.05) increases
in neutrophil cell counts (Figure 5A), MCP-1 (Figure 5B),
and IL-6 (Figure 5B) levels compared to NiO, Fe,05, and
Fes0,. Moreover, ELISA microarray analysis of the BAL
fluid by the Pacific Northwest Laboratory confirmed
that, in addition to our in-house cytokine assays, at least
10 cytokines and chemokines were significantly in-
creased in response to the materials with the predictive
higher toxicological potential (not shown). Similarly, in
the second experiment, particles with a predictive higher
toxicological potential (Mn,03, CoO, and Ni,O3) showed
statistically significant increases in neutrophil, MCP-1,
and IL-6 levels compared to Y,0s, ZrO,, CeO,, HfO,,
and In,03 (Figure 5A—C). Figure S6 shows the integrated
data set for all of the animal experiments and confirms
the excellent agreement of the pulmonary with the in
vitro toxicological outcomes, namely, that Cos0,, Cr,0s,
Ni,Os, CuO, Mn,03, CoO, and ZnO have a higher tox-
icological potential than other MOx nanoparticles.

The comparison of materials with predictive high
and low toxicological potential was also carried out by
using “normalized toxicological size effects” in vivo and
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in vitro (Figure 6A and Figure S7). The in vivo effect size
was defined by a T-statistic value that analyzes the
difference between the mean neutrophil cell counts in
MOx-exposed versus non-exposed animals. The in vitro
effect size was defined as the expected probability of
cytotoxicity according to the classification tree model
that is described in Materials and Methods as well as
the next section. This regression model assigns a
number between 0 and 1 for each nanoparticle, with
“1" meaning 100% confidence of a cytotoxic effect and
“0” meaning no chance. In this comparative analysis,
nanoparticles with an in vitro toxicological probability
>50% (Cr,03, Mn,03, CoO, CuO, Ni,Os3, Co30,4) were
statistically more likely to induce a high neutrophil
response in the animal lungs (Figure 6A). Similar results
were obtained in the analysis of the IL-6 and MCP-1
data (Figure S7). Further demonstration that differ-
ences in the toxicological outcomes reflect the materi-
als' oxidative stress potential was provided by
performing Western blotting analysis of the lungs of
the animals in experiment 1 to look at expression of
heme oxygenase 1 (HO-1), a sensitive Tier 1 oxidative
stress marker (Figure 6B). Thus, while Co30,, Cr,05, and
CuO induced HO-1 expression, the same response was
not seen with NiO, Fe,03, and Fe30,. In contrast, there
was no change in the expression of the household
gene, f-actin (Figure 6B). These results agree with the
in vitro multiparameter data.

Assessment of MOx Nanoparticle Dissolution Demonstrates
That the High Dissolution Rates of Zn0 and Cu0 Are Associated
with MOx Toxicity Independent of E. Levels. While the pre-
dictions premised on E. overlap with the cellular redox
potential (Figure 1) show excellent correlation to the
toxicological assessment for five of six materials in vitro
(Figures 2 and 4) as well as in vivo (Figure 5), ZnO and
CuO were associated with significant cellular and lung
toxicity, yet do not exhibit band gap overlap in accor-
dance with the calculations in Figure 1. We have
previously shown that ZnO toxicity depends on nano-
particle dissolution,'?® suggesting that band gap en-
ergy is not required for promoting oxidative stress
injury in vitro and in vivo. Since CuQ is also a dissolvable
nanomaterial, we used ICP-MS analysis to compare the
dissolution of the full panel of MOx nanoparticles in
water, BEGM, and DMEM. The results, which are dis-
played in Figure 7A, indicate that among the seven
materials exhibiting predictive in vitro and in vivo
toxicological potential only ZnO and CuO dissolved
by ~10% or more in tissue culture media. Thus, ZnO
dissolution amounted to 33.7 & 0.4 and 37.2 & 0.9%,
respectively, in BEGM and DMEM, while the compar-
able percentages for CuO were 17.9 £+ 0.2 and 9.4 +
0.8%, respectively. Only CoO among the predicted
toxic nanoparticles showed significant metal shedding,
amounting to 3.4 and 2.9%, respectively, in BEGM and
DMEM. Co30,, Cr,03, Ni,O3, and Mn,03 nanoparticles
yielded dissolution percentages <1%.
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Figure 5. Acute metal oxide toxicity in the lungs of C57 BL/6 mice. (A) Neutrophil counts in BAL; (B) MCP-1 level; (C) IL-6 level.
Two experiments were performed to compare small groups of materials with predicted low and high toxicological potential
according to the in vitro assays. In the first experiment, the predicted toxic Cos0,4, Cr,0s, and CuO nanoparticles were
compared with predicted less toxic NiO, Fe,03, and Fe;04 nanopatrticles. In the second experiment, the predicted toxic Mn,03,
CoO, and Ni,O3 nanoparticles were compared with predicted less toxic Y,03, ZrO,, CeO,, HfO,, and In,05 nanoparticles. The
mice received 20 ug of each of the nanoparticles by oropharyngeal installation, followed by sacrifice at 40 h. Bronchoalveolar
lavage (BAL) fluid was collected for the performance of differential cell counts as well as measuring cytokine and chemokine

levels; *p < 0.05 compared with control.

In order to display the toxicological impact of band
gap versus material dissolution, a regression tree was
constructed to display these predictors as nonlinear
functions superimposed on actual toxicological out-
come as determined by the single-parameter assays

ZHANG ET AL.

(LDH, MTS, ATP, PI). A parameter representing the
nanoparticles' toxicological outcome was then used
for partitioning these materials' toxicological profiles
according to a display of E. values versus % metal
dissolution (Figure 7B). Each nanoparticle's toxicological
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Figure 6. In vivo toxicity validation for in vitro predicted
probability and differential oxidative stress potentials in
lung tissues. (A) In vitro to in vivo toxicity prediction. The
in vivo effect size was defined by a T-statistic value that
analyzes the difference between the mean neutrophil cell
counts of MOx-exposed vs non-exposed animals as shown
in Figure 5A. The in vitro effect size was defined as the
predicted probability of cytotoxicity according to the clas-
sification tree model as described in Materials and Methods.
Large values of the t test statistic indicate large mean
differences between exposed and control mice, whereas
large values for probability indicate nanoparticles that are
likely toxic. The predicted probability of in vitro toxicity vs
the T-statistic of the in vivo toxicity data was plotted to
compare the toxicity difference. The dot colors reflect the
toxicological potential over a graded scale varying from
yellow to red. (B) Heme oxygenase 1 (HO-1) expression in
the lung tissue of mice. Toxicological differences that reflect
the different materials' oxidative stress potential in experi-
ment 1 (as shown in Figure 5) were provided by performing
Western blotting analysis of the lungs of the animals to
show the expression of heme oxygenase 1 (HO-1).

