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Abstract
While it has been hypothesized that the adverse health effects associated with ambient particulate
matter (PM) are due to production of hydroxyl radical (·OH), few studies have quantified ·OH
production from PM. Here we report the amounts of ·OH produced from ambient fine particles
(PM2.5) collected in northern California and extracted in a cell-free surrogate lung fluid (SLF). On
average, the extracted particles produced 470 nmol ·OH mg−1-PM2.5 during our 15-month collection
period. There was a clear seasonal pattern in the efficiency with which particles generated ·OH, with
highest production during spring and summer and lowest during winter. In addition, nighttime PM
was typically more efficient than daytime PM at generating ·OH. Transition metals played the
dominant role in ·OH production: on average (± σ), the addition of desferoxamine (a chelator that
prevents metals from forming ·OH) to the SLF removed (90 ± 5) % of ·OH generation. Furthermore,
based on the concentrations of Fe in the PM2.5 SLF extracts, and the measured yield of ·OH as a
function of Fe concentration, dissolved iron can account for the majority of ·OH produced in most
of our PM2.5 extracts.
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Introduction
Past studies have found that exposure to elevated levels of ambient particulate matter (PM) is
associated with increased incidence of asthma, chronic obstructive pulmonary disease, lung
cancer, and mortality (1-4). In the United States approximately 20,000 − 50,000 people die
each year from PM exposure (5). Despite these impacts, the mechanisms by which PM causes
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adverse health effects are poorly understood. One hypothesis is that PM causes these effects
via oxidative stress and cell damage through the production of reactive oxygen species (ROS)
such as superoxide (•O2

−), hydrogen peroxide (HOOH), and hydroxyl radical (·OH) (6-13).

A number of previous studies have measured the oxidizing capacity of ambient or source
particles extracted in a buffer solution or other lung fluid surrogate (6,8,9,11,14-18). However,
many past studies have used techniques that have two significant disadvantages: (1) they are
non-specific (i.e., they respond to multiple ROS species), and (2) they are not absolutely
quantitative. Despite these limitations, past studies have provided a number of useful insights
into ROS generation from particles, including the observation that smaller particles typically
have the highest mass-normalized generation of ROS (15).

One of the key objectives of many past ROS studies has been to understand the particle
components that are responsible for oxidant generation. While several studies have found that
quinones are found in ambient particles and can lead to ROS generation (10,15,19), most
studies have focused on the contributions from transition metals. Transition metals appear to
play a major role in ROS generation by ambient and source PM, since the addition of
desferoxamine mesylate (DSF), a strong metal chelator that eliminates metal reactivity,
suppresses most ·OH formation by particles (6,8,20,21). Within the suite of transition metals,
iron and copper are often identified as the most important metals for ROS generation (6,7,14,
18,22,23), and both can efficiently form ·OH in surrogate lung fluids (24). While a number of
studies have found that iron was responsible for most of the generation of ·OH by ambient PM
(21,23,25), other work has suggested that Cu is more important (14,22).

Although ·OH is the strongest of the biological ROS, it has not been measured quantitatively
from ambient particles, which makes it difficult to understand the potential role that ·OH might
play in PM toxicity. In light of this, we had three goals for this current work: (1) to quantify
the amounts of ·OH produced from ambient PM2.5 extracted in a surrogate lung fluid, (2) to
examine whether there are seasonal or diurnal differences in ·OH production, and (3) to
determine the contributions of transition metals in general, and iron and copper in particular,
towards ·OH formation from fine particles.

