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Abstract

Characterizations and /7 vitro toxicity screening were performed on metal oxide engineered
nanomaterials (ENMSs) independently comprising ZnO, CuO, CeO,, Fe,03, WO3, V705, TiOy,
Al,O3 and MgO. Nanomaterials that exhibited the highest toxicity responses in the in vitro
screening assays (ZnO, CuO, and V,0s) and the lesser explored material WO3 were tested for
acute pulmonary toxicity /n vivo. Female and male mice (C57BI/6J) were exposed to aerosolized
metal oxide ENMs in a nose-only exposure system and toxicity outcomes (biomarkers of
cytotoxicity, immunotoxicity, inflammation, and lung histopathology) at 4 and 24 h after the start
of exposure were assessed. The studies were performed as part of the NIEHS Nanomaterials
Health Implications Research consortium with the purpose of investigating the effects of ENMs on
various biological systems. ENMs were supplied by the Engineered Nanomaterials Resource and
Coordination Core. Among the ENMs studied, the highest toxicity was observed for CuO and ZnO

“Corresponding author. “Correspondence to: P.S. Thorne, Department of Occupational and Environmental Health, The University of
lowa, College of Public Health, 145 N. Riverside Dr., S341A CPHB, lowa City, IA 52242, USA. aliasger-salem@uiowa.edu (A.K.
%alem), peter-thorne@uiowa.edu (P.S. Thorne).

Joint first authors.
CRediT authorship contribution statement
Sudartip Areecheewakul: Methodology, Formal analysis, Investigation, Writing - original draft, Writing - review & editing. Andrea
Adamcakova-Dodd: Conceptualization, Methodology, Formal analysis, Investigation, Writing - original draft, Writing - review &
editing, Supervision, Project administration, Funding acquisition. Brittany E. Givens: Methodology, Investigation, Writing - original
draft. Benjamin R. Steines: Investigation. Yifang Wang: Investigation. David K. Meyerholz: Investigation. Nathanial J. Parizek:
Formal analysis, Investigation. Ralph Altmaier: Investigation. Ezazul Haque: Methodology, Formal analysis, Investigation, Writing
- review & editing. Patrick T. O’Shaughnessy: Conceptualization, Methodology, Funding acquisition. Aliasger K. Salem:
Conceptualization, Writing - review & editing, Supervision, Funding acquisition. Peter S. Thorne: Conceptualization, Methodology,
Writing - review & editing, Supervision, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.impact.2020.100214.


https://doi.org/10.1016/j.impact.2020.100214

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Areecheewakul et al. Page 2

NPs in both /n vitro and /n vivo acute models. Compared to sham-exposed controls, there was a
significant increase in bronchoalveolar lavage neutrophils and proinflammatory cytokines and a
loss of macrophage viability at both 4 h and 24 h for ZnO and CuO but not seen for V,05 or WOs.
These effects were observed in both female and male mice. The cell viability performed after /n
vitro exposure to ENMs and assessment of lung inflammation after acute inhalation exposure /n
vivo were shown to be sensitive endpoints to predict ENM acute toxicity.

Keywords
Nanomaterials; Nanoparticles; /n vitro toxicity; Inhalation toxicity; Metal oxides

1. Introduction

Nanomaterials have gained a significant amount of attention due to their unique properties
distinguishing them from their bulk counterparts. In particular, nanomaterials have high
surface area to volume ratios as a result of their small size; this increases the activity of
many particles and elicits novel properties including varied optical, electrical, catalytic, and
magnetic functionalities (Navrotsky, 2001; Lai et al., 2018; Louro et al., 2019).
Nanomaterials occur in the environment as products of combustion (Holder et al., 2012) and
are manufactured intentionally to achieve specific properties such as with engineered
nanomaterials (ENMSs). In the studies we report here, the focus of toxicity assessment was
on metal oxide ENMs.

Metal oxide ENMs have common uses in a variety of applications including biomedical
therapeutics, medical implants, bio-imaging, biosensing, and in the manufacture of
cosmetics, pigments and electronic devices (Andreescu et al., 2012; Chavali and Nikolova,
2019). With their increased use in both consumer products and industrial processes, concern
surrounding the toxicity of these materials is of increasing importance. This is especially the
case for inhalable ENMs since pulmonary exposure is one of the most frequent unintentional
routes of exposure (Ahamed et al., 2015). The toxicity of some ENMs (TiO,, ZnO, CuO,
CeO,, and Fe,03) has been extensively studied both /n vitroand /n vivo after inhalation
exposure (Grassian et al., 2007; Adamcakova-Dodd et al., 2014; Pettibone et al., 2008;
Schwotzer et al., 2017). However, there are limited toxicological data on other ENMs that
have become commercially important more recently such as V05 and WO3. The toxicity of
vanadium oxide NMs with different oxidation forms (V,0s, V203, or VO5) on the
pulmonary system either in vitro or in vivo has received some attention (Worle-Knirsch et
al., 2007; Kulkarni et al., 2014) but studies of WOz nanoparticles (NPs) are limited
(Prajapati et al., 2017).

The studies reported herein were performed as part of the NIEHS Nanomaterials Health
Implications Research (NHIR) consortium with the purpose of investigating the effects of
ENMs on various biological systems. The metal oxide ENMs used for our studies were
chosen based on their abundance in a variety of applications (Golbamaki et al., 2015) as well
as on an agreement of all NHIR Consortium members. All materials provided and
characterized by the Engineered Nanomaterials Resource and Coordination Core (ERCC)
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were produced by either flame spray pyrolysis (FSP), a technique for cost-effective and
scalable synthesis of nanomaterials that is used in the industry (Gréhn et al., 2014; Teoh et
al., 2010), or were purchased from commercial sources (Supplementary Table 1). /n vivo
studies examining the toxicity of ENMs generally provide more meaningful data than /n
vitro studies, however, they are costly and time consuming especially when a large number
of ENMs need to be evaluated (Bakand et al., 2005). Cost-effective /n vitro approaches have
significant potential for primary toxicity screening of metal oxide ENMs. Pal et al. assessed
the toxicity of eight ENMSs /n vitro in human monocyte/macrophage (THP-1) cells (Pal et
al., 2015). Liu et al. investigated the toxicity of seven metal oxide ENMs in RAW 264.7
murine macrophages and Beas-2B human bronchial epithelial cells (Liu et al., 2015). Rat
alveolar macrophages were used in /n vitro assay predicting the short-term inhalation
toxicity of nanomaterials (Wiemann et al., 2016). Previous attempts at assessing the
potential harmful effects of a wide range of ENMs have been made, however, it is difficult to
collect and compare the data acquired by independent laboratories because of differences in
experimental factors and techniques. Differences in nanomaterial dispersion techniques,
cytotoxicity assays, cell lines, and the ENM properties themselves could affect the results of
in vitro cytotoxicity assessments. A standard protocol for preparation and characterization
on ENMs was developed by Deloid et al. to ensure consistent and reliable results between in
vitro toxicity experiments of the same ENMs at different times and/or laboratories (DeLoid
et al., 2017a). This protocol for ENM dispersion was applied in this study to minimize the
variation between replicated experiments and to enable comparisons with other laboratories
using the same protocol.

A cytotoxicity assay was conducted investigating several ENMs provided by the ERCC to
screen the materials for their potential toxicities. Those ENMs exhibiting toxicity were
further evaluated for cytotoxicity, immunotoxicity, and pulmonary inflammation in an acute
exposure murine model established in our laboratory (Grassian et al., 2007; Adamcakova-
Dodd et al., 2014; Pettibone et al., 2008), in both females and males. ENM concentrations
used in the /in vitro studies were determined based on common concentrations used in the
literature and also the calculated doses per surface area of exposed cells that were equivalent
to estimated doses deposited in the pulmonary region (alveolar surface area) in acute
inhalation exposures in mice.

