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A B S T R A C T   

Using particulate matter (PM) mass as exposure metric does not reveal the intrinsic PM chemical characteristics 
or toxic potential, which is crucial for monitoring the sources of emission causing adverse health effects and 
developing risk mitigating strategies. Oxidative stress and ensuing lipid peroxidation (LPO) in the lung are 
crucial underlying mechanisms of action by which PM drives cardiorespiratory disease. In the current study, we 
have postulated and demonstrated that the intrinsic potential of PM to elicit LPO, defined as “LPO index” as a 
novel approach for characterizing oxidative potential of PM (PMOP) and predicting biological toxicity. First, we 
exposed unsaturated phosphatidylcholine (PC), an abundant phospholipid in the cell membrane, pulmonary 
surfactant, and lipoproteins to PM and analyzed the total burden of LPO byproducts generated as a measure of 
LPO index using a LPO reporter dye, BODIPY-C11. PM exposure resulted in a concentration-dependent increase 
in LPO. Second, we developed a novel method to expose the captured serum apoB100 lipoprotein particles to PM 
or its constituents and assessed the levels of specific oxidized-phospholipid on apoB100 particles by immuno-
assay using E06 monoclonal antibody (mab) that recognizes only PC containing oxidized-phospholipids (Ox- 
PCs). The immunoassay was highly sensitive to evaluate the PM LPO index and was modifiable by metal 
quenchers and exogenous antioxidant and radical quenchers. Third, to prove the pathophysiological relevance of 
Ox-PCs, we found that PM exposure generates Ox-PCs in mice lungs, pulmonary surfactant and lung cells. Fourth, 
we observed that treatment of macrophages with BAL fluid from PM exposed mice or PM-exposed pulmonary 
surfactant stimulated IL-6 production, which was abrogated by neutralization of Ox-PCs by mab E06 suggesting 
that Ox-PCs in lungs are proinflammatory. Overall, our study suggests that Ox-PCs as a probe of PM LPO index is 
a biologically relevant pathogenic biomarker and has a high value for evaluating PMOP.   

1. Introduction 

Long-term exposure to ambient particulate matter (PM), mainly PM 
of aerodynamic diameter size less than 2.5 μm, is associated with the 
growing burden of chronic illnesses and premature deaths caused 
mainly by respiratory diseases (lower respiratory infection, obstructive 
pulmonary diseases, lung cancer) and cardiovascular diseases [1]. Major 
sources of PM in the atmosphere include biogenic emissions and 
anthropogenic emissions (such as automobiles, industries, power plants, 
agriculture, biomass burning). The global burden of disease (GBD) study 
[1] attributed 4 million deaths due to PM exposure in 2011, whereas 

Burnett et al. predicted 8.9 million deaths in the same year due to PM 
exposure using a new hazard-ratio model [2]. Because of ease of mea-
surement, accuracy, and precision, most epidemiological studies, 
including GBD, have used the total mass of PM as a metric to correlate 
the exposure levels with adverse health outcomes [1]. However, PM 
mass metric fails to explain the differential health outcomes between the 
regions [3], seasons [4], or days with comparable levels of PM con-
centrations. Furthermore, PM mass metric assumes equal toxicity of PM 
derived from-i) combustion sources versus non-combustion sources 
(road dust, dessert dust, brake pad wearing); ii) primary emission versus 
secondary formation (generated by photochemical processing); iii) 
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inorganic components (sulfates, nitrates) versus organic components (e. 
g., polycyclic aromatic hydrocarbons); iv) metal versus non-metal 
compounds. On the contrary, Lelieveld et al. [5], who developed a 
model to estimate the all-cause mortality from PM emitted by various 
point sources such as residential-commercial energy, industry, biomass 
burning, power plants, agriculture, and land use traffic, revealed that 
the mortality associated with PM exposure is markedly influenced by PM 
emission source and composition. In a clinical study on healthy subjects, 
instillation of PM collected from high and low polluted areas at equal 
mass showed differentially toxicity [6]. Experimental in vitro and in vivo 
model system found that PM collected from urban, rural, or industrial 
locations exhibit differential toxicities, including oxidative stress and 
inflammatory responses [7]. Therefore, an assumption of equal toxicity 
of PM per unit mass for modeling an exposure-response relationship in 
epidemiological studies could underestimate and mask the health risk 
posed by individual emission sources and also fails to reveal the intrinsic 
PM characteristics responsible for eliciting a toxic response in the lungs. 

The knowledge of key chemical constituents of PM that exerts 
toxicity is essential for identifying and managing specific toxic emission 
sources as well as guiding environmental and health policies for miti-
gating adverse effects of PM. Numerous studies have attempted to 
establish a causal relationship between PM chemical constituents, PM 
exposure, and adverse health outcomes [3,8–11]. Despite increasing 
evidence, PM chemical composition has not been incorporated in 
epidemiological modeling studies for health risk assessment because of 
several challenges such as the highly heterogeneous chemical compo-
sition of PM, which varies with emission source, geographical location, 
meteorological conditions, space, and time; lack of toxicity profile of 
individual chemical species in PM; and analytical challenges to differ-
entiate and quantify individual chemical constituents of PM between 
emission sources. 

It is postulated that PM elicits pathogenic responses such as inflam-
mation and cell death in the pulmonary and vascular system through 
oxidative stress-driven mechanisms [12]. Hence, there is a consensus 
that reactive oxygen species (ROS) generating capacity of PM referred to 
as “oxidative potential of PM” (PMOP), could provide surrogate esti-
mates of redox active organic and metal species in PM as well as toxic 
responses. Currently, the acellular and cellular methods to measure 
PMOP features ROS generation or antioxidant depletion simulating one 
of the mechanisms of PM oxidative capacity. The most widely used 
acellular assay for measuring PMOP is the dithiothreitol (DTT) assay 
(OPDTT) and antioxidant depletion assay (glutathione assay (OPGSH), 
and ascorbic acid (AA) assay (OPAA). Employing these OP assays, a 
growing body of evidence has found a positive association between high 
PMOP and cardiorespiratory diseases, especially in the regions of mod-
erate PM concentrations [13–15]. However, the performance of these 
OP assays to evaluate PMOP in epidemiological studies has been incon-
sistent and underpowered because of the variability in the sensitivity of 
individual OP assays to different redox-active organic or metal species in 
the PM sample [16, 17]. There is a need for an alternative robust 
bioassay for estimating PMOP, which simulates other potential oxidative 
stress mechanisms and also pathophysiologically relevant in cardiore-
spiratory diseases. 