performance was calculated by computing the area
under the LDH dose—response curve, which was then
used for classifying their toxicity. In the example shown
in Figure 7B, MOx toxicity is classified according to a
graded color scale varying from safe to toxic. Super-
imposition of these categories on the E. versus % metal
dissolution grid resulted in a regression tree that parti-
tions the materials according to their dissolution and
energy levels. The display in Figure 7B shows that using
a % dissolution >13.05% led to the isolation of ZnO and
CuO as dissolvable materials, which both performed in
the highly toxic category. However, for nanoparticles
with dissolution <13.05%, there was more heterogene-
ity. Thus, nanoparticles with an electronvolt between
—4.2 to —4.8 (Cr,03, Co0, Co30,4 Ni,0s3, and Mn,0s3)
belong to the category of toxic or highly toxic materials,
which is in good agreement with the band gap

ZHANG ET AL.

predictions in Figure 1. In contrast, low solubility nano-
materials with an electronvolt above or below this redox
interval showed little or no toxicity. Similar results were
obtained when using the steepness of the dose—
response curve for making the comparisons. In sum-
mary, the regression tree delineates two groups of toxic
materials, namely, materials with a high % of metal
shedding (ZnO and CuO) as well as less soluble materials
that exhibit E. values that overlap with biological redox
potential. Similar results were obtained when construct-
ing regression trees from the data obtained from the
MTS, ATP, and PI assays (not shown).

MOx Nanoparticles and Metal lons Selectively Affect the
Cytochrome ¢ as an Example of One of the Redox Couples That
Determine the Cellular Redox Potential. According to the
band gap hypothesis,>'*? nanoparticles with E. values
that overlap with the cellular redox potential could
engage in electron transfers to and from the redox
couples that maintain the cellular redox potential
(Figure 8A). To confirm this hypothesis, effects of the
nanoparticles on redox couples were studied by spec-
troscopic methods. As a representative redox couple,
cytochrome c-Fe**/cytochrome c-Fe?" was chosen
for several reasons: (i) cytochrome c is an essential
component of the mitochondrial electron transport
chain, where ROS generation can take place; (ii) HTS
screening demonstrated increased superoxide level
(detected by MitoSox Red) in mitochondria; (iii) cyto-
chrome c oxidation can be easily monitored by UV—vis
spectroscopy that shows dual peaks (534 and 550 nm)
for the reduced form while the oxidized form shows a
single peak at 540 nm. Figure 8B and Figure S9 show
examples of the changes of the UV—vis profiles of
cytochrome c in response to all 24 nanoparticles. The
top left-hand panel in Figure 8B shows the UV—vis
spectroscopy profile of reduced and oxidized cyto-
chrome ¢; while the reduced form of this molecule
exhibited two peaks at 534 and 550 nm, the oxidized
version shows a single peak at 540 nm. These differ-
ences reflect the oxidation status of the heme group in
this molecule (Figure S8). Figure 8B also demonstrates
that while ZnO is incapable of oxidizing cytochrome c,
CuO and Mn,05 could convert the heme Fe?" to Fe3*
(Figure S8), resulting in a dose-dependent shift in the
spectroscopic characteristics. This shift was used to
quantify the % reduced cytochrome ¢, which demon-
strated that in addition to CuO and Mn,03, CoO, Co30,,
and Ni,Os could also induce its oxidation (Figure 8C).
By contrast, TiO, and Cr,0; failed to do so. Additional
UV—vis profiles are included in Figure S9. Since we
have attributed the toxicity of ZnO and CuO to their
solubility, we were interested in comparing the effects
of soluble ZnCl, and CuCl, on the cytochrome ¢ redox
status. Figure 8D demonstrates that while CuCl, is
capable of oxidizing cytochrome ¢, ZnCl, does not
have the same potential. This suggests that CuO
nanoparticle dissolution can impact cytochrome c's
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Figure 7. Assessment of metal dissolution of metal oxide nanoparticles and regression tree analysis for the toxicological
impact of metal dissolution versus conduction band energy. (A) Graph shows the % of metal dissolution for the individual
nanoparticles in different incubation media. The analysis was performed by suspending 200 ug/mL of each of the
nanoparticles in deionized water or cell culture medium, followed by incubation at room temperature for 24 h. The
supernatants were collected by centrifugation at 20 000g for 30 min and digested by concentrated nitric acid at 90 °C for 3 h.
The well-digested solutions were dried by evaporation at 120 °C and dissolved in 3 mL of 5% nitric acid for ICP-MS
measurement. (B) Toxicological impact of metal dissolution versus conduction band energy. Cytotoxic potential of
nanoparticles was defined by the area under normalized dose—response curve in LDH assay. A regression tree model was
used to define recursive partitions in the dissolution and E. domains aimed at characterizing regions among possible values of
the particle descriptors where nanoparticle cytotoxicity is relatively homogeneous. The model shows that partitioning
premised on a % dissolution >13.05 isolates ZnO and CuO as dissolvable materials that are also toxic or highly toxic. In
contrast, nanoparticles with a dissolution <13.05% could be partitioned according to their E. values, according to which
particles with an E, of —4.2 to —4.8 eV are those that exhibited higher toxicity in the LDH assay.

redox status independent of the effect of the material
band gap. This is compatible with the literature data
showing that Cu?** can oxidize cytochrome ¢, being
converted to Cu™ in the process.3*** All considered,
these results demonstrate that among the MOx nano-
particles showing E. overlap with the cellular redox
potential (Co30,, Cr,03, Ni;O3, Mn,05, and Co0), most
materials are capable of oxidizing cytochrome ¢,
with the exception of Cr,0s. Besides the cytochrome
c-Fe*"/cytochrome c-Fe?™ redox couple, we also
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investigated NADP*/NADPH, using a similar spec-
troscopic approach. The result showed that Mn,03
was capable of NADPH oxidation (not shown). This
suggests that individual redox couples may be
selectively affected by individual oxide nanoparti-
cles according to specific band gap levels. More
work is required to develop a comprehensive un-
derstanding of the full range of interactions be-
tween oxide nanoparticles and biological redox
couples.
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Figure 8. Spectroscopic analysis of oxidation of reduced cytochrome ¢ by toxic MOx nanoparticles and free metal ions. (A)
Demonstration of the series of redox couples that contribute to the maintenance of the cellular redox potential in the range of
—4.12to —4.84 eV. This includes the contribution of reduced/oxidized cytochrome c. (B) UV—vis spectroscopy was performed to
demonstrate the change in the redox state of cytochrome c (40 «M) in the absence (top-left panel) or presence of ZnO (top-right
panel), CuO (bottom-left panel), and Mn,0; (bottom-right panel) over a dose range of 400 ng/mL to 50 ug/mL. Reduced
cytochrome c shows two peaks at 534 and 550 nm, while its oxidized version has a single peak at 540 nm. The presence of ZnO
does not change the oxidation status, while CuO and Mn,0; nanoparticles could oxidize cytochrome c. (C) Percent oxidation of
reduced cytochrome c in the presence of metal oxide nanoparticles with predictive toxicity. While incremental doses of Co30,,
Ni,03, CuO, Mn,03, and CoO nanoparticles could significantly decrease the % of reduced cytochrome ¢, Cr,03, ZnO, and TiO,
nanoparticles failed to do so. (D) UV—vis spectroscopy looking at possible cytochrome c (40 M) oxidation by soluble ZnCl, and
CuCl, over the same dose range as for the nanoparticles in (B). CuCl, is capable of oxidizing cytochrome ¢, while ZnCl, does not
have the same effect, demonstrating that Cu®>" ions can contribute to the nanoparticle effect on this redox couple.