The aim of our studies was to establish a screening method for toxicity of inhaled ENMs
using /n vitroand in vivo acute protocols. In particular, we investigated if simple endpoints
such as cell viability (after exposure to ENMs at /n vitro submersed conditions) and lung
inflammation (after acute inhalation exposure of mice) can serve as sensitive endpoints for
toxicity prediction. The cytotoxicity of nine metal oxide ENMs (ZnO, CuO, CeO,, Fe;03,
WOg3, V7,05, TiOy, AloO3 and MgO) was assessed using the human alveolar lung
adenocarcinoma cell line, A459. Those ENMs demonstrating toxicity /in vitro (ZnO, CuO,
and V,05) and the novel ENM, WO3, were further investigated using an /n vivo nose-only
acute exposure model.
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All ENMs used in this study were provided and characterized by the NHIR ERCC
(Supplementary Table 1) (DelLoid et al., 2017a; Lee et al., 2018; Zhang et al., 2019; Beltran-
Huarac et al., 2018; Zimmerman et al., 2019; Stueckle et al., 2017; Cohen et al., 2018;
DeLoid et al., 2017b). The dispersion protocol of DeLoid et al. (2017a) was followed. Stock
ENM suspensions (0.5 mg/mL) were prepared using 2 mg ENMs and 4 mL distilled water
and vortexed for 30 s. The stock suspensions were then sonicated in a cup horn sonicator
(QSonica, CT) at 75% amplitude for the necessary time to reach the critical delivered
sonication energy (DSE,) specified by the ERCC (Supplementary Table 1). To maintain
suspension homogeneity during the sonication, the suspension was sonicated with additional
vortexing at specific time intervals as shown in Supplementary Table 1. The 20 nm MgO
ENMs were prepared differently from other ENMs because MgO is highly reactive in water
forming magnesium hydroxide (MgOH). Therefore, the MgO ENMs were dispersed in
serum-containing media at a concentration of 0.5 mg/mL and vortexed for 30 s. The stock
ENM suspensions were diluted to the concentrations of 0.03, 5.0, 50, and 100 ug/mL for
MTS assay and 0.045, 7.5, 75, and 150 pug/mL for viable cell count using either serum-free
media (SFM) or serum-containing media (SCM) and vortexed for 30 s prior to dosing in the
in vitro cytotoxicity assay. The SFM was prepared from RPMI-1640 (Gibco) supplemented
with 1% (v/v) 1 M HEPES buffer solution (Gibco), 1% (v/v) 100x glutaMAX™:-| (Gibco),
1% (v/v) 100 mM sodium pyruvate (Gibco), and 0.1% (v/v) 50 mg/mL gentamicin sulfate
(Gibco). The SCM was prepared using RPMI-1640 and all the aforementioned supplements
along with 10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals). The agglomeration
behavior of ENMs in solution was determined by measuring the hydrodynamic diameter
using a Zetasizer NanoZS (Malvern instrument Ltd., Westborough, MA) immediately after
ENM preparation and 24 h after storage at 37 °C in either SFM or SCM at a concentration of
0.1 mg/mL, which was the highest concentration used in MTS cytotoxicity testing. The
samples measured after 24-h preparation were incubated at 37 °C to match cell culture
conditions to study whether the form agglomerates were stable over cell incubation time.

In vitro cytotoxicity using MTS assay

A549 cells (ATCC) were maintained in SCM in T75 culture flasks, and all studies were
conducted between passage numbers 12—24. A549 cells were seeded at 1 x 10° cells/mL in a
96-well plate (100 pL/well) in SCM and allowed to grow overnight. The cells were checked
under a light microscope and if the wells were at least 50% confluent, we proceeded with the
experiment. The medium was removed, and 100 uL ENMs in either SFM or SCM at 0.03, 5,
50, or 100 ug/mL were added to each well and allowed to incubate for either 4 or 24 h. The
4-h incubation was selected to match the amount of time that the mice were exposed to the
ENMs in the /in vivo study while the 24-h incubation was used in accordance with the
literature. After the designated time, cells were washed twice with DPBS (Gibco) and 100
uL of fresh SFM was added to each well. After this, 20 uL of MTS tetrazolium compound
(CellTiter 96® AQueous One Solution, Promega, Madison, WI) was added and allowed to
incubate at 37 °C for up to 4 h. Then, 90 pL of supernatant from each well was transferred to
a new 96-well plate to avoid interference from absorbance properties of ENMs. The
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absorbance of the transformed compound was measured at 490 nm and each sample was
compared to the untreated control group to obtain the relative viability.

2.3. Invitro cytotoxicity using viable cell count with propidium iodide (PI) staining

A549 cells (ATCC) were seeded at a density of 1 x 10° cell/mL (2 mL SCM/well) into a 6-
well plate and incubated for 24 h. The cells were checked under a light microscope and if
the wells were at least 50% confluent, we proceeded with the experiment. The medium was
removed and then the cells were treated with 2 mL ENMs in either SFM or SCM added to
each well at 0.045, 7.5, 75, and 150 ug/mL. These concentrations are equivalent to the ones
used in MTS assay study (0.03, 5, 50, and 100 ug/mL, respectively) based on mass per
surface area of well. The cells were treated for either 4 or 24 h before counting the viable
cell number. At the end of the incubation time, the cells were washed twice with 1x DPBS
(Gibco) and trypsinized with 1 mL trypsin-EDTA (0.25%) (Gibco) for 5 min. The
trypsinized cells were added with 4 mL SCM and centrifuged at 230g for 5 min to collect
the cell pellet. The pellet was suspended in 0.5 mL SCM. The number of viable cells in each
sample was determined using an automated cell counter (Moxi GO I, Orflo technologies,
LLC, Ketchum, ID) with PI staining.

2.4. Delivered-to-cell dose of ENMs

In this study, dose delivered to cells data were provided by NHIR ERCC (Table 1). The dose
delivered to cells for all ENMs suspended in SCM was determined using the protocol by
DeLoid et al. (2017a). This protocol used a distort grid model with two key input
parameters, effective density and volume weighted size distribution, which were material
and media specific.

2.5. Acute in vivo toxicity

Male and female C57BL/6J mice (4- and 5-wk old at arrival, respectively) from Jackson
Laboratories (Bar Harbor, ME) were utilized in these studies. Females were 1 wk older to
facilitate a better fit in nose-only holders of the exposure system because of their smaller
size than males. All animals were housed in an AAALAC-accredited vivarium, in
polypropylene, fiber-covered cages in HEPA-filtered Thoren caging units (Hazelton, PA).
Animals were acclimatized for 7 days after their arrival and were maintained in the vivarium
with a 12-h light/dark cycle with ad /ibitum access to food and water. All protocols
performed were approved by the University of lowa Institutional Animal Care and Use
Committee. Animal handling and exposures conformed to the NIH Guide for the Care and
Use of Laboratory Animals.

