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Abstract
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Human exposure to particulate matter (PM) air pollution is associated with human morbidity and
mortality. The mechanisms by which PM impacts human health are unresolved, but evidence
suggests that PM intake leads to cellular oxidative stress through the generation of reactive oxygen
species (ROS). Therefore, reliable tools are needed for estimating the oxidant generating capacity,
or oxidative load, of PM at high temporal resolution (minutes to hours). One of the most widely
reported methods for assessing PM oxidative load is the dithiothreitol (DTT) assay. The traditional
DTT assay utilizes filter-based PM collection in conjunction with chemical analysis to determine
the oxidation rate of reduced DTT in solution with PM. However, the traditional DTT assay
suffers from poor time resolution, loss of reactive species during sampling, and high limit of
detection. Recently, a new DTT assay was developed that couples a Particle-Into-Liquid-Sampler
with microfluidic-electrochemical detection. This ‘on-line’ system allows high temporal resolution
monitoring of PM reactivity with improved detection limits. This study reports on a laboratory
comparison of the traditional and on-line DTT approaches. An urban dust sample was aerosolized
in a laboratory test chamber at three atmospherically-relevant concentrations. The on-line system
gave a stronger correlation between DTT consumption rate and PM mass (R2 = 0.69) than the
traditional method (R2 = 0.40) and increased precision at high temporal resolution, compared to
the traditional method.

1. Introduction
Extensive research has established a link between airborne particulate matter (PM) exposure
and increased morbidity and mortality in humans (Mauderly and Chow 2008; Schlesinger
2007). Epidemiologic evidence has associated PM exposure with health outcomes including
myocardial infarction (Brook et al. 2010; Peters et al. 2001), asthma (Li et al. 2003a), birth
defects (Ritz et al. 2002), and lung cancer (Dockery et al. 1993). Toxicological studies in
animals and humans have observed elevations in cardiorespiratory inflammation (Becher et
al. 2007; Fujii et al. 2002; Nurkiewicz et al. 2006), immune response (Becher et al. 2007;
Mutlu et al. 2007; Tamagawa et al. 2008; van Eeden et al. 2001), and autonomic nervous
system (ANS) imbalance (Ghelfi et al. 2008; Rhoden et al. 2005) resulting from both short
and long-term PM exposure. Mechanisms by which PM induces adverse health effects are
Address correspondence to John Volckens, Department of Environmental and Radiological Health Sciences, Colorado State
University, 1681 Campus Delivery, 350 W. Lake St., Fort Collins, CO 80523, USA. john.volckens@colostate.edu.

Koehler et al.