Materials and Methods
Chemicals

Sodium citrate (A.C.S. reagent grade) and sodium bisulfite (A.C.S.) were from GFS and p-
hydroxybenzoic acid was from TCI America. Desferoxamine mesylate (95%), 2,2,2-
trifluoroethanol (Puriss, 99.0%) and ascorbic acid (Puriss p.a., 99.0%) were from Sigma.
Chelex-100 molecular biology grade resin was from BioRad laboratories. Sodium benzoate
(A.C.S.), potassium phosphate (HPLC grade), sodium phosphate (A.C.S.) and sodium chloride
(A.C.S.) were from Fisher. Standard solutions of metals in 5% nitric acid were obtained from
SPEX. Purified water was obtained from a Milli-Q Plus system (Millipore; ≥18.2 MΩ cm).

Surrogate Lung Fluid (SLF)
All experiments were performed in a cell-free surrogate lung fluid (SLF) consisting of 10 mM
sodium benzoate as an ·OH probe, 114 mM NaCl, 10 mM total phosphate (7.8 mM
Na2HPO4 and 2.2 mM KH2PO4) to buffer the solution at pH 7.4, 200 μM ascorbate and 300
μM citrate. SLF solutions (prior to addition of ascorbate and citrate) were treated by column
chromatography with Chelex-100 resin to remove metals, stored in the refrigerator, and
generally used within a month. Stock solutions of ascorbate and citrate were prepared fresh
and added to the SLF on the day of each experiment.
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PM2.5 Collection and Extraction
Ambient PM2.5 samples (i.e., particles with diameters ≤ 2.5 μm) were collected on the
University of California — Davis campus using IMPROVE Version II Samplers (URG; 22.8
L min−1 flow rate) containing Teflo filters (25 mm diameter, pore size 3 μm, Pall).
Approximately each month from May 2006 to August 2007 three consecutive 24-hour samples
were collected, typically starting at 8:00 am each day. During each 24-hour sampling period
we collected three replicate PM2.5 samples (two for ·OH measurements and one for metals
analysis). We also collected three field blanks (filters kept in the samplers without air flow for
the entire sampling period) for each 72-hour sampling episode. Filters were weighed on a
CAHN 28 microbalance before and after sampling to determine the PM mass collected. All
samples (and field blanks) were removed from the sampler at the end of the 3-day sampling
period; thus the day 1 and 2 samples sat in the sampler until the end of day 3. However, control
experiments showed that leaving the filters in the sampler for 24 or 48 hours after sampling
did not cause a statistically significant change in ·OH production (< 6 % difference compared
to the samples removed immediately after sampling was finished).

Within 2 days of finishing each round of sampling, 2 filters from each sampling day were cut
in half (with a stainless steel scalpel) and treated as follows: (a) one half was extracted in SLF,
(b) 2 halves were extracted in SLF with the wetting agent 2,2,2-trifluoroethanol (TFE), and (c)
the last half was extracted in SLF with desferoxamine (DSF) (and, typically, TFE). For
procedure (a), the filter half was placed in a 125-mL Teflon bottle, 10 mL of SLF were added,
the bottle was wrapped with aluminum foil, placed on a wrist-action shake table, and shaken
for 24 hours. Procedure (b) was used to examine whether TFE enhanced PM extraction (and
·OH generation) from the filter. For these samples we added 30 μL of TFE directly to the half-
filter to wet it, and then added SLF and treated as described above. Finally, in procedure (c)
we examined the contribution of transition metals to ·OH production by adding 100 μL of 10
mM DSF, which removes transition metal reactivity (21), to the filter before adding SLF and
shaking. Note that each reported ·OH value is the total amount produced in the SLF after the
24 hours of extraction.

For each procedure, within 10 minutes after finishing shaking, we added 100 μM DSF and 50
μM HSO3

− to each bottle in order to stop the generation of ·OH. The extracts were then acidified
to pH 2 by adding 100 μL of 1.0 M H2SO4, filtered using a syringe (3 ml Norm-Ject, Henke
Sass Wolf Gmbh) with a 0.22 μm pore syringe filter (Millex GP, Millipore) and injected onto
the HPLC described below.