ROS mediated lipid peroxidation (LPO) of phospholipids containing 
polyunsaturated fatty acids (PUFA) in pulmonary surfactant, and the cell 
membrane is a key pathological event in driving lung injury following 
oxidants exposure including PM [15,18]. The LPO process results in 
diverse reactive byproducts, including oxidized phospholipids, lipid 
peroxides, trans-4-hydroxy-2-nonenal, and malondialdehyde, which are 
shown to oxidize surfactant proteins [19], activate inflammatory re-
sponses [20] and elicit cell death signals [21,22] in lungs. We hypoth-
esize that ‘LPO index’ defined as the intrinsic capacity of PM to oxidize 
phospholipids could serve as pathophysiologically relevant surrogate 
metric for evaluating PM oxidative potential and biological toxicity. In 
the current study, we have used 1-palmitoyl-2-ar-
achidonoyl-sn-phosphatidylcholine (PAPC), a predominant 

phospholipid in the cell membrane, as a target substrate for oxidation to 
characterize the intrinsic potential of PM to induce LPO using 
BODIPY-C11 reporter dye. Next, using captured serum apoB-100 lipo-
protein particles as a target substrate, we have developed a novel sen-
sitive physiologically relevant immunoassay to assess LPO index of PM, 
which probes only Ox-PCs but not native phospholipids. Lastly, using 
PM exposed -mouse model, -pulmonary surfactant, and lung cell line, we 
demonstrate the physiological relevance of Ox-PCs and their role in 
mediating inflammatory responses in the lungs. 

2. Materials and methods 

2.1. Chemical and reagents 

Dithiothreitol, Glutathione, N-acetyl L-cysteine, Disodium EDTA, 
Deferoxamine, DCFHDA, and 9,10 Phenanthrenequinone were pur-
chased from Sigma Aldrich. The BODIPY C11 581/591 (Cat no #D3861) 
was purchased from Invitrogen-Thermo scientific. 1-palmitoyl-2- 
arachidonoyl-sn-glycero-3-phosphocholine, antibody MB47 and mono-
clonal antibody E06 were purchased from Avanti Polar Lipids. Ascorbic 
acid was purchased from SRL chemical Pvt. Ltd. The IL-6 ELISA kit was 
purchased from Invitrogen-Thermo scientific. DL-Methionine and D- 
mannitol was purchased from S.D. Fine- Chem Limited, Mumbai, India. 
Clinical surfactant, Neosurf (Bovine Lipid Extract Surfactant Suspen-
sion) manufactured by Cipla Pharmaceutical company was purchased 
from local medical store. The secondary antibody goat anti-mouse IgM- 
HRP (Cat no #ab97230) was purchased from Abcam. 

2.2. PM2.5 extraction and preparation of PM fractions 

PM2.5 samples were collected on a pre-combusted quartz filter during 
the winter of 2014–15 (December–January) at Kanpur. The aerosol 
sampling was performed using high volume impaction-based PM 
sampler [23]. These aerosol filter samples were procured from Dr. Tarun 
Gupta laboratory at the Indian Institute of Technology, Kanpur and his 
laboratory has characterized the chemical composition of the study PM 
samples (details in supplementary methods). PM sample was extracted 
from the quartz filters in 100% HPLC grade methanol using an Ultra bath 
sonication for 10 min. After extraction, the PM samples were dried under 
nitrogen gas and stored at − 80ᵒC until further analysis. Blank filters 
were subjected to a similar extraction procedure. To prepare PM-whole 
fraction (PM-WF), a known amount of PM (4 mg/ml) was suspended in 
phosphate-buffered saline (PBS); sonicated for 5 min using probe soni-
cator, and the obtained fine suspension was immediately used for 
experimentation. To prepare PM-soluble fraction (PM-SF), the stock of 
PM-WF (4 mg/ml) was centrifuged at 2500 RPM for 5 min to remove 
insoluble components, and the supernatant was collected and used for 
experiments. 

2.3. Preparation of oxidized-PAPC (Ox-PAPC) 

A known amount of PAPC (10 mg/ml, Avanti Polar Lipids) prepared 
in chloroform was dried under nitrogen gas in an amber glass vial, 
exposed to air for 72 h at room temperature for oxidation, and then 
resuspended in chloroform and stored at − 80ᵒC until further analysis. 
For experimentation, Ox-PAPC stock solution was dried under nitrogen 
gas and then suspended in PBS. 

2.4. DTT assay and ascorbic acid assay 

DTT assay was performed as described previously [24] with modi-
fications. PM-WF or PM-SF (50 or 100 μg/ml) was exposed to DTT (100 
μM) in potassium phosphate buffer (0.1 M, pH7.4) at 37 ◦C in 100 μl 
reaction volume, and the reaction was stopped at designated time points 
(0, 30 and 60 min) by adding 100 μl of 10% trichloroacetic acid. To this 
reaction mixture, 25 μl of 10 mM 5,5′-dithiobis (2-nitrobenzoic acid and 

S.K. Dey et al.                                                                                                                                                                                                                                   



Redox Biology 48 (2021) 102189

3

then 75 μl of Tris-HCL buffer (0.4 M, pH 8.9) was added, and the for-
mation of 5-mercapto-2-nitrobenzoic was monitored spectrophotomet-
rically at 412 nm using a multimode plate reader (Molecular Devices). 
The 9,10-Phenanthrenequinone and blank filters were used as positive 
and negative controls respectively in every run (data not shown). For 
ascorbic depletion assay [25], PM samples (PM-WF or PM-SF) were 
incubated with 2 mM of ascorbic acid solution (prepared using HPLC 
grade water) in a 96-well UV plate, and the absorption was measured at 
265 nm every 5 min for 1 h. The maximum rate of depletion of DTT or 
ascorbic acid was determined by linear regression of the linear section 
data, plotted as absorbance against time, and the result was expressed as 
nmol/min. 