Page 2

NIH-PA Author Manuscript

unclear, yet evidence suggests multiple pathways. Proposed mechanisms include PM
interference with lung receptors and nerves leading to dysfunction of the autonomic nervous
system (Stone and Godleski 1999; Timonen et al. 2006), ultrafine particle diffusion across
alveolar membranes into the bloodstream (Nemmar et al. 2002), and excess generation of
reactive oxygen species (ROS) by redox-active PM components (Sioutas et al. 2005;
Squadrito et al. 2001). However, all of these proposed mechanisms are associated with ROS
generation and oxidative stress in cells (Brook et al. 2010; Schafer and Buettner 2001). A
prolonged state of cellular oxidative stress may initiate a cascade of inflammatory events
leading to cellular damage, cell death, and subsequent disease (Brook et al. 2010; Li et al.
2002).
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Ambient PM is a complex mixture of redox-active chemicals known to participate in various
electron-transfer reactions (Kumagai et al. 1997; Veronesi et al. 1999; Wu et al. 1999); it has
been shown to produce ROS both in vitro and in vivo (Alessandrini et al. 2009; Vidrio et al.
2009). Atmospheric PM also contains organic compounds known to induce cellular
oxidative stress through ROS generation such as polycyclic aromatic hydrocarbons (PAHs)
that are transformed into quinones both in the atmosphere and in the body (Cho et al. 2005;
Chung et al. 2006; Kumagai et al. 1997; Kumagai et al. 2002) and metals (Liljelind et al.
2003). Therefore, a method for reliable measurement of PM redox activity (or oxidative
load) is needed to advance our understanding of the role PM plays in human disease
(Chahine et al. 2007; De Vizcaya-Ruiz et al. 2006; Ntziachristos et al. 2007). Chemical
assays offer potential for describing the oxidative load of PM (Bernardoni et al. 2011;
Ichoku et al. 1999). One approach is to analyze the chemical composition of PM directly to
quantify species possessing redox-active moieties (Poschl 2005). However, characterization
of specific PM components is costly, time consuming, and may miss important
contributions, as not all redox-active species in PM are known. An alternative approach is to
measure the redox activity of PM directly using solution-based methods. The most widely
reported technique for measuring PM reactivity is the dithiothreitol (DTT) assay (Cho et al.
2005; De Vizcaya-Ruiz et al. 2006; Li et al. 2003b; Li et al. 2009b; Rappaport et al. 2003).
The DTT assay is considered biologically relevant because the rate of DTT consumption has
been correlated with cellular oxidative stress in vitro (Li et al. 2003b) and because several
components of ambient PM (e.g., redox-active quinones) have been shown to catalyze the
generation of superoxide radicals from DTT in solution (Kumagai et al. 2002).
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However, the traditional solution-based DTT method has significant limitations including
high detection limits that require relatively large PM sample masses (Typically 5–40 μg per
mL in the DTT assay) (Cho et al. 2005; De Vizcaya-Ruiz et al. 2006). To collect sufficient
mass generally requires long sample times (e.g., 10 days as in Charrier and Anastasio, 2012
or weekly samples as in Hu et al., 2008) or very high flow rates (e.g., the VACES system
used by Cho et al., 2005) and results in a loss of temporal resolution that hinders our ability
to identify sources and events responsible for redox-active PM emissions. The time lag
between sample collection and analysis also poses a problem because some redox-active PM
components are highly volatile and/or reactive (with half-lives ranging from minutes to
hours (Kiruri et al. 2014)) and are likely lost or chemically altered during sample collection,
transport, storage, and extraction (Foucaud et al. 2007; Hu et al. 2008). Extraction
techniques used to separate particles from filters can also alter PM composition and
reactivity estimates due to the wide range of solubilities and polarities present in PM
constituents. Different solvents are known to extract reactive compounds with varied
efficiency, leading to inconsistent measures of DTT reactivity (McWhinney et al. 2013;
Rattanavaraha et al. 2011; Truong et al. 2010; Yang et al. 2013).
Recently, a novel electrochemical sensor for reduced DTT quantification was coupled to a
Particle-Into-Liquid-Sampler (PILS) for on-line reactivity analysis (Sameenoi et al. 2012).
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This technique employed cobalt(II) phthalocyanine (CoPC) working electrode integrated
within a microfluidic device (Sameenoi et al. 2011) for highly sensitive and selective
quantification of reduced DTT in micro-volumes of solution (Figure 1). Compared with the
traditional method, the CoPC electrodes improved detection of DTT by reducing the
required sample mass (nanograms vs. micrograms) in reduced reaction volumes (10
microliters vs. ~1 mL). The CoPC electrodes were integrated within poly(dimethylsiloxane)
(PDMS)–based microfluidic chips allowing for portable, inexpensive, and rapid monitoring
of DTT consumption by PM (Sameenoi et al. 2012). The objective of the present study was
to compare the PILS-CoPC microfluidic chip with the traditional DTT method for
monitoring oxidative load of airborne PM at higher temporal resolution than typically used
for DTT analysis (i.e., a 3 hour sampling duration).