DISCUSSION

In this paper, we demonstrate for a core sample of 24
MOx nanoparticles that it is possible to use conduction
band energy levels to delineate the role of a key
semiconductor property in the generation of cellular
oxidative stress and acute pulmonary inflammation.
Overlap of the conduction band energy levels with the
cellular redox potential was strongly correlated to the
ability of Co304, Cr,03, Ni,O3, Mn;03, and CoO nano-
particles to induce ROS production, oxidative stress,
and pro-inflammatory effects in this predictive toxico-
logical model. Both single- as well as multi-parameter
cellular assays showed strong correlation with the
generation of acute neutrophilic inflammation and
cytokine responses in the lungs of CB57 BI/6 mice.
The multi-parameter assay allows high-throughput
screening of an integrated series of sublethal and lethal
cellular responses triggered by cellular oxidative
stress.>1%1T Co30,, Ni,O3, Mn,0s, and CoO nanoparti-
cles could also be shown to oxidize cytochrome c as a
representative example of one of the redox couples
that maintain the cellular redox potential in the range
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of —4.12 to —4.84 eV. These redox couples are also
involved in the antioxidant defense of Tier 1 of the
hierarchical oxidative stress response, and it is there-
fore of considerable interest that overlap of the energy
states of redox couples with the conduction band of
specific oxide nanoparticles could play a permissive
role in determining ROS production and onset of
oxidative stress. Among the materials showing E. over-
lap with the cellular redox potential, only TiO, failed to
exhibit significant pro-oxidative and oxidative stress
effects. While CuO and ZnO generated oxidative stress
and acute pulmonary inflammation that is not pre-
dicted by E. levels, the adverse biological effects of
these materials could be explained by their solubility,
as demonstrated by ICP-MS analysis. The metal ions
released from these materials are well-known inducers
of ROS production, oxidative stress, and pulmonary
inflammation. Soluble Cu ions could also induce cyto-
chrome ¢ oxidation. Taken together, these results
demonstrate, for the first time, that it is possible to
predict the toxicity of a large series of MOx nanopar-
ticles in the lung premised on semiconductor
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properties and an integrated in vitro/in vivo hazard
ranking model. This establishes a robust platform for
future modeling of MOx structure—activity relation-
ships based on band gap energy levels and particle
dissolution. Our predictive toxicological paradigm is of
considerable importance for regulatory decision-mak-
ing about a class of ENM materials that is of high
industrial importance. Our ability to use HTS to perform
a comparative toxicological analysis could also speed
up the rate of safety assessment and safe implementa-
tion of MOx nanoparticles.

Review of the literature indicates that a number of
studies have been undertaken in cells, bacteria, and
animals to show differences in the hazard potential of
MOx's.! ~62635730 Whijle there are agreements as well
as differences of opinion regarding (i) the hierarchical
ranking of MOx toxicity; (ii) coherence of response
outcomes in cells versus whole organisms; (iii) the
reproducibility of the toxicological screening tools,
most studies agree that (i) the toxicity of MOx nano-
particles can be traced to the catalytic properties of the
intact particles as well as their propensity to shed metal
ions;"#2%3>35 (ji) particle catalytic effects and dissolved
metal ions contribute to ROS generation and oxidative
stress injury;37’43 and (iii) particulate-induced oxida-
tive stress in response to ENMs as well as ambient
ultrafine particles is closely related to the generation of
pulmonary inflammation.?~®32#4~46 While a variety of
primary MOx nanoparticle properties (e.g., size, crystal-
linity, aspect ratio, surface area, dispersion, dissolution,
semiconductor and band gap activity, surface coating,
etc.) could contribute to these pro-inflammatory and
pro-oxidative effects, a key property of semiconduct-
ing materials is participation in electron transfers in the
setting of an aqueous environment, such as biological
fluids or the cellular interior that contains electrolytes
and redox-active biological molecules. Moreover, it is
well-known from the catalyst literature that electrons
can only be transferred if the energetic states of the
semiconductor and redox couples in the aqueous
environment are of approximately the same magni-
tude ."® Thus, an important advance in understanding
MOx toxicity has been the suggestion by Burello and
Worth that the valence and conduction band energies
in relation to the biological redox potential could
explain these materials' oxidative stress effects.?'??
According to this theory, calculation of the band gap
energies from the electronegativities of the constitu-
ent metal oxide atoms and expression on the same
energy scale as the redox potentials of couples active
in biological media may be useful to predict material
toxicity.2"?? On the basis of historical examples taken
from the literature, these authors went on to predict
that this theory could explain why TiO,, CuO, FeO, and
Fe,O3 could lead to biological hazard by inducing
oxidative stress effects.
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We selected 24 commonly used oxide nanoparticles
to experimentally assess the E.and E, values and to test
their toxicological predictions with respect to the
in vitro and in vivo oxidative stress responses included
in our hierarchical oxidative stress paradigm.”® For the
reasons described below, we settled on the overlap of
E. values with the cellular redox potential to study the
selected materials' in vitro and in vivo oxidant injury
potential, utilizing cellular screening assays, an acute
pulmonary inflammation model, and in silico hazard
ranking tools as key ingredients of our predictive
toxicological modeling. The current study represents
the largest and most comprehensive predictive tox-
icological analysis of oxide nanoparticles, providing
novel insight into how semiconductor properties could
relate to in vitro and in vivo hazard potential. Not only
do we demonstrate a direct relationship of cellular
oxidative stress responses to MOx conduction band
energy levels, but we also show that there is an
excellent correlation with the ability of Co30,4, Cr,03,
Ni,Os, Mn,03, and CoO nanoparticles to induce acute
pulmonary inflammation. The likely explanation for
this in vitro to in vivo correlation is activation of
the NF-«<B and MAP signaling cascades by an ad-
vanced degree of oxidative stress,?*2%°% which, in
turn, reflects the specific surface energy levels of these
materials.

