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Abstract

Epidemiological and toxicological studies have shown a relation between the inhalation of atmospheric particles and

adverse cardiopulmonary health effects. The generation of reactive oxygen species (ROS) by particles is one current

hypothesis for their toxic effects. Thus a quantitative measurement of ROS is important since that will be an index to assess

the oxidative stress that particles may cause in the lung. We have developed a technique to quantitatively and specifically

measure dOH (the strongest biological ROS) in an aqueous, buffered extract solution as a surrogate lung fluid (SLF).

Using this technique we quantitatively measured dOH formation in SLF containing hydrogen peroxide (HOOH) for

samples of flame soot particles, carbon black, and ambient fine particles (PM2.5). We have found that dOH is formed by

flame soot, independent of transition metals, with a dose-dependent linear response that depends upon HOOH

concentration. Experiments with carbon black revealed that its mass-normalized dOH generation was �10 times lower

than that of flame soot, suggesting that carbon black is not a good surrogate for soot particles in health effect studies, at

least in terms of oxidative stress. Mass-normalized dOH generation by ambient PM2.5 was 6–30 times larger than that of

flame soot. While much of the PM2.5 reactivity was suppressed by pretreating samples with a transition metal chelator,

there was a significant fraction of reactivity which was not affected. Our results suggest that the in vivo generation of free

radicals, specifically dOH, by inhalation of PM2.5 is partially due to carbonaceous soot as well as transition metals.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Epidemiological studies have shown that inhala-
tion of atmospheric particles can cause pulmonary
disease, cardiovascular damage, and mortality,
although the particles responsible for this toxicity,
and the mechanisms of toxicity, are largely un-
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known (Dockery et al., 1993; Samet et al., 2000). In
large urban areas fine carbon particles account for
30–50% of the fine particle mass (Gray et al., 1986;
Puxbaum and Wopenka, 1984). These carbonac-
eous particles mostly originate from combustion
sources such as diesel engines, which account for
40–50% of total fine carbon aerosol in Los Angeles
(Gray and Cass, 1998), and from coal combustion.
While these combustion-generated carbonaceous
aerosols are associated with adverse health effects
through epidemiological studies (Cohen and
.
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Higgins, 1995; McClellan, 1987), the biological
mechanisms for toxicity are not well known
(Dellinger et al., 2000). One of the reasons it is
difficult to understand the mechanism of toxicity for
combustion-generated particles is that these aero-
sols have a wide variety of physical and chemical
properties, including particle number, size, surface
area, and chemical composition.

One current hypothesis is that particles exert their
toxic effects through the formation of reactive
oxygen species (ROS) that can cause oxidative
stress (Dellinger et al., 2001; Shi et al., 2003).
Indeed, prior in vivo and in vitro studies have
shown that combustion-generated particles can lead
to the generation of oxidants within lung fluid and
cells, which can damage the cell and eventually
cause adverse health effects (Li et al., 2003; Sagai
et al., 2000). These ROS include superoxide (dO2

�),
hydrogen peroxide (HOOH), and hydroxyl radical
(dOH). The dOH is one of the most strongly
oxidizing biological radicals, as it reacts rapidly
with most biological molecules and can damage cells
and DNA (Imlay et al., 1988; Imlay and Linn,
1988).

The formation of dOH by ambient particles
such as PM2.5 has been measured in prior studies,
but not in a quantitative manner. For example,
Valavanidis et al. (2000) examined ambient parti-
culate matter (PM), diesel and gasoline exhaust
particles by electron paramagnetic resonance (EPR)
and found that all three types of particles could
generate dOH in the presence of HOOH. Shi et al.
(2003) examined ambient PM using EPR and found
that the particle-mediated generation of dOH in the
presence of HOOH was correlated with the Cu
content of the PM. Han et al. (2001) indirectly
measured dOH generation in mice lungs after
intratracheal instillation of diesel exhaust particles
using EPR, providing the first evidence of particle-
mediated dOH generation in the lungs of living
mice. While these studies are important, they are
somewhat limited by the fact that EPR gives dOH
amounts only in ‘‘arbitrary units’’, which can be
compared within a given study but are not
quantitative or transferable to other studies.

