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Abstract

Ambient particulate matter may upset redox homeostasis, leading to oxidative stress and adverse
health effects. Size distributions of water-insoluble and water-soluble OPPTT (dithiothreitol assay,
measure of oxidative potential per air volume) are reported for a roadside site and an urban site.
The average water-insoluble fractions were 23% and 51%, and 37% and 39%, for fine and coarse
modes at the roadside and urban sites, respectively, measured during different periods. Water-
soluble OPPTT was unimodal, peaked near 1-2.5 zm due to contributions from fine-mode organic
components plus coarse-mode transition metal ions. In contrast, water-insoluble OPPTT was
bimodal, with both fine and coarse modes. The main chemical components that drive both
fractions appear to be the same, except that for water-insoluble OPPTT the compounds were
absorbed on surfaces of soot and non-tailpipe traffic dust. They were largely externally mixed and
deposited in different regions in the respiratory system, transition metal ions predominately in the
upper regions and organic species, such as quinones, deeper in the lung. Although OPPTT per
mass (toxicity) was highest for ultrafine particles, estimated lung deposition was mainly from
accumulation and coarse particles. Contrasts in the phases of these forms of OPPTT deposited in
the respiratory system may have differing health impacts.
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INTRODUCTION

Studies have associated exposure to particulate matter (PM) with adverse health effects.1—3
Oxidative stress, an imbalance toward an excess of reactive oxygen species (ROS), is
considered to induce inflammation, a possible mechanism leading to adverse health effects.*
In an effort to find a more biologically relevant metric than bulk PM mass concentration to
represent the integrated effects from multiple toxic components in PM, oxidative potential
(OP), defined as the capability of particles to deplete physiological antioxidants (reductants)
and generate ROS, has been proposed. Positive associations between cardiorespiratory
health end points and OP measured with the dithiothreitol (DTT) assay (OPPTT) have been
reported (units for OPPTT are loss of DTT per time per volume of air sampled).>~7
Physiologically relevant assays, glutathione (OPSSH) and ascorbic acid (OPA4) (both
antioxidants found in lung fluid), tested in a synthetic respiratory tract lining fluid model,
show mixed results; OPGSH has been associated with lung cancer mortality® and myocardial
infarction,® while OPAA was not. In other studies, neither OPGSH nor OPAA was associated
with respiratory function1911 or cardiorespiratory mortality.12 Comparing OPPTT and
OPAA we found positive associations between asthma/wheezing and congestive heart failure
with OPPTT  but not with OPAA-13 Here, we focus on OPPTT but the analysis could be
repeated for other OP assays.

In many cases, when implementing the DTT assay, particles are extracted in water followed
by liquid filtration to remove solid or insoluble fractions. But studies show that OPPTT can
also be associated with insoluble aerosol components. Daher et al.14 found that the OPPTT
values of particles collected using a Biosampler without filtration, thought to collect both
water-soluble and insoluble fractions, were substantially higher than those of the aqueous
extracts of the particles collected with a filter. McWhinney et al.15 found that approximately
25% and 90% of the OPPTT was in the water-insoluble fraction for urban PM and diesel
exhaust particles, respectively. These studies and others16-18 provide evidence that insoluble
aerosol species contribute to OP and should be considered when assessing health effects.

Elemental carbon (EC, black carbon or soot) is one of the insoluble species in PM identified
as a serious health hazard. Research has shown that exposure to soot exacerbates
cardiovascular and respiratory symptoms.19-21 Soot is usually found mainly in the fine mode
(PM> 5, meaning all particles with aerodynamic diameter less than 2.5 4m) and is a product
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of incomplete combustion.22 In terms of OP, studies have linked reactive oxygen
intermediates formed on the surface of soot, such as quinones from oxidation of polycyclic
aromatic hydrocarbons (PAHSs) by ozone, to increased OPPTT-23.24 Both representativel® and
real1®25 diesel exhaust soot, when oxidized by ozone, exhibited much higher OPPTT. The
OPPTT associated with diesel exhaust soot was not extractable by acid2® or organics
solvents, including methanol1® and dichloromethane (DCM),1%:26 indicating that the DTT-
active species were strongly adsorbed to the soot surface. Association between OPPTT and
the number of surface sites on nanoparticles?” has been reported. These laboratory findings
indicate that OPPTT is contiguous with the surface of soot, and that OPPTT may play a key
role in the adverse health effects of soot. Soot also provides a surface for the formation and
stabilization of some ROS, e.g., “environmentally persistent free radicals” (EPFRs),28:29
which may also be related to soot toxicity.

