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[bookmark: _GoBack]Abstract
	The chemical constituents of fine particulate matter (PM2.5) vary by source and capacity to participate in redox reactions in the body, which produce cytotoxic reactive oxygen species (ROS). Knowledge of the sources and components of PM2.5 may provide insight into the adverse health effects associated with the inhalation of PM2.5 mass. We collected 48-h household and personal PM2.5 exposure measurements in the summer months among 50 women/household pairs in a rural area of southwestern China where daily household biomass burning is common. PM2.5 mass was analyzed for ions, trace metals, black carbon, and water-soluble organic matter, as well as ROS-generating capability (oxidative potential) by one cellular and one acellular assay. Crustal enrichment factors and a principal component analysis identified the major sources of PM2.5 as dust, biomass burning, and secondary sulfate. Elements associated with the secondary sulfate source (As, Mo, Zn) had the strongest correlation with increased cellular oxidative potential (Spearman r: 0.74, 0.68, and 0.64). Chemical markers of biomass burning (water-soluble potassium and water-soluble organic matter) had negligible oxidative potential, suggesting that these assays may not be useful as a health-relevant exposure metric in populations that are exposed to high levels of smoke from household biomass burning.
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 Introduction
	The negative health impacts of exposure to fine particulate matter (PM2.5) mass are well documented in epidemiologic studies.1–3 PM2.5 consists of chemical components originating from diverse sources and processes. Toxicological evidence suggests that exposure to PM2.5 via inhalation induces the generation of cellular reactive oxygen species (ROS) through Fenton-like redox reactions, which are precursors to cellular oxidative stress and lung inflammation.4–6 However, the sources and components of PM2.5, and their ability to generate cellular ROS, are poorly characterized for many regions of the world and pose a barrier to accurately interpreting the health relevance of the oxidative potential of PM2.5 measured in different settings. This is especially true in predominantly rural and less urban settings where household solid fuel combustion is a major source of household and ambient PM2.5, which is the case for over 2.8 million people globally.7
Multiple acellular methods, including deoxyribose oxidation and dithiothreitol consumption, have been developed to measure the ROS-generating potential (oxidative potential) of PM.8,9 While straightforward to implement, acellular assays are only able to measure the direct oxidative potential of PM components. Since biologically active PM constituents can also contribute to oxidative stress by indirectly stimulating cellular ROS generation, cellular assays (e.g. macrophage-based) have been developed to measure the combined direct and indirect oxidative potential of PM and its components.10 Comparisons of the two assays may prove useful in the identification of the most biologically active components of PM, which could aid in the design of toxicological studies to determine the mechanism of indirect cellular ROS generation. 
Cellular and acellular assays have been most commonly used in the analysis of ambient PM2.5 in urban areas, finding that oxidative potential was highest for chemical species originating from traffic exhaust, oil burning, and secondary organic aerosols.11–13 Recent evidence from laboratory studies suggests that the elevated oxidative potential of ambient PM may, in part, be attributed to changes in the chemical composition of PM as the particles age in the atmosphere.14–16 However, these findings need to be verified in the field in rural settings with fresh biomass burning. Our study is only the second to evaluate the chemical composition and oxidative potential of personal PM2.5 exposure in a rural area where the combustion of solid fuels is a fresh and dominant source of household and ambient PM2.5, and the first to combine these with stationary, indoor measurements.7,17 The study in Inner Mongolia, China, where crop residues and coal are burned in homes for cooking and heating, reported a weak positive correlation between chemical markers of biomass combustion and cellular and acellular oxidative potential of personal PM2.5 exposure measurements collected in winter.18 Since the chemical composition of PM2.5 varies by source, additional studies that consider other solid fuel sources are needed to fully understand and interpret variability in oxidative potential of PM2.5 across settings with household use of solid fuels. 
Our study was conducted with three objectives: (1) identify sources and components of PM2.5 associated with increased cellular ROS generation, (2) compare household and personal PM2.5 exposure compositions, and (3) compare oxidative potential quantified by a cellular and acellular assay. This study contributes new evidence for understanding the relative contributions of sources and components of PM2.5 to cellular and acellular oxidative potential for household and personal PM2.5 air pollution measurements in understudied rural settings where biomass burning is fresh and the dominant source of PM2.5. Further, no studies have conducted these measurements in settings where wood biomass is the dominant fuel. Finally, this study is also the first to compare measures of oxidative potential of personal and household PM2.5 in these settings.