Hydroxyl Radical Measurements
Hydroxyl radicals were quantitatively trapped and measured using benzoate (BA) as a chemical
probe to produce p-hydroxybenzoate (p-HBA), which is measured using HPLC (24,26). The
concentration of ·OH in each solution was determined using

(1)

where [p-HBA] is the measured concentration of p-hydroxybenzoic acid, YpHBA is the molar
yield of p-HBA produced from the reaction of ·OH with benzoate in SLF (0.215 ± 0.018; ref.
(24,26)) and fBA is the fraction of ·OH that reacts with benzoate in the SLF. Based on published
rate constants for ·OH (27,28), values of fBA in our SLF solutions are 0.99 without TFE or
DSF, 0.85 with TFE (41.8 mM), 0.97 for DSF (100 μM), and 0.84 for DSF and TFE. Amounts
of ·OH produced from the samples were blank corrected by using the corresponding filter blank
containing DSF and/or TFE. On each experiment day we ran a calibration curve of p-HBA
standards and also prepared and injected a control solution made by adding 200 μL of 1.0 mM
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FeSO4 to a Teflon bottle, adding 10 mL of SLF, and treating it as a sample. The average (±
1σ) response from these Fe controls was 340 ± 50 nmol ·OH.

Transition Metal Analysis
We made two measurements of light elements and transition metals for each sample: (1) total
metal content using energy dispersive X-ray fluorescence (XRF) and (2) SLF-extractable
metals using inductively coupled plasma - mass spectrometry (ICP-MS). For XRF analysis,
we used a Mo-anode grounded X-ray tube system to quantify Ni, Cu, Zn, and As, and a Cu-
anode grounded X-ray tube system operated under vacuum to quantify other elements (29).
After analysis by XRF, filters were extracted in SLF in the same manner as for ·OH
measurements (with TFE), except that after extraction the samples were not quenched with
bisulfite and DSF, and were not acidified with sulfuric acid. Extracts in SLF were diluted by
a factor of 10 using 3% HNO3 to reduce the amount of total dissolved salts to 0.1%. The diluted,
acidified SLF extracts were then analyzed on an Agilent Technologies 7500ce ICP quadrupole
mass spectrometer using SPEX CertiPrep (Memory Test 2 in 5% HNO3) standards in SLF for
calibration. The SPEX CertiPrep standards were treated in the same manner as the PM samples
(i.e., diluted to a 1:10 ratio SLF : 3% HNO3 solution). Field blanks and laboratory blanks (i.e.,
filters that had not been sampled) were extracted and analyzed in the same manner as the
samples; for each metal the average field blank level was subtracted from the PM sample value.

Results and Discussion
Filter Wetting with 2,2,2-Trifluoroethanol

Because the Teflon filters used to collect the PM are hydrophobic, the SLF solution might not
be able to reach all of the embedded PM during shaking. To test this, for many of the samples
we added the wetting agent 2,2,2-trifluoroethanol (TFE) to a replicate filter so that the SLF
might better penetrate the Teflon matrix and access the particles. Ethanol, a typical wetting
agent, could not been used in our samples since it reacts rapidly with ·OH (k = 1.9 × 109 L
mol−1 s−1; (28)). In contrast, the reaction of TFE with ·OH is relatively slow (2.3 × 108 L
mol−1 s−1; (27)), thus allowing most of the ·OH to react with benzoate. As shown in Figures
1a and 1c, the addition of TFE generally increased the amount of ·OH produced by a given PM
sample, consistent with our picture of the role of filter wetting. Compared to the same sample
extracted by SLF in the absence of TFE, on average (± 1σ) the addition of TFE enhanced ·OH
production by (80 ± 40) %.

