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Abstract. The rate of consumption of dithiothreitol (DTT) is ommend that EDTA should not be included in the DTT as-
increasingly used to measure the oxidative potential of parsay.
ticulate matter (PM), which has been linked to the adverse
health effects of PM. While several quinones are known to
be very reactive in the DTT assay, it is unclear what other
chemical species might contribute to the loss of DTT in PM 1 Introduction
extracts. To address this question, we quantify the rate of
DTT loss from individual redox-active species that are com-Dithiothreitol (DTT, HSCH(CH(OH))CH,SH) is com-
mon in ambient particulate matter. While most past researchmonly used as a cell-free measure of the oxidative poten-
has indicated that the DTT assay is not sensitive to metalstial of particles (e.g., Cho et al., 2005; Shima et al., 2006;
our results show that seven out of the ten transition metalsSauvain et al., 2008; Li et al., 2009a; McWhinney et al.,
tested do oxidize DTT, as do three out of the five quinones2011; Verma et al., 2011). In this assay, redox-active chem-
tested. While metals are less efficient at oxidizing DTT com-icals in particulate matter (PM) oxidize added DTT to its
pared to the most reactive quinones, concentrations of soludisulfide form and the linear rate of DTT loss is used as a
ble transition metals in fine particulate matter are generallymeasure of the oxidative capacity of the PM. Redox-active
much higher than those of quinones. The net result is thaspecies in PM then donate an electron to dissolved molecular
metals appear to dominate the DTT response for typical amexygen, forming superoxide (Kumagai et al., 2002), which
bient PMy 5 samples. Based on particulate concentrations ofcan form other reactive oxygen species (ROS) such as hy-
quinones and soluble metals from the literature, and our meadrogen peroxide (HOOH) and, in the presence of metals, hy-
sured DTT responses for these species, we estimate that fairoxyl radical (OH). All three ROS species have been mea-
typical PMp s samples approximately 80 % of DTT loss is sured from the oxidation of DTT (Kumagai et al., 2002; Park
from transition metals (especially copper and manganesekt al., 2005; Chung et al., 2006; Wang et al., 2010). While
while quinones account for approximately 20%. We find athe DTT assay provides a quantitative measure of oxidation,
similar result for DTT loss measured in a small set of /2M it does not measure the production of specific ROS, which is
samples from the San Joaquin Valley of California. Becausesignificant since the different ROS have very different reac-
of the important contribution from metals, we also tested howtivities.
the DTT assay is affected by EDTA, a chelator that is some- Though the DTT assay is widely used, there is little infor-
times used in the assay. EDTA significantly suppresses thenation on the particulate species that oxidize DTT. The par-
response from both metals and quinones; we therefore rediculate species responsible for DTT oxidation are typically
examined by correlating DTT activity with PM composition.
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These analyses most often identify carbonaceous speciesxidation rates from PAHs, quinones and metals at a range of
i.e., elemental carbon, water soluble organic carbon and/oenvironmentally relevant concentrations. We then use these
polycyclic aromatic hydrocarbons (PAHS), as most stronglyresults to quantify the contributions of metals and quinones
correlated with DTT loss (Li et al., 2003; Cho et al., 2005; to the DTT response, both for a hypothetical, typical particle
Ntziachristos et al., 2007; Hu et al., 2008; Verma et al.,composition as well as for six ambient Bilsamples from
2009b). However, correlations do not show causation, espethe San Joaquin Valley of California.

cially since particulate species are often highly covariate. For

example, PAHs levels often strongly correlate with DTT loss

from particles, but PAHs are not redox active. It is thought2 Methods

that their correlation with DTT loss is due to a correlation be- .

tween PAHs and quinones (Cho et al., 2005), some of whictf-1  Chemicals

can oxidize DTT. For example, phenanthrenequinone (PQN)9 . .
: - ) ,10-phenanthrenequinone  (99%), 1,2-naphthoquinone
Z\nd 1,4—qaphthc1qz|gon§ %’4'NQT)£X'dlze DT,[T Ivvf;l(t)aolz,ﬁ:.(g? %), 1,4-naphthoquinone (97 %), 1,4-benzoquinone
enzoguinone (1,4-BQN) does not (Kumagai et al., ' I(98%), acenaphthenequinone (ACS), pyrene (98 %), fluo-

etal., 2009a). 0 0 : .
Metals, on the other hand, are generally not thought toranthene (99 %), phenanthrene (98 %), and iron(lll) chloride

. Al 0
be active in the DTT assay, although particulate metals cargACS) were fro_m Sigma A.ld”Ch' Copper(ll) sglfate (98 ./0)’
cause oxidative damage both in vitro and in vivo (Leonard cobalt(ll) chloride (analytical grade), vanadium(V) oxide

o~ . - 99.999 %), chromium(lll) potassium sulfate (ACS), 10 %
et al., 2004; Ghio et al., 2012). In the original application (. . . :

of the DTT assay to atmospheric particles, the addition oftrg;g% ?}:et'ﬁozc'gétZOdI'gl_Tagﬁ;ﬁgaterégéf&_l’_récig’se
a low concentration (50 nM) of iron (Fe) or copper (Cu) to pMoI Bio rzgde paceton('tr'le HPLC r%de ):;md disodium
an unspecified concentration of PQN did not increase th 09 ) itrile ( g ), Isodiu

rate of DTT oxidation, leading to the conclusion that the DTA (ACS) were from Fisher Scientific. Manganese(ll)

DTT assay is insensitive to metals (Cho et al., 2005). SomeChlorlde (ACS) was from EM Science. Nickel(ll) sulfate