Methods
Study Design. Twelve villages in Beichuan County, Sichuan Province were selected as sampling sites based on their planned participation in a government sponsored clean energy program.19,20 The villages were located in the rural mountainous region of the eastern Tibetan Plateau with few proximal anthropogenic sources of PM2.5 aside from biomass-burning in homes. Enrolled households were those that reported cooking with biomass fuels and that had at least one woman eligible to participate in a separate health study. The overall study design involved repeated seasonal measurements of paired household and personal PM2.5 before (May to August 2014) and after distribution of a household energy package to some homes (May to August 2016). Description of the household energy system is provided in the Supporting Information (Section S1), and in previous publications, where study protocols are also described in detail.21,22 
PM2.5 Sample Collection. Integrated 48-h personal PM2.5 exposures were evaluated using gravimetric analysis of PM2.5 mass collected on 37 mm PTFE filters with a pore size of 2.0 µm (Zefluor, Pall Labs, USA). Enrolled participants were given waist packs containing lightweight samplers (PEMs; BGI Inc., Waltham, MA) that pulled air through a Teflon filter at 1.8 liters per minute using a battery-powered pump (Apex Pro, Casella, UK). Stationary household PM2.5 samples were collected in kitchens over the same 48-h period using a PEM or cyclone. When used, cyclones (GK2.05 SH) were operated at a flow rate of 3.5 liters per minute. Additional details of quality assurance measures are reported elsewhere.23,24 Paired measurements that ran for 48 hours ( 20%) in both summer seasons (2014 and 2016) were eligible for analysis in this study and were selected at random from a subset of the total number of household and personal exposure measurements from the larger study, resulting in 50 woman/household pairs. 
PM2.5 Mass and Chemical Analysis. Teflon filters were weighed pre- and post-sampling in a climate controlled (23  2 C; 40  5% relative humidity) room using a microbalance (MT 5, Mettler-Toledo Inc., Hightstown, NJ). Filters were analyzed for black carbon (BC) using an optical transmissometer (Sootscan OT21, Magee Scientific, USA).25,26 Subsequent analyses were conducted with filter composites. Details of the compositing process can be found in the Supporting Information (Section S1). Prior to compositing, filters were sectioned into quarters. Composites of one filter quarter were extracted in Milli-Q water and analyzed for water-soluble ions by ion chromatography (IC) and water-soluble organic carbon using a total organic carbon analyzer (M9 TOC Analyzer, Sievers/GE). Water-soluble organic matter (WSOM) was estimated by using a WSOM to water-soluble organic carbon ratio of 2.27 Composites of a second filter quarter were acid-digested and analyzed using inductively-coupled plasma mass spectrometry (ICP-MS) to determine the concentrations of 50 elements.28 The composites of the third filter quarters were used in the acellular and cellular oxidative potential assays. 