2. Experimental Section
2.1. Chamber testing
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A standard reference aerosol (NIST SRM 1649b, Washington D.C. Urban Dust) was
nebulized (Collision Nebulizer, BGI, Waltham, MA) in water (deionized water was used for
all solutions) to generate three atmospherically relevant concentrations (nominally 60, 30, 15
μg/m3) within a ~1 m3 test chamber (Figure 2). The test aerosol is representative of PM
typically found in urban air and is composed of chemical species correlated with DTT
consumption including transition metals (Costa and Dreher 1997), PAHs, chlorinated
pesticides, and polychlorinated biphenyl’s (Wise and Watters 2009). Aerosol was dispersed
at constant periodicity throughout a well-mixed acrylic chamber and diluted with filtered,
compressed air. The mass concentration within the chamber was continuously monitored
with a DustTrak (TSI Model #8250, Shoreview, MN, USA) that was calibrated by a
gravimetric reference sample. Particle size distribution within the chamber was monitored
using a Sequential Mobility Particle Sizer (SMPS, Grimm Technologies, Douglasville, GA,
USA). Aerosol sampling and DTT reactivity analyses were performed in parallel to compare
the traditional DTT method with the electrochemical approach. Chamber PM was sampled
and analyzed continuously by the electrochemical monitoring system and, concurrently,
filters were collected for the traditional DTT method. Three tests were performed at each
concentration level for nine total experiments; each experiment included at least three
sample replicates (i.e. three filters extracted for traditional DTT analysis and at least three
injections into the electrochemical system).
2.2. Traditional DTT Method
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2.2.1. PM Sampling and Handling—Urban dust was collected for 180 minutes onto 37
mm Teflon-coated glass fiber filters (Pall Corp., Port Washington, NY, USA). For tests with
nominal chamber concentrations of 60 or 30 μg/m3, filters were placed in closed-faced 37mm sampling cassettes operated at 10 L/min. Low concentration (15 μg/m3) tests required a
higher sampling rate to collect sufficient sample mass for analysis using the traditional DTT
method. Therefore, sampling cassettes were operated in the open-faced configuration and
PM was collected at 20 L/min. Two laboratory blanks were carried for each test. Following
gravimetric analysis, sample and blank filters were transferred into 15 mL centrifuge tubes
and mixed with 3 mL methanol for extraction. Preliminary reactivity tests of the urban dust
found that DTT consumption rates were approximately twice as high with methanol
extraction compared to water extractions (see online Supplementary Information), consistent
with other studies that suggested the reactive species are better extracted with methanol
(Wise and Watters 2009; Yang et al. 2013). However, other studies have found that the
reactivity of the water soluble fraction was higher for certain aerosol types, even for a
different urban dust reference standard (McWhinney et al. 2013). Filter extracts were
sonicated for 90 minutes and then cooled at room temperature (approximately 22°C) for a
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minimum of 60 minutes. Extracts were then syringe filtered (Acrodisc Glass Fiber, 1 μm
pore size, 25 mm diameter filter, Pall Corp., Port Washington, NY, USA) into a clean
centrifuge tube and concentrated under nitrogen gas (N2) to a final volume of 2 mL. The
additional concentration step was necessary to allow sufficient mass to be added to the assay
given the reduced PM mass on the filters at relatively short sampling times (3 hrs). Even
with these additional steps our assay typically contained 0.3–0.8 μg per mL in the DTT
assay, a factor of 6–100 less than used in other DTT studies (Cho et al. 2005; De VizcayaRuiz et al. 2006).
The mass of PM added to each assay, Massay, was calculated by:
Eqn. (1)