Selected ENMs were evaluated for their toxicity using an acute exposure protocol with
inhalation exposure lasting 4 h and necropsy after the exposure (4 h time point) or 24 h after
the start of the exposure (24 h time point). Each ENM was investigated in its own exposure
study. Animals (females and males) were exposed to atmospheres of particle laden-aerosol
in the nose-only inExpose System (SCIREQ Inc., Emka Technologies, Montreal, Canada).
Mice were acclimated to the nose-only holders one day prior the exposure to minimize stress
and were not anesthetized during the exposures. The target concentration for all exposures
was 3.5 mg/m3; Table 2 lists measured exposure concentrations used for each tested ENMs.
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Shams (control animals) were exposed to HEPA-filtered laboratory air in the identical nose-
only system in an adjacent laboratory dedicated to sham exposures. Euthanasia of mice was
performed with an overdose of isoflurane followed by cervical dislocation, thoracotomy and
exsanguination through the heart.

ENM-laden aerosol was generated from a suspension of NPs in water (Optima LC/MS
grade, Fisher Scientific, Pittsburgh, PA) using a 6-jet Collison nebulizer (Mesa Labs, Butler
NJ) (Fig. 1). Particle suspensions were sonicated in a cup horn sonicator (QSonica,
Newtown CT) for 5 min. Table 2 lists the concentrations of NP suspensions that were used
in the nebulizer. To prevent particle settling during nebulization, a magnetic stir bar was
placed into the nebulizer and the nebulizer was positioned on a stir plate. Dehumidified and
HEPA-filtered air was supplied to the nebulizer at 1.4 bar. Generated particle-laden aerosol
from the nebulizer passed through a brass drying column heated to 110 °C and a particle
neutralizer (Model 3012, TSI Inc., Shoreview, MN) prior to entering two nose-only
inExpose towers. Mass exposure concentration of generated aerosol was determined using a
photometric method with the use of an aerosol photometer (pDR, personal DataRAM™
pDR-1500, ThermoFisher Scientific, Waltham, MA), and a gravimetric method with the use
of glass fiber filters (37 mm in diameter, Whatman, Middlesex, UK) located on the exhaust
side of the pDR. An internal pump within the pDR sampled the air directly from one of the
nose-only ports at 2 L/min. The filters were changed every 1 or 2 h. A stainless steel sampler
holding 47-mm glass fiber filter was placed on the bottom of each nose-only tower to
minimize particulate release into the hood. All filters were pre- and post-weighed in a
dedicated climate-controlled room using a six-place microbalance (XP26, Mettler Toledo,
Mettler-Toledo, Inc., Columbus, OH). A scanning mobility particle sizer (SMPS, Model
3938, TSI Inc.), with an aerosol neutralizer (Model 3088, TSI Inc.) and a standard
differential mobility analyzer (Model 3081 L, TSI, Inc.), was used to determine the particle
size distribution of generated aerosol sampled from the nose-only port on the inExpose
tower. Geometric mean (GM) mobility diameter and geometric standard deviation (GSD) of
aerosol sizes in individual exposures were obtained from software supplied by the vendor
(Table 2).

2.5.1. Estimated dose—The estimated deposited doses in the pulmonary region for
each ENM used in these studies ranged between 3 and 5 pg/mouse (4—7 ng/cm?) and are
reported in Table 3. The dose calculation assumed a minute volume of 25 mL/min. The
pulmonary deposition fraction for each ENM was calculated using the computational
Multiple-Path Particle Dosimetry (MPPD) model (software version 3.04, available at:
https://www.ara.com/products/multiple-path-particle-dosimetry-model-mppd-v-304)
(Asgharian et al., 2014).

2.6. End-point toxicity measurements in vivo

Pulmonary inflammatory responses at two time points were assessed in bronchoalveolar
lavage (BAL) fluid: 4 h time point (n = 5) and 24 h time point (n = 6) in both sexes. Animals
were euthanized, heart exsanguination was performed and the right lobes of the lungs were
lavaged 3 times with 1 mL of 0.9% sterile sodium chloride solution (Baxter, Deerfield, IL).
Collected BAL fluid was centrifuged at 800g for 5 min at 4 °C; supernatants were frozen at
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—80 °C for later determination of total protein and cytokines/chemokines. Cell pellets were
resuspended in 200 L Hank’s balanced salt solution (Life Technologies, Grand Island, NY).
Cell viability (with PI stianing) and total cell counts were performed using MFS cassettes
(MXC020) and an automated cell counter (Moxi GO Il, Orflo Technologies, LLC, Ketchum,
ID). The total cell counts and viability measurements were performed at two size ranges: 9.5
and 21.5 um (representing mainly the diameter of monocytes/macrophages and large
lymphocytes) and 6.5-23 pm (including neutrophils and eosinophils). For determination of
differential cell counts (number of macrophages, neutrophils, lymphocytes, and eosinophils)
cells were fixed on glass microscope slides with fetal calf serum (Cytospin 4, Thermo
Shandon, Thermo Scientific, Waltham, MA) and stained using Protocol® HEMA 3 stain set
(Fisher Diagnostics, Pittsburgh, PA). A total of 400 cells were evaluated to differentiate the
cells by type using an optical microscope (Olympus, Center Valley, PA).

The number of samples evaluated for the cytokine and total protein concentrations in BAL
fluid, as well as histopathology evaluation for each experimental group and time point was
determined based on the inflammatory responses seen in the BAL fluid. We evaluated 10
lung tissues for each time point for CuO and ZnO and 2 lung tissues for each time point for
V7,05 and WOs3, representing both male and female mice. For statistical comparison of
cytokine concentrations between experimental groups and shams, all values measured in
shams were grouped together.

Cytokines/chemokines in BAL fluid supernatants (MIP-1a, KC, IL-10, 1L-12p40, IL-6,
MCP-1, G-CSF) were determined using a multiplex magnetic bead assay (Milliplex MAP
kit, selected cytokines from MCYTOMAG-70K (EMD Millipore Corporation) and read on
Luminex 100, Bio-Rad Laboratories, Inc., Hercules, CA). Total protein was determined
using Quick Start Bradford Dye Reagent (Bio-Rad Laboratories).

After BAL collection, right lobes of the lungs were first perfused with 10% buffered
formalin (Fisher Scientific, Kalamazoo, MI) through cannulated trachea and then stored in
10% buffered formalin until further processing. Tissues were then paraffin-embedded,
sectioned (5-um thickness) and stained with hematoxylin and eosin (H&E). Lung tissues
were evaluated for key histopathologic changes including increased and activated number of
macrophages and granulocytes, perivascular cuffing (infiltration of leukocytes around
vessels), alveolar injury (evidenced by sloughing/cellular debris in alveolar lumen), reactive
pneumocytes (hyperplastic/proliferative cells), necrosis (presence of cellular debris or overt
necrosis of airway epithelia) and edema (eosinophilic fluid within airspaces). All lung
tissues were evaluated by the board-certified veterinary pathologist using the post-
examination masking method and following principles of reproducible tissue scoring
(Meyerholz and Beck, 2018; Meyerholz et al., 2018).

2.7. Invivo dosimetry analyses using microwave assisted acid digestion and ICP-MS

To determine lung burden of each metal after inhalation exposure, n = 5 female mice per
each ENM, per each time point (4 and 24 h) were exposed to generated nanoparticulate
aerosol, as described above. Control animals were exposed to HEPA-filtered laboratory air.
The exposure concentrations in these dosimetry assessment studies are listed in Table 2. Left
lobes of lung tissues (harvested from mice without BAL) were freeze dried (FreeZone,
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Freeze Dry Systems, Labconco Co., Kansas City, MO) for 18 h and weighed using an
analytical balance (Mettler Toledo, Mo. XPR206CDR). EPA Method 3051 was modified for
digesting tissues from animals exposed to CuO, V,0s, and ZnO. Briefly, the entire left lobe
(~8 mg) of lung tissue was weighed and transferred to a pre-weighed Teflon digestion vessel
containing 9 mL of concentrated HNO3 and 1 mL of 30% H,0,. Samples were then acid
digested using a Milestone ETHOS UP (Sorisole, Italy) microwave digestion system with a
ramp set to 210 °C for 20 min with a hold at 210 °C for 15 min. Samples were then diluted
with 40 mL of deionized water. The digestion vessel mass was recorded again post digestion
to obtain a final solution mass. Samples were then diluted 10-fold in 2% HNO3 with 10 pg/L
of 89Y and 299Bi as internal standards.