Measurements of Oxidative Potential. A dithiothreitol (DTT) assay was used to assess the primary oxidative potential of PM2.5. Water-soluble and insoluble components of PM2.5 were extracted from filter fractions in Milli-Q water by vortexing, sonication, and agitation, resulting in highly efficient recovery of the filter-deposited particles, as well as the water-soluble species from the water-extracted PM. Previous studies using the same extraction protocol have yielded total PM extraction efficiency to be in the rage of 82 to 104% (unpublished results) using this extraction protocol.29,30 These measures of extraction efficiency are based upon total PM mass and determined by weighing the PM loaded filters before and after extraction and dividing the resulting difference in PM mass by the original mass of PM loaded on the filter. PM extracts representing total PM exposure were added, unfiltered, to buffered solutions of DTT. PM components served as catalysts in the oxidation of DTT to its disulfide form by the formation of superoxide from molecular oxygen. The linear rate at which DTT was consumed was proportional to the oxidative potential of the PM2.5. Additional details of this method are described elsewhere.9
A cellular assay provided a measure of the direct and indirect oxidative potential of PM2.5. This assay exposes a buffered solution of rat alveolar macrophage cells to extracted PM and 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA). Importantly, since the aqueous extracts contain both the insoluble and soluble components of the PM, we were able to assess the total oxidative stress imparted by the PM, with the macrophage organisms responding to both the insoluble and soluble components, analogous to how they are anticipated to behave in pulmonary systems. Upon cellular uptake, DCFH-DA molecules are deacetylated to form 2’,7’-dichlorodihydrofluorescein (DCFH), which reacts with cellular ROS to yield the fluorescent 2’,7’-dichlorofluorescein (DCF). The fluorescence of a sample exposed to PM2.5 was measured relative to a positive control (Zymosan). Additional assay details are reported elsewhere.10 
Data Analysis. PM2.5 mass concentrations and PM2.5 mass fractions for dust were calculated by summing the concentrations of the most abundant crustal elements multiplied by the element-to-oxide mass ratio of their most common oxide.31 The concentration of silicon was not measured using ICP-MS, so silicon concentrations were estimated using a crustal ratio of silicon to aluminum.32 The water-insoluble fraction of elements with ions measured by IC was determined by subtracting the mass of the water-soluble ion from the mass quantified by ICP-MS. The sum of the concentrations of “other” species not quantified by the analyses in this study was determined by subtracting the sum of the mass concentrations of measured species from the total PM2.5 mass concentration. 
For 42 elements quantified by ICP-MS, crustal enrichment factors (CEFs) were calculated to determine if a component of PM2.5 had been anthropogenically enriched. CEFs are given as the ratio of the concentration of an element to the concentration of a common crustal element, aluminum for our study, in PM divided by the same ratio in the earth’s crust.18,33,34 Differences in CEFs for household and personal PM2.5 were negligible (Table S1). Therefore, the enrichment factors for the 42 elements included in our study are presented as the CEF calculated for paired household and personal PM2.5 measurements combined, as opposed to presenting them separately. 
We did not observe differences in the change in oxidative potential and chemical composition between pre- and post-intervention composites (Section S2 and Figure S2). Consequently, we grouped pre- and post-intervention composite groups together for our analyses.
The relationship between household and personal PM2.5 chemical composition was examined using Spearmen correlation coefficients. Mass-normalized measurements of oxidative potential and chemical species were used to evaluate variation in oxidative potential resulting from differences in chemical composition and in the distribution of chemical components. Correlation analysis with volume-normalized oxidative potential and chemical species concentrations would have instead reflected variations in oxidative potential due to variation in PM2.5 mass. We defined the strength of the absolute correlation coefficient values as: negligible for values ≤ 0.30, weak from 0.30-0.50, moderate from 0.50-0.70, and strong for values ≥ 0.70.35 Two-tailed t-tests (alpha = 0.05) were used to compare the oxidative potential of household and personal PM2. 5. We also evaluated the strength of relationships between the measurements of oxidative potential and the components of household versus personal PM2.5 using Spearman correlation coefficients because the data tended to be log-normally distributed. Specifically, mass-normalized measurements of oxidative potential were evaluated with summed chemical groups (Table S2), select source markers, and anthropogenically enriched species (CEF > 10). Spearman correlation coefficients were also transformed using the Fisher r-to-z method to compare multiple individual chemical species or groups with respect to the strength of their relationships with the measure of oxidative potential.36