: . 0
later studies found correlations between DTT loss and the(ACS) and cadm_lum(ll) nitrate (99.999 %) were from Alfa
Aesar. Lead(ll) nitrate (analytical grade) and zinc(ll) sulfate

metal content of ambient PM, but these relationships were, : . s .
. . analytical grade) were from Mallinckrodt. Dithiothreitol
attributed to covariance between metals and carbonaceo . : .
9%), vanadium(lll) chloride (97 %) and iron(ll) sulfate

redox-active organic species, which were thought to be re- 0 . e .
sponsible for DTT oxidation (Ntziachristos et al., 2007; Hu (99.5%) were from Arcos Organics. Dithiobisnitrobenzoic

et al., 2008). Recent studies have found that heating diesel oarCld (DTNB) was from Bio Synth and Tris-HCI (Mol Bio

ambient ultrafine particles reduces their DTT response by 4(§;rade) was from Promega.
to 100 percent, but does not change their soluble metal CONs 5 siock solutions
tent, indicating that semi-volatile organics dominate the DTT

response for these particle types, which are likely enrichedgjinone and PAH stock solutions were made in acetonitrile
in organics (Biswas et al., 2009; Verma et al., 2011). Very anq stored in parafilm-wrapped amber glass vials in the dark
recently, Lin and Yu (2011) found DTT loss in laboratory at _20°C. Figure 1 shows the chemical structures and ab-
solutions of Cu(ll) and Zn(ll), but not from Fe. While most previations of the quinones and PAHs we examined. The ab-
of the current literature indicates that DTT assay respondgorhance spectrum of each stock solution was measured pe-
strongly to certain organic species, other measures of oXidaqgdically to check stability. All metal stock solutions were
tive potential from ambient PM indicate that metals are mostyade in Milli-Q water (without adjusting pH) on the day of
important for ROS production. For example, specific mea-ihe experiment.
surements of HOOH and OH production from ambient PM
largely attribute ROS production to the metal content of PM, 2.3 DTT assay
especially iron and copper (DiStefano et al., 2009; Vidrio et
al., 2009; Wang et al., 2010; Shen and Anastasio, 2011; Shewe followed the procedure of Cho et al. (2005) for DTT ex-
et al., 2011; Shen and Anastasio, 2012). In addition, the deperiments, but with the additional step of treating our phos-
pletion of ascorbate and glutathione by PM in acellular as-phate solutions with Chelex 100 resin to remove transition
says has also been linked to metals, especially copper (Ayremietals (see Sect. 2.4). Briefly, the loss of 100 uM of DTT in
etal., 2008). These results suggest there is a fundamental dif®.10 M phosphate buffer (77.8 mM NaPO, and 22.2 mM
ference between the DTT assay and other measurements 8HPO,; pH 7.4) was measured over time at 37 °C. At time
the oxidative potential of PM, although the assays should bezero a small volume< 0.10 mL) of the material of interest
measuring similar properties of PM. (e.g., quinone or dissolved metal stock solution) was added to
Our goal in this work is to better understand the chemical3.0 mL of DTT/phosphate solution in an 8.0-mL amber glass
species in ambient PM that oxidize DTT, with a focus on thevial that was shaken continuously on a shake table (setting
possible roles of metals. Towards this end, we measure DTT4”"). Temperature was maintained at 37 °C using a dry bath
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. Fig. 2. Example of raw DTT data. Each sample initially contains
OO 100 uM of DTT with 0.050 uM of PQN, while the blank initially

o contains 100 uM DTT with no PQN. The rate of DTT loss for each
Benzoquinone Acenaphthoquinone sample vial is determined as the slope of its sample regression line
BQN ACNQN (the three lines are shown, but are hard to distinguish because of

their similarities) minus the daily blank slope. The blank slope is
determined from the average {o) linear regression from triplicate
blank vials.

O ‘ O (0.050 uM PQN) were initially run in triplicate. Because pos-
‘O itive controls proved to be very reproducible, we ran a single
O O positive control and duplicate blank each day in later experi-

Phenanthrene . . . -
PHEN ments, while samples were run in duplicate or triplicate.

Polycyclic Aromatic Hydrocarbons

Fluoranthene

Pyrene FLU
PYR 2.4 Chelex treatment to remove trace metals

Fig. 1. Chemical structures and abbreviations for the quinones andp/hen initially using the DTT assay we found a high rate of
polycyclic aromatic hydrocarbons tested for DTT activity. DTT loss in the blank, which made it difficult to accurately
measure rates of DTT loss in samples. To reduce this back-
ground oxidation we started treating the phosphate buffer
(Fisher Scientific, M-110033) on low setting 6. At known with Chelex 100 resin (sodium form, Biorad), a cation ex-
times, a 0.50 mL aliquot of the reaction mixture was removedchange resin that removes trace metals, as described below.
and added to 0.50mL of 10% trichloroacetic acid to stop The high affinity of Chelex 100 for iron and copper makes
the reaction. When all time points were quenched, 50 uL ofit an ideal material to remove trace metals from phosphate
10.0mM DTNB (made in 0.10 M phosphate buffer; pH 7.4) buffer solutions (Biorad, 1991). This treatment significantly
was added, mixed well, and allowed to react for 5 minutes,improved the reproducibility and stability of the assay. We
then 2.0mL of 0.40M Tris-Base (pH 8.9) with 20mM of later found that the Cho group also treats their phosphate
EDTA was added. Though the reaction of DTT and DTNB is buffer with Chelex resin (Debra Schmitz, personal commu-
fast, we found it important to add the DTNB before the Tris- nication).
Base to ensure the sample remains quenched (i.e., at low pH) New Chelex is basic and must be washed until the pH of
until DTT has reacted with DTNB. The reaction of DTT and the effluent is between 7 and 8; this can require up to 20 liters
DTNB forms 2-nitro-5-thiobenzoic acid (TNB), which is sta- of Milli-Q water. After this, phosphate buffer was treated for
ble in the final solution for at least 2 h at room temperature.transition metals by first adding 100 g of Chelex 100 Resin
TNB was quantified using a 1-cm path length quartz cell in ato approximately 150 mL of Milli-Q water to make a slurry,
Shimadzu UV-2501PC UV/VIS spectrophotometer. The ab-which was poured into a large, acid-rinsed glass chromatog-
sorption at 412 nm was measured and TNB was quantifiedaphy column (5cm diameter, 33 cm height) that had a per-
using a molar absorptivity of 14 150 Mcm~1 (Eyer etal., manent glass frit to contain the Chelex resin. The Chelex
2003; Li et al., 2009a). in the column was first washed with two column volumes
Because both DTT and TNB are sensitive to light of phosphate buffer, which were discarded. The remaining
(Damodaran, 1985; Eyer et al., 2003), we excluded light agphosphate solution was allowed to drip through the resin at
much as possible by working in a dark hood with the room a rate of approximately one drop per second and the result-
lights off and covering the amber reaction vials with alu- ing treated phosphate buffer was collected into a clean, acid
minum foil when not in use. Blanks and positive controls washed, Teflon (PFA) bottle. Unlike metal chelators such as
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EDTA, the Chelex 100 resin is not permanently added to the __ 18 - 0.20
phosphate buffer, so it does not reduce the reactivity of met- E 15 - 0.15 a
als in the DTT assay. The Chelex resin is stored-4fC as S 0.10
a phosphate buffer slurry. We find one 100 g bottle of Chelex % 12 - 0.05 l
100 resin is effective for multiple years under these condi- 8 9 - 000 —= —;— —
tions, though the lifetime depends on the amount of solution = 6 | g ¢ & = ¢%
treated with the Chelex resin. Removal of metals becomes & <
less efficient as the Chelex metal binding sites are occupied. E 31
which can be identified by a systematically increasing rate of E 0 - : , . : , ,
DTT loss in the blank. 8 8 &8 &8 &8 £ 2 &
13 "¢ :
2.5 Ambient particulate matter o< o =
L——— Quinones 1 PAHs—!
Ambient PM 5 was collected onto Teflon (or Teflon-coated _ 1.0 -
glass fiber) filters by collaborators from one urban (Fresno) E b
and one rural (Westside) site in the San Joaquin VaIIeyE ©
of California between 2006 and 2009. Each sample was 2 5 g |
collected over ten days during the hours of 10:00a.m. to 4
4:00 p.m. Additional information about sampling can be 30.4 .
found in Shen et al. (2011). 5
Our lab has previously reported the concentrations of sol- % 0.2 1
uble metals, as well as the production of hydrogen perox- % 0.0 -
ide (HOOH) and hydroxyl radical (OH), from these samples & oo oSS
(Shen and Anastasio, 2011; Shen et al., 2011) and the sam 3’ Eo STz @ FETET
S Q o @ N O O