2.5. PM LPO index using BODIPY C11 

Boron dipyrromethane difluoride (BODIPY)-C11 is a fluorescent re-
porter dye that is widely used to measure oxidized phospholipids as a 
marker of LPO inside the cells [26]. BODIPY-C11 is a fatty acid analog 
whose fluorescence characteristics shift from red to green range of 
visible spectrum upon oxidation of the polyunsaturated butadienyl 
component of the dye [26]. Twenty micrograms of PAPC in chloroform 
or equivalent volume of chloroform were transferred into amber glass 
vials and dried under nitrogen gas. To these vials, 500 μl of PM-WF of 
various concentrations (suspended in PBS) or PBS alone was added, 
vigorously mixed, and incubated for 1.5 h at 37 ◦C with shaking (100 
RPM). After the incubation period, BODIPY-C11 solution (final con-
centration, 10 μM) was added to each tube and incubated for an addi-
tional 30 min with shaking. In the end, the reaction mixture was 
transferred to an opaque 96-well plate, and the levels of oxidized and 
unoxidized BODIPY-C11 were measured at ex/em 485/520 nm and 
ex/em 580/595 nm, respectively, using a multiplate reader (Molecular 
Device). The data was represented as a ratio of oxidized to unoxidized 
BODIPY-C11. To measure the levels of oxidized phospholipid content in 
PAPC and Ox-PAPC stock solution, equal amounts (20 μg) of PAPC and 
Ox-PAPC in chloroform was transferred to amber glass tubes; dried 
under nitrogen gas and then incubated with 500 μl of BODIPY C11 so-
lution (final concentration 10 μM) for 1 h with shaking. The reaction 
mixture was transferred to an opaque 96-well plate, and fluorescence 
was measured. 

2.6. PM LPO index using DCFH assay 

As described by Navab et al. [27], the DCFH-DA solution (2 mg/ml) 
was prepared in an amber glass tube by dissolving in methanol and 
stored at room temperature for 30 min, which results in the conversion 
of DCFH-DA to DCFH. A 10 μl aliquot of DCFH stock solution was 
transferred to amber color polypropylene tubes, and the methanol was 
evaporated under nitrogen gas. To the same tubes, 20 μg of PAPC in 
chloroform or equivalent volume of chloroform was added and dried 
under nitrogen gas. Subsequently, 25 μl of whole fraction of PM sample 
of varying concentration in PBS was added, and the reaction volume was 
made up to 1 ml and mixed vigorously. The tubes were incubated for 1.5 
h at 37 ◦C with shaking. In the end, the reaction mixture was transferred 
to an opaque 96-well plate, and fluorescence was read at Ex/Em 
485/535 nm using a multiplate reader. 

2.7. Immunoassay to assess PM LPO index using apoB100 particles 

The schematic of the immunoassay procedure is represented in 
Fig. 3. The blood sample was collected from healthy volunteers for 
serum isolation under the protocol approved by the JSS Academy of 
Higher Education & Research Institutional Ethical Committee. Briefly, 
the microtiter plate wells were coated with capture antibody MB47 (100 
μl of 2.5 μg/ml stock) and incubated overnight at 4ᵒC. After washing 
with PBS containing 0.1% tween-20 (PBST), the wells was blocked with 
100 μl of 1% BSA (fatty acid-free) for 1 h at room temperature. After 

washing again with PBST, 100 μl of diluted normal serum (1:50) was 
added and incubated for 2 h. Joseph Witztum and colleagues [28] re-
ported that 0.25 μg/well of MB47 is sufficient to capture a saturated and 
equal amount of apoB100 lipoprotein particles into each well from the 
serum. Post-incubation, the plates were washed thrice with PBST and 
incubated with 100 μl of PM-WF or PM-SF sample (10–100) μg/ml for 2 
h at 37 ◦C with shaking in the dark. Fenton reagent (FeCl2 (0.65 mM): 
H2O2 (30 mM)) was included as a positive control. Subsequently, plates 
were washed thrice with PBST, and 100 μl of mab E06 (1.25 μg/ml, 
Avanti Polar lipids) was added and incubated for 1.5 h at room tem-
perature. Post-incubation, plates were rewashed, and 100 μl of anti-goat 
IgM-HRP (1:2000 dilution) was added and incubated for another 1.5 h. 
After washing, 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was 
added to the plates, and after 15 min of incubation, 50 μl of stop solution 
(2 N H2SO4) was added. The plate was read at 450 nm using a multimode 
plate reader. The data were represented as Ox-PCs normalized to the 
vehicle (serum without PM). 

2.8. Antioxidant and metal chelators treatment 

PM-WF or PM-SF samples of varying concentration was incubated 
with antioxidant (GSH, NAC or methionine), metal chelators (EDTA or 
deferoxamine) free radical quenchers (mannitol) or respective vehicle 
for 45 min at 37 ◦C with shaking. Subsequently, a desired volume of the 
reaction mixture was directly used to assess the PM LPO index. 

2.9. Mice studies 

C57BL/6 mice (male, 6–8 weeks) were procured from a commercial 
vendor (ADITA BIOSYS PVT. LTD, Tumkur, Karnataka) and housed at 
the Central Animal Facility of JSS Medical College maintained at 25ᵒC 
temperature and 12 h light and dark cycle. The mice had ad libitum 
access to a standard sterilized chow diet and water. Mice were admin-
istered intranasally with 10 μg/mouse of PM-WF in 25 μl volume of PBS 
every other day for 10 days. Control mice were administered with an 
equal volume of PBS alone. The JSS Academy of Higher Education & 
Research Institutional Animal Ethical Committee approved the animal 
work carried in this study. 

2.10. Bronchoalveolar lavage (BAL) assay 

Bronchoalveolar lavage assay was performed in mice as described 
elsewhere [29]. Briefly, mouse lungs were lavaged with 1 ml of PBS 
twice, and the pooled lavaged fluid was centrifuged for 8 min at 1500 
RPM. The supernatant from the BAL fluid was stored at − 80 ◦C until 
analysis. 

2.11. Exposure of PM to bovine lipid extract surfactant (BLES) and 
evaluation of LPO by immunoassay 

BLES (Neosurf, CiplaMed, 27 mg/ml), a clinical surfactant was 
diluted to 5 mg/ml working stock solution with sterile PBS. Fifty mi-
croliters of the working stock of BLES solution were incubated with PM 
samples of varying concentrations in amber color polypropylene tube, 
and the final reaction volume was made up to 200 μl. The reaction 
mixture was vortexed and incubated at 37 ◦C overnight in the dark. After 
incubation, the levels of Ox-PCs accumulated in BLES were measured by 
immunoassay. Briefly, 100 μl of diluted reaction mixture (1:5) was 
plated onto wells of a microtiter plate and incubated overnight at 4 ◦C in 
the dark. After washing, the plate was blocked with 1% BSA for 1 h, 
again washed, and then incubated with mab E06 for another 1.5 h. Post 
incubation, plates were washed, and 100 μl of secondary ab IgM-HRP 
(1:2000) was added, and the rest of the procedure was similar as 
described above (immunoassay procedure). 
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2.12. Cell culture 