Source Determination. We used principal component analysis (PCA) with varimax rotation to identify potential sources of PM2.5. Forty-eight chemical species had values significantly different from 0 (measured concentration > propagated analytical uncertainty) for 80% of samples and were included in the PCA. To assess the impacts of atmospheric transport of anthropogenic emissions from surrounding urban areas as a potential source of PM2.5, we conducted an analysis of 48-h wind back trajectories using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the United States National Oceanic and Atmospheric Administration. Additional details of the model are discussed in the Supporting Information (Section S3) and in detail elsewhere.37,38
Results and Discussion
Composition of Household and Personal PM2.5. The geometric mean (GM [95% confidence interval]) household and personal PM2.5 concentrations were 91 [77-107] µg m-3 and 80 [69-96] µg m-3 respectively and found to be moderately to strongly correlated (Spearman r: 0.83). These household and personal PM2.5 concentrations are higher than the World Health Organization’s 24-h ambient PM2.5 guideline of 25 µg m-3, and slightly higher than the Chinese Ministry of Environmental Protection’s 24-h ambient air quality standard of 75 µg m-3.39,40 
Household and personal measures of black carbon (BC), sulfate, water-soluble potassium, metals, non-metals, metalloids, and species not quantified but classified as “other” were strongly correlated (Figure 1). Geometric mean BC mass concentrations and mass fractions were strongly correlated (Spearman r: 0.81 and 0.84) between household (3.4 [2.7-5.3] µg m-3; 3.7 [2.4-6.0] %) and personal PM2.5 measurements (2.5 [2.1-3.7] µg m-3; 3.1 [2.1-4.6] %). Household and personal mass concentrations, but not mass fractions, of sulfate (household: 4.8 [4.1-6.0] µg m-3; personal: 4.4 [3.8-5.6] µg m-3), water-soluble potassium (household: 0.6 [0.5-1.0] µg m-3; personal: 0.4 [0.4-0.7] µg m-3), metals, non-metals, metalloids (household: 1.8 [1.6-2.4] µg m-3; personal: 1.6 [1.5-2.1] µg m-3), and “other” species not quantified (household: 47.2 [19.9-51.3] µg m-3; personal: 47.3 [20.1-50.6] µg m-3) were also strongly correlated (Spearman r: 0.88, 0.73, 0.70, and 0.75).
We observed negligible to moderate correlations between household and personal measures of dust, water-soluble organic matter (WSOM), ammonium, and nitrate. Dust concentrations and mass fractions were higher on average for personal (5.6 [ 4.7-7.2]; 7.0 [6.6-9.3] %) than household (4.2 [3.5-5.5] µg m-3; 4.7 [4.3-7.2] %) PM2.5. Mass concentrations and fractions of WSOM, on the other hand, were higher for household samples (16.1 [13.1-20.3] µg m-3; 18 [16-22] %) than personal PM2.5 measurements (10.6 [8.9-13.1] µg m-3; 13.2 [12.8-15.7] %). For both dust and WSOM, correlations between household and personal measures were stronger on a mass concentration basis (Spearman r: dust: 0.53; WSOM: 0.66) than on a mass fraction basis (Spearman r: dust: 0.17; WSOM: -0.014). Collectively, these findings suggest that outdoor sources may be dominant for dust while indoor sources may be dominant for WSOM. Household and personal measures of ammonium and nitrate, as well as mass fractions of water-soluble potassium, metals, non-metals, metalloids, and other species were all weakly correlated (Spearman r: 0.37-0.46). 
There are several factors that may explain the poor correlation between household and personal samples for some chemical components. Individual species not measured, including water-insoluble organic carbon, organic compounds, or ions and elements not included in our analysis may have been correlated between the sample types.41 The poor correlation for semi-volatile species (e.g., ammonium) could reflect negative artifacts attributable to our study’s un-denuded sampling method. However, the PM2.5 samples we collected were area and personal samples, rather than source samples, and thus subject to dilution from indoor air change rates that were on average 18.1  9.1 changes per hour.19 These room ventilation rates should have provided adequate dilution of the emissions to significantly reduce the amount of semi-volatile artifacts compared to what would be expected with source samples. The low correlations between household and personal dust and WSOM mass fractions could be explained by the spatiotemporal differences between the two sample types. Household samples were collected in a fixed indoor location and may have been more impacted than personal exposure samples by stove emissions occurring near the end of cooking and heating events because the subjects may no longer have been present. Likewise, personal PM2.5 samples were impacted more by outdoor sources of PM2.5, including dust, because the subjects moved between indoor and outdoor environments. 
Stationary household measurements of PM2.5 have commonly been used as a proxy for personal PM2.5 exposure in several epidemiologic studies.42 In settings where household use of biomass-burning stoves is common, PM2.5 concentrations measured in household cooking areas likely exceed personal PM2.5 levels and have a limited capacity to predict personal PM2.5 exposure.42 Our results indicated that the chemical composition also differed between household and personal PM2.5, which may further limit the extent to which household measurements of PM2.5 mass yield insight into personal PM2.5 exposures. Future studies that aim to quantify reductions in air pollution exposures following interventions in regions where household solid fuel burning is common may consider prioritizing personal exposure measurements of PM2.5. 