Studies have shown that tungsten chemistry, and solubility is complex, it can undergo
polymerization in acidic conditions with HNOz and form precipitates, thus yielding
measurements of aqueous which are a gross underestimation (Sun and Bostick, 2015;
Bostick et al., 2018). To overcome this issue, a method by Griggs et al. (2009) was adapted
for acid digestion of tissue samples from mice exposed to WOj5 carried out as described
above but with 6 mL of HNO3, 2 mL of H3PO,4, and 10 mL of 30% H,0,. To determine the
digestion efficiency, each ENMs (~0.5 mg) was digested using both EPA method 3051 and
the Griggs et al. method. Percent recoveries were found to be 100%, 70%, 84%, and 92% for
Cu0, Zn0, V705, and WOg, respectively. Further information on digestion efficiencies
including a comparison between the two digestion methods is presented in supplementary
materials (Supplementary Table 4). The concentrations of trace metals in lung tissue samples
are expressed as pg/g of tissue (dry weight). All reagents were of trace metal grade or better.
Digested samples were analyzed with inductively coupled plasma-mass spectrometry (ICP-
MS, Agilent 7900, Santa Clara, CA) using helium gas in collision cell mode to remove
isobaric interferences and increase sensitivity.

2.8. Statistical analyses

For the /in vitro studies, the data were expressed as mean + standard deviation. One-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc test in GraphPad Prism
(GraphPad Software, San Diego, CA) was used for statistical analysis of ENM
characterization and cytotoxicity data. All outcome measures obtained from /7 vivo studies
after exposure to ENMs were compared to sham-exposed animals using one-way ANOVA
(Sigma Plot v.11.0, Systat Software Inc., Point Richmond, CA) followed by multiple
comparison versus control group (Dunn’s or Dunnett’s Method). If data were not normally
distributed, Kruskal-Wallis ANOVA on Ranks was used. A ~test was used to test differences
in outcomes between males and females. A p-value < 0.05 was considered statistically
significant. Statistical probability (p values) in plots is expressed as follows: ****p < 0.0001,
***p<0.001, **p< 0.01, and *p < 0.05. Data are expressed as mean + standard error (SE)
unless otherwise noted.
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3. Results and discussion

3.1. ENM characterization

Hydrodynamic diameter (dH) of ENM was determined using dynamic light scattering (DLS)
technique. Mean intensity-weighted dH of ENM in SCM at 0 and 24 h was provided from
NHIR ERCC as shown in Fig. 2a. Most ENMs exhibited consistent mean dH at 0 and 24 h
suggesting these ENM formed agglomerates can be stably suspended in the presence of
serum protein for at least 24 h except V,0s. The agglomerate sizes of WO3, Al,03, CeO,,
and Fe,O3 in SCM were generally 100-200 nm exhibiting a smaller degree of
agglomeration than the other 5 ENMs, CuO, ZnO, V,0s, MgO, and TiO,. These measured
differences in aggregation may influence the delivered doses to cells for these materials, and
therefore also affect the toxicity assessment.

ENMs dispersed in SFM were measured for dH only at 0 h as we observed that, after 24 h
incubation of ENMs in SFM, aggregates formed that were visible to the naked eye and were
very large and sedimented too rapidly to be measured using the Zetasizer. ENMs dispersed
in SCM consistently displayed less agglomeration or aggregation than the SFM (Fig. 2a, c).
This observation is consistent with the literature - others have reported less aggregation of
nanomaterials in the presence of serum (Liu et al., 2015; Anders et al., 2015; Wells et al.,
2012; Tedja et al., 2012). We confirmed that the use of serum containing media in /n vitro
assays is superior considering physiological conditions and such obtained results agree more
closely with /n vivoresults. Serum proteins adsorbed onto nanoparticle surfaces form protein
corona which is a key factor in nanoparticle-nanoparticle interactions and directly impact the
cellular uptake of nanoparticles. Deguchi et al. demonstrated that NPs can adsorb serum
protein to the surface and form a steric layer that can prevent the aggregation induced by
salts present in cell culture media (Deguchi et al., 2007). The hydrodynamic size for all
ENMSs in SFM was usually > 1000 nm with the one exception being CuO ENMs (718.5 +
58.2 nm) (Fig. 2¢). The V205 and MgO showed high degree of aggregation immediately (t =
0 h) after preparation, therefore, the hydrodynamic size and particle size distribution of these
ENMs could not be determined.

3.2. Invitro cytotoxicity using MTS assay

The cytotoxicity of ENMs to A549 cells was assessed using the colorimetric MTS assay for
relative cell viability (Fig. 3). Materials that induced toxicity were defined as those that had
significantly lower cell viability compared to the control group (cells that were incubated in
either SFM or SCM and MTS reagent without any ENMSs). The toxicity was assessed at
0.03, 5.0, 50, and 100 pg/mL of ENMs, which includes concentrations lower than what is
typically reported in the literature (Pal et al., 2015; Wongrakpanich et al., 2016; Ahamed et
al., 2010). For the present study it was imperative to investigate lower concentrations /in7 vitro
because the concentration of 0.03 pg/mL represents the epithelial surface-equivalent dose of
the in vivo 4-h acute exposure at 3.5 mg/m3 (Jing et al., 2015).

The results indicated that many of the metal oxide ENMs such as Al,O3, Fe;03, CeOo,
TiO,, MgO, and WOg3 did not demonstrate significant cytotoxicity at any concentration
tested. However, CuO, ZnO, and V,05 ENMs exhibited significant cytotoxicity at the
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concentrations of 50 and 100 pg/mL at 4 and 24 h in SFM and SCM with the exception of
the ZnO ENMs at 4 h in SCM (Fig. 3). Ahamed et al. reported that CuO ENMs reduced the
relative cell viability of A549 cells after 24 h of exposure in a dose-dependent manner at 10—
50 pg/mL (Ahamed et al., 2010). Wang et al. and Zhang et al. reported that ZnO ENMs
decreased the relative viability of A549 cells after 24 h of exposure at 30 and 100 pg/mL
(Zhang et al., 2017; Wang et al., 2018). It has also been reported that VV,05 ENMs induced
cytotoxicity in A549 cells at much lower concentrations than observed in the current study,
including 20, 30, and 40 uM (corresponding to 3.6, 5.5 and 7.3 ug/mL) (Karaboga Arslan et
al., 2017). Karlsson et al. investigated the cytotoxicity of different metal oxide NPs such as
Cu0, TiOy, ZnO, CuZnFe;0y4, Fe304 and Fe,03 using A549 (Karlsson et al., 2008). Their
results showed that CuO NPs had the highest cytotoxicity due to DNA damage, and they
were the only NPs in the study that promoted a significant increase in intracellular reactive
oxygen species (ROS). ZnO NPs were the second most toxic, as they induced DNA damage,
however, not to the same extent as CuO NPs (Karlsson et al., 2008). A similar trend was
observed in the present study, in that CuO and ZnO were the most toxic metal oxide ENMs
investigated, but the toxicity of CuO ENMs were slightly higher than ZnO based on the 4-h
incubation results shown in Fig. 3. Therefore, the DNA damage and formation of
intracellular ROS may explain the toxicity of the CuO ENMs investigated herein.