Normal human bronchial epithelial cells, Beas2B were cultured in 
DMEM: HAMF12 medium containing 10% FBS and 1% of penicillin and 

streptomycin solution at 37 ◦C in 5% CO2 [30]. For experimentation, 
Beas2B cells were plated at a cell density of 25000/well in a 96-well 
plate, and after overnight culture, the cells were treated with PM-WF 
or PM-SF for 24 h. Post incubation, the culture media was collected, 

Fig. 1. Characterization of the oxidative potential of PM by conventional acellular assay and LPO index of PM using phospholipid, PAPC as substrate and BODIPY- 
C11 as LPO reporter dye. A-B. OPDTT assay (A) and OPAA assay (B) revealed the oxidative potential of the PM test sample. PM samples was incubated with DTT or AA, 
and the rate of depletion of DTT or AA was evaluated for 1 h, $ P < 0.0001 and #P < 0.05 compared to vehicle. C. Validation of BODIPY-C11 probe to analyze lipid 
peroxide content in Ox-PAPC stock sample. Ox-PAPC sample was incubated with BODIPY-C11, and fluorescence was measured to monitor the levels oxidized and 
non-oxidized BODIPY-C11. $ P < 0.0001, compared to vehicle D-F. Monitoring PM induced peroxidation of PAPC using BODIPY-C11 (D–E) or DCFH (F). Increasing 
concentrations of PM (25–500 μg/ml) was incubated in the absence or presence of PAPC for 2 h. Levels of lipid peroxide generated was monitored by BODIPY-C11 or 
DCFH probe. The data from BODIPY-C11 assay is represented as mean ± SD of the ratio of oxidized (ex/em, 485/520 nm) to reduced (ex/em, 580/595 nm) BODIPY- 
C11. The data from DCFH assay is represented as mean ± SD of relative fluorescence units. $ P < 0.0001 compared to vehicle or PAPC alone; #P < 0.05 compared 
to vehicle. 
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centrifuged, and used for measuring Ox-PCs by immunoassay. Briefly, 
the 100 μl of culture media was coated onto a 96-well plate and incu-
bated overnight at 4 ◦C. After washing with PBST and blocking with 1% 
BSA, 100 μl of mab E06 was added and incubated for 1.5 h. The rest of 
the procedure was similar as described above (immunoassay procedure). 

J774.1 murine macrophage cell line was used to assess whether Ox- 
PCs drives the inflammation. J774.1 macrophages were cultured in a 
DMEM high glucose medium containing 10% FBS with 1% of penicillin 
and streptomycin solution [31]. Macrophages were plated at a cell 
density of 50,000 cells/well in a 96-well plate and treated with i) FBS 
free culture media diluted at 1:1 ratio with BAL fluid retrieved from PM 
or air-exposed mice and ii) diluted BLES reaction mixture treated with 
PM or vehicle. For neutralization of Ox-PCs, BAL fluid from PM exposed 
mice or oxidized BLES reaction mixture was incubated with mab E06 for 
1 h prior to exposure to macrophages. Post-treatment, the culture media 
was collected, and IL-6 levels were measured using an IL-6 ELISA kit 
(Invitrogen Thermo scientific) by following the procedure recom-
mended by the manufacturer. 

2.13. Statistical analysis 

Data presented for OPDTT assay and OPAA assay is the mean of three 
independent experiments performed in duplicates. All other cell-free 
and cell-based experiments were repeated at least two or three times 
and the data presented is representative of single experiment performed 
in triplicates. The data is presented as mean ± SEM, and the statistical 
analysis was performed by paired Student’s T-test, one-way ANOVA and 
two-way ANOVA with Bonnferroni’s post hoc test using Graph Pad 
Prism software version 5.0. 

3. Results 

3.1. Monitoring intrinsic potential of PM to oxidize phospholipid, PAPC 
using BODIPY-C11 LPO sensor 

First, we characterized the PMOP by commonly used OP assays, 
OPDTT and OPAA. PM2.5 (henceforth referred to as PM) has been used in 
the entire study and unless otherwise stated, PM-whole fraction was 
used for the experiments (see details in methods). Both OPDTT and OPAA 

assay showed the intrinsic OP associated with the test PM samples. 
OPDTT assay showed a concentration-dependent increase in PMOP 

(Fig. 1A), whereas OPAA assay indicated comparable levels of intrinsic 
OP at low and higher PM concentration (Fig. 1B). Next, we evaluated the 
OP of soluble fraction of PM (henceforth referred to as PM-SF) by OPDTT 

and OPAA assay. Although significant, OP of PM-SF was relatively 
moderate compared to PM-whole fraction (Supplemental Figs. S1A–B). 
Next, we evaluated the intrinsic potential of PM to oxidize phospholipid 
using BODIPY-C11. BODIPY-C11 is reactive to several oxy-radical spe-
cies generated by oxidation of hydroperoxides but not to hydroperoxides 
per se [32]. Also, BODIPY-C11 is insensitive to superoxide and transition 
metals per se [32]. We first validated the utility of BODIPY-C11 to assess 
the levels of oxidized lipids in a cell-free model system by incubating an 
equal concentration of unoxidized PAPC or oxidized-PAPC (Ox-PAPC) 
with BODIPY-C11. Ox-PAPC was generated by air oxidation of PAPC 
(see methods). The relative fluorescence units of BODIPY-C11 were 
markedly increased (2-times) by Ox-PAPC as compared to unoxidized 
PAPC. The relative fluorescence units of unoxidized PAPC was compa-
rable to the vehicle (only BODIPY-C11), indicating undetectable levels 
of oxidized lipids in the unoxidized PAPC stock (Fig. 1C). 

Next, to assess the intrinsic capacity of PM to induce LPO, we incu-
bated increasing concentration of PM with or without PAPC for 2 h and 
then measured the levels of oxidized lipids generated using BODIPY- 
C11. The oxidation of BODIPY-C11 by PM per se was minimal, 
although there was a modest but significant increase in oxidation of 
BODIPY-C11 at doses 250 and 500 μg/ml (Fig. 1D). In contrast, PM 
incubation with PAPC for 2 h resulted in a significant concentration- 

dependent increase in the generation of oxidized lipids as detected by 
an increase in oxidation of BODIPY-C11 (Fig. 1E). 