Oxidative Potential. The geometric mean volume-normalized oxidative potential measured by the cellular macrophage assay was 579 [501-671] µg Zymosan m-3 for personal, and 357 [289-444] µg Zymosan m-3 for household PM2.5. Volume-normalized acellular oxidative potential was 9.6 [8.5-10.9] nmol DTT min-1 m-3 for personal, and 9.7 [8.6-11.0] nmol DTT min-1 m-3 for household PM2.5. Personal PM2.5 had a higher intrinsic oxidative potential for both assays (6080 [4680-7900] µg Zymosan mgPM-1; 100 [85.5-100] nmol DTT min-1 mgPM-1) compared to household PM2.5 (3290 [2430-4470] µg Zymosan mgPM-1; 88.8 [79.2-88.9] nmol DTT min-1 mgPM-1). The mass-normalized acellular oxidative activity of our samples (household: 88.8 [79.2-88.9]; personal: 100 [85.5-100] nmol DTT min-1 mgPM-1) is similar to the biomass burning contribution to oxidative activity (151  20 and 69  20 nmol DTT min-1 mgPM-1) estimated by ambient studies of PM2.5 using modeled source profiles.43,44 Our results are also higher than those from studies of source samples of PM emitted during biomass (12.5-20.6 nmol DTT min-1 mgPM-1) and coal (40  3 nmol DTT min-1 mgPM-1) burning in household stoves.45,46
The higher oxidative potential measured by the cellular assay in personal compared to household PM2.5 measurements was likely due to differences in chemical composition between the sample types. For instance, measures of dust, which include elements with endogenous and exogenous oxidative potential such as iron, were larger for personal PM2.5 measurements compared to household PM2.5.11,18 Our results show that the oxidative potential of household PM2.5 measured by the cellular assay, like with chemical composition, is not an accurate proxy measure of the oxidative potential of personal PM2.5 measurements.
Average volume- and mass-normalized oxidative potential measured by the cellular assay were significantly higher (p < 0.01) for personal PM2.5 than for household samples, whereas oxidative potential measured by the acellular assay was not (p > 0.1). Differences in the oxidative potential measured between the assays are most likely explained by the indirect stimulation of cellular ROS generation by PM2.5 components, which the acellular DTT assay is not designed to measure. Follow up studies to investigate the biological mechanisms by which may PM components stimulate cellular ROS generation may be valuable for the development of lower cost assays that can measure direct and indirect ROS generation. 
Sources of PM2.5. Thirteen elements of 42 quantified using ICP-MS were identified as anthropogenically enriched by high crustal enrichment factors (CEF > 10) (Figure 2). The few previous studies of PM2.5 collected in rural settings of China identified a similar set of elements as anthropogenically enriched.47,48 We found that commonly cited elemental indicators of coal burning including cadmium, lead, and zinc were among the elements with the highest anthropogenic enrichment  (CEF: 1210, 157, and 104).49 Boron was also significantly anthropogenically enriched (CEF: 101), and may be indicative of biomass burning.50 Other possible anthropogenic sources for highly enriched elements in our study (e.g. copper, antimony, and chromium) include brake wear, metal processing, and other industrial processes.6,51 Elements such as vanadium and manganese can be indicators of fossil fuel combustion, but low enrichment factors of 1.4 and 3.3 respectively, suggest a crustal origin in our study.52 
From the principal component analysis, we identified 3 major sources contributing to household and personal PM2.5 mass: dust, biomass combustion, and secondary sulfate (Figure 3). Dust was identified as a major source by high factor loadings for rare earth elements and elements with low anthropogenic enrichment such as iron and manganese (CEF: 1.1 and 3.3). We identified biomass burning as another dominant source of PM2.5 due to the high factor loadings for WSOM, BC, and water-soluble potassium.53 The third source appeared to be secondary sulfate, based on the high factor loadings for sulfate and anthropogenically enriched elements.48 The secondary sulfate source also had high factor loadings for elements indicative of coal combustion, including arsenic and antimony.54 However, detailed data from energy use surveys and in-home field observations indicated that coal was not a solid fuel used among households participating in this study.20 Instead, more distant urban and industrial coal combustion may have impacted PM2.5 measured at our study site. 