where Mtotal is the gravimetric PM mass collected on the filter, Ve is the original extraction
volume (3.0 mL), ΔMextract is the change in extract mass due to methanol evaporation by
N2, ρm is the density of methanol (0.7918 g/mL), and Vassay is the volume of extract added
per assay (0.1 mL). All extracts were covered with aluminum foil to prevent degradation of
light-sensitive species and stored in a refrigerator when not in use.
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2.2.2. DTT Assay Procedure—The DTT assay was conducted similar to procedures
outlined by Cho et al. (2005) with additional treatment of the phosphate buffer with Chelex
resin (Rappaport et al. 2003). Chelex treatment improves assay repeatability by removing
trace transition metals from stock buffers and lowering background DTT oxidation
(Rappaport et al. 2003). The traditional DTT assay measures the oxidation of reduced DTT
to its disulfide form over time (Kumagai et al. 2002). Oxidation of DTT is typically reported
either as a raw rate (pmol DTT/minute) or a mass-normalized rate (pmol DTT/minute/mass
PM).
PM was allowed to react with DTT in solution for a specified period of time (0, 5, or 10
minutes) and then the remaining unreacted (reduced) DTT was quenched by an addition of
Ellman’s reagent (5,5′-dithibis-2-nitrobenzoic acid or DTNB) in molar excess. The reaction
of DTT with DTNB produced a yellow chromophore (5-mercapto-2-nitrobenzoic acid or
TNB), in direct proportion to the amount of reduced DTT remaining in solution. The
chromophore was quantified with UV/VIS spectroscopy and the rate of DTT consumption,
ΔDTT was calculated as:
Eqn. (2)
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where ΔDTTsample is the change in DTT amount over time due to oxidation by PM and
ΔDTTblank is background DTT oxidation over time measured from a blank sample. For these
assays, triplicate 100 μL samples of concentrated PM extract (i.e. triplicates from each of
three collected filters per experiment for a total of 9 assays per experiment) was added to
500 μL of 100 μM DTT in chelex-treated phosphate buffer at pH 7.4 (600 μL total reaction
volume). The reaction mixture was incubated at 37 °C with 250 μL aliquots removed and
quenched in an equal volume of 10% trichloroacetic acid after five and ten minutes. The
remaining reduced DTT was quenched by 25 μL of 10 mM DTNB producing the
chromophore TNB. This solution was diluted with 500 μL of 0.4 M Tris-HCl buffer, pH 8.9,
containing 20 mM EDTA and mixed well. Absorbance of TNB was measured in triplicate
samples at a wavelength of 412 nm using a spectrophotometer (MBA2000, Perkin Elmer
Inc., Shelton, CT). Results were considered acceptable if the following measurement criteria
were met: (1) the measured rate of DTT consumption fell within the linear range (i.e. 2–25%
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total DTT consumed); (2) the coefficient of variation was less than 15% among triplicate
measures of a given sample (Cho et al. 2005); and (3) the consumption rate of the sample
was significantly larger than the consumption rate of the blanks using a one-tailed t-test (α =
0.05).
For comparison with other studies, urban dust reactivity was reported both in terms of raw
DTT consumption rate (DTT amount consumed/minute) and DTT consumption rate
normalized by PM mass in the reaction volume. Raw DTT consumption rate was calculated
as the linear decline in TNB absorbance over time minus the corresponding decrease for a
similarly treated sample blank. The blank-corrected slope,
, was converted to units of
DTT amount (nmol) consumed based on a calibration curve of absorbance measurements
from stock DTT solutions prepared via serial dilution.
2.3. On-line DTT Monitoring
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2.3.1. System Design—The on-line reactivity monitoring system was designed to collect
PM directly into a solution containing DTT, with subsequent continuous measurement of
reduced DTT concentration using electrochemical detection (Figure 2). Aerosol was
collected into solution using a Particle-Into-Liquid-System (PILS, ADI 2081, Metrohm,
Riverview, FL, USA). The PILS samples ambient PM and immediately mixes the sampled
aerosol stream with a turbulent flow of steam (~1.5 mL/min of de-ionized water at 100 °C).
The water-saturated aerosol rapidly cools as it travels through the PILS, creating a
supersaturated flow. Vapor deposits on the particles so that they are large enough to impact
onto a plate at the back of the PILS. A buffered reagent solution was introduced into the
PILS that carried PM out through a liquid exit. The non-chelated buffer solution contained
50 μM of DTT and 100 μM of sodium fluoride (NaF), which was used as an internal
standard. A T-junction immediately split the PM + DTT reaction mixture into equal-volume
sample lines using a multichannel peristaltic pump (Ecoline, IDEX Health and Science,
Glattbrug, Switzerland). One sample line was collected for ion chromatography (IC) to
measure F− ion concentration as an internal standard to account for DTT dilution due to
mixing with PM condensate. The second sample line was pumped downstream through a
long tube to provide an approximately 18-minute residence time for reaction between the
PM and DTT then 10 uL of the solution was injected to a CoPC microfluidic chip for
electrochemical analysis. The temperature decreases from approximately 37 °C at the PILS
impaction plate to room temperature at the microfluidic chip. Sameenoi et al. (2012) found
that the temperature dependence of the DTT assay over this range was minimal.
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The electrochemical current signal for reduced (unreacted) DTT from each injection was
measured amperometrically using a commercially-available potentiostat (CHI812, CH
Instruments, Austin, TX, USA) (Sameenoi et al. 2012). Peak height of DTT oxidation
current was measured and related to DTT mass based on a calibration curve constructed
from direct injection of reduced DTT. Raw consumption rate, ΔDTT, was calculated with
Eqn. (3):