Next, we confirmed the intrinsic potential of PM to oxidize PAPC 
using a non-specific ROS dye, 2′, 7’ dichlorofluorescein (DCFH) assay 
that is a commonly used technique to assess the OP of PM per se [33]. 
We found that Ox-PAPC but not unoxidized-PAPC increased oxidation of 
DCF, indicating reactivity of oxidized lipids with DCFH (Supplementary 
Fig. S2). As expected, PM per se increased oxidation of the DCF. How-
ever, PM-induced oxidation of DCF was markedly enhanced in the 
presence of PAPC, indicating accumulation of oxidized lipids (Fig. 1F). 

3.2. PM-induced oxidation of PAPC is modifiable by antioxidants 

Next, we addressed if direct antioxidant molecules modulate PM- 
induced oxidation of PAPC. First, we investigated whether co- 
treatment of Ox-PAPC with antioxidant, GSH, and N-acetyl L-cysteine 
(NAC) neutralizes the reactivity of oxidized lipids to BODIPY-C11. Co- 
incubation of Ox-PAPC with GSH or NAC significantly decreased the 
oxidation of BODIPY-C11 (Fig. 2A and B), indicating that GSH and NAC 
neutralize the reactivity of oxidized lipids in Ox-PAPC. 

Next, we investigated if GSH or NAC diminishes the intrinsic po-
tential of PM to oxidize PAPC. We incubated PM samples of varying 
concentrations with GSH, NAC or PBS for 45 min and then added the 
reaction mixture to PAPC and incubated for another 2 h. We found that 
pre-treatment of PM with GSH failed to reduce intrinsic potential to 
oxidize PAPC. Conversely, GSH presence enhanced PM-mediated 
oxidation of BODIPY-C11 (Fig. 2C) in the absence or presence of 
PAPC. To confirm this observation, we used DCFH assay and found that 
GSH presence augments PM-induced oxidation of PAPC (Supplementary 
Fig. 3). To further validate this observation, we used a traditional OPDTT 

assay. In line with the data obtained by BODIPY-C11 dye and DCF assay, 
OPDTT assay also showed that GSH presence failed to reduce PMOP 

(Supplementary Fig. 4). Next, we evaluated the effects of NAC on PM- 
induced oxidation of PAPC using BODIPY-C11 assay. Interestingly, at 
all doses tested, NAC inhibited PM-induced oxidation of PAPC as 
compared to the vehicle-treated group (Fig. 2D). Together our data 
suggest that NAC but not GSH is more effective in reducing LPO index of 
PM in the cell-free system. 

3.3. Immunoassay for evaluation of LPO index of PM using ApoB100 
lipoprotein particles 

Circulating ApoB100 containing lipoproteins are LDL and very low- 
density lipoprotein (VLDL), of which LDL is the most abundant circu-
lating apoB100 containing lipoprotein. Phosphatidycholine (PCs) 
phospholipids including PAPC are the predominant phospholipids on 
the surface of LDL particles [34], and oxidized-phosphatidylcholine 
(Ox-PCs) represents major proatherogenic oxidized phospholipids on 
Ox-LDL [28]. We used apoB100 lipoprotein particles as a target sub-
strate for assessing the LPO index of PM. Serum apoB100 particles were 
captured on a microtiter plate using MB47 antibody and exposed to 
increasing concentrations of PM-whole fraction for 2 h (see schematics 
Fig. 3A). To detect the levels of Ox-PCs on the apoB100 lipoprotein 
particles, we designed an immunoassay using an E06 monoclonal anti-
body (mab) that recognizes the phosphorylcholine polar head group of 
only Ox-PCs but not of non-oxidized PCs [28]. We first validated the 
immunoassay assay using the Fenton reagent as a positive control. 
Fenton reagent markedly increased the accumulation of Ox-PCs on 
apoB100 particles (Fig. 3B). The specificity of E06 to detect Ox-PCs but 
not native PCs was evaluated using PAPC and Ox-PAPC (Supplemental 
Fig. 5). Next, we observed that exposure of apoB100 particles to PM 
(whole-fraction) caused a concentration-dependent increase in the 
accumulation of Ox-PCs (Fig. 3B). The immunoassay was sensitive to 
detect and quantify Ox-PCs on apoB100 particles induced by PM con-
centrations as low as 10 μg/ml. Exposure to PM-soluble fraction also 
elicited a dose-dependent increase in Ox-PCs on apoB100 particles. The 
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levels of Ox-PCs generated on apoB100 particles by PM soluble fraction 
was comparable to whole-PM at the highest dose (Fig. 3B). The metals 
and organic compounds in PM are main mediators of oxidative potential 
of PM [35] and chemical analysis revealed significant amounts of these 
components in our study PM sample (Supplementary Table S1–S2). To 
determine if the metals in our study PM sample are the key factors 
driving the oxidation of apoB100 particles, we treated the PM-whole 
fraction and PM-soluble fraction with metal chelators [36], EDTA and 
deferoxamine for 1 h before incubating the mixture with apoB100 par-
ticles. Both EDTA and deferoxamine significantly reduced the accumu-
lation of Ox-PCs on apoB100 particles exposed to whole fraction of PM 
(Fig. 3C). Interestingly, both EDTA and deferoxamine completely 
abrogated the Ox-PCs generation on apoB100 particles suggesting that 
metals are the predominant components in the PM-soluble fraction 
responsible for PM LPO index (Fig. 3D). Quinones are the redox active 
organic compounds which are major contributors of PMOP. To determine 

if quinones elicits oxidation of lipids in our assay system, we used 9–10, 
Phenanthrenequinone (PQ) is a major quinone in diesel exhaust parti-
cles and also present in PM [37]. PQ catalyzes ROS generation indefi-
nitely by redox cycling and drives lung injury by inducing oxidative 
stress [37]. We found that PQ exposure resulted in a significant increase 
in oxidation of apoB100 particles (Fig. 3E) as compared to the vehicle as 
indicated by the levels of Ox-PCs. Next, we evaluated if exogenous 
antioxidant NAC modulates PM-induced oxidation of apoB100. In the 
presence of NAC, oxidation of apoB100 particles by whole PM or 
PM-soluble fraction was significantly reduced (Fig. 3F). We also inves-
tigated if radical quenchers, methionine (singlet-oxygen quencher) and 
mannitol (hydroxyl radical quencher) modulates apoB100 particles 
oxidation by PM. Methionine (10 mM) presence significantly reduced 
oxidation of apoB100 particles by PM-WF and PM-SF samples (Fig. 3G) 
indicating generation of singlet-oxygen reactive species by PM sample in 
our cell-free assay system. However, mannitol (10 mM) showed modest 

