Pulmonary toxicity of inhaled nano-sized cerium oxide aerosols in Sprague-Dawley rats
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SUPPLEMENTARY INFORMATION
Materials and Methods
Cerium oxide nanoparticles
Synthesis and purification of cerium oxide nanoparticles (CeO2NPs) was performed as described previously (Chen et al., 2013). In brief, Ce stock solution was prepared by dissolving 21.7 g cerium nitrate hexahydratehexhydrate in 100 mLml de-ionized (DI) water and NaOH stock solution was prepared by dissolving 2 g sodium hydroxide in 50 mLml DI water, then 8.5 mLml Ce stock solution, 5 mLml NaOH stock solution and 70 mLml DI water were mixed by magnetic stirring for 1 hour followed by heating at 150 oC in an autoclave for 24 hours. The prepared product was washed four times with DI water via centrifugation.;  The solids collected in the last centrifugation were re-dispersed in DI water. the solids collected were re-dispersed in DI water and The mixture was placed in a bath of sodium chloride and ice for 3 hours., Afterafter centrifugation, the white solids were removed leaving a transparent solution which was then filtered using Millipore system to remove larger agglomerates. Then, the solution was dried using a vacuum pump for a couple of hours at room temperature to produce a light yellow powder. The size of the CeO2NPs was determined by transmission electron microscopy (TEM) and the estimated primary particle diameter was 8 nm. The CeO2NPs were received in powder form and dispersed in MilliQ water at 1 mg/mLmg/ml. After a brief (~ 1 min) bath sonication, CeO2NP dispersions were then used to generate CeO2NP aerosols. Magnetic stirring of the dispersion was undertaken during use.
Exposure system and aerosol characterization
A schematic of the inhalation exposure system is shown in Figure S1. The aerosol was produced using the CeO2NP dispersion in constant output atomizers (model 3076, TSI Inc., Shoreview, MN, USA) supplied with filtered compressed air. The aerosol was dried and passed through a stainless steel neutralizing and mixing chamber where it was diluted with filtered air. The aerosol then entered a custom built nose-only exposure manifold (EMMS, Bordon, UK) (Buckley et al., 2017). Aerosol mass concentrations were determined gravimetrically and a TEOM™ ambient particulate monitor (Model 1400a, Thermo Scientific, Franklin, MA, USA) was used to continuously monitor the aerosol mass concentration. The number concentration and particle size distribution of the aerosol were also continuously measured during exposures using a condensation particle counter (CPC model 3775, TSI Inc., Shoreview, MN, USA) and a scanning mobility particle sizer (SMPS model 3936N76, TSI Inc., Shoreview, MN, USA) with a nano-differential mobility analyzer (N-DMA model 3085, TSI Inc., Shoreview, MN, USA). Aerosol particles were captured onto TEM grids using a Mimi Particle Sampler (Ecomesure, Saclay, France).
Dose estimation
Estimates of the deposited dose, D (μg), in the lung and alveolar regions were determined using the following formula, D = C × MV × T × DE × 10-3, where C (mg/m3) is the aerosol mass concentration, MV (mL/minml/min), the rat minute ventilation, T (min), the exposure duration, and DE, the deposition efficiency. The minute ventilation was measured using head-out plethysmographs (EMMS, Bordon, UK) for 4 rats during 3-hour exposures on different days. The average MV was 200 mL/minmLmin-1, which is in line with typical values for animals of similar mass found in the literature (Mauderly, 1986, Whalen, 2006, Semmler-Behnke et al., 2012, Filho et al., 2014). The deposition efficiencies for the lung (0.31) and alveolar region (0.19) were determined using the multiple-path particle dosimetry (MPPD) model (version 2.11, Applied Research Associates, Inc.) (Asgharian, 2009). 
Assessment of adverse clinical signs
The animals were monitored before and after exposure every day during the exposure period for their general appearance (decreased body weight, dehydration, abnormal posture etc), skin and fur (discoloration, urine stain, redness, wound etc), eyes (reddened eye, discharge etc), nose, mouth and head, respiration, feces etc. They were also routinely checked daily for these clinical signs after exposures ended.  
Cytological analysis of bronchoalveolar lavage fluid (BALF)
BALF cells were spun for 5 minutes at 500 rpm and pelleted onto slides using a cytocentrifuge. Slides were air-dried at room temperature and stained using the Shandon Kwik-Diff Stains kit (Thermo Scientific) and cell differentials were counted by microscopic observation by individuals blinded to treatment. At least 500 cells on the slides were counted and identified as macrophages, neutrophils, eosinophils, basophils and lymphocytes based on morphological criteria. 