Donaldson et al. (1997) have semi-quantitatively
measured dOH formation from one sample of
atmospheric particles using salicylic acid as a radical
trap and measuring the resulting stable dihydrox-
ybenzoic acid (DHBA) product. However, because
they assumed that the yield of DHBA from the
reaction of dOH with salicylic acid was unity, they
might have underestimated the amount of dOH
formed. On the other hand, their result might be
biased high since they extracted particles by sonica-
tion, a process which can generate dOH artificially
based on results we describe in this paper.

Many of the past studies of dOH generation by
atmospheric particles have focused on transition
metal-mediated pathways. In particular, iron has
been studied because of its great abundance in
ambient particles and its ability to form dOH via the
Fenton reaction (Winterbourn, 1995):

FeðIIÞ þHOOH! FeðIIIÞ þ dOHþOH�: (1)

Using synthesized metal-coated carbon black parti-
cles, Shi et al. (2003) have shown with EPR that, on
a mass-normalized basis, particles coated with Cu
and V generate more dOH than Fe, Ni or Zn. van
Maanen et al. (1999) and Shi et al. (2003) have also
found that there is a correlation between the ability
of ambient PM or coal fly ash to generate dOH and
the Fe or Cu content, respectively.

On the other hand, a number of studies have
found that inhaled carbonaceous soot can also
increase oxidative stress. Stone et al. (1998) found
ultrafine carbon black exhibits greater free radical
activity than fine carbon black on A549 human
type-II alveolar epithelial cells, apparently because
of the greater particle surface area for a given mass.
Brown et al. (2000) reported increased inflammation
in the lung of rats after instillation of ultrafine
carbon black, compared to that from fine carbon
black, and this difference could not be explained by
soluble transition metals released from the particle
surfaces.

While past studies have shown that dOH is
generated by a wide range of ambient and combus-
tion particles, there have been no fully quantitative
measures of dOH generation by PM. However, it is
important to quantify the formation of ROS such as
dOH by particles in order to assess and compare the
oxidative stress that a variety of particles pose to the
lung. To address this issue we have developed a
technique to quantitatively and specifically measure
dOH in aqueous solutions such as in a surrogate for
lung fluid. While prior studies have investigated
dOH formation by ambient PM containing transi-
tion metals, this study presents quantitative mea-
surement of dOH formation by soot (with added
HOOH) in the absence of transition metals. In this
paper we examine four main questions: (1) Is dOH
generated by soot particles in a surrogate lung fluid
(SLF)? (2) How does dOH generation depend on the
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amounts of soot and HOOH present? (3) How does
the reactivity of flame soot compare with that of
ambient fine particles and of Degussa carbon black,
a commonly used surrogate for atmospheric soot in
health effect studies (Brown et al., 2000)? (4) How
important are transition metals in the formation of
dOH from soot and ambient PM2.5?

2. Materials and methods

2.1. Chemicals

Benzoic acid (99.5%, ACS reagent) and deferox-
amine mesylate (DSF) (approx. 95%, TLC) were
obtained from Sigma, and p-hydroxybenzoic acid
was obtained from TCI America. All other chemi-
cals were from Fisher (certified ACS or optima
grade). Standard solutions of metals in 2% nitric
acid for ICP-MS analysis were from SPEX. Purified
water (‘‘Milli-Q water’’) was obtained from a
Milli-Q Plus system (Millipore; X18.2MO cm).

2.2. Particle generation and collection

We generated soot particles with a co-flow,
laminar, diffusion flame system. Ethylene was used
as fuel at 0.493 slpm to generate soot aerosol at a
sooting flame condition. Soot particles were cooled
and diluted after emission by mixing with HEPA
filtered, co-flowing air. The typical total sampling
flow rate was 24 lpm for three simultaneously
collected filters (pre-weighed Teflon membranes;
f47mm, 200 nm pore size, Advantec MFS Inc.)
held in aluminum filter holders (f47mm; Pall Co.)
to prevent contamination of samples by transition
metals such as iron. In addition, we replaced the
original stainless steel support screen in each filter
holder with an aluminum screen and used alumi-
num fittings and tubing. Each filter was weighed
after collection using a weak ionization source
(Static Master, NRD) to eliminate static charges
from the filters in order to get more accurate sample
weights. A test showed that the influence of this
static charge was only important for samples with
masses less than �2mg.