A lack of industrial sources of PM near the study site led us to conclude that the identified secondary sulfate source had most likely transported from more distant regional sources. Using a HYSPLIT analysis of 48-h wind back trajectories, we found that on days with sulfate concentration greater than 8.0 µg m-3, ambient air had been transported from the north or southeast. On days with low (≤ 3.8 µg m-3) household and personal PM2.5 sulfate concentrations, wind trajectories were instead from the southwest (Section S3). While not a comprehensive analysis of atmospheric transport, our findings agree with previously published air quality modeling studies that have observed medium- to long-range transport of secondary sulfate from the southeastern Sichuan Basin, where ambient air pollution sources, such as coal burning for power generation, roadway emissions, and industrial potential, are more prevalent.55–57
Source determination was based on rural household energy use data from the study site and source profiles from rural regions in Shandong and Guizhou Provinces where measurements of PM2.5 emitted from burning solid fuels in rural studies were conducted in settings similar to ours.51,58,59 Although source samples collected locally at the study site were not available, the factor profiles we present indicate likely dominate sources of PM2.5. To further characterize and verify sources of PM2.5 in similar settings, future studies may consider employing quantitative source apportionment tools, including positive matrix factorization or chemical mass balance models.
Chemical Group Correlations. Metalloids and water-soluble ions were weakly to moderately correlated with increased cellular (Spearman r [95% confidence interval]: 0.40 [0.09-0.63] and 0.36 [0.05-0.60]) and acellular (Spearman r: 0.43 [0.13-0.65] and 0.57 [0.31-0.75]) oxidative potential (Figure 4 and Table S3). Transition and post-transition metals were also weakly correlated with increased cellular (Spearman r: 0.33 [0.02-0.58] and 0.32 [0.01-0.57]) and acellular (Spearman r: 0.39 [0.08-0.62] and 0.34 [0.03-0.59]) oxidative potential. The correlation of lanthanoids, actinoids, alkali and alkali-earth metals, BC, and WSOM with increased cellular and acellular oxidative potential were negligible (all Spearman r < 0.30). 
The positive correlations between transition post-transition metals with increased cellular and acellular oxidative potential is consistent with the current understanding of toxicological mechanisms. Transition metals have been theorized to serve as catalysts in Fenton-like reactions by acting as electron mediators in the oxidation/reduction of hydrogen peroxide to hydroxyl and hydroperoxyl radicals.6 Post-transition metals, such as lead, have been shown to indirectly induce oxidative stress in humans through free radical production and macromolecule deformation.63,64 We also observed a positive, though weak to moderate, correlation between water-soluble ions and oxidative potential measured by both assays. While the direct oxidative potential of  water-soluble ions is negligible, water-soluble ions can increase the solubility, and oxidative potential, of free-radical generating metals and metalloids.65–67 Thus, further studies of this kind may consider investigating how the interaction of water soluble-ions with metalloids, transition, and post-transition metals impacts the oxidative potential of PM measured by the cellular assay. 
Our findings that some chemical groups (transition metals, metalloids, ions) were positively correlated with increased ROS and DTT consumption is largely consistent with previous studies of urban PM. However, these studies reported much stronger correlations between transition and post-transition metals such as iron (Spearman r: 0.63) and copper (Spearman r from two studies: 0.70 and 0.76) and oxidative potential.60–62 The acellular DTT-based and cellular macrophage-based oxidative potential assays applied in our study were exposed to unfiltered PM extracts that included water-soluble and water-insoluble species. Further, our chemical analytical measurements of PM extracts reflected the combined water-soluble and insoluble species of quantified elements. While the direct oxidative potential of water-soluble metals is well understood, the indirect oxidative potential of water-insoluble metals is not. It is possible that variability in the distribution between water-soluble and insoluble fractions of metals, which was not quantified in our study, resulted in the poor correlations we observed between some chemical groups and cellular ROS generation. The poor correlation may also be due to incomplete extraction of PM components for the oxidative potential assays. Although the extraction protocol used in our study was highly efficient when used with PM samples collected in other settings, the PM samples in this study may differ in their chemical and physical properties in ways that also influence extraction efficiency. For example, very small component mass of insoluble PM species may drive cellular ROS generation but not be efficiently extracted by our extraction protocol. Future studies that evaluate the method of indirect cellular ROS generation by airborne water-insoluble metals should be prioritized. 