Total cell numbers were significantly elevated at day 7 post inhalation for both exposure groups (2-week significantly higher than 1-week indicating dose (and/or exposure duration)-dependency), but not at day 3 (Supplementary Figure S2). This dose-dependent increase at day 7 was reflected for macrophages (MPH), neutrophils (PMN) and lymphocytes (LYMPH). There was a significant increase in PMN and decrease in AM at 3 days for both exposure groups, but no evidence of a dependence on the dose. Numbers of basophils and eosinophils were too low for statistical analysis.
Total protein, lactate dehydrogenase (LDH) and alkaline phosphatase (ALP) in BALF
Total protein, LDH and ALP assays as indicators for cytotoxicity and alveolar barrier damage were determined using the supernatant of the first lavage wash. For the LDH assay (Promega), 50 µl of BALF was added to 50 µl of reconstituted substrate solution and incubated for 30 mins at room temperature in the dark. Then 50 µl of stop solution was added to each well and the absorbance (Ab) was measured at 492 nm. Total protein was measured using Bio-Rad protein assay kit and ALP was measured using Abcam alkaline phosphatase assay kit. 
Concentrations of total protein, LDH and ALP in BALF showed a significant increase for all exposed groups compared to controls (Supplementary Figure S3). There was a little recovery in total BALF protein levels at 7 days, although this was only significant for the 1-week exposure group (Supplementary Figure S3A). Levels for the 2-week groups were higher than for the 1-week groups, suggesting a dose-dependent effect, although this was only significant at 3 days post-exposure.  There was a significant recovery in LDH levels by day 7 for the 1 week but not the 2-week exposure group (Supplementary Figure S3B). 
Microarray-based gene expression analysis
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Microarray-based gene expression profiling was performed according to the manufacturer's protocols (Agilent Technologies, Santa Clara, CA, USA). Briefly, after synthesis of cRNA from 50 ng of total RNA per sample, the probe RNA was amplified and labelled with Cy3-CTP (Agilent One-Color RNA Spike-In Kit and QuickAmp Labelling kit; Agilent Technologies). The Cy3-labelled cRNA was then fragmented and hybridized to Agilent’s SurePrint G3 Rat Gene Expression v2 8 × 60k microarrays (Design ID: 074036), at 65 °C°C for 17 h. The hybridized microarrays were scanned with an Agilent G2565BA microarray scanner (Agilent Technologies) at A535 for Cy3. Microarray data were background-corrected, quantile-normalised between arrays, log-transformed and analysed using Limma (Ritchie et al., 2015) to examine the effect of nanoparticle (NP) exposure and exposure duration on the transcriptional response. Principal component analysis (PCA) enabled visualisation of any similarities and/or differences in gene expression between sample groups. Differentially expressed gene lists (q-value < 0.05 and log2 fold change > 1.0), derived using Limma, were analysed using the functional annotation tool within DAVID (Huang da et al., 2009) to determine the most relevant biological pathways and processes.
Mass spectrometry-based lipidomics
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Mass spectrometry-based lipidomics was performed using a high-resolution spectral-stitching nanoelectrospray direct-infusion approach, in negative ion mode, as previously reported (Southam et al., 2017). Each dried non-polar extract was re-dissolved in 2:1 methanol:chloroform containing 5 mM ammonium acetate, vortexed and centrifuged prior to MS. Quality control (QC) samples (Supplementary Figure S4) were prepared by pooling an aliquot of each biological sample. MS analyses were conducted using high resolution Fourier transform MS (Orbitrap Elite, Thermo Fisher Scientific, Germany) equipped with a Triversa chip-based nano-electrospray ion source (Advion Biosciences, NY, USA) using conditions as described previously (Southam et al., 2017). Three technical replicate mass spectra for each sample were collected using a selected-ion-monitoring (SIM) stitching method from m/z (mass-to-charge ratio) 50-1005 in negative ion mode (Southam et al., 2017), processed, normalized, missing values were imputed, and the generalized log-transform was applied as reported previously (Southam et al., 2017). PCA and two-way ANOVA (Type II, unbalanced and without interaction) (Langsrud, 2003, Landsheer and van den Wittenboer, 2015), corrected using an FDR of 5% to account for multiple-testing (Benjamini and Hochberg, 1995), was conducted for each peak to examine the effect of CeO2NP exposure and exposure duration on the lipidomic response. Using the MI-Pack software (Weber and Viant, 2010), m/z measurements were putatively annotated using the LIPID MAPS database (http://www.lipidmaps.org, 28/06/2015) and enrichment analysis (i.e. LIPID MAPS Taxonomy) was conducted using MBROLE 2.0 (López-Ibáñez et al., 2016).