Particle size distributions were measured using
the same sampling probe with a scanning mobility
particle sizer (TSI Inc.). Size distributions were
lognormal with a geometric mean diameter of
185 nm (GSD ¼ 1.539).

Ambient PM2.5 samples were collected using
IMPROVE Version II Particulate Air Pollution
Samplers (URG) containing Teflo filters (25mm,
pore size 3 mm, Pall Co.). We collected duplicate
samples using the same condition for the master and
slave sampling modules. Twenty-four hours of
sampling at a flow rate of 23 lpm yielded
0.10–0.45mg of collected particles.

2.3. Surrogate lung fluid (SLF)

As a simple surrogate for lung fluid (Davies
and Feddah, 2003; Moss, 1979) we used a buf-
fered aqueous solution containing 114mM NaCl,
31mM NaHCO3, 10mM total phosphate (3.6mM
Na2HPO4 and 6.4mM KH2PO4 to buffer the
solution at pH 7.4), 10mM of benzoate (BA) as
an dOH scavenger and typically 1.0mM of HOOH.
Based on kinetic calculations, this amount of BA
should scavenge 499% of the dOH formed in the
regular SLF extractions and only slightly less
(495%) in the SLF extractions with added DSF.
SLF solutions without HOOH were kept in a
refrigerator between experiments and were used
within 3 weeks. HOOH was added into the SLF
immediately prior to particle extraction.

2.4. Particle extraction

We typically extracted samples within a day after
collection, but we also found that storing the sampled
filters in plastic containers for 6 days on a lab bench
caused no significant change in dOH generation.
Particle suspensions were prepared by putting either
a whole, half, or quarter filter in a 125ml HDPE (or
20ml PP) bottle containing 10ml (or 5ml) of SLF
and shaking them for 2 h on a shake table at room
temperature. Suspensions were filtered using a
syringe (3ml Norm-Ject, Henke Sass Wolf Gmbh)
with a 0.22mm syringe filter (MillexsGP, Millipore).
Each day we extracted one blank, unsampled filter
using the same method to determine our background
signal. In addition to shaking, we also examined
sonication as a means to extract particles from filters,
but found that this method generated dOH: 30min of
sonication of 5ml of SLF solution without added
particles produced 5.6 nmol of dOH if the sonication
water bath was not temperature controlled (max-
imum of�50 1C during the extraction) and 0.29nmol
of dOH if the bath was kept at �0 1C with ice.
Compared to the amounts of dOH generated by our
samples (see Section 3), this dOH radical generation
by sonication is significant and therefore we used
only shaking for particle extraction.
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We also extracted portions of sampled filters with
3% HNO3 or SLF by shaking in HDPE bottles for
2 h, followed by syringe filtering, to obtain samples
for trace metal analysis by ICP-MS. To each 4ml
extract we added 200 ml of 500 ppb yttrium solution
as an internal standard. Extracts in SLF were
diluted by a factor of 10 or 20 to reduce the amount
of total dissolved salts/solids (TDS) from �1% to
the recommended maximum of 0.1% for our ICP-
MS analysis. Extracts in 3% HNO3 were used
without further dilution. The average limit of
detection (LOD) 71 standard deviation, deter-
mined as three times the value of the blank solutions
(Milli-Q with 3% nitric acid), was 58747 nM for
iron and 13712 nM for the other transition metals.
y = 0.89x±0.029
R2 = 0.92
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Fig. 1. Formation of hydroxyl radical from different masses of

flame soot particles extracted into a surrogate lung fluid.
2.5. Measurement of dOH formation using high-

performance liquid chromatography (HPLC)

dOH was quantitatively trapped and measured
using a BA chemical probe technique modified
somewhat from previous studies (Anastasio and
McGregor, 2001; Zhou and Mopper, 1990). In this
technique dOH reacts quantitatively with BA to
form p-hydroxybenzoate (p-HBA) that is quantified
by HPLC:

BAþ dOH ! p-HBAþ other products: (2)

For our samples we typically acidified 2ml of
filtered extract (soon after filtration) to pH 2 (using
72 ml of 1M H2SO4) in order to protonate p-HBA to
its acid form, p-hydroxybenzoic acid, which is easier
to determine on the HPLC. The acidified extract
was then shaken and immediately injected into the
HPLC for measurement of p-HBA. We took care to
avoid exposure of the extract to metals as much as
practical: an all-plastic syringe was used for filter-
ing, a Teflon syringe needle was used to draw
extracts into an all-glass syringe, and then the
Teflon needle was replaced with a blunt, stainless
steel HPLC needle only immediately prior to
injection on the HPLC.

The HPLC used in this study consisted of a
Shimadzu LC10-AT pump, a Keystone Scientific
C-18 Beta Basic reverse-phase column (250� 3mm,
5 mm bead) with attached guard column, and a
Shimadzu SPD-10AV UV/Visible detector (l ¼
256 nm). The eluent was 30% CH3CN/70% H2O
adjusted to pH 2 with HClO4 at a flow rate of
0.60mlmin�1. p-HBA was determined based on
calibration standards made in SLF and run during
the day of the experiment, approximately 1 h after
preparation and addition of HOOH.

We determined concentrations of p-HBA formed
in a given sample by subtracting the blank signal
from the sample signal:

½p-HBA� ¼ ½p-HBA�sample 2 ½p-HBA�blank: (3)

The blank concentration was measured using a
blank filter that was treated exactly like a sample
(extraction, filtration, and acidification) on the same
day of the experiment. Concentrations of dOH were
then calculated using

½dOH� ¼ ½p-HBA�=Yp-HBA; (4)

where Yp-HBA is the yield of p-HBA from the
reaction of dOH with BA in SLF (0.21570.018,
n ¼ 2). This value of Yp-HBA in SLF was determined
in the same manner described previously (Anastasio
and McGregor, 2001) and is very similar to the
value (0.1770.0017) determined in Milli-Q water in
this past study. Concentrations of dOH were
converted to an absolute amount of dOH formed
per mass of PM sample using

dOH ðnmolmg�1Þ ¼ ½dOH ðmMÞ� � SLF extract

volume ðlÞ � 1000=sample mass ðmgÞ: (5)

3. Results

3.1. dOH formation as a function of soot particle

mass

As illustrated in Fig. 1, dOH was formed from all
of our soot samples, even filters containing as little
as 1mg of soot. The amount of dOH formed in the
extraction solution was linearly dependent on soot
mass up to the maximum amount tested (30mg).
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Fig. 2. Effect of HOOH concentration on the amount of

hydroxyl radical formed from 5mg of flame soot particles

extracted into the aqueous extract solution containing 10mM BA

and variable concentrations of hydrogen peroxide. The solid line

represents a regression fit to the data: [dOH] ¼ �3.7� 10�3

(70.040)+0.54 (70.050)� (1�exp(�11 (73.1)� [HOOH]))

where uncertainties are 71 SE and R2
¼ 0.94.
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The average (71 SE) response from these samples is
0.89 nmol (70.029) dOH produced per mg of soot,
as determined from a linear regression slope (with a
fixed intercept of zero) in Fig. 1. This linearity
suggests a stoichiometric reaction between HOOH
and soot and indicates that the amount of soot is
limiting the reaction under these conditions (i.e.,
with 1.0mM HOOH). Note that there is no thresh-
old for dOH formation at low soot concentrations
in Fig. 1: the y-intercept (71 SE) from the linear
regression of the data is 0.37 (70.56) which is
insignificantly different from zero (p-value ¼ 0.255).
Although we find a linear relationship between dOH
generation and soot mass this does not necessarily
mean that dOH is derived from the particle volume
(e.g., rather than from the surface). Since our
samples had a fixed particle size distribution the
particle surface area is approximately directly
proportional to soot mass.