Hydroxyl Radical Production by Particulate Matter
There are two main ways to express the formation of ·OH by PM2.5 in the surrogate lung fluid.
The first is to normalize the amount of ·OH generated by the volume of air sampled for each
PM filter (i.e., units of nmol ·OH m−3-air), as shown in Figure 1a. In these units, there is no
apparent seasonal pattern in the amount of ·OH produced from the PM, and there is significant
day-to-day variability, with values ranging from 0.1 to 6.0 nmol ·OH m−3-air. On average (±
1 σ), the amount of ·OH produced from fine particulate matter normalized by air volume is 2.3
± 1.5 nmol ·OH m−3-air. Thus, at least at the Davis collection site, inhalation exposure to PM-
generated ·OH can vary tremendously from one day to the next and there are no trends
throughout the year. Figure 1a also shows that adding DSF, the transition metal chelator,
removes most of the ·OH generated by the PM samples, as discussed below.

Figure 1b shows the 24-hour average mass concentrations for our PM2.5 samples over the
course of the 15-month sampling period. There is large day-to-day variability in the particle
mass loadings (range = 2.3 − 12.6 μg PM2.5 m−3-air; mean = 6.0 ± 2.9 μg PM2.5 m−3-air) and
no apparent seasonal variation, in agreement with values measured in Davis by the California
Air Resources Board (30). The high day-to-day variability in the PM2.5 mass concentrations
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(Figure 1b) is probably a major reason why there is so much variability in the air-volume-
normalized amount of ·OH shown in Figure 1a.

To eliminate the effect of variability in particle mass concentrations on ·OH generation, in
Figure 1c we show ·OH generation normalized by PM mass (i.e., nmol ·OH mg−1-PM2.5). This
graph shows that the efficiency with which particles generate ·OH in the surrogate lung fluid
has a clear seasonal pattern: Davis PM2.5 is generally most efficient at producing ·OH during
the spring and summer (May — August) and is least efficient during the winter (December —
February). On average, there is a 3.3-fold difference in the amount of ·OH produced between
the spring/summer and winter months (with average values of 560 ± 80 and 170 ± 50 nmol
·OH mg−1 PM2.5, respectively). Examining the data as monthly averages shows even greater
differences: the maximum monthly average amount of ·OH produced in our samples, in May
2006 (1150 ± 160 nmol ·OH mg−1 PM2.5), is nearly 6 times higher than the minimum monthly
average amount of ·OH production, in January 2007 (200 ± 40 nmol ·OH mg−1 PM2.5). Our
results are consistent with past studies in which fine and ultrafine particles collected during
summer usually were more efficient at producing ROS compared to those collected during
winter (14, 31), although we see a much more pronounced seasonal effect.

Diurnal Changes in Hydroxyl Radical Production
To investigate whether there are diurnal changes in ·OH formation by ambient aerosol, for
several periods we collected both a 24-hour sample (8:00 am - 8:00 am) as well as daytime
(8:00 am - 8:00 pm) and nighttime (8:00 pm - 8:00 am) sub-samples. As expected, within a
given 24-hr period the average of the AM and PM 12-hr values was very similar (within 3 −
17%) to the corresponding 24-hr sample (Figure 2). More significantly, Figure 2 shows that
the nighttime PM typically is more efficient at generating ·OH compared to the daytime PM.
The night/day ratio of ·OH production for the four periods tested ranged from 0.81 to 2.6, with
an average value of 1.6 ± 0.6; i.e., on average the nighttime particles were 60% more efficient
at generating ·OH. This difference in ·OH production efficiency might be due to diurnal
differences in meteorology, which would change the sources of PM arriving at the collection
site. For example, on August 8 (where daytime PM2.5 was approximately half as efficient at
generating ·OH compared to nighttime PM2.5; Figure 2), the winds were approximately 2 m
s−1 from the SSW and W during the day, but then changed to 4 − 5 m s−1 from the ESE and S
during the night (Figure S1 in Supplemental Info).