While the relevant energy levels for a semiconductor
are the top of the valence band and the bottom of the
conduction band, electron transfers to and from redox-
active aqueous species in the vicinity of the semicon-
ductor are dependent on the highest occupied and
lowest unoccupied electronic levels in the MOx
nanoparticles.'®?'?? Electron transfers to and from
the aqueous redox couples likely only occur when an
orbital from the semiconductor shares an energy level
with one of the orbitals in a redox couple. If the
electron transfer involves the acceptance of an elec-
tron, this could lead to the occupation of a previously
unoccupied electronic level while donation requires
that an electron be removed from an occupied
level."”?"?2 Thus, when the semiconductor is intro-
duced into a solution containing redox-active species,
electrons will be transferred across the semiconductor/
redox couple interface until the chemical potentials of
the electrons in the solid and the solution are equal-
ized. This could be direct transfer reactions to and from
the nanomaterial as well as secondary reactions that
involve to a cascade of intermediary electron acceptors
until equality is reached. Because the valence band in
most semiconductors is occupied while the electronic
levels in the conduction band are mostly empty, we
focused on the electron transfer conditions in which
the biological redox potential is higher than the mate-
rial's E. level. Such materials could accept an electron
into their conduction bands. As an illustration of that
possibility, we performed an abiotic experiment in
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which we demonstrated that reduced cytochrome ¢
can be oxidized by Co30,4 Ni,O3, Mn,03, and CoO
nanoparticles. Oxidation of the heme group in these
biomolecules constitutes the first demonstration that a
MOXx nanoparticle can change cytochrome c¢ redox
status. We have also demonstrated that Mn,03 nano-
particles can oxidize NADPH to NADP* under abiotic
conditions (not shown) and propose that a series of
related electron transfers between the conduction
band of individual MOx nanoparticles and energeti-
cally related biomolecules couples could determine
ROS generation at select subcellular sites.

It is possible that the specific orbital composition of
different types of oxide nanoparticles could play a key
role in determining their biological impact. For in-
stance, in most non-transition-metal oxides (e.g., ZnO,
Sn0,), the bottom of the conduction band is primarily
composed of metal s orbitals while the top of the
valence band is primarily composed of oxygen 2p
orbitals.'® For transition oxide nanoparticles with low
d electron occupancy (e.g., TiO,, ZrO,, WOs), the top of
the valence band is still mostly derived from the
oxygen 2p orbitals while the conduction band is fre-
quently derived from metal d orbitals.' Electrons in
the conduction band and holes in the valence band
often confer high reducing and oxidizing power for this
class. For oxides of transition metals with high d
electron occupancy (e.g., Fe;03), metal d states are
present in both valence and conduction band edges."®

In their theoretical framework, Burello and Worth
used the electronegativities of the constituent atoms
and oxide band gap values, assuming that these
materials do not exhibit additional energy levels in
the band gap and therefore behave like bulk
materials.2"*? Although they used theoretical calcula-
tions for the band gap of 70 oxide nanoparticles with
diameters >20—30 nm, several of the materials hy-
pothesized in their analysis to be potentially toxic did
not show toxicity in our in vitro and in vivo toxicological
analyses. However, when using Burello's theoretical
calculations for the materials we have studied, most of
the conduction band gap predictions still held true,
with the exception CuO and Fe,Os that were absent
from our projections (compare Figure 1 with Figure
S10). We did observe, however, that CuO caused robust
pro-oxidative and pro-inflammatory effects. To ac-
count for this discrepancy, we studied particle dissolu-
tion in the tissue culture media, using ICP-MS analysis.
This demonstrated that CuO and ZnO are highly dis-
solvable and could be segregated during regression
tree analysis from materials utilizing band gap energy
to induce oxidative stress and inflammation. The re-
gression tree clearly delineates two modes of MOx
toxicity: one that can be explained by shedding of toxic
metal ions and the other dependent on the E_ values of
less soluble MOx nanoparticles. Moreover, our previous
studies have demonstrated the importance of ZnO
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dissolution in generating oxidative stress injury at
cellular and pulmonary levels, including the ability to
control the toxicity by using less soluble Fe-doped ZnO
nanoparticles.>?® While soluble ZnCl, failed to impact
cytochrome ¢ oxidation, the abiotic assay demon-
strated that soluble CuCl, is capable of oxidizing the
heme group. All considered, the above data demon-
strate that while band gap energies present a good
opportunity for modeling MOx toxicity, we should also
pay attention to other properties that contribute to
toxicity. Moreover, it is important to consider that
material band gap is dependent on primary particle
size, pH, temperature and pressure, which we could
not address in the current study for logistical reasons.
However, we are planning more detailed experimenta-
tion that will use combinatorial ENM libraries that
incorporate systematic change of particle size, shape,
dissolution, etc. to build a more comprehensive model.
These studies will also consider contribution of reduc-
tion/dissolution and oxidation/dissolution processes
that depend on the redox status of the cell. In this
regard, Auffan et al. have suggested that two kinds of
metallic nanoparticles can be distinguished, namely, (i)
fully or partially oxidized nanoparticles with the redox
potential higher than that of the bioactive redox
couples, and (ii) fully or partially reduced nanoparticles
characterized by a redox potential lower than that of
the cellular redox couples.?®

An interesting false-positive prediction was the ob-
servation that TiO, failed to induce noticeable pro-
oxidative and pro-inflammatory effects in spite of E.
overlap with the cellular redox potential. One possible
explanation is that this material's conduction band is
extremely close to the upper edge of the cellular redox
potential range and may not provide enough differ-
ential for electron transfer. It should be noted that the
proposed redox potential range does not necessarily
have solid boundaries and may be subject to change in
specific intracellular locations based on the redox
couples that play a role at these sites. Therefore,
prediction making based on energy “overlap” alone
can be ambiguous when dealing with materials that
exhibit conduction band energy levels close to the
boundary. Another possibility is that our studies are
being conducted under dark or non-UV exposure
conditions (ambient indoor light conditions), in con-
trast to the circumstances where we have recently
shown the emergence of TiO, toxicity and oxidative
stress, namely, the use of UV exposure conditions
in mammalian cells and bacteria.>'>? It is well-known
that absorption of photons with energy higher than
the TiO, band gap energy can promote an electron
from the valence to the conduction band of TiO,,
with the concomitant generation of a hole in the
valence band. The photoexcited electrons and holes
can then react with aqueous electron acceptors and
donors, respectively. However, for a spontaneous
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reaction to occur under non-UV exposure conditions,
electrons cannot enter the conduction band. We
theorize, therefore, that under our study conditions
TiO, redox reactions cannot be completed and that
this explains the lack of oxidant injury and toxicity.
While the crystalline phase of TiO, could play arole in
toxicological outcome, our nanospheres include
both the rutile and anatase (20:80%) phases without
noticeable toxicity. It is also worth mentioning
that TiO, shape change to nanowires can induce
lysosomal injury due to the long aspect ratio of the
wires.>?