PM was also used for on-site rat exposures (Wilson et al.,
2010). The PMs samples on filters were stored at -20°C in Fig. 3. Blank-corrected rates of DTT loss from five quinones and

the dark prior to use. In our experiments, we added a filtefy, e pAHga) and from 12 transition meta(b). The concentration
pU”Ch.W”h a knOV\(“ mass of P (Shen et al., 2011_) tothe of each species was 1 uM, except for BQN which was 0.93 pM, 1,4-
DTT vial and monitored the rate of DTT loss over time. NQN which was 1.21 uM and Cd(ll), which was 5 uM.

2.6 Data analysis and statistics

tion. This positive control is simple, inexpensive, and quite
Rates of DTT loss were determined from a linear regressiorreproducible, with an average () blank-corrected rate
of four points of DTT concentration versus time, as illus- of 0.71+0.09 uyMDTT min! (n = 74 over a period of 11
trated in Fig. 2. The blank consists of 100 uM DTT with no months). The blank was fairly reproducible, with an average
added redox-active species; each time point shown is the ay+ 1) value of 0.24+0.09 uMDTT min! (n = 93). Indi-
erage # of three individual blank runs. The colored sym- vidual data points (i.e., not rates) in a DTT run were iden-
bols in Fig. 2 show the results for triplicate sample vials, tified as outliers by constructing a 95 % confidence interval
each containing 100 uM of initial DTT plus 0.050 uM of around the triplicate data point regression line using the sta-
PQN. The rate of DTT loss in each replicate sample wastistical package “R”. Rates for a given sample were identified
calculated from the slope of the linear regression and thems outliers using the Student’s T-test with a two-tajedhlue
blank-corrected by subtracting the average blank rate on af 0.05.
given day. The average and standard deviation of the result-
ing blank-corrected rates of DTT loss were then calculated
from the replicate measurements. 3 Results and discussion

In almost all cases we limited DTT loss to no more than

20% of the initial 100 M over the course of an exper- 3.1 DTT response from individual organic species and
iment; in a few cases we used points with greater DTT transition metals
loss if the rate of loss was linear over the entire experi-
ment. Blanks and samples were typically run in triplicate, To identify species that might contribute to DTT loss in PM
though sometimes in duplicate, on each day. We ran a possamples we measured the rate of DTT consumption in the
itive control with every experiment to ensure consistencypresence of 18 individual quinones, PAHs, and dissolved
of the assay. Our positive control consisted of 0.050 puMtransition metals, all of which are commonly present in ambi-
PQN in the DTT solution, made by adding 16.1ul of a ent PM (Connell et al., 2006; Shinyashiki et al., 2009; Vidrio
9.34 uM PQN stock in acetonitrile to 3.0 mL of DTT solu- et al., 2009; Walgraeve et al., 2010). As shown in Fig. 3,
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of the five quinones tested PQN is the most reactive while 4.0 -

1,2-NON and 1,4-NQN also oxidize DTT. In contrast, BQN 3 a

and ACNQON (at 1.2 and 1.0 uM, respectively) do notdegrade § 3 © PON

DTT. This agrees with measurements of HOOH production ,'_' c & 1,2-NQN

from 12 quinones in the presence of 100 uM DTT (Chung et 5 E 20 A 1,4-NQN

al., 2006): HOOH generation occurred from PQN, 1,2-NON, % = @ BQN

and 1,4-NQN, but not from the other 9 quinones, a set which & = 10 A

included ACNQN but not BQN. Other researchers have also & ' A&

observed DTT loss from PQN and 1,4-NQN (Kumagai et al., 72Y A*. 0 = .