3.2. dOH formation as a function of hydrogen

peroxide concentration

We have also characterized how the amount of
dOH formed depends on the concentration of
HOOH (0–1mM) in the SLF. Previous studies have
employed a wide range of HOOH concentrations,
ranging from 1.5� 10�4 to 1mol HOOH per gram
of sample (Dellinger et al., 2001; Shi et al., 2003;
Valavanidis et al., 2000; van Maanen et al., 1999).
The lower end of this range is similar to the mass-
normalized amounts of HOOH produced by human
neutrophils exposed to PM, where 50 or 100 mgml�1

of ambient PM produced �5–6 mM of HOOH, i.e.,
a production of (0.5–1.2)� 10�4mol HOOH per
gram of particles (Kinnula et al., 1991; Knaapen
et al., 2002). Our concentration of 1.0mM of
HOOH for 1–30mg of soot is equivalent to
3.3� 10�4 to 10�2mol HOOH per gram of sample.

We used quarter filters containing 5mg of flame
soot for these experiments. As shown in Fig. 2, there
was no detectable dOH formation in the absence of
HOOH, indicating that it is the interaction of soot
with HOOH that forms dOH. dOH formation
increased steadily up to approximately 0.2mM of
added HOOH and reached a plateau at �0.5mM
HOOH. To insure that dOH generation in our other
experiments was not limited by HOOH we used
1.0mM HOOH in the SLF.

At low concentrations of HOOH it appears that
the formation of dOH is limited by the availability
of HOOH, while at the plateau the reaction is
limited by the amount of soot. However, we cannot
rule out that the smaller dOH responses at low
concentrations of HOOH are due to slower reaction
rates since we extracted all samples for 2 h. The
initial slope (71 SE) of the regression line to the
experimental data (i.e., d[OH]/d[HOOH] at
[HOOH]-0) is (5.972.2)� 10�3. This indicates
that 0.59% of the HOOH molecules are converted
to dOH at low concentrations of HOOH. This low
apparent yield suggests that most of the reactions
between reactive soot moieties and HOOH result in
products other than dOH.

3.3. Extraction time course experiment

dOH in our experiments is formed by a reaction
between soot and HOOH in the SLF. This reaction
likely depends upon both a physical extraction
process (e.g., the mobilization of reactive soot
‘‘sites’’ to the surface of the soot or into the
solution) as well as the kinetics of the chemical
reaction between the reactive ‘‘sites’’ and HOOH. It
is possible that either of these processes could
control the amount of dOH formed in a given time.
To examine the rates of this coupled extraction/
reaction system in our experiments and to determine
the appropriate extraction time for our experiments
we conducted a series of time course experiments.
To do this we prepared triplicate samples each
containing 20 (71)mg of soot from the same flame
condition then cut each filter into quarters. SLF was
added to each quarter filter and the mixture was
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extracted for known times and then analyzed for p-
HBA.

Fig. 3 shows the resulting dOH concentrations
(normalized by sample mass) as a function of
extraction time. The time constant (for 63% rise)
was 17min for this fit, while extraction and/or
reaction were complete in about 90min as shown in
Fig. 3. For the rest of our experiments particles were
extracted for 2 h to assure complete extraction/
reaction.

3.4. Role of Fe and other transition metals: Part I

(metal concentrations measurements)

Past studies of dOH generation by particles
(either in ambient air or emitted from specific
sources) have focused on the role of transition
metals, especially iron. However, because we
produce our particles using an ethylene flame we
expect that there will be only trace levels of iron and
other transition metals in the resulting particles. To
examine this, we have measured the concentrations
of several transition metals (Fe, Cu, V, Cr, Mn, and
Ni) in nitric acid extracts of a subset (n ¼ 4) of our
particle samples using ICP-MS.

While Fe in our nitric acid extracts was present at
levels above the LOD (58747 nM), concentrations
of the other metals were below their LODs
(13712 nM). We expect that the concentrations of
these species in the corresponding SLF extracts (at
pH 7.4) would be even lower since nitric acid is
better at dissolving metals. We measured transition
metals in the SLF extracts, but these samples were
not useful since they needed to be diluted by factors
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Fig. 3. Formation of hydroxyl radical from 5mg of flame soot

particles extracted into a surrogate lung fluid as a function of

extraction time (t). The solid line represents a regression fit to the

data: dOH ¼ 0.82 (70.036)� (1�exp(�0.060 (70.012)� t))

where uncertainties are 71 SE and R2
¼ 0.96.
of 10 or 20 (in order to reduce the level of TDS for
ICP-MS), raising detection limits by the same
factors.