Role of Transition Metals in Generating Hydroxyl Radical
In order to determine the overall contribution of transition metals to ·OH production in our
SLF solutions, we added desferoxamine (DSF) to a portion of each PM2.5 sample prior to SLF
extraction. Figure 3 shows the ratio of the amount of ·OH produced in a sample with DSF to
the amount of ·OH produced in the same PM sample without DSF. This figure (along with
Figures 1a and 1c) shows that transition metals play a criticial role in ·OH production: the
addition of DSF, on average, removes (90 ± 5) % of ·OH productivity (n = 25). Previous
researchers have observed similar results, such as addition of 1 mM DSF inhibiting 90% of
ROS generation by urban PM2.5 in a phosphate buffer solution (32). Our DSF results are also
consistent with previous studies suggesting that metals such as iron and copper are mostly
responsible for ·OH generation from PM2.5 (6-8,18,23).

To further examine the role that Fe, Cu, and other transition metals play in ·OH production,
we measured the amounts of total and SLF-soluble metal in our PM2.5 samples using,
respectively, (a) XRF analysis on whole PM filters and (b) ICP-MS analysis of SLF extracts
of PM (Table S1). Iron is by far the dominant particulate transition metal measured by XRF:
the average total iron amount was 218 ± 11 nmol Fe mg−1-PM2.5, while the sum of the other
redox-active transition metals measured (V, Cr, Mn, Ni, Cu, and Zn) was 21 ± 2 nmol mg−1-
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PM2.5. The ICP-MS data shows that Fe still dominated the soluble transition metal pool, but
it was not as dominant as in the total (i.e., soluble + insoluble) pool: on average, the ratio of
soluble iron to the sum of the other soluble redox active metals was 2.4 ± 2.8. Despite iron's
dominance, over the entire collection period we see no correlation between ·OH production
and total, or SLF-soluble, Fe (R2 = 0.13 and 0.11, respectively; Table S2). If we examine this
·OH-Fe relationship as a function of season, winter has the highest correlation for both total
and SLF-soluble iron (R2 = 0.97 and 0.55, respectively), but there are only weak relationships
in the other seasons (R2 ≤ 0.3; Table S2). Similarly, during winter ·OH is correlated with both
total and SLF-soluble copper (R2 = 0.99 and 0.40, respectively), but the relationship is weak
in the other seasons (R2 ≤ 0.18; Table S2).

Although the correlation between ·OH and Fe over the entire sampling period is weak, this
does not mean that iron was not a significant source of ·OH. In order to quantify the role of
SLF-extractable iron in ·OH generation, we first measured hydroxyl radical production in SLF
by dissolved iron. As shown in Figure 4, the ·OH concentration increases nearly linearly with
Fe at low iron concentrations, but reaches a plateau at Fe concentrations above approximately
5 μM. To calculate the amount of ·OH that can be produced from dissolved iron in each PM
extract, we used the measured ICP-MS Fe amount in the SLF extract in conjunction with Figure
4. Figure 5 shows what fraction of the measured ·OH in each sample can be attributed to iron,
i.e., the ratio of the calculated amount of ·OH from iron over the actual ·OH measured in each
PM2.5 sample. While there are a wide range of values, this figure shows that Fe can account
for most or all of the ·OH produced in the majority of the samples. Considering all points, the
average (±1 σ) value of the ratio (i.e., (calculated ·OH from Fe) / (measured ·OH)) is 2.5 ± 1.0;
removing 10 outliers (with ratios above 4.0) gives an average ratio of 1.1 ± 0.07. In a number
of samples, iron can account for more ·OH than was measured from the PM (i.e., points with
values above 1 in Figure 5); this suggests that there are species in the PM extracts that reduce
the amount of ·OH produced by iron compared to in our Figure 4 experiment. These antagonist
species could include copper (24) and possibly other transition metals. In addition, some of the
organic compounds in the PM might reduce the reactivity of Fe, either by binding to iron (as
done by DSF) or by inhibiting the electron transfer reactions that convert dissolved O2 to,
sequentially, superoxide, hydrogen peroxide, and finally hydroxyl radical. Our finding, that
soluble Fe is generally the dominant source of ·OH in our SLF extracts, is broadly consistent
with many past studies that have shown iron often plays a critical role in ROS generation by
ambient and source particles (7,8,33).