Coarse-mode aerosol (PM> 5_19, meaning particles with a size between 2.5 and 10 gm) also
has been linked to adverse health effects,39-32 and a significant fraction of the coarse-mode
particle species are insoluble, remaining solid when deposited in liquid environments.
Although variable levels of soot can be found in particles larger than PM5 5, most insoluble
species are associated with mechanically generated aerosols, such as mineral and fugitive
dust. In urban environments, this has been linked to tire/brake wear components from traffic
and construction activities in non-arid regions.33-3% Minerals (e.g., silicates, calcium
carbonates, metal oxides, or clay minerals36) can induce ROS formation as a solid particle
binding to a cell surface or entering the cell by engulfment and lead to ROS production, or
as a “carrier” of more toxic species such as metals and surface-sorbed PAHs.3”

Aerodynamic size, in part, affects the location of deposition in the respiratory system,38:39
Particles deposited deep within the lung are most damaging due to difficulty in clearance
and more readily enter the bloodstream when deposed in the alveoli.#041 The circulatory
system translocates soluble species and insoluble particles and the associated OP from the
lung to other critical organs such as kidneys,*243 heart,*2 and liver,#2-44 among others,*3
causing localized effects. In addition, recent studies show that particles deposited in the
nasal region translocate into the central nervous system via the olfactory bulb and cause
brain lesions, dementia>~47 and impaired cognitive development.*8 Particle size is also
related to different toxic effects. Various studies have attempted to link PM size to adverse
health effects. Some studies indicate that coarse particles are more potent at inducing
hemolysis and DNA degradation,3! and pro-inflammatory cytokines in vitro32 than fine
particles (PM> 5), whereas some show that inhibition of cell proliferation is significantly
stronger by PM, 5.31 The ultrafine fraction (PMg 1) is often viewed as highly toxic. PMg 1 is
observed to cause airway inflammation in vivo,*® more strongly associated with biomarkers
of systemic inflammation than larger-size fractions,® and the small size enables penetration
of pulmonary barriers and travel to other organs or cell membranes leading to damage of cell
organelles, such as mitochondria,5! whereas accumulation (PMg 1_5 5) and coarse fractions
do not show similar behaviors; however, more recent studies show that solid particles up to
1.75 um in diameter also translocate to various organs from the lung.*3

Although there has been substantial research on the toxicity of ambient PM in relation to
particle size, there are limited studies on the ambient size distribution of OP. Several
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studies®1-54 have examined the OPPTT of different size fractions of PM collected by the
Versatile Aerosol Concentration Enrichment System (VACES), contrasting OP between
broad aerosol modes, e.g. quasi-ultrafine (aerodynamic diameter, O, < 0.18 zm),
accumulation (0.18 < D, < 2.5 m), and coarse fractions (D > 2.5 um). It is generally found
that, on a per unit air volume basis, accumulation-mode particles have the highest OPPTT
per volume air, whereas ultrafine particles show much higher OPPTT per unit mass than
accumulation and coarse particles.

Here, we investigate the ambient size distribution and the major chemical players of both
water-soluble and -insoluble OPPTT for particles collected from two contrasting sites.
Specifically, we study the relationship between fine-mode soot and coarse-mode dust and
water-insoluble OPPTT. The size distributions of OP were also used to assess the deposition
of both forms of OPPTT in the human respiratory system.