The average (71 s) iron concentration in the four
samples in which we measured transition metals was
3057172 nM. However, there was a negative
correlation between the amount of dOH generated
by a sample in SLF and the amount of Fe measured
in the corresponding nitric acid extracts (slope7
SE ¼ �0.5270.0069; n ¼ 4), suggesting that the
very low amounts of Fe did not participate in dOH
generation. Based on the addition of Fe(II) in SLF,
where 20 mM of FeSO4 generated 5.6 nmol dOH (see
below), we calculate that the measured amounts of
iron in the soot samples would have produced
p0.085 nmol of dOH, much less than the amounts
of measured dOH (Fig. 1).

3.5. Role of Fe and other transition metals: Part II

(transition metal chelation)

To further investigate the possible role of iron
and other transition metals in dOH generation from
our soot samples we performed a number of
experiments using desferrioxamine mesylate
(DSF), a well-known transition metal chelator (Shi
et al., 2003). We used four different experimental
conditions for a given set of soot samples: (1) soot
only (as described previously), (2) soot treated with
DSF prior to SLF extraction, (3) soot with added
Fe(II) (as FeSO4), and (4) soot with added Fe(II)
and DSF prior to extraction. For each condition we
used a quarter of a filter that (whole) contained a
total of 20 (71)mg of soot. For condition (1) we
used the same procedure as described previously.
For the other conditions (2)–(4), 1ml of a 20 mM
Fe(II) and/or 1ml of a 3.2mM DSF solution was
added to the soot filter in a 20ml (Nalgene, PP)
bottle and the sample was shaken for 30min on a
shake table. Next, 5ml of SLF was added, the
sample was extracted for 2 h on a shake table, and
then the extract was treated as described previously.
A blank experiment where 1ml Milli-Q was added
to a sample prior to SLF extraction confirmed that
the increase of volume by 1ml does not affect the
dOH results except for the minor amount of
dilution, which is taken into account in our
calculations.

Fig. 4 shows the results from the above experi-
ments. The dOH response from the plain soot, 0.42
(70.078) nmolmg�1, is smaller than that from
Fig. 1 (0.8970.029), perhaps because the smaller
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bottle resulted in less efficient extraction/reaction of
the soot. In any case, the dOH response for this
untreated soot was the same (within experimental
uncertainties) for the soot that had been pretreated
with DSF (experiment (2)). This indicates that iron
and other transition metals (which will be chelated
by DSF) are insignificant sources of dOH in our
soot experiments, suggesting that carbonaceous
soot components are responsible for dOH genera-
tion in the presence of HOOH. To confirm that Fe
produces a response in our experiments we per-
formed experiment (3) as a positive control, by
adding 20 mM of Fe(II) to the soot before extracting
with SLF. As shown in Fig. 4, this amount of Fe
produced a large increase in dOH, equivalent to
0.95 mM dOH in the 6ml of solution, which
indicates that the efficiency of dOH production
from the Fenton reaction under these conditions is
4.8%. Finally, experiment (4) with soot, Fe(II), and
DSF shows that the additional dOH formed from
the Fe(II) is suppressed (as we expect from DSF)
but that the dOH amount formed by the soot
remains unchanged. These results, especially in
conjunction with the ICP-MS results, indicate that
dOH generated from our soot samples are from the
carbonaceous soot and not by trace amounts of Fe
or other transition metals.