Cerium mapping in lung tissues by laser ablation ICP-MS 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses of samples of lung mounted on microscope slides were undertaken using a New Wave Research NWR213 laser ablation system (Electro Scientific Industries, Portland, Oregon, USA) linked to a iCAP Q ICPMS (Thermo Fisher Scientific, Hemel Hempstead, UK). Unless otherwise stated, laser ablation conditions comprised 100 µm diameter spot size, fluence 7 J/cm2, 400 µ/ms scan speed and a repetition rate of 20Hz. The cell gas was helium, which was run at a flow of 0.9 mL/min. Helium was also used as the collision gas in KED mode. Samples were introduced into the ICP-MS via a micro flow nebuliser. The ICP-MS was run in KED mode and the isotopes monitored were 13C and 140Ce. Dwell time for each isotope was 0.05 s.  Scan log files were generated to allow reconstruction of the data into an image.  Image generation was achieved using Iolite v3 (Paton et al., 2011) within Igor Pro 6.36 (Wavemetrics Inc. Oregon, USA). Basically, the scan log file was aligned with the ICP-MS data exported from Qtegra as an excel .csv file, to identify data of interest. Baseline values were then subtracted using the data reduction scheme using 13C as the index channel. 
Cerium content in liver and kidney samples as determined using ICP-MS
After removing the lung, kidney and liver samples were collected and snap-frozen using liquid nitrogen. The tissue samples were digested by acidification with 2 mL of 20 % nitric acid and using a Milestone UltraWAVETM microwave digester with 15 position rack, 660 terminal and easyCONTROL software. The sample was heated for 25 min at 200 oC, at a pressure of 160 bar and a power of 1500 W. Once cooled, samples were filtered with a 200 nm syringe filter, diluted with 20 mL deionized water and stored at room temperature. Note that the digestions went well but there was a minor issue with a small number of samples so all were filtered for consistency. We are confident that this protocol produced appropriate results as we had previously tested it using spiked tissue samples and obtained complete (100%) extraction of the cerium. Total Ce content in the tissues was measured using an iCAP Q ICP-MS (Thermo Fisher Scientific, Hemel Hempstead, UK). The ICP-MS was run in KED mode and the isotopes monitored were cerium-140 and iridium-193, which was used as an internal standard. Calibration standards (0-10 μg/L) were prepared from Spex CertPrep 1000 mg/L stock solutions. Quantities are expressed as µg/kg of organ tissue.
Transmission electron microscopy (TEM) 
Additional animals were used for the production of samples for TEM. Two animals were added to the 2-week exposed groups (CeO2NP and water control) and these were sacrificed at 3 days post-exposurepost exposure. When the lung and heart were exposed, ice-cold saline was introduced slowly from the right ventricle and drained out from the left atrium with a small incision. The whole lung was perfused in situ before fixingwith ice-cold saline slowly before fixed with 0.1 M sodium cacodylate buffer pH 7.3 containing 2.5 % glutaraldehyde by circulation. 1 mm sections of fixed lung tissue samples were collected and were then post-fixed with 2 % osmium tetroxide solution before embedding in resin mixture of Embed 812 kit. 1 µm thick sections were cut with a Leica Ultracut UC6 ultramicrotome and stained with Toluidine Blue O and 70 nm sections were collected on 200 mesh copper grids. The samples were stained with uranyl acetate and Reynolds lead citrate.  TEM imaging was then performed on an FEI Tecnai Spirit G2.