Interestingly, while our results in Figure 5 indicate that SLF-extractable Fe is mostly
responsible for ·OH generation, we see no correlation between these variables (R2 = 0.11; Table
S2). Apparently this is because of two reasons: first, the efficiency of ·OH generation by Fe
varies over approximately an order of magnitude in our samples (Figure 5). And, second, in a
small number of our samples (7 out of 39), extractable iron cannot explain all of the production
of ·OH (i.e., samples with values below 1 in Figure 5), which indicates that mechanisms other
than Fe contribute to ·OH formation. Copper is, at most, responsible for only (5 ± 9) % of this
unexplained ·OH, based on the dissolved Cu concentrations in our SLF extracts and assuming
that Cu has half the reactivity shown by Fe in Figure 4 (24). Copper played a similarly negligible
role in ·OH formation overall: averaged over all samples, Cu accounted for only approximately
(5 ± 5) % of ·OH formation. In the approximately 20% of samples where Fe cannot account
for all ·OH formed, other transition metals might account for the missing reactivity, but organic
species such as quinones might also be important as sources of hydrogen peroxide (19), which
is the likely precursor for ·OH.
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Implications and Uncertainties
In this section we first estimate the ·OH burden from inhalation of PM2.5. To a first
approximation, the amount of ·OH generated in human lungs from particulate matter can be
estimated by:

(2)

Using an average ·OH production of 2.3 nmol m−3 (Figure 1a; recall this is the amount produced
after 24 hours of PM extraction), a volume of air inhaled by an adult of 20 m3 day−1, and
assuming 45% of particles deposit in the lungs (34), we calculate an average lung burden of
21 nmol ·OH d−1 in Davis. Our previous estimate of 8 nmol ·OH d−1 (24) is significantly lower
because it was based on ·OH production in solutions containing 20 μM Fe(II); because ·OH
plateaus at Fe(II) ≥ 5 μM (Figure 4), we had previously underestimated the amount of ·OH that
could be produced from low levels of Fe.

Lung burdens of hydroxyl radical in more polluted locations are likely to be even higher than
in Davis since the average PM2.5 concentration during our sampling was quite low, at 6.0 μg
m−3 (Figure 1b). If we scale the calculated, average ·OH burden in Davis to other locations
using annual average PM masses (i.e., assuming PM in other locations can generate ·OH with
a similar efficiency), we estimate average ·OH lung burdens of 60 − 90 nmol ·OH d−1 in Fresno,
Riverside and Burbank, California, which have annual average PM2.5 concentrations of 16.9,
21.0, and 25.0 μg m−3, respectively (30). Furthermore, based on peak 24-hr average PM2.5
concentrations for these locations over the last three years (30), daily maximum lung burdens
of ·OH will be on the order of 690 − 1210 nmol ·OH d−1.

Are these estimated lung burdens of ·OH significant for human health? Over long averaging
times, the answer initially appears to be “no”, since the total amount of antioxidants in lung
lining fluid, approximately 15000 nmol (24), is much greater than the estimated annual average
·OH lung burdens in these three California cities (60 − 90 nmol d−1). However, on shorter time
scales, the peak ·OH burdens in these cities (690 − 1210 nmol ·OH d−1) represent a non-
negligible fraction of the total antioxidant pool in the lung lining fluid. In addition, several
factors increase the significance of PM-generated ROS, regardless of the time scale of
exposure: (1) The total amount of oxidation associated with ·OH is approximately 4 times the
amount of ·OH formed, since converting dissolved O2 to ·OH requires 3 electrons (24) and
each ·OH can initiate an oxidation; (2) Because we extract PM in a cell-free SLF solution, we
are likely underestimating the amount of ·OH produced in human lungs since PM exposure
stimulates cellular release of additional ROS (35); (3) While our technique specifically
measures hydroxyl radical, other ROS species (e.g., •O2

− and H2O2) will also be formed by
PM in the lung; and (4) susceptible populations such as the elderly and asthmatics can have
much smaller antioxidant pools than the estimated 15000 nmol for healthy adults (36).