The lowest concentrations of 0.03 and 5 pg/mL of each of the ENMs did not exhibit
cytotoxicity in either SFM or SCM at 4- and 24-h incubation, with the exception of 5 ug/mL
of 50 nm CuO ENMs in SFM after 24 h incubation (Fig. 3). In general, when ENMs were
incubated with A549 cells in SCM they were less cytotoxic compared to the same dose of
ENMSs in SFM. In particular, the relative cell viability of CuO was only 15% after a 4 h
incubation in SFM whereas it was 65% after 4 h in SCM at the highest dose of 100 pg/mL.
A similar trend was observed for CuO ENMs after 24 h incubation in which the highest dose
resulted in a viability of almost zero in SFM whereas it was approximately 7% in SCM. ZnO
and V7,05 ENMs exhibited a similar trend. Saikia et al. found that the existence of protein
corona on silica NPs in SCM mitigated the cytotoxicity compared to SFM conditions
because of the decrease in cell-mediated uptake of the NPs (Saikia et al., 2016). The surface
energy of NPs was reduced after the formation of a protein corona which inhibits NP
adhesion to the cell surface decreasing particle internalization (Lesniak et al., 2012; Lesniak
etal., 2013).

The Al,O3 Fe,03 and TiO, ENMs induced increases in relative cell viability in a dose-
dependent manner in SFM at 4 and 24 h (Fig. 3). This result might indicate an effect on cell
proliferation of these materials, interference from ENM absorbance, or interactions between
the dye and the ENMs. To address this concern, we tested the interference of ENMs with
MTS reagent. The interference method is described in the Supplement. The result showed
that only MgO 100 pg/mL caused a statistically significant increase in UV absorbance at 490
nm. In addition, V,05 and CuO marginally, but not significantly, affected the readout/
absorbance (Supplementary Fig. 1). In order to confirm the data obtained with MTS assay
where cell viability (as opposed to interference) was measured, we performed an assay that
did not rely on absorbance and instead directly assayed cell viability. Thus, viable cell
counts were enumerated using propidium iodide (PI) staining (to stain dead cells) as an
indicator of cytotoxicity as well as the effect of ENMs on cell proliferation.
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3.3. Invitro cytotoxicity using viable cell count with PI staining

The viable cell count using PI staining was performed to assess cytotoxicity and cell
proliferation effect to ensure no ENM interference. The toxicity for this test was assessed at
0.045, 7.5, 75, and 150 pg/mL ENMs in a 6-well plate with the same cell culture media
condition and incubation time as the MTS assay. These concentrations are equivalent to
those used in MTS assay base on ENM mass per surface area which are 0.009, 1.563,
15.625, and 31.25 pg/cm?.

Materials that exhibited cytotoxicity were defined as those that had significantly lower
viable cell count compared to the control group (cells that were incubated in either SFM or
SCM without any ENMs). The result indicated that CuO, ZnO, and V,0s exhibited the
cytotoxicity in a dose dependent manner at 24 h in SFM and SCM and these 3 ENMs were
more toxic than other 6 metal oxide ENMs (Fig. 4). This toxicity finding was similar to the
result from MTS assay. However, the significant increases in % relative viable cell count
compared to the control groups were found at a concentration of 7.5 ug/mL CuO at 4 h in
SFM and the concentrations of 75 and 150 ug/mL MgO at 24 h in SFM. This indicated the
cell proliferation effect on both ENMs occurred at specific concentration and only in SFM
condition. CuO exhibited the cell proliferation effect only at a concentration of 7.5 pg/mL at
4 h in SFM can be explained as the copper was an essential element to promote cell growth
and maintain healthy cells at the specific concentration. Typically, cell culture media does
not contain elemental copper, but the copper was in sera that was used to supplement the
media. The amount of copper sufficient for cell growth is 50 to 100 ng/mL which is
contained in 5 to 10% sera (Millipore Sigma, 2020). This explanation supports that adding
specific amount of CuO to the cells in SFM could increase cell proliferation. D’Mello et al.
showed that inclusion of copper in chitosan based scaffolds enhanced bone tissue
regeneration (D’Mello et al., 2015). MgO in SFM had greater opportunity to react with
water molecule and form magnesium hydroxide (MgO + H,O => Mg(OH),) than in SCM
since there is no serum protein binding at the surface of MgO to reduce the reaction between
MgO and water (ERCC). Mg2* can be dissociated from Mg(OH), and stimulate cell
proliferation as Mg promoted DNA and protein synthesis (Xing et al., 2018; Wolf and
Cittadini, 1999).

There were no significant increases in % relative viable cell count on Al,03, Fe,O3, and
TiO, in SFM at 4 and 24 h as we found from MTS assay result. Therefore, we can conclude
that these 3 ENMs had no proliferation effect and the finding from MTS assay could result
from the artifactual interference from ENM absorbance.

3.4. Delivered-to-cell dose of ENMs

Nanomaterial dosimetry provides meaningful and important information for /in vitro
cytotoxicity screening as the dose delivered to cells represents a more accurate measure of
ENM dose than the nominal administered dose (DeLoid et al., 2015). The reason is because
ENMs generally form agglomerates when dispersed in any liquid and these agglomerates
have a specific sedimentation rate as a function of exposure time. The particle size
distribution and effective density of these agglomerates affects the sedimentation rate of
ENMs as shown in Eq. (1)
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2
V.= 8(PEV — Pmedia)IH )
s 184

where g is acceleration due to gravity (m s2), pg\/is effective density of particle (kg m™3),
Pmediais Media density (kg m=3), and 7 is the media dynamic viscosity (kg m™ s71). Thus,
the sedimentation velocity is proportional to the difference between the effective densities of
particle and the densities of suspending media and the square of the suspended particle
diameter (DeLoid et al., 2017a; DeLoid et al., 2015). Based on this equation, the
agglomeration size influences sedimentation rate and therefore the dose delivered to the cell
surface.

The mean volume-weighted dH, effective density, and delivered-to-cell doses of ENM in
SCM were provided from NHIR ERCC as shown in Table 1 (we did not validate these data).
The delivered-to-cell doses data would allow dosimetry-based toxicity assessment as
described by DeLoid et al. (2017a, 2017b). The order from largest to smallest agglomeration
size exhibited as follows: MgO, ZnO, TiOy, V505, CuO, Fe,03, CeO,, Al,03, and WO3.
The first 4 largest ENMs also showed the highest mass of ENM delivered to cells. Similarly,
the smallest agglomerate, WO3 had the smallest mass ENMs delivered to the cells. This
finding was reasonable according to the previous explanation from Eq. (1).

The mass of ENM delivered to the cells in SFM is expected to be greater than in SCM since
the agglomerate size for most ENMs in SFM was greater than in SCM. This explains our
viable cell count cytotoxicity data for CuO and ZnO at 4 h incubation showing that ENMs in
SFM exhibited more toxicity than in SCM.

The % relative viable cell count for CuO, ZnO, and V,05 at 24 h incubation in SCM was
plotted against the dosimetry dose based concentration (Supplementary Fig. 2) that was
calculated by multiplying the mean fraction of deposited ENMs for 24 h and the nominal
concentration. This figure showed that CuO induced the highest cytotoxicity.