MATERIALS AND METHODS
Size-Segregated Sampling of PM

Details on the sampling and chemical analysis can be found in Fang et al.>> Two 10-stage
Micro-Orifice Uniform Deposit Impactors (MOUDI, MSP Corp., Shoreview, MN, USA)
were used to collect size-segregated ambient particles at a roadside (RS) site and an urban
representative (GT) site in Atlanta, GA, from summer 2015 to spring 2016. The RS site was
adjacent to highly congested interstate highway (175/85), and the GT site was located on the
rooftop of a building on the Georgia Tech campus, roughly 420 m from the RS site. The
50% cutoff aerodynamic diameters of the MOUDI are 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32,
0.18, 0.1, and 0.056 4m. The MOUDIs were operated in a non-rotating mode without a
back-up filter at a flow rate of 30 L min~1. Methods to account for non-uniform deposits of
particles due to non-rotating mode on chemical analysis are described in the supplement.
Fourteen MOUDI samples were collected (seven at each site), while four from these samples
(i.e., two pairs) were collected simultaneously at both sites. For each MOUDI run, sampling
was conducted under ambient RH and temperature (MOUDIs located outdoors) for
approximately 7 days to provide sufficient mass loadings for various analyses. Studies on the
stability of OP at ambient temperature are currently lacking, but Sauvain et al.56 found that
OPPTT of particles collected on Teflon filters were stable after about 170 h (~7 days),
indicating a 7-day sampling period will not significantly affect OPPTT. All OP analyses in
this work were done after a maximum of 3-day sample storage in sealed Petri dishes at

-18 °C. Sampling periods, filter types used, and species quantified are summarized in Table
S1. For every MOUDI sample, one field blank was included. All data were blank corrected
with the averages from all blanks combined. Consistency between the two MOUDIs was

first assessed by comparing water-soluble OPPTT ( OPBSTT) when operated simultaneously at

the GT site. Orthogonal regression yielded a slope of 1.0 + 0.1 (value + one standard
deviation), low intercept (6.0 x 107> + 0.002 nmol min~! m=3), and high /2 (0.92) (Figure
S1).
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Chemical Components Analysis

Teflon (47 mm PTFE Membrane Filters, 2 4m pore size, Pall Corp., Ann Arbor, MI, USA)
and quartz filters (47 mm, Tissuquartz Filters, Pall Corp., Ann Arbor, MI, USA) were used
as impaction surfaces, depending on the chemical analyses. For simultaneous sets, Teflon
filters were used for one MOUDI at each site; for different-day collection, both quartz and
Teflon filters were used for two MOUDIs at one site. Along with OPPTT particle chemical
components measured included organic carbon (OC), elemental carbon (EC), ions, water-
soluble, and total metals. OC, EC, ions, and metals were measured on quartz filters, and
OPPTT was measured on Teflon filters. OC and EC were measured using a Sunset OCEC
Analyzer (Sunset Laboratory Inc., Tigard, OR) following the IMPROVE protocol.>’ Water-
soluble and total metals, including copper, manganese, and iron, were measured using
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500a series, Agilent
Technologies, Inc., CA, USA). For water extracts, filters were sonicated in deionized (DI)
water (>18 MQ cm™1) with an Ultrasonic Cleanser (VWR International LLC, West Chester,
PA, USA) for half an hour, and filtered with PTFE 0.45 gm syringe filters (Fisherbrand). For
determining total metals (elemental), filters were first digested in 2 mL of 1:3 HNO3:HCI
solution, diluted in DI water to a final volume of 10 mL, and then filtered with 0.45 t/m
syringe filters. Both water-soluble and total samples were then acidified by adding HNO3 to
achieve a final concentration of 2% HNO3. A 25 ppb internal standard of scandium was
added to every sample to monitor analytical drift. Only Cu data are discussed since our
previous studies!3-8 show Cu is the main transition metal contributing to the OPPTT. lons
were determined on the water-extracted samples (filtered with 0.45 um filters) using ion
chromatography (Metrohm 761 Compact ICs, Riverside, FL, USA). Surface area size
distributions of OC, EC, and CaCOs3 were calculated assuming spherical particles and the
same density across all size ranges using the following equation:

dn 6 dn

S m

dinD, = oD 10° *dD, ()

dn

dn
where les) and (“T‘B are the surface area and mass distribution functions, respectively;
p p