While our results indicate that ·OH formation could be a significant component in the health
effects of PM, and that Fe can account for much of this ·OH, there are a number of uncertainties
that make it difficult to extrapolate to adverse effects in vivo. For example, our cell-free assay
will not reflect biological responses that might ameliorate the oxidative potential of inhaled
PM, such as PM-induced synthesis of antioxidants. In addition, our results — both in terms of
·OH generation and the role of iron — are dependent upon the composition of our extraction
fluid; while our SLF is a reasonable, simple surrogate for actual lung fluid, it certainly does
not capture its full chemical or biological complexity.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Formation of hydroxyl radical by PM2.5 in SLF, normalized by the air volume sampled for
each filter. “TFE” (filled circles) refers to sampled filters that were first wetted with 2,2,2-
trifluoroethanol, while data labeled “No TFE” (open circles) were PM2.5 samples extracted
without TFE. “DSF” (×) refers to PM2.5 samples extracted in the presence of desferoxamine,
a chelator that inhibits the reactivity of transition metals. Error bars are 1σ from replicate
PM2.5 samples. (b) PM2.5 mass concentrations for each sample. (c) Formation of hydroxyl
radical by PM2.5 in SLF, normalized by the mass of particulate matter collected for each sample.
Legend is the same as in Fig. 1a.
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Figure 2.
Differences in PM2.5-mass-normalized formation of hydroxyl radical between day and night
within a given 24-hour period. Daytime samples (AM) were collected from 8:00 am — 8:00
pm, while nighttime samples (PM) were collected during the next 12 hours (8:00 pm — 8:00
am). Listed dates represent the start of sample collection. AM and PM bars represent mean
values with error bars of 1σ from replicate filters (n = 3); there are no error bars on the July 13
data because replicate filters were not available. “AM PM Avg” represents the average (±
1σ) value of the AM and PM samples in a given 24-hour period. “24hr Avg” is the average (±
1σ) value from the 24-hour PM2.5 samples collected on that date as part of our normal collection
(i.e., data from Figure 1c).
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Figure 3.
Effect of transition metal chelator (DSF) on the generation of hydroxyl radical from fine
particles extracted in surrogate lung fluid. Each point represents the ratio of the amount of ·OH
formed from a PM2.5 sample extracted in SLF in the presence of desferoxamine (DSF) over
the amount of ·OH formed from the same PM sample in SLF in the absence of DSF. Error bars
represent 1σ, propagated from the errors on the values used to calculate each point. The
horizontal dashed line (0.10) is the average value of the points.
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Figure 4.
Amount of hydroxyl radical formed in a surrogate lung fluid (SLF) from various concentrations
of aqueous Fe(II) from FeSO4. Fe solutions were treated as samples (e.g., 24 hr of shaking)
without the addition of TFE. Error bars represent 1 σ, while the solid line is a regression fit to
all the experimental data: [•OH] = 34.61 × (1- exp (−0.58×[Fe(II)])), where concentrations are
in units of μM.
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Figure 5.
Contribution of iron to ·OH formation in the PM2.5 extracts. Each point represents the ratio of
the calculated amount of hydroxyl radical formed from iron over the amount of ·OH measured
in the SLF extract of PM2.5 (Figure 1c), i.e., ·OH calculated from Fe / ·OH measured from
PM2.5. Error bars represent 1σ. One point is not shown: 10.1 ± 9.6 on 10/16/2006. The average
value (± σ) of all points is 2.5 ± 0.9; excluding the 10 points with values above 4, the average
is 1.1 ± 0.07.
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