2002; Li et al., 2009a). 0.0 ! ' ' !
Of the three PAHs we tested, PYR and FLU caused no loss 0 Quir}one Conczentration ?HM) 4

of DTT, while PHEN showed a very small DTT response o Culll)

(Fig. 3a, inset). However, since PAHs are not redox active, 2.5 4 A Mn(ll) b

they should not oxidize DTT (Cho et al., 2005). We believe @« < Ni(ll)

that the DTT response in the PHEN solution is from a small S — 20 1xvv)

amount of PQN contaminant, since this is an oxidation prod- = ‘€ 1.5 | < Fe(ll)

uct of PHEN that could form over time in the solid (and is E E = Fe(lln) A

the most DTT-active compound we tested). Our observed re—g e 10 A

sponse for PHEN would be explained by a contaminant level § 0.5 %

of just 0.2% PQN in our PHEN solid. Even if POQN is not the 00 . HT——':

responsible species and PHEN itself is oxidizing DTT, the re- 0 1 ) 3 4 5

activity is small enough that PHEN would make an insignif- Metal Concentration (uM)

icant contribution to DTT loss compared to other chemical

components of PM, as we discuss below. Fig. 4.Blank-corrected rates of DTT loss as a function of concentra-

Although most published reports indicate that the DTT as-tion of redox-active speciega) shows results for the four quinones
say is insensitive to metals, we also tested ten soluble tranthat oxidized DTT, whilgb) shows results for the six DT T-reactive
sition metals, as well as two different oxidation states for v Metals. Each point represents the average)(@f multiple individ-
and Fe (Fig. 3b). We find that seven of the metals do oxidizeual rate determinations. Lines represent regression fits to the exper-
DTT, with Cu(ll) and Mn(ll) being the most reactive. The imental _data; the correspondin_g equations are Iisted_in Table 1. The
next most reactive metals (on a concentration-normalized bar—eglresslon for Mn(ll) does not include the 5.0 M point.

sis) are Co(ll), V(V) and V(llI), Ni(ll), and Pb(ll). DTT ox-

idation by Fe(ll) and Fe(lll) is slow, but ambient concentra- range of concentrations that we measured in our blank and
tions of Fe are often high and thus soluble Fe might still 5 1 UM PQN DTT solutions after 15 min. As described in
be important for DTT loss. In contrast, 1.0pM of Cr(lll), the Supplement Sect. S5, our results indicate that degradation

Cd(ll), or Zn(Il) does not cause measurable DTT oxidation. 5 pTT by HOOH may account for up to 20 % of the DTT
Within error, in 1.0 uM metal solutions there was no statis- |55 in blanks and PQN samples.

tical difference p > 0.05) between the reactivity of the dif-
ferent oxidation states for vanadium (V(V) and V(Ill)), or 3.2 DTT loss from various concentrations of quinones
for iron (Fe(ll) and Fe(lll)), although the latter gives differ- and metals
ent responses when compared across a wide range of metal
concentrations (Sect. 3.2). Lin and Yu (2011) also found thatwhile Fig. 3 is a useful screening of the reactivities of
Cu(ll) caused DTT loss, but did not observe DTT loss from quinones and metals in the DTT assay, the concentration
Fe, which is consistent with our finding of low DTT reactiv- used for each species (around 1.0 uM) is relatively high for
ity by iron. Oxidation of DTT by metals is a catalytic process, typical DTT solutions containing ambient particles or par-
as it is for quinones (Kumagai et al., 2002). For example, inticle extracts. To more fully understand the DTT responses
our experiments 1.0 uM of Cu(ll) oxidizes 13.2uM of DTT we also measured the rate of DTT loss as a function of
in 15min. Cu(ll) likely accepts an electron from DTT, form- the concentration of the reactive metals and quinones; re-
ing Cu(l), which rapidly donates an electron to dissolved gression equations for the quinones (and metals) are com-
oxygen to form superoxide and re-form Cu(ll). piled in Table 1. As shown in Fig. 4a, the rate of DTT
As we describe in the introduction, the oxidation of DTT loss from quinones is proportional to the concentration of
by redox-active species forms ROS (superoxide, HOOH, andjuinone, i.e., the reaction is first-order in quinone. The slope
OH), which can subsequently oxidize DTT (e.g., Kumagai etof each of the Fig. 4a regression lines is the pseudo first-
al., 2002). To investigate the extent of this secondary, ROSeorder rate constant for DTT oxidation in units of (umol
mediated oxidation of DTT we measured the rate of DTT DTT oxidized/umol of quinone/minute), which is a mea-
loss in solutions containing 5-35uM HOOH, which is the sure of the reactivity of a quinone with DTT. Based on our

www.atmos-chem-phys.net/12/9321/2012/ Atmos. Chem. Phys., 12, 933B3 2012
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Table 1. Regression equations for DTT loss from individual metals from the literature (see Sect. 3.3), the DTT reactivities
and quinone% of each metal (i.e., rate of DTT loss/metal concentra-
tion) relative to Fe(ll) are 38:19:5.1:2.0:1.9:1.2:1:0.3

Species  Range of Concentrations ~ Regression Equatiid NP for Cu:Mn:Co:Ni:V:Pb:Fe(ll):Fe(lll). While these

Tested (UM) . . . .
concentration-normalized values quantify the relative

PON 0.025-0.2 y=141x 099 6 reactivities of the metals, the importance in the DTT

1,2-NQN  0.01-1 y =400 099 5

14-NON 0.5-15 y = 0,533 097 & assay for a PM sample also depends “upon the_ absolute

BQN 1-4 y=0127 094 4 concentration of each metal, as we describe in section 3.3.

1442 . . .
:\:/IU((llll)) 8-8;35;5 y=(1)~ggX3:OS3B g-gg é“ It is not clear why the oxidation of DTT by Cu(ll) and
n . )= y = . " . - - - . . .

Co(l® 1 Y= 027 na 1 Mn(ll) is nonllne_ar, i.e., becomes less efficient at hlgh_er

Ni(ll) 0.1-5 y = 0.106¢ 088 6 metal concentrations (Fig. 4b). However, we have seen sim-

\;E)VI)I . 11—5 y=0.101x 0}98 f ilar nonlinear concentration-response curves for HOOH and

FeE”; 0.5-5 izg'ggg 008 4 OH formation from dissolved Cu and Fe (Charrier and Anas-

Fe(lll) 0.5-10 y =0.017x 0.96 7 tasio, 2011; Shen and Anastasio, 2012). Past work has shown