D, is aerodynamic diameter (4m); Dy is the geometric mean diameter of each MOUDI
stage (the square root of the product of upper and lower D, of each MOUDI stage, 1m); 106
is the unit conversion factor; and p is the particle density (1.27 g cm™3 for OC,%9 1.77 g cm
=3 for EC,%9 and 2.71 g cm=3 for CaCO3). [CaCO3 was calculated from Ca2*, although the
CaCOj3 concentration is likely underestimated since only water-soluble Ca2* was measured
and CaCOs is not highly soluble. CaCOj is taken as a surrogate of mineral dust,%%:61 and the
shape of the CaCOg surface area distribution is taken to be identical as ambient mineral dust
distribution.] The surface area size distribution of OC, EC, and CaCOg3 can be found in
Figure S2.
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Oxidative Potential (OP)

DTT

OP measurement on Teflon MOUDI filters include OPE;FT and total DTT (OP_ .,

) activities.

; DTT ; ; DTT _ ~pDTT DTT
Water-insoluble OP™" ' was determined by difference (OP .~ = OP_ , —OP~ ). The DTT

assay was conducted manually or by a semi-automated instrument3:62 on the filtered DI
water extracts to determine OPB;FT. A 1mM DTT solution was added to the sample extract

with potassium phosphate buffer (Kbuffer, pH = 7.4) at 37 °C. At five different specific time

intervals, a small aliquot from the mixture was withdrawn to determine remaining DTT

concentration with a light absorption method. DTT consumption rate was used to calculate

final OP. The DTT analysis explicitly followed the method described by Cho et al.53

pDTT
WS

OPE)E was determined manually with the same method as that for O , except that the

extract was not filtered. The sample filter was also left in the sample-Kbuffer-DTT mixture
such that the DT T-active species from insoluble particles suspended in the extracts, and
those still on the filter surface, could be in contact with added DTT and consume DTT over
time. That is, after 0.5-h sonication, Kbuffer and DTT (1 mM) were added to the extract
with the sample filter included. At five time intervals, a small aliquot was withdrawn to
determine remaining DTT concentration using the same light absorption method as stated

above. A detailed method for measuring OPL' T can be found in the supplement. The

consistency of the manual DTT method was monitored with 9,10-phenanthra-quinone as a
positive control run on different days with the samples (V= 10, coefficient of variation
<10%). Lognormal distributions were fit to all data. Fit equations are summarized in the
supplement. For OP, geometric mean diameters (GMD) and geometric standard deviation
(o), total OP, and the associated uncertainties for each MOUDI set can be found in Tables
S2-S4. Tables S2-S4 also give the overall combined mean GMD and oy for both measures
of OP at the RS and GT sites. This mean GMD and oy were used to calculate the averaged
frequency distribution (d#d In D) of OP at each site. Average distribution (d OP/d In Dy)
was calculated differently. Each stage of the average distribution was the mean of
corresponding stages from all MOUDI samples. The MOUDI sets collected in summer 2015
had a different cutoff diameter of 2.5 m instead of a standard cutoff diameter of 1.8 um; for
these MOUDI sets, only stages with the same cutoff diameters as other MOUDI samples
were included in calculating the average distribution. All OPPTT reported is in units of DTT
loss rate per volume of air.

Intrinsic OP was calculated by dividing measured OP with PM mass concentration. Given
that direct mass measurement was not done, PM mass concentration for each MOUDI stage
was estimated from the sum of measured chemical components, including elemental carbon
(EC), organic mass (OC*1.6),% total metals, and ions (SO4%~, NO3™, CI~, and NH,*). Total
metals were represented by their oxide forms (K,0, CaCO3, MgO, CuO, MnO», and Fe;03),
except elemental mass was used for Cu and Mn for stages below 1.8 xm, given that Cu and
Mn particles smaller than 1.8 zm are mostly water-soluble®® and, studies show, likely in the
form of metal sulfates (and sulfate was measured).63.64 The PM mass distributions for both
sites can be found in Figure S3.
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Modeling Deposition in the Human Respiratory System