Fig. 2. Modulation of PM induced oxidation of PAPC by exogenous antioxidants, NAC or GSH. A-B. Treatment of Ox-PAPC stock sample by NAC (A) or GSH (B) 
neutralizes lipid hydroperoxide radical content as detected by oxidation of BODIPY-C11 dye. Ox-PAPC (125–1000 μg/ml) was incubated with NAC (0.5 mM) or GSH 
(1 mM) for 2 h, and subsequently, BODIPY-C11 dye was added. Fluorescence was measured to monitor the levels of oxidized and non-oxidized BODIPY-C11, $ P <
0.0001, compared to vehicle; *P < 0.0001, compared to respective concentration of Ox-PAPC alone. C-D. NAC (D) but not GSH (C) reduces the peroxidation of PAPC 
by PM. PM was pre-treated with vehicle (PBS), NAC (0.5 mM) or GSH (1 mm) for 1 h and then the mixture was incubated with PAPC for an additional 2 h. At the end 
of the reaction, BODIPY-C11 was added, and fluorescence was measured to monitor the levels of oxidized and non-oxidized BODIPY-C11. $ PM < 0.0001 compared 
to vehicle; *P < 0.0001 compared to PM-WF alone. The data is represented as mean ± SEM of the ratio of oxidized (ex/em, 485/520 nm) to reduced (ex/em, 580/ 
595 nm) BODIPY-C11. 
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effect in inhibiting oxidation of apoB100 by PM-WF whereas it failed to 
protect apoB100 oxidation by PM-SF (Fig. 3G). Both methionine and 
mannitol were markedly effective in blocking the oxidation of apoB100 
by hydrogen peroxide (positive control) in our assay system (Fig. 3G). 
Taken together, these data suggest that intrinsic capacity of PM to elicit 
oxidation of apoB100 particles could be a surrogate measure of PM LPO 
index, and quantifying Ox-PCs by immunoassay is a robust method for 
evaluating PM LPO index, which is modifiable by metals and free radical 
content in PM. 

3.4. PM exposure generates Ox-PCs in mice lungs 

Next, we addressed the in vivo biological relevance of evaluating Ox- 
PCs for assessing PM LPO index. We exposed the mice to PM (10μg/ 
mouse, every other day for 10 days) by intranasal instillation and 
evaluated Ox-PCs accumulation in BAL fluid by immunoassay using E06 
Mab. We observed that PM exposure significantly increased the accu-
mulation of Ox-PCs in BAL fluid (Fig. 4A) compared to the vehicle 
exposed group. The data demonstrated that PM exposure results in the 
generation of Ox-PCs in the lungs and therefore, Ox-PCs are physiolog-
ically relevant biomarker for evaluating intrinsic PM LPO index. 

3.5. Exposure of pulmonary surfactant and lung cells to PM generates Ox- 
PCs 

Next, we determined the source of Ox-PCs in lung exposed to PM. 
Pulmonary surfactant is composed of phospholipids (~80–90%), 
cholesterol (~2–10%), and ~5–10% proteins including surfactant pro-
teins. A large proportion of phospholipids in surfactant is made of 
desaturated dipalmitoylphosphatidylcholine (30–45%) and the 
remaining is composed of unsaturated phospholipid, of which the un-
saturated phosphatidylcholine is >30% [38]. Unsaturated phospho-
lipids in the pulmonary surfactant are vulnerable to oxidation following 
exposure to environmental toxicants [39]. To test if PM exposure oxi-
dizes unsaturated phospholipids in the pulmonary surfactant, we 
employed clinical surfactant, BLES that contains surfactant phospho-
lipids and surfactant proteins (SP–B and SP-C) and used for the treat-
ment of respiratory distress syndrome. We exposed BLES to Fenton 
reagent (as positive control) or PM and measured Ox-PCs accumulation 
by immunoassay. Both Fenton reagent and PM exposure significantly 
increased the accumulation of Ox-PCs in clinical surfactant (Fig. 4B and 
C). 

After deposition of PM in the distal airways, soluble factors such as 
metals could cross the respiratory lining fluid and target the lung 
epithelium. Oxidized phospholipids generated within the cell membrane 
leaflets are shed by stressed cells and dying cells (apoptotic cells) [40]. 
To determine if exposure of lung epithelial cells to PM releases Ox-PCs, 
we exposed normal human bronchial epithelial cells, Beas2B, to whole 
fraction or soluble fraction of PM and measured Ox-PCs in the culture 
media by the immunoassay using E06 ab. We observed a significant 
accumulation of Ox-PCs in culture media of Beas2B cells exposed to PM 
as compared to vehicle (Fig. 4D). We also measured the accumulation of 
oxidized lipids in the culture media of Beas2B cells following exposure to 

whole fraction or soluble fraction of PM using BODIPY-C11 dye. In 
agreement with the immunoassay, BODIPY-C11 dye method also 
revealed a dose-dependent increase in the accumulation of oxidized 
lipids in the culture media of Beas2B cells following exposure to PM-WF 
or PM-SF (Supplementary Fig. 6). Because methionine was effective in 
ablating PM oxidative potential in our cell-free assay system (Fig. 3G), 
we also evaluated the effectiveness of methionine to inhibit LPO in 
Beas2B cells following exposure to PM. We found that methionine 
pre-treatment markedly reduced LPO in PM exposed Beas2B cells 
(Supplemental Fig. 7) suggesting that PM elicits LPO inside cells partly 
via generation of singlet-oxygen species. Taken together, the data sug-
gest that oxidation of PC containing phospholipids in pulmonary sur-
factant and membrane of lungs cells are the potential source of Ox-PCs in 
the lungs of mice exposed to PM and therefore, Ox-PCs levels represent 
physiologically relevant biomarkers for probing LPO index of PM. 

3.6. PM-induced Ox-PCs elicit inflammation in macrophages 

Ox-PCs not only serve as a biomarker of oxidative lipid damage but 
also function as damage-associated molecular patterns [41]. We asked if 
Ox-PCs generated following exposure to PM elicits inflammation. J774 
macrophages were exposed to BAL fluid retrieved from PM exposed mice 
in the presence and absence of Ox-PCs neutralizing mab E06 for 24 h and 
measured IL-6 levels in culture media. BAL fluid from PM exposed mice 
significantly increased secretion of IL-6 by macrophages (Fig. 5A) as 
compared to vehicle exposed mice, which was significantly reduced in 
the presence of E06 Mab. We also exposed macrophages to BLES treated 
with PM-whole fraction or PM-soluble fraction and measured IL-6 
secretion. We noted a marked increase in IL-6 secretion by macro-
phages following exposure to BLES treated with whole-PM or 
PM-soluble fraction as compared to vehicle (Fig. 5B and C). However, in 
presence of mab E06, the capacity of BLES treated either with PM-whole 
fraction or PM-soluble fraction to stimulate IL-6 secretion by macro-
phages was markedly abrogated (Fig. 5B and C). Taken together, the 
data suggest that Ox-PCs accumulated in lungs following PM exposure 
elicits inflammation and therefore, are pathogenic. 