@ For each equation, represents the rate of DTT loss (units of uM-DTT min that metals (.:an bind to DTT (Kachur et al'.' 1997; Krezel et
andx is the concenfr’ation of metal or quinone (units of uM) in the DTT solution. al., 2001; Xiao et al., 2011) and of the five metals tested
bNumberofdifferemc_oncemration's used in regression; for each concentrationwe (Cu(l), Ni(Il), Cd(Il), Pb(ll), and Zn(Il)) copper has the
Q‘Z?i;fﬁ’a?é lﬁ?ﬁé‘l‘éﬁii&?"em rate determinations and used the resulting gy 5ngest binding constant (Krezel et al., 2001). This is con-
© The regression equation was calculated from the 1 uM data point assuming the  sistent with the observation that adding high concentrations
eonee e o e b oy o Ao it g *"of Cu(ll reduces initial DTT levels by a stoichiometric
significantly to the overall DTT response. amount, likely due to binding (Kachur et al., 1997). In our
solutions removal of DTT by metal binding is insignificant
compared to oxidation of DTT by redox-cycling of metals
results (Table 1), the relative reactivities of the redox-activesince our metal concentrations are much lower than the DTT
quinones are 111:32:4:1 for PQN:1,2-NQN:1,4-NQN:BQN concentration. The practical consequence of the nonlinear
(i.e., PQN is 111 times more reactive towards DTT than isCu(ll) and Mn(ll) concentration responses is that DTT is
BQN). more efficiently oxidized by these metals at low concentra-
The concentration response for most metals is also lintions.
ear, with the exception of Cu(ll) and Mn(ll), which have a
response that is well fit by a power relationship (Fig. 4b; 3.3 Identifying the redox-active species responsible for
Table 1). Cu(ll) and Mn(ll) are the most DTT-active met- DTT loss from ambient PM
als across the entire range of concentrations tested. Co is
the third most reactive metal (Fig. 3), but since atmosphericAs described earlier, past efforts at identifying the species
PM, 5 concentrations of Co are very low (Connell et al., responsible for the oxidation of DTT by ambient or source
2006; Verma et al., 2009a) and would not cause significanparticles have relied on correlations of DTT response versus
DTT loss, we did not measure responses over a range of Cthe measured chemical components of the samples (e.g., Hu
concentrations. V and Ni(ll), the next most reactive metals,et al., 2008; Verma et al., 2009a). As an alternative, here we
have very similar concentration responses. While the concenapply a quantitative, mechanistic approach, which is analo-
tration responses of Fe(ll) and Fe(lll) are similar in 1 uM iron gous to what we have developed for identifying the species
solutions (Fig. 3b), these responses are more clearly differemtesponsible for OH and HOOH production in ambient PM
at higher concentrations (Fig. 4b), though the responses fronextracts (Vidrio et al., 2009; Charrier and Anastasio, 2011;
both iron oxidation states are small compared to Cu(ll) andShen and Anastasio, 2011; Shen et al., 2011); a similar ap-
Mn(l1). proach has been used by Chung et al. (2006) to identify the
The reactivity of the transition metals is contributions of quinones to HOOH production in the pres-
Cu(ll) > Mn(Il) > Co(ll) > V(V) ~ V(1) ~Ni(ll) > Pb(ll) ence of DTT. By combining the concentration responses for
~Fe(ll)> Fe(lll). 1t is difficult to quantify the relative DTT-active species (Table 1) with reported concentrations of
reactivities of Cu(ll) and Mn(ll) towards DTT (as we metals and quinones in ambient PM, we can calculate the ex-
did for quinones) because of their non-linear concen-pected DTT response from each chemical species in the PM
tration responses (Fig. 4b). For example, as shown inrsample and apportion the overall DTT response to individual
Fig. S1, the relative reactivities of Cu and Mn depend species.
on their concentrations in solution. At 10nM, Cu and To understand the relative importance of metals and or-
Mn oxidize DTT 300 and 100 times faster than Fe(ll), ganics towards DTT loss from ambient particles, we first
respectively, but these relative reactivities decrease witlcalculate the DTT responses expected for a hypothetical ur-
increasing metal concentration. If we use typical environ-ban PM s sample. As described in Sect. S2 of the Supple-
mental concentrations of each water-soluble ;RMnetal ment, we use median concentrations of individual quinones
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Table 2. Median concentrations of water-soluble metals and total organics in ambient fine particles and their corresponding DTT solution
concentrations and DTT responses.

Species Median Particulate Concentration Relative Concentration Median Concentration DTT Response
Concentration to PQN ReferencB in DTT solution (UM) (UM mir 1)
(ng m‘3-air) Mass Basis Mole Basis

Water-Soluble Metals

Fe 7.0 23 84 c 1.37 0.062
Mn 2.0 6.5 24 c 0.40 0.39
Cu 1.9 6.1 20 C 0.33 0.65

Y, 0.55 1.8 7.2 c 0.12 0.012
Ni 0.50 1.6 5.7 c 0.093 0.010
Pb 3.8 12 12 C 0.20 0.013
Co 0.035 0.1 0.4 c 0.0065 0.0017
Quinones and PHEN

BQN 0.63 2.0 3.9 d 0.064 0.0081
PQON 0.31 1 1 e 0.017 0.23
1,4-NQN 0.11 0.4 0.5 e 0.0077 0.0041
1,2-NQN 0.02 0.1 0.08 e 0.0012 0.0049
PHEN 0.7 2.3 2.6 f 0.043 0.0033

@ Each concentration was divided by the concentration of PQN, either on a mass basis(ag)wr a mole basis (nmol ms-air). The mole basis relative concentrations are
most relevant here since our DTT results are expressed using species concentrations on a molar basis (e.g., Table 1).

b As described in Sect. S2 of the Supplement, we examined multiple studies to determine typical particulate concentrations of each species. The reference listed in this column is
the study that contained the median average value for a given species. Concentrations in the DTT solution were determined assumin@ dfaird@e&Bmampled onto a filter

and the whole filter PM mass was added to 3.0 mL of DTT reaction solution.

€ Connell et al. (2006) for PMs collected in Steubenville, Ohio during 2000-2002.

d Delnomme et al. (2008) for Py collected in Tempe, Arizona during 2005.