	Our results showed that the cellular and acellular measurements of oxidative potential had similar strengths of correlation with chemical groups and with individual species (Fisher r-to-z p value > 0.05). These similarities in the correlation coefficient values suggests that both assays were influenced in a similar manner. However, we also observed greater oxidative potential for personal PM2.5 compared to household PM2.5 measured by the cellular assay, but not the acellular assay, which indicates that there are components in personal PM2.5 with indirect oxidative potential that may not have been present in household PM2.5. When compared with household PM2.5, personal PM2.5 measurements had higher concentrations of dust and “other” species, which may be two chemical groups that contain species that indirectly stimulate cellular ROS generation. Further comparisons of the two assays using additional measured species are needed to fully assess the capabilities of each assay. 
Individual Species Correlations: Factor loadings for each of the 3 identified sources were compared to source profiles from other similar studies with similar sources to identify representative chemical species for inclusion in the subsequent correlation analysis.18,49,55,59,68 Taking this approach we selected aluminum and vanadium as tracers for dust; WSOM and water-soluble potassium for biomass; and sulfate and tungsten for secondary sulfate. 
Chemical species with high anthropogenic enrichment (CEF > 10) were moderately to strongly correlated with increased cellular ROS. Elements associated with the secondary sulfate source (Sb, As, Mo, and Zn) were moderately to strongly correlated to increased cellular ROS (Spearman r: 0.61 [0.37-0.78], 0.74 [0.55-0.85], 0.68 [0.46-0.82], and 0.64 [0.40-0.79]). Phosphorus, which was was not associated with the 3 identified sources, was also strongly correlated with increased cellular ROS (Spearman r: 0.74 [0.54-0.85]). In a related study of PM2.5 exposure and composition for a different subset of households from the same Sichuan study site, high concentrations of phosphorus in the summer were partly attributed to the use of herbicides and pesticides associated with agricultural activity.68 Tungsten and manganese, chemical markers of secondary sulfate and dust, were the only other elements that were moderately correlated with increased cellular ROS (Spearman r: 0.64 and 0.59). Notably, both chemical tracers of biomass burning (water-soluble potassium and WSOM) and one tracer for dust (V) either had weak or negligible correlation with increased cellular ROS. Overall, we did not find strong evidence that local air pollution sources (e.g. household biomass burning and dust) were contributing to our measures of cellular ROS at the study site. Elements that were highly correlated with increased cellular ROS were also associated with the secondary sulfate source, which, as our HYSPLIT results suggested, was most likely transported from surroundings distant from the study site. These elements were also indicative of coal combustion and may, thus, reflect transport from more urban and industrial regions in the Sichuan basin.
Our study is the first to report that anthropogenically enriched species (e.g. As, Sb, Mo) had a moderate to strong correlation with increased cellular ROS in homes and on people in a rural setting where household biomass combustion is a major source of household and ambient PM2.5. In a similar analysis of personal PM2.5 samples collected during winter months in a rural Inner Mongolia where different sources of biomass, in addition to coal, were used in homes, chemical tracers of dust (Al and Fe) and unidentified anthropogenic sources (P and Ag) were found to be the primary drivers of cellular ROS generation.18 Together, these results indicate that while some anthropogenically enriched chemical components of PM2.5 are moderately to strongly correlated with increased cellular ROS, there fails to be a relationship observed between commonly used chemical tracers for biomass burning and increased cellular ROS. 
Our study joins one other in the literature that has evaluated the oxidative potential of personal PM2.5 exposure samples collected in rural setting where household solid fuel use is prevalent. Results from our study and the one in Inner Mongolia both indicate that commonly used chemical tracers of fresh biomass burning (WSOM and water-soluble potassium) are not well correlated with measures of oxidative potential, as implemented in this study. Using the aggregate measure of WSOM may mask the variability in the concentrations of individual organic compounds, or classes of organic compounds, with high oxidative potential (e.g. semi-volatile organic compounds, polycyclic aromatic hydrocarbons, and quinones), which could explain the poor correlation observed between WSOM and oxidative potential observed in our study.69–71  To further investigate whether airborne constituents emitted during household biomass burning influence the oxidative potential of personal PM2.5 exposure, future studies could build from this work by examining associations between individual organic compounds and measures of oxidative potential in similar settings or by developing new tools to measure oxidative potential that are more sensitive to individual organic compounds or compound classes.