4. Discussion 

Although the mass of PM has been the conventional metric to derive 
the causal relationship between PM exposure and adverse health effects, 
it may not represent the best exposure metric for evaluation and pre-
diction of toxic potential of ambient PM of a region or specific source. 
Because only a tiny fraction of metals and organic compounds in PM are 
toxic and most PM mass is made of biologically inactive or less toxic 
inorganic components such as ammonium sulfate, nitrates, NaCl, crust 
dust, and soil. The underlying mechanism of how PM exerts adverse 
health effects remains poorly understood. However, the consensus is 
that airborne PM generates oxidative stress in the lungs, which causes 
depletion of antioxidants, lipid peroxidation, cell death, and inflam-
mation and ensues the pathogenesis of cardiorespiratory disease [42]. 
Hence, the measurement of the oxidative potential of PM is thought to 
be a better metric for evaluating PM toxicity in epidemiological studies. 

Fig. 3. Monitoring PM-induced Ox-PCs levels on apoB100 particles by immunoassay as a measure of PM LPO index. A. Exposure of apoB100 particles to PM whole 
fraction (PM-WF) or PM soluble fraction (PM-SF) induces peroxidation of surface phospholipids as indicated by an increase in the levels of Ox-PCs. The captured 
apoB100 particles (see method) were exposed to Fenton reagent system (FeCl2: H2O2), PM-WF or PM-SF for 2 h. The levels of Ox-PCs present on the surface of 
apoB100 particles was measured by immunoassay using E06 Mab. $, P < 0.0001 compared to vehicle. B-D. PM induced peroxidation of apoB100 particles was 
reduced in the presence of metal chelators. PM-WF or PM-SF was pre-treated with vehicle (PBS), EDTA (1 mM) (C) or deferoxamine (DFO, 0.5 mM) (D) for 1 h and 
then the mixture was incubated with apoB100 particles for an additional 2 h. The levels of Ox-PCs generated on the surface of apoB100 particles were measured by 
immunoassay, $P < 0.0001, compared to vehicle; *P < 0.0001, compared to PM alone E. Exposure of apoB100 particles to 9,10-phenanthrenequinone (PQ) induced 
peroxidation of apoB100 particles. The captured apoB100 particles were exposed to PQ (50 and 100 nM) for 2 h, and the levels of Ox-PCs on the surface of apoB100 
particles were measured by immunoassay, $ P < 0.000, compared to vehicle F-G. NAC and methionine mitigated the PM induced oxidation of ApoB100 particles. 
Captured apoB100 particles were pre-incubated with NAC, methionine or mannitol for 45 min and then exposed to PM-WF, PM-SF or H2O2 (1 mM) for additional 2 
h. The levels of Ox-PCs generated on apoB100 particles were measured by immunoassay, $ P < 0.0001 compared to vehicle; *P < 0.05, compared to PM alone (100 
μg/ml). 
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Currently, OPDTT, OPAA, and OPGSH assays are commonly used to assess 
PM’s oxidative potential. These assays feature thiol depletion or con-
sumption of antioxidants as a testing principle to measure PMOP and 
simulate one of the deleterious responses (antioxidant depletion) of 
PM-induced oxidative stress in the lungs. In the current study, we have 
postulated and demonstrated that LPO index of PM as a method for 
assessing PMOP. This approach simulates the potential of PM to induce 
lipid peroxidation in lungs. Further, our assay system features i) inter-
action of PM with physiological relevant phospholipid substrates ii) 

measurement of PC-containing oxidized phospholipids, which are 
proven to exert prooxidants and proinflammatory activity and are 
implicated in the pathogenesis of airway disease and cardiovascular 
diseases [43]. Hence, “PM LPO index” concept reflects and captures a 
newer mechanism of PM oxidative capacity and, therefore, could be 
valuable in predicting PMOP and PM toxicity. 

We employed natural phospholipid PAPC, which is abundantly 
present in pulmonary surfactant, cell membrane, and apoB100 particles, 
as the target substrate for assessing the LPO index of PM. Using BODIPY- 

Fig. 4. PM exposure generates Ox-PCs in mice lungs, pulmonary surfactant and lung cells. A. Elevated levels of Ox-PCs in BAL fluid of mice exposed to PM. Mice (n =
4) were exposed to PM (10μg/mouse/day) or vehicle (saline) by intranasal instillation for 5 days. At the end of PM exposure, Ox-PCs levels were measured in the BAL 
fluid by immunoassay, $P < 0.05 p.m. compared to Control B–C) PM exposure oxidizes phospholipids in pulmonary surfactant and generates Ox-PCs. BLES was 
exposed to PM-WF (B) or PM-SF (C) at concentrations 25–500 μg/ml for 2 h. The Ox-PCs levels generated in BLES was measured by immunoassay. #P < 0.05, 
compared to vehicle D) PM exposure causes the release of Ox-PCs by Beas2B cells. Beas2B cells were treated with PM-WF and PM-SF at concentrations 100 and 200 
μg/ml for 24 h. Ox-PCs levels were measured in the cell-free culture media by immunoassay, #P < 0.05 compared to vehicle alone. 
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C11 reporter dye, which selectively binds to lipid peroxyl radicals but 
not to superoxide [32], we demonstrated the intrinsic potential of PM to 
oxidize PAPC in a concentration-dependent manner. Intriguingly, anti-
oxidant NAC suppressed PM-induced oxidation of PAPC but not GSH in 
the cell-free system. Although the precise mechanism why GSH failed to 
abrogate PM induced oxidation of PAPC is unclear, we believe it could 
be due to multiple mechanisms such as-i) GSH may form a stable com-
plex with heavy metals [44] in PM and catalyzes the oxidation of PAPC; 
ii) oxidation of GSH by PM may result in significant accumulation of 
thiyl radicals [45] and glutathione disulfide (GSSG), which may pro-
mote oxidation of PAPC by redox cycling of the transition metals such as 
Fe(II) and Cu(II) present in PM [46]; iii) GSH may also catalyze super-
oxide dependent hydroxyl radicals generation in the presence of trace 
amounts of Fe(II) present in PM [47]. 