This study holds a number of important implications
for the field of nanotoxicology and the safe implemen-
tation of nanotechnology to the benefit of society. The
first is the use of HTS to develop a predictive toxicolo-
gical paradigm that attempts to link specific MOx
physicochemical properties to an oxidative stress in-
jury paradigm at cellular and lung levels. While there
are several potential shortcomings of in vitro screening
assays as well as the use of instillation exposures in
mice, the ability to link hazard ranking at cellular level
to hazard ranking in vivo allows toxicological binning
of in vitro and in vivo toxicological data to set priorities
for the study of materials that could lead to exposures
in workers, consumers, and the environment. HTS
allows hazard ranking of a large number of materials,
as shown in this study, helping to prioritize which
materials should undergo further safety testing and
should be considered for early regulatory considera-
tions. Because of the logistical limitations of the num-
ber of animals that can be used for safety assessment,
we demonstrate how the in vitro hazard ranking could
be used to prioritize the in vivo studies. In vivo studies,
in turn, help to validate the in vitro screening assays.
The demonstration of the highly significant statistical
association of (i) E. levels with toxicological outcomes,
(ii) single-parameter with multi-parameter cellular as-
says, and (iii) in vitro to in vivo toxicological outcomes
demonstrates the feasibility of using a predictive tox-
icological approach for more extensive modeling of
MOx toxicity. The overall impact will be to speed up the
rate at which ENMs are being assessed as well as to
define structure—activity relationships that can be
used for safer design of nanomaterials.

Finally, it is also important to summarize the limita-
tions of the current study. Although the Burello and
Worth theory based on the overlap of conduction band
energy with the cellular redox potential correlates
reasonably well with our in vitro and in vivo toxicity
results, this does not necessarily mean the nanoparticle
toxicity potential was solely determined by the “over-
lap”. One may notice that materials like Fe304 and WO5
actually have conduction band positions lower than
the biological redox potential range that, based on
thermodynamic considerations, should allow electron
injection into their conduction bands. The fact that
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these materials do not show any noticeable toxicity
suggests that other factors may play a role in determin-
ing the toxicological potential of metal oxide nanopar-
ticles. This could include variables such as the Fermi
levels of the MOx nanoparticles as well as the HOMO
and LUMO energy levels of the biomolecules. Acquisi-
tion of a large number of MOx nanoparticles from
commercially available sources places limitations on
the selection of primary particle size, which does play a
role in determining band gap energy levels."® Thus,
while our in-house synthesized materials could be
made to required size specifications, it was not possible
to obtain identical sizes from the commercial suppliers.
In vitro assays are hampered by the number of poten-
tial pitfalls related to the interactions of nanoparticles
with the test system analytes.>® We systematically
excluded the occurrence of false-positive or negative
results by developing standardized procedures for
assay development as discussed previously.”® Oro-
pharyngeal aspiration delivers a one-time dose that
does not accurately reflect aerosolized inhalation, de-
position, distribution, and fate in the lung.” Thus, the
instillation approach is only valid for hazard ranking
and cannot be used for detailed analysis of real-life
exposures and calculation of toxicological relevant
nanoparticle doses. However, hazard ranking does
provide a stratification of the toxicological potential
of nanoparticles and serves as a prioritization process
to determine which materials should be subjected to
aerosolized inhalation studies, which require a lot of
time, effort, and money. Thus, aerosolized exposure is
not practical as an initial screening procedure. While
we have been able to generate in vitro dose—response
slopes that have allowed us to calculate ECs, values;
this is only the first step toward more detailed dosi-
metry, which requires in vitro to in vivo extrapolation.
One approach is to convert the mass per volume dose
to mass per surface area in the tissue culture dish and
the lung to perform a comparative analysis.® Another is
to convert particle surface area dose to impacted sur-
face area in the tissue culture dish and lung.*® With the
emergence of the current predictive toxicological
paradigm, we are now in a position to select specific
materials with contrasting toxicological profiles to per-
form more detailed in vitro to in vivo dosimetry anal-
ysis. These dosimetry studies have to consider the
dispersion characteristics of the nanoparticles because
the formation of a protein corona can change the
hydrodynamic sizes of the primary particles and, there-
by, affect their gravitational settling during perfor-
mance of cellular studies.®® This could change the
dynamics of cellular uptake and the intracellular do-
se—response kinetics that are required to initiate
oxidative stress.>®>” In spite of all these shortcomings,
the consistency of our toxicological evaluations as well
as the excellent correlation between in vitro and in vivo
data sets suggests that our study approach and
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toxicological paradigm will lead to major advances in
understanding MOx toxicity.

CONCLUSION

Using 24 representative metal oxides, we demon-
strate that the toxicity of metal oxide nanoparticles
closely correlates with their semiconducting property
and band positions. Overlap of metal oxide conduction
band energies (E.) with the cellular redox potential
(—4.12 to —4.84 €V) can lead to ROS generation and
oxidative stress injury as well as the generation of
pulmonary inflammation, which can be assessed by

MATERIALS AND METHODS

Materials. Metal oxide nanoparticles were obtained through
in-house synthesis or purchasing from commercially available
sources as outlined in Table 1. A flame spray pyrolysis reactor was
used for the in-house synthesis of CuO, Cos0,, Fe304, Sb,05, TiO,,
WOs5, and ZnO as previously described by us.'*'%>" All chemicals
were reagent grade and used without further purification or
modification unless otherwise indicated. Reagent grade water
used in all experimental procedure was obtained from a Milli-Q
water purification system (Millipore, Bedford, MA).

Physicochemical Characterization. All of the nanoparticles were
provided in powdered form. Transmission electron microscopy
(TEM, JEOL 1200 EX, accelerating voltage 80 kV) was used to
observe the shapes and primary sizes of the nanoparticles.
Samples were prepared by placing a drop of the aqueous
nanoparticle suspension on a carbon-coated TEM grid and
waiting until the water evaporates. X-ray powder diffraction
(XRD, Panalytical X'Pert Pro diffractometer, Cu Ko radiation) was
utilized for identifying the crystal structure of each material. The
XRD pattern was collected with a step size of 0.02° and a
counting time of 0.5 s per step over a range of 10—100° 26.
High-throughput dynamic light scattering (HT-DLS, Dynapro
Plate Reader, Wyatt Technology) was performed to determine
the particle size and size distribution of the nanoparticles in
water and the cell culture media following the procedure
developed in our previous study.*® Zeta-potential measure-
ment of the nanoparticle suspensions in water was performed
using a ZetaPALS instrument (Zeta Potential Analyzer, Brookha-
ven Instruments Corporation, Holtsville, NY). Metal dissolution
was determined by inductively coupled plasma-mass spectro-
metry (Perkin-Elmer SCIEX Elan DRCII ICP-MS).%8 Forty micro-
liters of freshly prepared metal oxide (5 mg/mL) was mixed
with 960 uL of deionized water or culture medium at room
temperature, with gentle shaking for 24 h. The resulting mixture
was centrifuged at 20000 rcf for 30 min, and 300 uL of the
supernatant was digested by 3 mL of concentrated nitric acid at
90 °C for 3 h. The well digested solution was dried by evaporation
at 120 °C, and 3 mL of 5% nitric acid was added for ICP-MS
measurement.”’