Deposition efficiency in the human respiratory tract represents the mean probability of an
inhaled particle being deposited in a given compartment. Particle deposition efficiency
estimates are based on empirical expressions derived from human inhalation data (ICRP,
1994).65 Deposition was modeled for an adult male at light work (breathing rate = 1.5 m3 h
1 respiration frequency = 20 min~1, and tidal volume = 1250 cm3) assuming unit density
spherical particles (i.e., 1 g cm™3). Regional deposition in different compartments of the
respiratory tract (extrathoracic, bronchial, and alveolar regions) were calculated for nose-
only breathing and are summarized in Figure S4. Deposition of OP in the respiratory system
was obtained by multiplying the averaged frequency distributions of OP with the deposition
efficiency. OP deposition was integrated over three particle size modes (ranges): quasi-
ultrafine (<0.18 xm), accumulation (0.18-3.2 xm), and coarse (3.2-18 ym). Only total,
alveolar, and extrathoracic deposition are discussed.

RESULTS AND DISCUSSION
Soluble Fraction and Size Distribution of Particulate Oxidative Potential

Figure 1 shows the size distribution of OPDTT and OPE)ZE, the difference is OPDTT The

DTT to OPDTT

rotal ratios at the

opPIT to opPT T fraction depended on particle size. Average OPY)

RS site were 23% and 51% in the fine and coarse mode, respectlvely. Average insoluble
fraction at the GT site were similar in the fine (37%) and coarse (39%) mode. Note that
these ratios were averaged from all MOUDI data.

Frequency distributions are plotted to compare shapes of OP distributions for all MOUDI
data, since they are independent of the ambient OP levels, which can vary substantially
between sites and measurement periods. Log-normal fitted frequency distribution for
individual MOUDI measurement (V=5 for op>TT, and A= 2 for opLI ") at RS and GT

sites and the average frequency distribution of OP are shown in Figure 2 for op>TT and

DTT
wi

OP

OPBiTT had a bimodal distribution with a peak in the accumulation and coarse modes, in

DTT

stark contrast to OP_ *, which was unimodal with peak near the minimum between the two

opP>TT modes (geometrlc mean diameter, GMD, ranged from 0.80 to 2.51 zm at both sites,

DTT DTT

Table S2). The sources and/or atmospheric processes producing OP .~ and OP ;' ~ clearly

differ.

Contrasting the OP frequency distributions at the two sites provides insights on the

DTT

contributions of highway emissions to OPPTT and 0P>I™. Small variations were observed in

DTT ia dictrih i ; ; ; DTT
Op_ .~ frequency size distributions (Figure 2), especially at the GT site. OP .~ from one

MOUDI sample collected in fall at the RS site, however, showed a peak at a much larger size
(GMD = 2.51 1m) than the average frequency distribution (GMDypean = 1.46 1m),
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DTT

ws Wwas occasionally affected largely by non-tailpipe traffic

suggesting that roadside OP.

sources, which pushed the GMD to a larger size range. When removing this measurement,
the GMDpnegn for OPDI T at the RS site was 1.20 zm, much closer to that at the GT site,

showing that OPE;FT had a more regional character, consistent with earlier findings in the

same region.%8:62 For 0PI, the coarse-mode peak was larger than the accumulation mode

at the RS site, while the opposite was observed at the GT site, indicating coarse-mode

OPBiTT was more affected by non-tailpipe traffic emissions. More limited transport of large
size particles due to sedimentation, resulting in lower OP&TT at the GT site also would play a

role.

Comparing simultaneous measurements at the two sites (Figure 3) supports the above

DTT

Wi collected simultaneously at both sites exhibited much

inferences. For example, OP

higher coarse mode levels at the RS site than at the GT site, suggestive of a major
contribution from non-tailpipe traffic emissions to coarse-mode OPEiTT. Accumulation-mode

DTT
wi

OP_. " and OPB;FT levels were similar at both sites, indicating mainly a regional influence on

accumulation-mode OP21 T and OPL! T for these MOUDI data sets.