The advantage of using BODIPY-C11 as a probe for indexing LPO of 
PM is that it measures total lipid peroxyl radicals generated during 
oxidation of PAPC by PM. However, the loss of fluorescence signal with 
time due to photobleaching and quenching effects in cell-free assay 
systems could reduce the sensitivity and consistency of the BODIPY-C11 
based method to quantify the PM LPO index. To address this limitation, 
we developed an immunoassay to assess the PM LPO index using the E06 

antibody, which explicitly measures Ox-PCs [28]. For the immunoassay 
development, we could not use PAPC as a target substrate for assessing 
PM LPO index because of several technical challenges such as inefficient 
immobilization of PAPC onto the microplate wells; loss of coated PAPC 
while washing and blocking steps; and loss of oxidized phospholipids 
during the washing steps. Instead, we used apoB100 lipoprotein parti-
cles as a substrate for indexing LPO of PM because PAPC and other 
PC-containing phospholipids are abundantly present on the surface of 
apoB100 particles [48]. More importantly, apoB100 lipoprotein parti-
cles present in the human serum or plasma could be easily captured into 
microplate wells using MB47 antibody [28]. Joseph Witztum and col-
leagues have extensively characterized MB47 as apoB100 capturing 
antibody and E06 as Ox-PCs detecting antibody for measuring the levels 
of Ox-PCs content on apoB100 lipoproteins in patients with coronary 
artery disease [49,50]. We observed a concentration-dependent increase 
in Ox-PCs content on apoB100 particles following exposure to PM-whole 
fraction or PM-soluble fraction, indicating the sensitivity and suitability 
of the immunoassay for assessing PM LPO index. 

Redox-active metals and organic compounds (such as quinones) 
absorbed onto the surface of PM are the main determinants of the 
oxidative potential of PM [16]. In our immunoassay system, apoB100 

Fig. 5. Ox-PCs accumulated in mice lungs, and pulmonary surfactant following exposure to PM induces inflammatory responses in macrophages. A. BAL fluid from 
PM exposed mice induced greater IL-6 secretion in macrophages, which was attenuated in the presence of Ox-PCs neutralizing antibody E06. J774 macrophage cells 
were exposed to BAL fluid from mice exposed to vehicle or PM in the absence and presence of mab E06 for 24 h. IL-6 levels were measured in culture media by ELISA, 
#P < 0.05, compared to control; *P < 0.05 compared to PM alone. B–C. Exposure of macrophages to oxidized pulmonary surfactant caused by PM-WF (B) or PM-SF 
(C) stimulates IL-6 secretion, which was attenuated by mab E06. J774 macrophages were treated with BLES that was exposed to PM-WF or PM-SF. After 24 h of BLES 
treatment, IL-6 levels were measured in the culture media by ELISA, $ P < 0.0001, compared to vehicle; *P < 0.05, compared to respective concentration of PM, $ P 
< 0.0001 compared to vehicle, #P < 0.05 compared to respective concentration of PM alone. 
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particles were sensitive to oxidation by PM associated redox-active 
chemical species including metals and quinone (9,10-Phenan-
threnequinone). In the presence of metal chelators (EDTA and defer-
oxamine), PM potency to oxidize apoB100 lipoprotein was significantly 
abolished, indicating the sensitivity of the method to metal content in 
PM. The capacity of deferoxamine and EDTA to abolish the PM LPO 
index was much higher in PM-soluble fraction than PM-whole fraction, 
suggesting that metals are the predominant components in the soluble 
fraction of PM sample that drive the oxidation of apoB100 particles. 
Although significant, we found that the efficacy of NAC and methionine 
to reduce PM-induced peroxidation of apoB100 was significantly less 
compared to metal chelators. The data suggest that the chelators 
completely prevent metals’ reaction with unsaturated fatty acids on the 
surface of apoB100 particles and, therefore, more efficacious than 
radical scavengers such as NAC and methionine in mitigating the 
oxidative capacity of PM. Both human and animal studies have found 
that Ox-PCs on LDL is proinflammatory and proatherogenic [28,51]. 
Furthermore, oxidized-LDL and oxidized-VLDL are shown to inhibit 
surfactant production by the alveolar type II cells [52]. Our findings 
reveal the plausible mechanism of how PM may mediate lung and 
vascular injury. 

Studies in animal models suggest that PM-induced lung injury is 
characterized by an increase in LPO, proinflammatory cytokine levels, 
influx of inflammatory cells [53], cell death [21], and fibrosis [54]; 
however, the mediators that drive these pathogenic events are not 
entirely understood. We and others have shown that oxidative stress 
conditions caused by cigarette smoke exposure [31] or viral infection 
(H5N1 and SARS) [20] lead to the accumulation of Ox-PCs in the lungs. 
These Ox-PCs function as danger-associated molecular patterns [55] and 
induce acute lung inflammatory responses [20], impair pulmonary 
antibacterial defenses [31], and promote atherosclerosis [51]. We found 
that PM exposure also results in the accumulation of Ox-PCs in the lungs 
of mice and the peroxidation of PUFA in pulmonary surfactant and 
cellular membrane are potential sources of Ox-PCs in lungs. By using 
Ox-PCs neutralizing mab E06, we demonstrated that Ox-PCs accumu-
lated in BAL fluid and BLES after PM exposure stimulates IL-6 produc-
tion by macrophages suggesting that the Ox-PCs accumulation in lungs 
may exacerbate PM-induced lung injury. 

In conclusion, we have demonstrated that the PM LPO index is a 
novel metric for characterizing PMOP, and Ox-PCs levels are physio-
logically relevant surrogate markers for evaluating PM LPO index and 
predicting toxicity. The developed immunoassay is sensitive and quan-
titative for assessing the PM LPO index and is amenable for high- 
throughput assays for epidemiological studies. The limitation of the 
developed immunoassay involves using the human serum to capture 
apoB100 lipoprotein and the assay probes for only one specific oxidized 
phospholipid (i.e., Ox-PCs). However, in reality, an array of oxidized 
products are expected to be generated during PM-mediated oxidation of 
apoB100 particles [56]. Future studies will determine the utility value of 
the LPO index of PM as a method to assess the relationship between 
PMOP, PM exposure, and health effects in epidemiological studies. 
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