3.5. Characterization of generated ENM aerosol for in vivo exposures

The conditions for the generation of nanoaerosol and exposure of mice in our nose-only
system were meticulously controlled. The mass concentration of aerosol was held to our
target of 3.5 mg/m?3 by controlling the pressure, flow rate and mass of suspended
nanomaterial in the Collison nebulizer. The exposure concentration was selected based on
our (Adamcakova-Dodd et al., 2014; Adamcakova-Dodd et al., 2015; Kim et al., 2011) and
other’s (Gosens et al., 2016) previous studies investigating various ENMs, as well as
considering relevance to potential human exposures. The exact mass of each ENMs used in
the nebulizer for the aerosol generation is reported in Table 2. Higher masses of
nanomaterials were used for V,Og and CuO aerosol generation (1 mg/mL), followed by
ZnO and WOg3 (0.3 and 0.4 mg/mL, respectively). We were able to achieve very similar
exposure concentrations for all materials (Table 2), all were in the range between 3.24 and
4.15 mg/m3. The smallest geometric mean mobility diameter (GM) of generated particles
was measured for CuO (33.26 nm), followed by ZnO (37.54 nm) and V,05 (43.03 nm). The
largest GM was generated for WO3 aerosol (77.61 nm) as shown in Table 2. Comparing the
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GM of the aerosol size distribution with the primary ENM particle sizes reported in
Supplementary Table 1, the smallest primary sized particles, WO3 (20 nm) generated the
highest agglomeration/aggregation of particles. Peak particle counts were all similar with the
highest counts for V,05 (Table 2, Fig. 5). We also measured the particle size distribution of
particulates/contaminants that are always present in water (Fig. 5). The particle size
distribution of all ENMs reported in Fig. 5 contains a small fraction of particles derived from
the water (Knight and Petrucci, 2003). Since pure, analytical grade water was used as a
vehicle for the generation of ENM aerosol the contribution of contaminant particle counts to
the total measured was relatively insignificant.

3.6. Invivo pulmonary responses after acute exposures

The inflammatory potency of ENMs after 4 h exposure was assessed by the evaluation of
cells obtained by BAL, cell viability, total protein, cytokine concentrations and
histopathology evaluation of lung tissues. There was a significantly higher recruitment of
cells into the lungs in ZnO-exposed male mice at the 4 h time point (Fig. 6) in comparison to
shams. At the 24 h time point, the total number of cells increased in both males and females
in CuO- and ZnO-exposed mice compared to shams, however this increase was shown to be
significant only in males due to a higher variability in females. There was a significant
increase in the number of total cells in male ZnO-exposed mice at 4 h time point compared
to female counterparts, however there was no significant difference between males and
females at 24 h. The number of neutrophils in BAL fluid was slightly increased in CuO- and
Zn0-exposed mice, both males and females at the 4-h time point (Fig. 7); however this
increase was statistically significant only for CuO-exposed females. We observed much
higher neutrophilic recruitment at the 24-h time point for the same ENMs in both, males and
females. The number of lymphocytes was also significantly increased compared to shams in
Zn0-exposed mice in both, male and females. The proportion of neutrophils in BAL fluid in
CuO-exposed mice was increased from about 2% at 4 h to 56 + 4% in females and to 61 £
9% in males at 24 h (Fig. 8). In ZnO-exposed mice, this increase was from about 2 + 0.5% at
4 hto 42 + 8% at 24 h in females and from 1 + 0.2% to 27 + 6% in males. The number of
eosinophils found in BAL fluid was not significantly increased at any time point after
exposure, sex or type of ENM.

The viability of total cells that included the cells with the wider size range (6.5-23 pm) was
decreased compared with sham-exposed mice after ZnO and CuO exposure at the 24 h time
point in both, females and males (Fig. 9A and B). When we analyzed the viability of the
cells with the cell diameter in the size range of mouse monocytes/macrophages (9.5 and 21.5
um), we found a larger decrease in the viability compared to controls in ZnO and CuO-
exposed mice at 24 h (Fig. 9C and D). The results of total protein determination support
higher cell injury for ZnO-exposed animals at 24 h compared to shams or CuO-exposed
mice (Supplementary Fig. 3).

The concentrations of selected inflammatory cytokines/chemokines confirm the
inflammatory responses after exposure to ZnO and CuO ENMSs. However significant
differences between CuO and ZnO ENMs in lavage cytokines were observed, indicating
involvement different immunotoxicity pathways in inflammatory responses between these
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two ENMs (Fig. 10). The release of IL-6 in the lungs, the major mediator of the acute phase
inflammation (Tanaka et al., 2014), was significantly higher in both females and males
(1227 and 966 pg/mL, respectively) at the 4 h time point after ZnO exposure compared to
controls or CuO ENM exposure (< 2.26 pg/mL [LLOD]). This increase was not observed
after CuO exposure. At the 24 h time point after ZnO exposure, IL-6 concentrations
decreased significantly in both females and males (146 and 126 pg/mL, respectively). Such a
release of IL-6 is indicative of inflammation associated with lung tissue injury and increased
total protein release at 24 h post exposure, as observed after ZnO exposure. Early release of
IL-6 into circulation or BAL fluid was observed in workers after single exposure to ZnO
fume after 2 h-exposure to 5 mg/m? (Fine et al., 1997; Fine et al., 2000). Workers in that
study, were exposed to freshly generated ZnO vapor condensed to ultrafine particles with the
mass median diameter of 0.3 um. Upregulation of IL-6 was also observed after acute (3-day)
ZnO NP exposure of female ICR mice by inhalation (Rossner Jr et al., 2018). Acute
exposure to CuO ENM caused higher release of keratinocyte-derived chemokine (KC)
(neutrophil chemoattractant released by macrophages, neutrophils and epithelial cells)
especially at 24 h post exposure in comparison to controls or ZnO exposure, even though
both, CuO and ZnO caused a high number of neutrophils in BAL fluid. In agreement with
the neutrophilic recruitment into BAL fluid 24 h post exposure, the concentration of KC was
higher after CuO exposure than after ZnO exposure at the 24 h time point.

Most of the evaluated tissues had nominal or focal changes that were often in the lowest
thresholds of detection. Supplementary Table 2 reports on the scores of the changes
evaluated. A 5-point scale was used for the evaluation of potential pathologies. All of the
tissues were scored either with the score of 0 (within the scope of normal), 1 (rare, but
detectable change), or 2 (mild in distribution/severity). Increased numbers of macrophages
and activated macrophages were found after CuO exposures in both females (average score
of 1.8 £ 0.1) and males (1.2 = 0.1). The most noticeable changes were represented by the
presence of neutrophils around vessels (perivascular infiltration or aggregates) found for
V5,05, in both time points post exposure and in females and males, however these changes
were still scored as mild. None of the tissues were scored with moderate (score 3) or severe
(score 4) in distribution/severity in any evaluated changes. Consistent with the results from
BAL fluid, observed changes were more pronounced at the 24-h time point compared to the
4-h time point in all materials showing some inflammatory responses (CuO and ZnQO).
Supplementary Fig. 4 shows representative micrographs of lung tissues after V,05 exposure
(with a histology score 2 for perivascular infiltration of leukocytes around vessels at each
time point for each sex), pointing out that all observed changes were minimal.