Sources and Processes Based on Other Measured Species

Figure 4 shows the ambient size distributions of OP>! ' and 0PDTT, OC, EC, Ca?*, and

water-soluble Cu, and the estimated surface area distributions of EC and CaCQOj3 at both
sites. Ambient size distributions of chemical species provide clues to the sources and
processes that led to the observed OP distributions. Fang et al.%° has reported on particle

size-dependent processes relating to metals dissolution that affect OPE;FT, here we focus

mainly on OPPT. Note that the MOUDI samples shown in Figure 4 at GT and RS sites were

collected in different time periods. As is common, OC and EC had bimodal distributions
with a larger accumulation-mode peak and a smaller peak in the coarse mode. Total Cu was
most abundant in the coarse mode (data not shown, see Fang et al.>®), consistent with
insoluble Cu particles mainly emitted from mechanical generation, such as braking
components and resuspended dust.%6:67 Compared to total Cu, water-soluble Cu peaked at a
smaller size, which can be explained by a combination of primary emissions (i.e., brake
wear) and secondary processing by sulfate particles forming acidic conditions.>>:68 Qur
previous paper®® showed that sulfate can produce highly acidic fine aerosols capable of
dissolving Cu emitted in an insoluble form, and this acid-dissolved Cu played an important

role in shaping the distribution of OPB;FT. It is noted that Mn is also an important transition
metal ion contributing to OPPTT.58:69 Since Mn had a size distribution similar to that of Cu,

55 Mn may be involved the same processes in shaping the distribution of OPBSTT. In addition

to water-soluble metals, other evidence points to organic species from combustion playing
an important role in fine-mode OPBZT (~60% from organics and 40% from metals).5? Thus,
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contributions from both water-soluble metals and organic species can explain why OPBZT
had a broad distribution that peaked between fine-mode OC and water-soluble Cu (Figure

4e, f). The variation in GMD at the roadside OPYT™ can also be attributed to the varying

relative contribution from water-soluble Cu and organic species; for example, higher
concentration of Cu may shift the distribution toward the coarse mode.

Bimodal 0PI follow distributions of insoluble species in the accumulation and coarse

modes. A main insoluble fine-mode aerosol is soot (or EC). Figure 4c, d shows that
measured EC mass size distributions converted to EC surface area distributions match well

with OPPIT, consistent with OPPT being associated with the EC surface. Note that OC and

EC have similar surface area distributions (Figure S2), but much of OC is soluble, so it is
difficult to infer insoluble OC size distributions from this data. We will show below that
some of this insoluble OC, e.g., quinones or similar compounds, appear to coat soot. Studies
reporting oxidation of PAHs24 and diesel exhaust soot or black carbon1°:16:25 by ozone,
forming surface-bound quinones and increasing OPPTT  are consistent with our fine-mode

OP&TT being associated with surfaces of EC. Measurements of fine-mode particle-bound

PAHs in Atlanta traffic were highly correlated with black carbon (7= 0.86).70 Furthermore,
fine-mode number distributions of solid particles that remain insoluble when ambient
aerosol was collected in water were highly correlated with EC mass concentrations’! and
had size distributions similar to that of EC (Figure S5), consistent with EC being the main
insoluble fine-mode species.

The data also show the importance of time for atmospheric aging on fine-mode OPB;FT. This

can be seen by comparing the OP; ' /EC surface area ratio at the RS site, which is heavily

influenced by primary emissions, to the GT site of more atmospheric processed aerosols.
Fine-mode (D, < 1 zm) opPTT

wi

per EC surface area concentration values were 4-5 times

higher at the GT site (mean of OPV%TT per EC surface area (mean + standard deviation) was

(1.5+0.6) x 1078 and (3.2 + 1.6) x 1072 nmol min~1 zm=2 for GT and RS sites,
respectively; see Figures S6 and S7). A longer study also shows higher OPE;FT per EC

concentrations at the GT site based on bulk PM5 5 samples collected simultaneously at both
sites (Figure S8). This is consistent with PAH-coated EC being emitted by the road, but
requiring oxidation to convert EC-surface PAHSs to quinones. Higher O3 levels away from
the road due to less NO, titration may also play a role. These processes explain the observed

similar fine-mode OPBiTT levels when measured simultaneously at the roadside and urban

sites (Figure 3a). Because fresh soot per mass (or surface area) does not have as high OPPTT
as aged aerosol, OPPTT is clearly not related solely to a soot surface property formed during
emission.