Cerium content in liver and kidney samples as determined using ICP-MS
After removing the lung, kidney and liver samples were collected and snap-frozen using liquid nitrogen. The tissue samples were digested by acidification with 2 mL of 20% nitric acid and using a Milestone UltraWAVETM microwave digester with 15 position rack, 660 terminal and easyCONTROL software. The sample was heated for 25 min at 200oC, at a pressure of 160 bar and a power of 1500 W. Once cooled, samples were filtered with a 200 nm syringe filter, diluted with 20 mL deionized water and stored at room temperature. Total Ce content in the tissues was measured using an iCAP Q ICP-MS (Thermo Fisher Scientific, Hemel Hempstead, UK). The ICP-MS was run in KED mode and the isotopes monitored were cerium-140 and iridium-193, which was used as an internal standard. Calibration standards (0 - 10 μg/L) were prepared from Spex CertPrep 1000 mg/L stock solutions. Quantities are expressed as µg/kg of organ tissue.
Synchrotron-based X-ray spectroscopy
Microfocus X-ray fluorescence (µ-XRF) mapping was undertaken using a beam focus of circa 4 µm × 4 µm.  The cerium Xx-ray absorption near-edge structure (XANES) spectra were produced using a step size of 5 eV for the majority of the range, reducing to 0.5 eV where the more detailed resolution was required. Spectral analysis was undertaken using two software packages, Athena (Ravel and Newville, 2005) and PyMCA (Solé et al., 2007). 
Supplementary Figures
Supplementary Figure S1
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Supplementary Figure S1 Schematic of inhalation exposure system. MFC - mass flow controller, SMPS – scanning mobility particle sizer, MPS – mini particle sampler. 

Supplementary Figure S2 
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Supplementary Figure S2 Differential cell counts (A, total cells; B, macrophages; C, neutrophils; D, lymphocytes) in BALFbronchoalveolar lavage fluid after inhalation of CeO2NP aerosols at 3 and 7 days post-inhalation. Total cell numbers were significantly elevated at day 7 post inhalation for both exposure groups (2-week significantly higher than 1-week indicating dose (and/or exposure duration)-dependency), but not at day 3. This dose-dependent increase at day 7 was reflected for macrophages (MPH), neutrophils (PMN) and lymphocytes (LYMPH). There was a significant increase in PMN and decrease in AM at 3 days for both exposure groups, but no evidence of a dependence on the dose. Numbers of basophils and eosinophils were too low for statistical analysis. Data shown as mean ± SD (n = 5 rats per group for exposed and n = 3 for controls). ** P < 0.01, *** P < 0.001.

Supplementary Figure S3 
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Supplementary Figure S3 General toxicity indicators (A, total protein levels; B, relative lactate dehydrogenase (LDH) release levels; C, alkaline phosphatase (ALP) levels) in BALFbronchoalveolar lavage fluid after inhalation of CeO2NP aerosols at 3 and 7 days post-inhalation. Concentrations of total protein, LDH and ALP in BALF showed a significant increase for all exposed groups compared to controls. There was a little recovery in total BALF protein levels at 7 days, although this was only significant for the 1-week exposure group. Levels for the 2-week groups were higher than for the 1-week groups, suggesting a dose-dependent effect, although this was only significant at 3 days post-exposure.  There was a significant recovery in LDH levels by day 7 for the 1 week but not the 2-week exposure group. Data shown as mean ± SD (n = 5 rats for groups exposed CeO2NP aerosols and n = 3 for control groups exposed to H2O aerosols). * P < 0.05, ** P < 0.01, *** P < 0.001.

Supplementary Figure S4 
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[bookmark: _GoBack]Supplementary Figure S4 PCA scores plots of lipidomics profiles (negative ion mode) of lung tissue from rats exposed to water and CeO2NP aerosols for one week and two weeks. QCs are presented with black plus symbols. Rats were sacrificed three days after exposure.

Supplementary Figure S5 
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 Supplementary Figure S5 Cerium concentrations in the kidney (A) and liver (B). After 1 week CeO2NP inhalation the cerium concentrations in the kidney were not significantly higher than controls (H2O) at either 3 or 7 days post-exposurepost exposure. After 2 weeks of CeO2NP inhalation, the kidney cerium concentrations at both 3 and 7 days post-exposurepost exposure were significantly higher than the control (p < 0.05). The concentration was higher at 7 than 3 days, but this difference was not significant. In the case of the liver, after both 1 and 2 weeks of CeO2NP inhalation, the concentration of cerium was significantly different from control at both 3 and 7 days post-exposurepost exposure (p < 0.05). The cerium concentration was again higher at 7 than 3 days, but this difference was only significant for the 2-week exposures (p < 0.05).  

Supplementary Figure S6 
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Supplementary Figure S6 Ce LIII XANES spectra from a sample of CeO2NPs. 
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