Field studies that have evaluated the oxidative potential of urban air pollution are impacted by numerous anthropogenic sources of PM, and emissions from biomass burning may make only a small contribution and be subject to atmospheric aging when transported regionally. It has been unclear to what extent the oxidative potential of household and personal PM in rural settings is influenced by the fresh combustion of biomass in homes, which is also a more dominant source of PM in these settings compared to urban settings. Our findings, coupled with those reported from the study in rural Inner Mongolia, suggest that the oxidative potential of household and personal PM2.5 in rural areas is not strongly influenced by household biomass burning. To be clear, our results do not suggest that PM2.5 from fresh household biomass combustion has no impact on human health, especially considering the well-documented health impacts of exposure to PM2.5 from this source.72 Rather, the chemical components of fresh biomass burning may act through different biological mechanisms that are not currently reflected through existing assays of cellular or acellular ROS generation.73,74 For example, organic compounds (e.g. polycyclic aromatic hydrocarbons and quinones) that can be found in PM2.5 from biomass combustion have been shown to induce a pro-inflammatory response by increasing T cell differentiation via the aryl hydrocarbon receptor.74 
Our results showed that the chemical components of biomass burning included in our study were not associated with the oxidative potential measured by the cellular or acellular assays. These assays do not appear to be useful for quantifying changes in the contributions of biomass emissions to household, personal, or ambient PM that may result from household energy interventions, programs, or policies designed to decrease contributions from this source to household or personal PM. Future research should more closely evaluate the oxidative potential of organic compounds of PM emitted from biomass burning, which have not yet been comprehensively evaluated in a rural setting, especially those where household solid fuel use is common. 
Figures
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Figure 1. PM2.5 component mass concentration (µg m-3) (A) and proportion of PM2.5 mass (B) for select chemical species measured in household and personal PM2.5 mass composites (n=5 samples per composite) representing 50 participant/household pairs for rural Chinese women enrolled in the study. Composite groups are listed in the same order for both figures. BC: Black carbon; Dust: Sum of dust oxides; WSOM: Water-soluble organic matter (2 x water-soluble organic carbon). We note that the sum of measured species for 1 personal exposure and 2 household composite groups was higher than the measured mass, though not by a statistically significant margin.
[image: ]Figure 2. Crustal enrichment factors (CEFs) for elements measured in personal and household exposures of women in rural China to PM2.5. Elemental mass concentrations were measured via ICP-MS. CEFs were calculated using aluminum as a reference, so aluminum is not included. Box midline represents median and box height is equal to the interquartile range. Whiskers extend to the lesser of either 1.5 times the interquartile range or maximum/minimum value.
[image: ]Figure 3. Factor loadings for the principal component analysis of personal and household samples of PM2.5 among women in rural China. Components were named post-analysis based on similar factor loadings for elemental compositions of dust, biomass, and secondary sulfate. wi: water-insoluble fraction; ws: water-soluble fraction. BC: black carbon; WSOM: water-soluble organic matter.
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Figure 4. Spearman correlation matrix of chemical group mass fractions (mg mg-1PM2.5) and oxidative potential measured by a cellular (ROS; µg Zymosan mgPM-1) and acellular (DTT; nmol DTT min-1 mgPM-1) assays in 48-h samples of household and personal PM2.5 in rural China (Sichuan province). A bluer color indicates a stronger positive relationship, whereas a redder color indicates a stronger negative relationship. WSOM: water-soluble organic matter; BC: black carbon 
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Figure 5. Spearman correlation matrix of chemical source makers, anthropogenically enriched species (CEF > 10), and oxidative potential measured by a cellular (ROS; µg Zymosan m-3) and acellular (DTT; nmol DTT min-1 m-3) assay in 48-h household and personal exposure PM2.5 in rural China. A bluer color indicates a stronger positive relationship, whereas a redder color indicates a stronger negative relationship. WSOM: water-soluble organic matter; ws: water-soluble fraction.
Supporting Information
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