Soluble transition metals also contribute to OPPTT, but are typically not found in particles
DTT
wi

Primary coarse-mode particles are generated by mechanical processes. There is limited

smaller than 1 zm. However, they may account for much of the coarse-mode OP

Environ Sci Technol. Author manuscript; available in PMC 2018 June 11.
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information on which chemical species may contribute to coarse-mode OPBiTT, but the

CaCOg surface area distribution is seen to be similar to coarse-mode OPV%TT at both sites,

suggesting that it is also related to a surface property. Soluble metals (and possibly some
contribution from adsorbed EC and quinones; see Figure S9 and S10 for EC and OC in the
coarse mode) may remain bound to these large mineral dust particles during the water

extraction process and account for at least some of the coarse-mode OPBiTT.

Intrinsic OP Distributions

Comparing the oxidative activity of different size particles on a per PM mass basis (intrinsic
activity) can provide a measure of aerosol toxicity. Figure 5 shows that both OPBSTT and
DTT

OP_. " per mass are highest for quasi-ultrafine particles where the mass is low. [Note that

OPPTT per mass is also high for the large particles, but in this case masses may be

underestimated due to inferring total CaCO5 from soluble measured Ca?*.] In terms of

DTT

ws Per mass was the highest for quasi-ultrafine, in agreement with some other

modes, OP
DTT

studies.53%* op " also had the highest per mass activity for the quasi-ultrafine mode,

consistent with high soot (EC) toxicity. Although the intrinsic activities provide contrast in
the OP potency of particles of differing sizes, overall potential for adverse health effects
depends on exposure; the OP activity per volume of air, which has a very different
distribution than that of per PM mass, and the efficiency of particle deposition as a function
of size in the respiratory system.

Respiratory OP Deposition

Particle deposition patterns in the respiratory tract depend, in part, on particle size. Since
chemical components driving OP>™™ and 0PP T vary with particle size, different

components of OPPTT will be deposited in different regions. OPPTT deposition was
calculated for the whole respiratory tract (extrathoracic and all lung compartments) and two
sub-regions (the extrathoracic compartment and the alveolar). In each region we compare the
relative importance of OPPTT associated with quasi-ultrafine, accumulation, and coarse
modes. The results are shown in Figure 6. For the whole respiratory tract, coarse-mode

oP>IT (DTT loss rate per volume of air) deposition dominated at both the GT and RS sites,

accumulation-mode OP2IT deposition was also high, and quasi-ultrafine OPPTT was
DTT

ws
greater contributions or were on par with coarse-mode particle contributions to whole
respiratory tract deposition. Extrathoracic deposition patterns for both forms of OPPTT were

similar to those of the whole respiratory tract, and accumulation and coarse particles made
pDTT
W1

minimal. For OP_ - " a similar pattern was found, except accumulation-mode particles made

the most contributions; coarse mode was larger for O , and coarse and accumulation

were similar for OP&TT. For alveolar deposition, there was much less contribution from

coarse-mode particles (coarse particle alveolar deposition was <4% of the whole respiratory
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tract deposition), because the majority was deposited in the upper respiratory tract. Alveolar
deposition was dominated by accumulation-mode particles for both 0P and opPTT.

These comparisons show that, although quasi-ultrafine particles are more DT T-active per
mass and are deposited in the alveoli with higher efficiencies than accumulation and coarse
particles (close to 100%), the deposition levels of quasi-ultrafine OP-containing particles
were small in this study, and so less important. These results are as expected; coarse-mode
particles are deposited in the upper respiratory tract (extra-thoracic and tracheobronchial
regions) and accumulation-mode particles predominantly in the alveoli. Consequently, upper

respiratory deposition of OP&TT would be related to soluble metals, with minor contributions

from quinones adsorbed to dust (or quinones adsorbed to soot adsorbed to dust). Similarly,