€ Cho et al. (2004) for PM5 collected in Riverside, California in May through July 2001.

f The maximum PHEN concentration reported for Pirange: 0.043 to 0.7 ng ™) in Atlanta, GA and Missoula, MT during January to April (Ward et al., 2005; Li et al.,
2009b).

in urban PMs reported in the review by Walgraeve et sample in Table 2. These are up to 4 times greater than the
al. (2010), and median soluble BN metal concentrations corresponding mass-based concentration ratios because of
from several studies (Connell et al., 2006; Verma et al.,the high molecular weight of PQN relative to the metals; for
2009a; Vidrio et al., 2009). Because the oxidation state ofexample, mole-based concentrations of Fe, Mn, and Cu are,
soluble Fe was not provided in these articles, we assume solespectively, 84, 24, and 20 times higher than that of PQN.
uble Fe is 80 % Fe(ll) and 20 % Fe(lll), based on measure- The final column of Table 2 shows the calculated rate of
ments of urban particles from Majestic et al. (2007). DTT loss from each redox-active species in our hypothetical
The median particle-phase concentration of each DTT-PMy s extract. These are expressed in Fig. 5a as the percent
active species is listed in Table 2, along with the resultingof total DTT response in the sample. In these calculations we
concentration in the DTT solution, details of this calcula- assume that the DTT responses of complex mixtures of met-
tion can be found in the supplemental section S2. While theals and quinones are additive, which is essentially what we
species listed in Table 2 are all minor contributors to the to-find in several tests of simple binary mixtures (Supplement
tal PMp 5 mass, Fe is the most abundant soluble metal, fol-Sect. S6).
lowed by Pb, Mn, and Cu. Concentrations of V, Ni and espe- Figure 5a shows that the majority of DTT loss is from tran-
cially Co are quite low. Of the quinones, BQN is generally sition metals, while quinones make a modest, though signif-
the most abundant particle-phase species, followed by PQNgcant, contribution. Even though quinones, especially POQN,
while 1,2-NON and 1,4-NQN are less abundant. The mediarcan be much more reactive than metals on a concentration-
literature concentrations normalized to POQN are listed in Ta-normalized basis (Fig. 3), metals dominate the DTT re-
ble 2 and show that mass concentrations of water-soluble Fesponse because their concentrations are generally much
Cu and Mn are typically 6 to 24 times larger than the valuehigher than quinones (Table 2). For this hypothetical aerosol,
for PQN. Since our DTT reactivities in Table 1 are normal- metals account for 82% of DTT loss while quinones ac-
ized to species concentrations in mole (and not mass) unitssount for the remaining 18 %. Cu(ll) is the most important
we also show the mole-based concentration ratios of eacBpecies for DTT loss, accounting for 47 % of DTT loss, fol-
redox-active species relative to PQN in our typical fine PM lowed by Mn(ll) at 28 %. PQN is by far the most reactive
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Table 3.Reported rates of DTT loss from ambient particulate métter.

Source PM Size  Rate of DTT Loss  Location Location  Number of
Fraction  (pmol mimiug=1) Type Samples
(um) Range  Median

Verma et al. (2009b) <25 5.0-24 14 Los Angeles CA Urban 6

Verma et al. (2009a) 0.18-2.5 20-120 70 Los Angeles CA Urban 8

De Vizcaya-Ruiz et al. (2006) <2.5 15-40 25 Mexico City Urban 18

Ntziachristos et al. (2007) <0.15 42-170 61 Los Angeles Basinand  Urban 7

Caldecott Tunnel CA

<25 21-75 27 8

Hu et al. (2008) <0.25 31-55 34 Los Angeles Port CA Urban 6
0.25-25 14-24 19 6

This work <25 27-61 39 Fresno CA Urban 4
<25 20-25 23 Westside CA Rural 2

2The table only includes studies that used a similar DTT method to what we have used in this work (i.e., 3%%C3ptD0 uM DTT in 0.1 M phosphate
buffer) and that provided results in units of mol-DTT timfePM-mass ! or give sufficient information to convert results to comparable units.

quinone, accounting for 17 % of the DTT loss, while the PM extract and compare that to the measured DTT loss to
other quinones together account for only 1%. Even thoughquantify the contributions of metals to DTT loss.
the rate of DTT loss from Fe is slow relative to other chem-  Figure 6 shows the measured DTT losses from the ambient
icals (Figs. 3 and 4), ambient concentrations of Fe are largéeM, 5 samples (grey bars) compared to the calculated DTT
and Fe accounts for 4 % of DTT loss under these typical confosses from individual soluble metals (colored stacked bars).
ditions. While we believe the PHEN reactivity observed in On average (z &), soluble metals can explain (80 £27) % of
Fig. 3 is due to PQN contamination we included PHEN in the observed DTT loss, mostly due to Cu and Mn, which ac-
Table 2 to investigate its possible reactivity. Even if PHEN count for (57 +26) % and (21 £8.9) % of the observed DTT
is able to oxidize DTT, the contribution to total DTT loss is response, respectively (Fig. S4). This measured result agrees
insignificant (Table 2). Of course these results apply to a hy-well with the hypothetical PMls result in Fig. 5 and indi-
pothetical “typical” ambient PMs sample and the relative cates that metals are major contributors to DTT loss in am-
contribution of any given species to DTT loss will depend bient PMp 5. The remaining 20 % of DTT loss not explained
on the actual concentrations of soluble metals and quinoneby soluble metals in Fig. 6 is likely from quinones, insoluble
in the PM. This is an especially important caveat since ambi-metals, or other redox-active species that we did not investi-
ent particulate concentrations of soluble metals and quinonegate. Based on our results in Fig. 5, PQN likely accounts for
vary by one to two orders of magnitude (Figs. S2 and S3).a large portion of this “unknown” DTT loss.
We have been unable to find measurements of both solu- One weakness of this analysis is that the PM samples
ble metals and quinones from the same ambient PM samwere stored in the freezer for two to five years prior to our
ples so it is unclear whether these redox-active species arBTT measurements, so it is possible that semi-volatile and
covariant, as noted for soluble metals and PAHs in ambi-reactive species such as quinones were lost during storage,
ent PM samples at four urban sites in California (Ntziachris-which would artificially inflate the contribution of metals to
tos et al., 2007). As shown in Fig. 5b, the large variationsDTT loss. However, if we are missing important contribu-
in reported concentrations suggest that Cu, Mn, PQN, or Feions from organic species that degraded during storage, our
could be the dominant DTT-active species in any given am-measured rates of DTT loss should be much lower than those
bient PM 5 sample, although we expect the typical case topreviously reported in the literature. As shown in Table 3,
be Cu> Mn > PQN> Fe (Fig. 5a). this is not the case: our rates of DTT loss are well within the