Calculation of Conduction and Valence Band Energies. The conduc-
tion and valence band energies shown in Table 3 were derived
from the following equations with pH= 7.4 in a biological system:

Ec = Hoxide + 0.5Eg +0.059(PZZP — pH) (1)

E, = —oge — 0.5E4 +0.059(PZZP — pH) ®)

E. refers to conduction band energy; E, is valence band energy;
Zoxide is absolute electronegativity for each metal oxide; £ is band
gap; and PZZP is point of zero zeta-potential of each oxide.'¥?'22
Various methods can be used to obtain the electronegativity,
band gap, and PZZP values, and herein the absolute metal oxide
electronegativities, yoxider Were calculated using a set of
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single- and multi-parametric toxicological assay as well
as acute pulmonary inflammation. While the toxicity of
CuO and ZnO is independent of their E. levels, the
adverse biological effects of these materials could be
explained by their solubility. These results provide a
novel platform for establishing MOx structure —activity
relationships based on band energy levels and particle
dissolution. We also demonstrate that the in silico
hazard ranking and statistical tools can be used to
establish a predictive toxicological paradigm, in which
in vitro toxicological ranking can be used to predict the
in vivo toxicological outcome.

equations reported by Portier et al.>°

Xeation(PU) = 0.274z — 0.15zr —0.0Tr+ 1+« (3)

(Xcation (Pu) 4 0.206)
Xcation(ev) = WT (4)

Xoxide(ev) = 0.45Xcation (eV)+3.36 (5)

z refers to cationic formal charge; ris ionic radius (A); oLis a correction
term whose exact value can be found in Portier et al.;* ycation (PU) is
cationic electronegativity in Pauling unit; and ycation (€V) is absolute
cationic electronegativity in electronvolts. The band gap energies
were obtained from diffuse reflectance (DR) UV—vis spectroscopic
analysis (Cary 5000 UV—vis—NIR spectrometer equipped with a
Praying Mantis accessory). All measurements were conducted in
ambient air using a bandwidth of 1.0 nm. The collected DR UV—vis
spectra were converted into Kubelka—Munk function [F(R..)] spec-
tra using the Cary Win UV software. The detailed band gap
determination is described in the Supporting Information Figures
S11 and S12. The PZZP values were determined by measuring zeta-
potentials of each nanoparticle suspension over a wide pH range
(typically 2—11) using a ZetaPALS instrument.

As an alternative approach, the band gap values can also be
calculated from the standard enthalpy of formation of oxides
using a correlation reported by Portier et al.:*°

Eg = AeXp(0.34 X Eape) (6)

where £ (eV) is the band gap; A is the pre-exponential constant,
which varies from 0.5 to 1.7 depending on the cation of the
oxide; and Exy- (€V) is the standard enthalpy of formation. Using
these Eg values, the absolute electronegativities calculated from
eqs 3—5 and PZZP values obtained from a handbook source,®’
another set of conduction and valence band energies can then
be derived using eqs 1 and 2 and listed in Table S4.

Using both methods, six metal oxides including CoO, Co30,,
Cr,03, Ni;O3, Mn,05, and TiO, consistently showed up in the
predictions (Figures 1 and S10). However, ambiguity does exist for
a couple of other metal oxides. For example, Fe;03 and CuO that
are predicted to be nontoxic using the first method (with our own
measured band gap and PZZP values) are predicted to be toxic in
the second method. One should note that, although calculation of
Eg4 values based on empirical equations is more convenient, it
involves many assumptions and rough generalizations that only
represent bulk properties of the metal oxides. In addition, very
often the same material has different reported £, or PZZP values,
which makes it difficult to select reliable data for the final band
position calculation. On the basis of these considerations, we
decided to use our own measured band gap and PZZP values
that represent the real properties of the metal oxides for band
edge energy calculation and modeling.

Nanoparticle Dispersion in Tissue Culture Media>'">%, Nanoparticle
stock solutions (5 mg/mL) were prepared by dispersing the dry
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particles in deionized water through probe sonication (3 W). The
stock solution was used to remove 40 uL aliquots which were
mixed with an equal volume of 4% bovine serum albumin (BSA)
(Fraction-V, Gemini Bioproducts, USA) and equilibrated for 1 h at
room temperature. Cell culture media (920 uL) were added to the
BSA-coated nanoparticle suspensions. The nanoparticle suspen-
sions were sonicated (3 W) for 15 s prior to conducting cellular
studies. In case for toxicity study in BEGM, 2 mg/mL of BSA was
kept in BEGM for preparation of a series of nanoparticle suspen-
sions at different concentrations.

Cell Culture. Human bronchial epithelial cells (BEAS-2B) and
rat alveolar macrophage cells (RAW 264.7) were cultured in vented
T-75 cm? flasks (Corning, Fisher Scientific, Pittsburgh, PA) at 37 °C
in a humidified 5% CO, atmosphere and passaged at 70—80%
confluency every 2—4 days. BEAS-2B cells were cultured in
bronchial epithelial basal medium (BEBM) (Lonza, Walkersville,
MD), supplemented with growth factors from the Single Quot kit
(Lonza) to reconstitute bronchial epithelial growth medium
(BEGM). RAW 264.7 cells were cultured in DMEM medium contain-
ing 10% fetal calf serum (FCS), 100 U/mL penicillin, 100 xg/mL
streptomycin, and 2 mM L-glutamine.