DTT

s |, soluble transition metals would dominate.>> For

for upper airway deposition of OP
alveolar deposition of OP&TT, the main aerosol components would be those associated with,

or adsorbed to, soot surfaces, the latter mostly quinones (or similar compounds). Alveolar

DTT

ws 15 also mainly associated with quinones; soluble transition metal ions

deposition of OP

would play a minor role.5® Limited mixing between the organic aerosol (e.g., quinones) and
transition metal ions in single particles due to association with different sizes (e.g., for
PMs 5, mixing is only likely in the 1-2.5 um size range) raises the question if these main
components of OPPTT will extensively interact when deposited in the lung. Bulk
measurements of OPPTT that mix components of all sizes for PM, 5 samples may produce
interactions between DT T-active organic species and transition metal ions that would not
occur to the same extent in lung lining fluid, leading to artifacts. Finally, it remains to be
determined if water-soluble and water-insoluble OPPTT are linked to differing health end
points, despite both forms of OPPTT being driven by similar size-dependent aerosol
chemical components.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Average distribution of total and water-soluble DTT activities from all MOUDI samples.
The mean water-insoluble fractions were calculated from the average distribution for fine
and coarse modes separated by the vertical line at aerodynamic diameter D, = 1.8 zm.
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Figure2.
Averaged frequency distributions of (a) water-insoluble DTT and (b) water-soluble DTT

activities at a roadside site (RS, left panels) and an urban background (GT, right panels) in
Atlanta, GA, USA. The vertical dotted line is aerodynamic diameter O = 2.5 tm. GMDyean
and oy are the mean of the fit geometric mean diameter (+m) and geometric standard
deviation, respectively, of multiple MOUDI samples (two sets for water-insoluble DTT, five
sets for water-soluble DTT, per volume of air). Shaded color represents the mean frequency
distribution. Each black curve represents the frequency distribution from each MOUDI
measurement. The equation for the frequency distribution can be found in the Supporting
Information.
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Ambient size distribution of water-insoluble (a) and -soluble (b) oxidative potential from

MOUDI samples collected simultaneously at a roadside site (RS, left panels) and a

representative urban site (GT, right panels) in Atlanta, GA, USA. The vertical dotted line is

aerodynamic diameter O = 2.5 zm.
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Size distributions of chemical species and oxidative potential at a roadside site (RS, left
panels, March 28-April 4, 2016) and a representative urban site (GT, right panels, March
16-23, 2016) in Atlanta, GA. EC4 and (CaCO3)s in (c) and (d) represent surface area
distributions of EC and estimated CaCOs; others (a, b, e, f) are mass distributions.
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Water-insoluble (a) and -soluble (b) oxidative potential distributions on a per PM mass basis
at a roadside site (RS, left panels, March 28-April 4, 2016) and a representative urban site

(GT, right panels, March 16-23, 2016) in Atlanta, GA, USA. Average OP per mass for three
modes, quasi-ultrafine (<0.18 xm), accumulation (0.18 < O, < 3.2 ym), and coarse (3.2 < [,

< 10 um) is also shown (diamonds with line). PM mass on each MOUDI stage was

estimated from the sum of measured chemical components. The dotted line is aerodynamic

diameter D, = 2.5 zm.
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Figure 6.
Estimated whole respiratory tract (a), extrathoracic (b), and alveolar (c) deposition of PM

oxidative potential in the human respiratory system for three aerosol size modes: quasi-
ultrafine (D, < 0.18 £m), accumulation (0.18 < D, < 3.2 um), and coarse (3.2 < D, < 10
4m). Whole-lung deposition refers to the total OP deposited in the whole respiratory tract.
Deposition of OP equals the deposition efficiency times the average OP frequency
distribution (vertical axis is unitless), both a function of particle size. Deposition efficiencies
were based on an empirical expression assuming unit density spheres for steady breathing
with a flow rate of 1.5 cm3 h™2, breathing frequency of 20 min~2, and tidal volume of 1500
cm3. OP deposition on the vertical axis was calculated by integrating the deposition of OP
over the three particle size modes.
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