3.6. Carbon black vs. flame soot

Carbon black is a widely used surrogate for flame
soot in health studies. While carbon black is a
convenient, readily purchased chemical with a well
defined, standard method for production for each
specific product (e.g., Printex-U from Degussa), a
potential problem with using carbon black is that its
reactivity and surface properties are likely to be
different from those of flame soot, which better
simulates ambient carbon particles from various
combustion sources for health studies. To examine
this issue for ROS generation we compare the
reactivity of soot particles with those of carbon
black in terms of dOH generation in SLF. In our
experiments we extracted 5–10mg of carbon black
in SLF using the procedure described in Section 2.4.
Note that carbon black and flame soot have
different physical and chemical properties. For
example, the BET surface area and mean primary
particle size are 300m2 g�1 and 14 nm, respectively,
for carbon black (data from Degussa) while values
are 120m2 g�1 and 25 nm, respectively, for flame
soot (Stanmore et al., 2001). Based on our TEM
image of the flame soot (data not shown) and the
image of Degussa Printex-U carbon black from
Stone et al. (1998), the morphologies of these
particle types are similar except for the difference
in primary particle size. Furthermore, the amounts
of nitric-acid extractable Fe are 3.8 nmolmg�1 for
carbon black and o0.05 nmolmg�1 for flame soot
based on our ICP-MS measurements. Finally, based
on data from the manufacturer, the ash content of
the carbon black is 0.4% and the amount of volatile
matter at 950 1C is 1%.

As with flame soot, we find that dOH generation
by carbon black is also linearly proportional to PM
mass, but carbon black is much less efficient at
generating dOH. Fig. 5 shows that, on a mass basis,
carbon black generates approximately one-tenth as
much dOH compared to flame soot. Possible
reasons for this difference in reactivity could be
differences in the physical and chemical properties
of the two types of particles. However, as described
above, carbon black has both a larger BET surface
area than flame soot as well as over 70 times more
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nitric acid-extractable Fe than flame soot. Both of
these factors suggest that carbon black should be
more reactive, in contrast to the experimental
results. This indicates that other factors (e.g., soot
structure and different concentrations or speciation
of organic carbon components) are controlling the
dOH reactivity.

3.7. dOH formation by ambient PM2.5

Our final goals are to quantify the amounts of
dOH produced from ambient fine particles (PM2.5)
and determine whether a portion of this ROS
generation is via mechanisms that do not involve
transition metals. Fig. 6 shows the dOH response
from ambient PM2.5 collected in Davis, California,
with and without pretreatment with the transition
metal chelator DSF. PM2.5 samples without DSF
pretreatment (samples A–D) show that there is
significant variability (by a factor of �6) in the
mass-normalized production of dOH on different
sampling days, indicating that there is a wide range
of particle compositions and reactivities even on just
these few days. The ambient samples also have
much greater (by factors of 6–36) mass-normalized
dOH generation compared to flame soot. In the two
samples where replicate filters were pretreated with
the iron chelator (C+DSF and D+DSF) much of
the dOH responses were suppressed, but a signifi-
cant fraction of dOH generation remained (43%
and 12% for samples C and D, respectively). This
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Fig. 6. Comparison of dOH generation from flame soot (from

Fig. 1) and ambient fine particles (PM2.5) in the aqueous extract

solution with 1.0mM of HOOH. Samples were collected for

�24 h on the following dates: (dd:mm:yy), A (27-9-04), B (29-9-

04), C (9-2-05), D (17-2-05). The error bars on samples D and

‘‘D+DSF’’ represents 71 s from triplicate samples collected at

the same time in parallel collectors. The average generation of
dOH from these PM2.5 samples is 21715 nmolmg�1.
fraction of dOH generation by ambient PM is not
from transition metals but could be from carbonac-
eous soot. Mass-normalized concentrations
(nmolmg�1) of transition metals in 3% nitric acid
extracts of samples B and D are, respectively, 103
and 80 for Fe, 1.5 and 18 for Cu, 6 and 1 for Mn,
o0.042 and 1.3 for Ni,o0.19 and o0.7 for Cr, and
o0.17 and o0.05 for V. While these data are
limited because we do not know the oxidation states
of the metals, they suggest that Fe and Cu, the most
abundant metals, are most important for dOH
generation in these PM2.5 samples. Based on the
4.8% efficiency for dOH formation from Fe(II) that
we determined from the data in Fig. 4, we expect
that the Fe in sample D would produce
�4 nmolmg�1 of dOH (assuming it is all Fe(II)).
The fact that this sample has a DSF-inhibitable
dOH signal of �30 nmolmg�1 suggests either that
the Fe is recycled by reductants back to reactive
Fe(II) after it participates in the Fenton reaction
(Ball et al., 2000; Dellinger et al., 2000, 2001) or that
Cu plays a large role in dOH generation in this
sample.