Assessment of Cellular Viability by Single-Parameter Assays'. Cell
death, cell viability, and intracellular ATP levels were deter-
mined by LDH, MTS, and ATP assays, which were carried out
with CytoTox 96 (Promega Corporation, Madison, WI), CellTiter
96 AQueous (Promega Corporation), and ATPliteTM firstep
(Perkin-Elmer, Boston, MA) assay kits, respectively. Ten thou-
sand cells in 100 uL of medium were plated in each well of a 96-
multiwell black plate (Costar, Corning, NY) for overnight growth.
The medium was removed and cells treated for 24 h with 100 uL
of a series of nanoparticle suspensions to yield final concentra-
tions of 0.4,0.8, 1.6, 3.2,6.3, 12.5, 25, 50, 100, and 200 xg/mL. For
the LDH assay, supernatants were transferred to a new
96-multiwell plate and centrifuged at 2000g for 10 min in NI
Eppendorf 5430 with microplate rotor to spin down the cell
debris and nanoparticles. Fifty microliters of the supernatant
was removed from each well and transferred into a new 96-well
plate and mixed with 50 uL of reconstituted substrate solution
for 30 min at room temperature in the dark. The reaction was
terminated by the addition of 50 uL stop solution. Cells treated
with the lysis solution (provided by manufacturer) for 45 min
were used as the positive control. Three independent experi-
ments and three replicates for each experiment were per-
formed. The absorbance of formazan was read at 490 nm on a
SpectraMax M5 microplate spectrophotometer (Molecular De-
vices, Sunnyvale, CA). For the performance of the MTS assay, the
cell culture medium was removed, and following washing of the
plates three times with PBS, each well received 100 uL of culture
medium containing 16.7% of MTS stock solution for an hour at
37 °Ciin a humidified 5% CO, incubator. The supernatants were
transferred to a new 96-multiwell plate and centrifuged at
2000g for 10 min in NI Eppendorf 5430 with microplate rotor
to spin down the cell debris and nanoparticles. Eighty micro-
liters of the supernatant was removed from each well and
transferred into a new 96-well plate. The absorbance of formed
formazan was read at 490 nm on a SpectraMax M5 microplate
spectrophotometer. To perform the ATP assay, cells used for
performing the MTS assay were washed three times with PBS
and incubated with 100 uL of reconstituted ATPlite firstep
reagent for 10 min. The luminescence intensity was recorded
on SpectraMax M5 microplate spectrophotometer.

Dose—Response Analysis (Pertaining to Figure 3). The responses
generated for the MTS, LDH, and ATP single assays were first
normalized considering plate controls. For the ATP and MTS
assays, negative control (NCTRL) is a reference of 100% cell
“"health”. Accordingly, the data were normalized as T, = 1 —
(Rnp/Rnc), where R, and R, denote the response induced by
nanoparticles and the average response of the controls, respec-
tively; negative T, values were set to zero. For LDH, the
negative control (NCTRL) is the “low-end” of the measurements.
Accordingly, the data were normalized as T, = (Rnp — ,‘_?nc)/(RpC
— R,o), where T, is LDH positive control response which was
3.86 and 3.92 for the BEAS-2B and RAW cell lines, respectively.
The normalized data variable, T, ranges from 0 (no effect) to 1
(100% of the cells were affected). The normalized data were
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then described by the commonly used sigmoid dose—response
function = 1/(1 4+ 10°*E=~) in which S is the slope of the
dose—response curve (i.e., the rate of response increase with
concentration) at the ECsqy (dose at which 50% of the cell
population is affected). It is noted that a low value of S (p value
<5% for MTS and ATP and p value <0.1% for LDH) for the
experimental period is indicative of a statistically insignificant
response over this period.

Use of a HTS Assay To Assess Multiple Integrated Parameters of Toxic
Oxidative Stress>'*"". The rationale for this assay is described in
several previous publications’ ™ and summarized in Figure S3.
Five thousand cells in 50 uL of tissue culture medium were
plated into each well of a 384-multiwell plate (Greiner Bio-One,
Monroe, NC), followed by overnight growth at 37 °C in a
humidified 5% CO, incubator. The medium in each well was
aspirated, and 25 uL of a nanoparticle dilution series was added
to quadruplicate wells to deliver a dose range of 0.4, 0.8, 1.6, 3.2,
6.3,12.5,25,100, and ZOOug/mL.Z'“"11 This work was carried out
in the Molecular Shared Screening Resource laboratory in the
California Nano Systems Institute, where cellular seeding of the
plates, preparation of the nanoparticle working solutions, and
their addition to the tissue culture plates are carried out with
automated liquid handling devices including a Multidrop
(Thermo-Fischer, Waltham, MA), Precision 2000 (Biotek Instru-
ments, Winooski, VT), and Hydra 96 (Robbins Scientific, Golden
Valley, MN).>® Three cocktails of fluorescent dye mixtures were
prepared by mixing dyes with compatible wavelengths in BEGM
or complete DMEM.>'®"" The first cocktail contained Hoechst
33342 (1 uM), Fluo-4 (5 uM), and propidium iodide (5 uM); the
second cocktail contained Hoechst 33342 (1 uM), DCF (5 uM),
and MitoSox Red (5 uM); and the third, Hoechst 33342 (1 uM)
and JC-1 (5 uM) (Figure S3B). The utility of these dyes, their
excitation/emission wavelengths, and response profiling are
explained in Figure S3 and summarized in Table S3. The
addition of the cocktails according to the layout of the indivi-
dual 384 plates is explained in Figure S3B. Each well received
2.5 uL of one of the dye mixtures for 30 min, with the plates
being kept under dark cell culture conditions. Epifluorescence
readings were obtained hourly for the first 6 h and again at the
24 h mark, using an Image-Xpressmicro (Molecular Devices,
Sunnyvale, CA) equipped with a laser autofocus. DAPI, FITC, and
TRITC filter/dichroic combinations were used to image Hoechst
33342 (blue), Fluo-4/DCF/JC-1 (green), and PI/MitoSox Red (red),
respectively. Images were processed using MetaXpress soft-
ware (Molecular Devices, Sunnyvale, CA) at 10x magnification.
The total number of nuclei was counted in the Hoechst/DAPI
channel using the following settings: the minimum width was
3 um (about 3 pixels), the approximate maximum width was
10 um (about 7 pixels), and the threshold intensity was 100 gray
levels above background. For the FITC and TRITC channels, the
approximate minimum width was 5 um (about 6 pixels) and the
approximate maximum width was 30 um (about 22 pixels). The
thresholds were set at 250 and 500 gray levels, respectively,
above background. The percentage of cells positive for each
response parameter was calculated using MetaXpress software
on the basis of the total number of Hoechst-positive cells
showing increased fluorescence intensity above a defined
threshold for each particular dye.

The HTS toxicity data were first normalized via strictly
standard mean difference (SSMD) to quantify the cell responses
induced by the nanoparticles.®*~%* SSMD measures the magni-
tude of the differences between each set of quadruplicate
measurements and the control population (cell population that
were not exposed to ENMs) standardized by their variances with
the following definition

:usample — Heontrol
+02

control

SSMD =

Ofample
where u and o denote the mean and standard deviation of the
sample quadruplicate or the control population (identified by
the subscripts). The SSMD normalized HTS data are illustrated in
Figure 4A,B, where |[SSMD| = 3 indicates a significant difference
between the nanoparticle-induced cell response to control
(given that the mean difference is normally distributed, [SSMD|
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> 3 indicates that, in a probability above 99%, the sample
population is different from the control population).