The effects of various types of ENMs after inhalation exposure differ by the duration and
severity of the responses. The results of our studies confirmed the toxicity of CuO (Pettibone
et al., 2008; Kim et al., 2011) and ZnO ENMs after inhalation exposure seen in many other
inhalation studies (Chuang et al., 2014; Vandebriel and De Jong, 2012; Larsen et al., 2016),
however the number of studies using only an acute protocol with shorter-term exposure for
screening ENMs is limited (Gosens et al., 2016; Larsen et al., 2016). In our studies we also
found that at least two time points post-acute exposure (€.g. 4 and 24 h) should be
investigated to explore the toxicity of ENMs. Even though our /n vitro screening assay did
not point to an increased cytotoxicity of WO3, due to the lack of toxicological data after
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respiratory exposure, we thought to include this material in our /7 vivo acute screening
protocol and compare the toxicity with other studied ENMs. None of the results of our WO3
inhalation study showed significant differences compared to controls. The recruitment of
neutrophils into the lungs (Fig. 8) after WO3 exposure was < 2% in all experimental groups
(ranging from 0.8% to 1.6%) and similar to sham-exposed mice (0.3% - 0.7%). In an
inhalation study of WO3 NPs in golden Syrian hamsters (Prajapati et al., 2017), animals
were exposed in a whole-body exposure chamber to low or high concentration (5 or 10
mg/m3, respectively) for 4 h/day for 4 or 8 days. An average geometric mean particle
diameter of WOg3 particulates produced in this study was 202 + 49 nm. After inhalation
exposure of WO3 particulate aerosol for 4 days, pulmonary inflammation (represented by an
increase of neutrophils in BAL fluid) was significantly increased with the higher exposure
concentration (10 mg/m?3), but not with lower exposure concentration (5 mg/m3). In our
studies, we did not see significant pulmonary inflammation or immunotoxicity after V,05
ENM exposure, as has been described elsewhere (Worle-Knirsch et al., 2007; Kulkarni et al.,
2014). Also, our /n vitro screening studies showed that these materials lowered the relative
cell viability. However most of the studies of V205 NPs were conducted /in7 vitro or in vivo
with repeated exposures (Kulkarni et al., 2014; Karaboga Arslan et al., 2017). The toxicity
of bulk vanadium pentoxide after inhalation exposures has been studied (Dill et al., 2004;
Cooper, 2007; NTP toxicology and carcinogensis studies of vanadium pentoxide (CAS No.
1314-62-1) in F344/N rats and B6C3F1 mice (inhalation), 2002). The differences observed
between /n vitroand in vivoresults in our screening studies might be due to short half-life of
V05 after inhalation (Conklin et al., 1982). One hour after intratracheal instillation of 0.5
HCi 48V in V4,05 form (0.3 mg/kg, 40 pg/rat), 40% of the total 48V had been cleared, by day
3, 90% had been cleared (Conklin et al., 1982). Faster elimination of \V/,05 has been
reported in mice than rats (Dill et al., 2004). Such rapid clearance of V,0s after acute
exposure (which was not verified for nanoparticulate form of V,05) might be responsible
for the lack of toxicity present after acute inhalation exposure. The absence of clearance
mechanisms in /n vitro studies especially at submersed conditions (which is one of the
limitations of such studies) must always be considered when comparing /n vitroand in vivo
screening methods. In our /n vivo studies, retained doses of each particular ENM were
determined using ICP-MS as reported in Table 4. We found higher clearance of W and V
from the lungs than Cu at the 24 h time point post exposure. The lung burden of W
decreased 3-fold in 24 h (from 58.6 pg/g at 4 h to 19.8 pg/g at 24 h). More than half of the V
was cleared from the lungs 24 h post exposure (32 pug/g at 4 h and 18 pg/g at 24 h). Our
estimations of deposited doses in the lungs using MPPD modeling (Table 3) agreed closely
with our values measured by ICP-MS (Table 4) for all materials except ZnO. Concentration
of Zn in the lungs after 4 h exposure was not significantly different from sham-exposed
animals. We have seen similar results in our previous studies after sub-acute or sub-chronic
inhalation exposure to ZnO nanomaterials (Adamcakova-Dodd et al., 2014).

We hypothesize that rapid dissolution of ZnO NPs in lung fluids is a possible mechanism for
the clearance of ENMs. To test this, we compared experimental data (observed) to
theoretical dissolution data (modeled) for selected materials. Dissolution of ENMs was
modeled using Visual MINTEQ (Gustafsson, 2011). Dissolution modeling was done for
selected ENMs such as CuO (tenorite), ZnO (zincite) and V,Os from our /n vivo studies.
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Literature on tungsten is limited and ionic equilibrium data for WO3 was not available - this
prevented us from modeling its dissolution. We simulated two physiologically relevant
chemical conditions which include artificial lysosomal fluid (ALF, pH 4.5) and Gamble’s
solution (pH 7.4). Components used to build these two simulations were those used for the
measured dissolution experiments (Stopford et al., 2003; Midander et al., 2007; Moss,
1979). Results from our model (Supplemental Table 5) suggest that in ALF, we expect to see
100% of the CuO and ZnO dissolved while there will be very little dissolution of VV,Os. This
finding might serve to explain the loss of macrophage viability at both 4 h and 24 h for ZnO
and CuO not seen for V05 resulting from rapid increase in metal ion concentration in the
lysosome from rapid dissolution of the metal oxides. Interestingly, the opposite trend is
observed for Gamble’s solution where we expect to see 100% dissolution of V,05 but very
little for CuO and ZnO.

Results from our dissolution modeling is supported by dissolution experiment results
previously published by our group which also showed 100% of ZnO dissolved within 24 h in
ALF, but < 1% in Gamble’s solution after 2 wks (Adamcakova-Dodd et al., 2014). Similarly,
in our previous studies, CuO ENMs dissolved more in ALF than in Gamble’s solution (pH
7.4) (Pettibone et al., 2008). Based on our previous studies (Adamcakova-Dodd et al., 2014;
Pettibone et al., 2008), the dissolution rates of ZnO and CuQO were similar, however we
observed lower clearance for Cu (Supplemental Table 5). V,05 (fine powder, geometric
mean diameter 0.31 um) was found to be 8 times more soluble in Gamble’s solution than in
a pure water (Toya et al., 2001). Based on our results from /n vitro screening as well as
considering known toxicity of bulk V,0s a subacute or chronic inhalation exposure study is
warranted to further assess the toxicity of this ENM. Determination of the dissolution
characteristics of all studied materials in various simulated physiological conditions is a
critical step towards explaining their higher or lower clearance and subsequent toxicity. This
novel modeling approach might be a rapid, cost effective /in silicotool for screening large
quantities of ENMs in multiple simulated physiochemical conditions in addition to the lung,
such as gastric fluid having pH < 2 would certainly change the dissolution kinetics of ENMs.
This tool and possibly in conjunction with machine learning techniques also opens up the
possibility of looking at dissolution of mixtures of ENMs leading to more environmentally
relevant toxicity assessments. Further experimental studies are warranted to confirm and
improve this newly emerging modeling approach.

A slight increase in the recruitment of total cells into the lungs at the 4 h time point was
observed in males compared to females after exposure to ZnO ENMs (Fig. 6, p< 0.001).
Conversely the concentration of IL-6 in BAL fluid also at the 4 h time point was higher in
females (1227 + 188 pg/mL) than males (966 + 102 pg/mL), but not significantly (Fig. 10),
and concentration of G-CSF in BAL fluid at 24 h time point was significantly higher (Fig.
10, p< 0.01) in females (319 £ 37 pg/mL) than males (138 + 16 pg/mL). None of the other
materials studied showed sex differences.