These preliminary results suggest that Fe, Cu, or
other transition metals are a major cause of dOH
generation by ambient PM, which is consistent with
previous studies (Donaldson et al., 1997; Shi et al.,
2003; van Maanen et al., 1999). However, these
results also reveal that ambient particles generate
significant amounts of dOH by pathways that do
not involve transition metals, possibly by carbonac-
eous soot such as we have seen in our laboratory-
generated samples.

4. Discussion

Here we assess the flux and potential significance
of particle-generated dOH in lungs based on our
results. Assuming 30 mg m�3 as a typical mass
concentration of fine particles (Gray et al., 1986), a
daily volume of �20m3 of inhaled air, and that
�15% of these particles deposit to the lung
(Friedlander and Yeh, 1998), we calculate a daily
lung deposition of �90 mg of PM2.5 per person.
This will generate �2 nmol dOH daily per person
based on a response of 20 nmol dOH per mg of
PM2.5 (Fig. 6).

This generation of dOH will be damped by
antioxidants such as ascorbate, urate, and reduced
glutathione, all of which are present in the
lung lining fluid at concentrations of �200 mM
(Greenwell et al., 2003). Based on an estimated
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adult lung lining fluid volume of 25ml (Walters,
2002), this corresponds to �15 mmol of total
antioxidant, which is much greater than the
�2 nmol of dOH estimated to be generated from
PM2.5 deposition in the lungs. Despite this dis-
parity the particle-mediated formation of dOH
could still be biologically significant because of
factors such as: (1) The presence of reductants in
lung lining fluid, including ascorbate, will lead to
additional dOH via the recycling of particle-derived
precursors such as Fe(II) from Fe(III) (e.g., Ball
et al., 2000). (2) While the antioxidant pool will
lower the overall dOH pseudo-steady-state concen-
tration, it will not intercept every dOH generated by
PM (or other mechanisms). Thus some fraction of
the dOH formed could still react with important
biological molecules including DNA and cell mem-
branes (Imlay et al., 1988; Imlay and Linn, 1988). (3)
A portion of this dOH will react with lipids to cause
peroxidation, which can lead to a self-propagating
chain reaction where one dOH leads to the oxidation
of many lipid molecules (e.g., Mylonas and Kour-
etas, 1999). (4) In addition, if the particles produce
an immune response (e.g., from phagocytes) this can
lead to additional reactive oxidants that are not
generated in our cell-free SLF assay.

5. Conclusions

The formation of ROS in lungs is a plausible
mechanism by which particles elicit toxic effects.
Understanding how factors such as particle compo-
sition and surface area are related to the oxidation
potential of PM requires that we can measure ROS
quantitatively. To help address this need, we have
developed a technique that can quantitatively
measure the amount of dOH radical (the strongest
biological oxidant) formed from particles in an
aqueous extract solution as a simple surrogate for
lung fluid. With this method we find that labora-
tory-generated soot from an ethylene flame (as a
surrogate for combustion soot in the atmosphere)
generates dOH radical in the absence of transition
metals. This dOH formation exhibits a dose-
dependent linear response with soot mass, which
suggests that the reaction is stoichiometric and that
the amount of soot limits the reaction under our
conditions. We also found that carbon black, which
is often used as a surrogate of soot in health effect
studies, has a much lower reactivity than our flame
soot in terms of dOH generation. Using the dOH
technique on a few ambient PM2.5 samples reveals
that while transition-metal-dependent pathways for
dOH are dominant, a significant fraction of the dOH
generation is not caused by transition metals and
could be due to carbonaceous components. From
our PM2.5 results we estimate a particle-produced
burden of pulmonary dOH of �2 nmol dOH per
person per day. Even though this is much smaller
than the total antioxidant level in the lung lining
fluid, the particle-mediated production of dOH
could still be biologically significant, although more
work is needed to evaluate this possibility.
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