It is possible that there are other, unidentified, DT T-activeranges observed by other researchers using the same DTT
species in ambient PM that we are not accounting for in thismethod, and our median DTT loss rate is also similar. This
bottom-up approach. To investigate this, we measured ratesuggests that we are not missing a significant fraction of DTT
of DTT loss from six ambient Pl samples collected from  activity in our Fresno and Westside samples; however, addi-
an urban (Fresno) and rural (Westside) site in the San Joaquitional research is needed to support these results and further
Valley of California between 2006 and 2009. We have previ-examine the role of metals in DTT oxidation by PM.
ously reported the soluble metal composition of these sam-
ples (Shen et al., 2011), but have not measured the concen-
trations of any organic species. Based on this data we can
calculate the expected DTT response from the metals in each
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PQN; 17%_Pb(I1); 0.9% _Ni(ll); 0.7% 0.08 - @ Measured DTT Response
a ° ( ) V(V); 1% = 007 4 W Expected DTT Response V
\ A0, = : Expected DTT Response Fe
BQN; 0.6% Fe; 4% ':'n 0.06 4 . Expected DTT Response Mn
» Y- g 3 M Expected DTT Response Cu
1,2-NQN; EE 0.05 A
Mn(ll); 28% o E 0.04 4
1,4-NQN; 2 E 003
& < 002 A [
E 0.01
0.00 — . :
Winter  Summer Winter Winter ~ Summer  Summer
2008 2007 2007 2009 2006 2008
Cu(ll); 47% Westside | Fresno
b 1.E+01 3 Fig. 6. Measured rates of DTT loss from ambient Py/collected
3 & Site Average from the San Joaquin Valley of California. For each sample the left
1.E+00 1 _2_ o . ° Viedi gray bar represents the rate of DTT loss measured for the particles
§ = 1 9 - & edian (average =&, n = 2 to 4 for each sample), while the right colored
S ‘£ LEO01 g O % < bar represents the expected rate of DTT loss from metals based on
9~ ] © o < measured metal concentrations in each sample (Shen et al., 2011)
f_‘ § 1.E-02 4 $ 4 - 2o > and our DTT response for each metal (Table 1). Error bars for the
5= ] el - expected DTT responses represeat propagated from uncertain-
1.E-03 4 ° o o ties in each metal concentration.
1.6-04 - : : ,
3s§e&2~23555S in the process (Held and Biaglow, 1993; Netto and Stadtman,
e @ =z Z 1996; Kachur et al., 1997). In addition, Zn also consumes
- - DTT, but via strong binding rather than redox-cycling (Lin

] o ) and Yu, 2011). The DTT response of Fe and Cu have been
Fig. 5. (a) Calculated contributions of soluble metals and quinones o - ined in the past (Cho et al., 2005) but only at a concen-
to DTT los.s' in a hypothetical typical P2 sample. The aerosol ._tration of 0.05 uM, which is too low to cause significant DTT
concentration for each metal and quinone, and the correspondlng0 based data (Eiq. 4b d sianificantlv | th
rate of DTT loss from each component, was estimated based o ss based on our data (Fig. i ) and significantly lower than

expected for extracts of ambient Bl samples (Table 2).

median concentrations in ambient BNi(see Sect. S2 in the Sup- " )
plement for more details). The total rate of DTT loss in this hypo- Higher concentrations of Cu, Zn and Fe showed that Cu and

thetical sample is 1.4 pM mirt. (b) Calculated rates of DTT loss Zn consume DTT while Fe does not (Lin and Yu, 2011).
from individual species in hypothetical extracts of Py/based on While a majority of past reports have concluded that DTT
reported particulate concentrations. Each diamond represents tHess in particle extracts is due to organic species, there is
DTT response for the average concentration of DTT-active speciesome evidence that metals are significant for DTT loss.
from a given site. Each horizontal line is the response from the meEjguren-Fernandez et al. (2010) examined the DTT activ-
dian concentratiop of the sjte averages. Using the.m.edia.n yalugs f%y of ambient PM 5 that was collected in Riverside, CA
all of th_e DTT-active species gives the DTT reactivity distribution and extracted using two methods. In the first method, fil-
shown in panel (2). ters were extracted with dichloromethane then the extracts
were filtered, removing the particles and leaving only the
dichloromethane-soluble fraction of the PM (which should
3.4 Previous evidence for a significant role of metals in  include quinones and organics but not metals). In the sec-
the DTT assay ond method the PM was extracted in water (which should
dissolve the soluble metals efficiently, but not quinones);
Our results indicate that a number of transition metals carthese samples were not filtered, so water-insoluble PM com-
oxidize DTT and that metals account for the majority of ponents such as non-polar organics were also retained. The
DTT loss from typical ambient Pkt where the concentra- aqueous PM extracts were nearly an order of magnitude more
tions of DTT-active metals are generally much higher thanreactive than the dichloromethane extracts, indicating that
those of quinones (Fig. 5b). This is a relatively new finding dichloromethane-soluble species — e.g. quinones — were not
in the DTT literature and is in contrast to several past stud-—responsible for much of the total DTT response. Lin and Yu
ies that have stated that the DTT assay is insensitive to met2011) provided convincing evidence that metals were an im-
als. However, our results showing DTT oxidation by metals portant sink for DTT in the hydrophilic fraction of their am-
(e.g., Figs. 3 and 4) are not unique: both Cu and Fe have bedpient particle extracts. They also found that nearly all DTT
shown to oxidize DTT, forming ROS such as HOOH and OH loss in their PM water extracts was removed by adding the

www.atmos-chem-phys.net/12/9321/2012/ Atmos. Chem. Phys., 12, 933B3 2012



9330 J. G. Charrier and C. Anastasio: Importance of soluble transition metals in the DTT assay

metal chelator DTPA. While this suggests that metals dom- 10 - m Without EDTA
inated the DTT response, it is unclear whether DTPA might ° 0 With 1mM EDTA
also reduce the reactivities of redox-active organics and thus
not be specific for metals; as described in the next section,
we have found this to be the case for EDTA.