4. Conclusion

We aimed to establish a toxicity screening method for inhaled ENMs using /n vitroand in
vivo acute protocols. The /n vitro assessments were conducted with the intention of a rapid
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screening of ENMs for their potential toxicities while the /n vivo assessment was conducted
to confirm or rebut the /n7 vitroresults in a model more relevant to human exposure. The
results of a viability assay performed after exposure of A549 cells at submersed conditions
were in the agreement with our /in vivo results after acute nose-only inhalation exposure of
C57BI/6 mice for CuO, ZnO, and WO3 ENMs. However, the V,05 ENMSs showed a dose-
dependent toxicity /n vitro that was not observed 7 vivo. From all studied ENMs: ZnO,
Cu0, Ce0y, Fey03, WO3, V7,05, TiO,, Al,03 and MgO, the highest toxicity was shown for
CuO and ZnO ENMs. The assessment of cell viability after /n vitro exposure and lung
inflammation after acute inhalation exposure /n vivo were shown to be sensitive endpoints to
predict toxicity after a short-term exposure. Two time points (4 and 24 h) after acute (one-
time) inhalation exposure were necessary to observe inflammation from studied ENMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

chhematic of nanoparticle aerosol generation and nose-only exposure system used in /in vivo
acute studies. ENM suspensions were placed into a 6-jet Collison nebulizer supplied with
dehumidified and HEPA-filtered air at 20 psi. Nebulizer-generated aerosol (indicated by red
lines) flowed through a heating tube and moisture trap and then passed through a 85Kr
charge neutralizer and subsequently entered each nose-only exposure tower at 6 L/min. Size
distribution of the ENM aerosol within the exposure towers was evaluated using a SMPS.
Real-time ENM aerosol concentration was monitored in each tower using an aerosol
photometer (pDR). Time-weighted average ENM aerosol concentrations were determined
gravimetrically from pDR filters. The entire system was housed in a chemical hood.
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Fig. 2.
(a) Mean intensity weighted hydrodynamic diameter (dH) of ENMs measured at 0 and 24 h

incubation in SCM at 37 °C, (b) polydispersity index (PDI) of ENMs measured at 0 and 24 h
incubation in SCM, (c) mean intensity weighted dH of ENMs for 0 h incubation, and (d)
PDI of ENMs measured at O h incubation in SFM.
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Fig. 3.

Percentage relative cell viability of ENMs at the concentration of 0.03, 5, 50, and 100 pg/mL
by MTS assay in (a) SFM for 4 h (b) SCM for 4 h (c) SFM for 24 h and (d) SCM for 24 h.
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Fig. 5.
Particle size distribution of ENM aerosols generated for nose-only exposures. Measurement

was performed using SMPS sampling from the nose-only port of the exposure system.
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Fig. 6.

Number of total cells in BAL fluid in females and males at 4 h and 24 h time point.
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Fig. 7.

Number of macrophages, neutrophils, lymphocytes and eosinophils in BAL fluid in females
and males at 4 h and 24 h time point.
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Fig. 8.

Proportion of macrophages, neutrophils, lymphocytes and eosinophils in BAL fluid in
females and males at 4 h and 24 h time point.
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Fig. 9.
BAL cell viability of total cells (A and B) and macrophages (C and D) in females and males

at 4 h and 24 h time point.
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Fig. 10.

Concentration of cytokines in BAL fluid in females and males at 4 h and 24 h time point.
Significant differences show difference in comparison with shams.

Nanolmpact. Author manuscript; available in PMC 2021 April 01.



Page 33

Areecheewakul et al.

10000 92¥T0 L¥00°0 0/£0¥88ST rZ¥€e8 2L200¥6599L  fOM
67000 ¥888'1T 62900 06T 0OFEV6'T €G+8'98T T6€0°0 ¥ 6€65E SOV
000 VITITY 0LET0 0E00F VLL'T 6°0C ¥ 7'89¢ €LT00 ¥ ¥1ES'L 2090
60000 S6€6°0 €1€00 0TT'0%92C'T 6°',LZ ¥ 0'80¢€ OPSTO ¥ vE8Y'Y  €0%d
€000'0 8G¢E0 980T°0 Y00 ¥ L2CT C'6E+ 98TV L2000  TEST'9 ond
G800'0 /9878 6¢8¢°0 6600 FESV'T 8CET+G'L9Y ¢T00°0 + LZ8E'E SOA
Y100 02L0vT 16970 TEO0F99G'T C'9€ ¥ £'699 12000 + ¥1€0'Y ‘o1L
9v¢0'0  /S8SvC S618°0 TIT0+2SS'T 0'LLT¥97¢y8 ¥900°0 ¥ L¥ST'9 ouz
€yS0°0 8TLCVS 8T9€0 7000 ¥ SCT'T €9€+2¢S8 L¥00°0 ¥ 0Z¥T'E ofn
(zwo/Buw) 1jam (Jw/Buw) swinjon
J0 eate yun Jad ssew INNJ Hun Jad ssew INNJ
(ssepuun) y vz 404
pansodap INN3J paJaisiulipe
U ¥7¢ 10} UOITe13U8du0d WOoNoq Ues|N jo uonoeay uesly  (gwo/B) Aususp aAinoalg  (wu) Hp paybram-swinjop  (gwo/B) Ausuap [eusrew mey  sANT

Author Manuscript

T alqeL

Author Manuscript

“INDS Ul SINNT 10 18P S|[32 01 PaJaAl|ap 8SOp pue Uolezigoerey)

Author Manuscript

Author Manuscript

Nanolmpact. Author manuscript; available in PMC 2021 April 01.



1duosnuey Joyiny

Areecheewakul et al. Page 34

Table 2

Exposure concentrations and particle size distributions of generated aerosol for /in vivo studies.

Type of Concentration of NPs used Exposure aerosol concentration, mg/m3 Aerosol size Peak particle
ENMs in Collison nebulizer® diStI"ib;Jtion, GM,nm  count/cm?
(GSD)

Toxicity Dosimetry

evaluation assessment
ZnO 0.3 mg/mL 3.75 3.80 37.5(1.78) 2.46 x 106
CuO 1 mg/mL 3.77 3.61 33.3(1.70) 2.05 x 106
V,05 1 mg/mL 4.15 4.19 43.0 (1.72) 5.26 x 106
WO, 0.4 mg/mL 3.24 2.95 77.6 (1.72) 1.37 x 108

aGeometric mean mobility diameter (GM) with geometric standard deviation (GSD).

bThe pressure and air flow through 6-jet Collison Nebulizer was the same for all ENMs evaluated: 20 psi and 12 L/min, respectively.
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Table 3

Estimated exposure doses for acute nose-only exposure.

Page 35

ENM  Deposition fraction in pulmonary Estimated dose®

region
By mass mg/kg By animal pg/mouse By lung mass pg/gC By lung surfaceb ng/cm?
ZnO 0.21 0.23 4.7 39.0 6.9
CuO 0.22 0.25 49 41.1 7.2
V,05 0.20 0.25 4.9 411 7.2
WO; 0.14 0.14 2.8 22.5 4.1

aAssumes 165 breaths/min, tidal volume of 0.15 mL, and 20 g/mouse body mass.
b680 cm? surface area.

DWet weight of whole lungs used in this estimation was 120 mg.
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Table 4

Page 36

Concentration of selected isotopes in lung tissues of exposed and control animals at 4 and 24 h post exposure,
determined by ICP-MS. Data were adjusted for digestion efficiency.

Investigated ENM  Measured isotope  Concentration, pg/g (dry wt) Mean + SE

Shams (n=5) 4h(n=5) 24h(n=5)

Cuo 83Cu 121+08 60.0 1.6 50.9+21™""
Zno 84z 196.1+6.0 1811£209 116711
V505 Sty 03+0.0 31.8+26™ 18208
WO, 183wy 02+00 58.6+4.8™ 19.8+21™
“
p<0.05

Aok

p < 0.001 significantly higher from shams.
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