Assessment of Acute Toxicological Responses in the Mouse Lung by
Oropharyngeal Aspiration. Eight week old male C57 BL/6 mice
were purchased from Charles River Laboratories (Hollister,
CA). Oropharyngeal aspiration of MOx nanoparticles was con-
ducted using our previously published approach with minor
modifications.'?® Briefly, under ketamine/xylazine (100/10 mg/kg)
anesthesia, the animals were held vertically and the tongue was
gently pulled out of the mouth using forceps. MOx nanoparticles
(20 ug suspended in 50 uL of PBS containing 0.6 mg/mL mouse
serum albumin and 10 xg/mL PDDC) were administered by placing
the particle suspension at the back of the tongue while the nose was
closed, thereby forcing the animal to breathe through its mouth.
The nose and tongue were released after at least two breaths
had been completed. Animal necropsy was performed 40 h after
oropharyngeal aspiration of the nanoparticles as previously de-
scribed by us."?® After the mice had been anesthetized by intraper-
itoneal injection of pentobarbital (50 mg/kg), bronchoalveolar
lavage (BAL) was performed by cannulating the trachea and gently
lavaging the lung 3 times with 1 mL of sterile PBS. BAL cells were
adhered onto microscopic slides for differential cell count, while BAL
fluid was stored at —80 °C for assessing cytokine and chemokine
levels. BAL differential cell count was performed as described by
us."? MCP-1 and IL-6 levels in the BAL fluid were analyzed using
ELISA kits (BD Biosciences, San Diego, CA) according to manufac-
turer's instructions.

Regression Tree Analysis for the Effect of E. and Metal Dissolution on
Toxicity. We normalized the data for each of the 24 MOx
nanoparticles and each of the four biological outcomes (LDH,
MTS, ATP, PI) by subtracting the mean background levels. We
established dose—response curves using nonparametric
smoothing splines and summarized each trajectory with the
area under the estimated dose—response curve. We related
cytotoxicty (as measured by area under the curve) to conduc-
tion energy (E.) and metal dissolution (dissolution in BEGM) in a
regression tree model. This model is part of a family of advanced
nonparametric statistical techniques, and it is particularly suited
for this analysis as it captures effortlessly both expected non-
linear dependence between particle descriptor and cytotoxicity
and possible interactions between E. and dissolution. Intui-
tively, the model defines recursive partitions in the dissolution
and E. domains aimed at characterizing regions among possible
values of the particle descriptors where nanoparticle cytotoxi-
city is relatively homogeneous. The complexity of the tree was
determined minimizing the leave-one-out cross-validation error.
We performed similar analysis for the MTS, ATP, and PI data sets.

Comparison of Normalized Toxicity Effect Sizes in Vivo and in Vitro.
The predictive performance of in vitro tests was validated
comparing the expected probability of particle toxicity to
in vivo neutrophil counts, MCP-1, and IL-6 levels. This was
achieved by plotting predictive or expected probability of in
vitro toxicity versus the T-statistic of the in vivo toxicity data. To
generate the expected probability of toxicity, we performed
independent F-tests for differences in mean response across
exposure levels and exposure durations for each of the 24 MOx
nanoparticles and for each of four biological outcomes (MTS,
ATP, LDH, PI). Rejection of this test indicates that exposure to
nanoparticles initiates a statistically significant dose—response
dynamic in vitro. We reduced the full dose—response data set to
binary indicators of in vitro toxicity (1 if toxic, 0 if nontoxic) and
used this summary in a logistic regression tree model, including
E. and dissolution. Our model provides estimates of the ex-
pected probability of toxicity for every nanoparticle. Therefore,
for any possible combination of E. and dissolution values, our
model generates a number between 0 and 1, where 0 indicates
0% probability of cytotoxicity (highly unlikely to be toxic) and 1
indicates 100% probability of cytotoxicity (very likely toxic). In
vivo toxicity was then quantified for the 14 nanoparticles tested
in vivo, using the value of independent t tests for differences in
the mean of each biological outcome (neutrophil counts, MCP-
1, and IL-6 levels). For each nanoparticle, we evaluated the
average difference between responses obtained in control and
particle-exposed mice. The plots generated project the ex-
pected probability of toxicity (on the horizontal axis) versus
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the value of the t tests (vertical axis). Large values of the t test
statistic indicate large mean differences between exposed and
control mice, whereas large values for the predicted probability
of toxicity indicate nanoparticles that are likely toxic. The
combined result demonstrates a clear separation of the magni-
tude of the observed in vivo outcomes for nanoparticles with
predictive in vitro toxicological probabilities of >50%.

Preparation of Oxidized and Reduced Cytochrome ¢. The oxidized
form of horse heart cytochrome ¢ was purchased from Sigma-
Aldrich and used without further purification. The concentra-
tion was determined by measuring the optical absorbance at
550 nm with an extinction coefficient of 84 mM~' cm™'. The
reduced form of horse heart cytochrome ¢ was prepared by
adding an excess of sodium ascorbate to reduce the oxidized
version, followed by dialysis to remove the excess ascorbate.®®
Briefly, 60 ug of the oxidized cytochrome ¢ was dissolved in
1.5 mL of 0.01 M potassium phosphate buffer (pH 7.0) and
mixed with 1.5 mL of 0.1 M sodium ascorbate in 0.01 M
potassium phosphate buffer (pH 7.0). The mixture was stirred
for 1 h at 4 °C, and the resulting solution was transferred into
Slide-A-Lyzer dialysis cassette (Thermo Scientific, Rochford, IL,
USA) using a syringe and then dialyzed against 0.01 M phosphate
buffer (pH 7.0). Dialysis was performed for 24 h at 4 °C with four
buffer exchanges. The concentration of reduced cytochrome ¢
was determined by measuring the optical absorbance at 550 nm
with extinction coefficient of 21.1 mM™"' cm™'.%°

Spectroscopic Analysis of the Oxidation of Reduced Cytochrome c.
Oxidation of the reduced cytochrome ¢ was determined by
spectroscopic properties. A quantity of 990 uL of various con-
centrations of metal oxide nanoparticles was mixed with 10 uL
of 40 uM reduced cytochrome c in a 1.5 mL Eppentorf tube,
following with a gentle shaking on a rotator for 24 h at 4 °C. The
resulting solution was centrifuged at 10 000 rpm for 10 min, and
the supernatant was collected for measuring the UV—visible
spectra on SpectraMax M5 in 1.0 cm path length cell.
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