There is additional, though more circumstantial, evidence E 04 1
from past reports that metals are important for DTT loss. For 5 ™
example, Ntziachristos et al. (2007) observed good correla-s 5
tions (R? > 0.8) between DTT loss from ambient PM and &
their Fe, Cu, Mn, and Zn content, while Hu et al. (2008) ® 0.0
found correlations between DTT response and two metals (V Blank PQN  12NQN  Cu(ll) Fe(Il)
and Ni) in ambient PM. Geller (2006) also saw correlations 0.05pM  0.14pM  1pM 5uM
between DTT loss and the Ni and Zn content of PM emit- (93/9)  (74/9)  (7/6) (&/3)  (3/3)
ted by vehicles. However, in all cases these correlations were _ 0.8 -

considered specious because the metals also correlated wit E b
PAHs and/or organic carbon, which were thought to be the S 0.6
0

true sources of DTT loss. 2 I
1.0

There are several possible reasons why much past work § 0.4 -
0.0001 0.001 0.01 0.1

£

E
0.8 -

s

2

0.6 -

has not found a correlation between the metal content of PM =
and DTT loss. First, soluble metal concentrations are not al- o 0.2
ways measured and therefore cannot be used in correl:’;\tior:sJ
analysis. Second, much of the current literature has exam-g’
ined ambient ultrafine PM or diesel exhaust, which may be
enriched in organics and quinones compared to metals, caus EDTA Concentration (mM)

|n'g organics to dominate the DTT response in these c;ase\?_.ig' 7. Effect of EDTA on DTT loss from quinones and metdks)
Finally, Cu(ll) and Mn(ll) are the_ t\_NO most DTT-reactive shows the average rate of DTT loss in the blank and for several
metals and can account for a majority of DTT loss based 0n.ompounds (at the concentrations listed) with and without 1.0 mM
our work here. However, since they both have a non-linearlepTa. The rates for the quinones and metals are blank-corrected
concentration response with DTT (Fig. 4), linear correlation using a blank containing the same concentration of EDTA as the
analysis is less likely to identify these species as being sigeorresponding sample. Error bars represenirtftom replicate
nificant. measurements. Numbers in parentheses indicate the number of ex-
periments performed without/with EDTA that are included in each
3.5 Effect of EDTA on the rate of DTT loss from metals average. For each sample the rate with and without EDTA are sta-
and quinones tistically different at the 95 % confidence lim{b) shows the rate of
DTT loss in a 0.050 uM PQN solution as a function of EDTA con-

tration. Each bar ifb) has b ted usi blank with th
The DTT procedure used here was developed by Kumagaignm;a;g%u n?cof Eg'll(’:)asif'l eesgzq;?gec ed using a bianxwith the

et al. (2002) and Cho et al. (2005). More recently, some re-

searchers have added 1 mM EDTA to the DTT reaction mix_not statistically different from the response in the blank with
ture (Li et al., 2009a; Rattanavaraha et al., 2011), most likel y P

Y. .
because EDTA reduces the variability and rate of DTT oxi- EDTA. Because the; € quinone results are un(?xpected, we
Bepeated them multiple times on several days: our results

dation in the blank. Since the DTT assay has been reporte : .
) are reproducible between experimental days. To further con-
not to respond to metals (e.g., Cho et al., 2005), it would be,. :
firm our quinone results, we measured the rate of DTT loss
natural to assume that EDTA would not change the overallfrom 0.050 uM PON with varying concentrations of EDTA
DTT response. However, because we find that the DTT as; ' H ying

say is sensitive to metals, we tested the effect of EDTA on(Fig' /b). Even the addition of 0.10 UM EDTA causes aslight

the DTT response from m;atals and quinones (15 %), though not statistically significant, reduction in the
As expected, addition of 1.0mM EDTA siénificantly re- rate of DTT loss from PQN. At higher EDTA concentrations

duces the rate,of DTT loss from 1.0M Cu(ll) or 5.0 uM the rate of DTT loss by 0.050 uM PQN is further suppressed.

. . The rate of DTT loss in the blank is also reduced by EDTA
0, 0,
Fe(ll), by 94% and 88 %, respectively (Fig. 7a). For bOthASuppIementaI Fig. S5), likely because EDTA chelates trace

of these metals, the DTT response in the presence of EDT. levels of metals that are not completely removed by Chelex

is not statistically different from the response in the blank .
with EDTA. Surprisingly, we find that 1.0 mM of EDTA also treatment .Of the phospha_lte butffer. (Note that this effect on
the blank is not responsible for our PQN or metal results

decreases DTT loss from quinones, by 85% and 82% forin Fig. 7a and b, since we correct our sample results with
PQN and 1,2-NQN, respectively (Fig. 7a). As with the met- 9. ot : p

. . a blank containing the same concentration of EDTA.)
als, the quinone responses in the presence of EDTA are also

0.0 -
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Based on these results, the addition of EDTA suppressesuggests that the DTT assay is a more representative measure
DTT response from both metals and quinones. For this reaef oxidative potential (compared to the case if it did not re-
son we do not advise the use of EDTA in the DTT assay,spond to metals), additional research is needed to understand
though the assay may still provide sufficient response inhow the assay compares to other (acellular and cellular) mea-
the presence of a high concentration of PM (or redox-activesures of oxidative potential and how well it represents the in
species). EDTA does markedly improve the background loswitro andin vivo oxidative stress that can be caused by parti-
of DTT in the assay (i.e., in the blank), but removal of trace cles.
metals by Chelex 100 resin is a better option. Additionally,
these results indicate that EDTA cannot be used to identify , i o
the contribution of metals to DTT loss, as both metals andSupplementgry material related to this article is
organics are affected by the chelator. It is not clear if otherav‘"‘”able online at: http://www.atmos-chem-p_hys.net/lZ/
metal chelators, such as desferoxamine or DTPA, have a sim2o21/2012/acp-12-9321-2012-supplement.zip
ilar effect on quinone response in the DTT assay, or if the
reactivities of quinones are reduced by chelators in other as-
says (e.g., HOOH production). More research in this area is
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