Eqn. (3)

where Sblank is the DTT signal from injections not containing PM (i.e. HEPA filtered air
passed to the PILS at the beginning and end of each experiment), Ssample is DTT signal from
injections of the PM + DTT reaction mixture, and Tresidence is the PM residence time within
the system starting at impaction and ending with flow injection. Residence time was
between 18 minutes and 27 minutes including the time from sampling by the PILS to the
impaction plate and the time to pass through the length of tubing connecting the PILS to the
Aerosol Sci Technol. Author manuscript; available in PMC 2015 May 01.
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chip. Mass-normalized DTT consumption rate was calculated by dividing raw DTT
consumption rate by PM mass per injection. Particle mass per injection, Minjection, was
calculated as:
Eqn. (4)

where Vi represents the injection volume (10 μL), QPILS is the volumetric air flow through
the PILS (~13 L/min), accounts for DTT dilution from PM collection as the ratio of internal
standard concentration in the prepared DTT solution and after the DTT + F− solution
reaches the impaction plate (typically the value of R was between 1.1 and 1.4), Ci is the
ambient PM concentration in the test chamber (μg/m3), and qin represents the flow rate of
DTT+F− ions through the system (0.18 mL/min). The system runs continuously at a constant
flow rate. The small inner diameter tubing connecting the PILS to the chip prevents mixing
down the length of the tubing. As such we are able to sample air from the chamber
approximately every three minutes (with an 18–27 minute lag time for the DTT to react in
the tubing).
2.4. Statistical Analysis
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A 3×2 factorial experiment (high, middle, and low PM concentrations, traditional and online
DTT monitoring) was conducted to evaluate the two measurement techniques. All statistical
analysis performed with Matlab 2013a (The MathWorks Inc., Natick, MA) and SAS 9.2
(SAS Institute Inc., Cary, NC, USA). The linear relationship between raw DTT consumption
rate and assay or injection PM mass for each measurement technique were made using
Deming regression to account for uncertainty in both the injection/assay mass and the
reactivity values. Due to differences in PM mass between the measurement approaches,
direct comparison of the two methods was made only in terms of mass-normalized DTT
consumption rate. Mass-normalized reactivity was modeled as a function of chamber
concentration level (high, middle, and low) and DTT measurement approach using PROC
MIXED. The mixed model was constructed using a random statement to account for
repeated measures at each injection mass by the on-line system and unbalanced data. An
lsmeans statement was used to make pairwise comparisons between the on-line and
traditional techniques at each concentration level.

3. Results
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The size distribution of aerosolized urban dust was similar across all concentration levels
and is shown in Figure 3. The urban dust size distribution was approximately lognormal
with mass median diameter (MMD) of 215 nm, a count median diameter of 42 nm, and
geometric standard deviation of 2.1.
3.1. Raw DTT Consumption Rates
Raw DTT consumption rates detected by both DTT analysis techniques, as a function of PM
mass per injection, Minjection, or mass per assay, Massay, are shown in Figure 4. Raw DTT
consumption rates measured by the on-line system strongly correlated with Minjection (R2 =
0.69) with a small and statistically insignificant intercept. The traditional DTT method
detected a significant linear relationship between raw DTT consumption rate and Massay (R2
= 0.40) and a small, but statistically significant intercept (b = 0.16 pmol DTT, 95% CI [0.08
0.28]). Stronger correlations were observed with the on-line system despite the significantly
smaller PM mass quantities than observed for the traditional method. Sample mass per online injection, Minjection averaged 38 ± 23 ng (one standard deviation). Concentrated PM
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mass per traditional assay, Massay, was nearly three orders of magnitude larger and averaged
4.3 ± 2.2 μg (one standard deviation) and ranged from 1.9 to 9.3 μg.
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3.2. Mass-Normalized DTT Consumption Rate
Box-whisker plots comparing mass-normalized DTT consumption rates by each technique
versus chamber concentration as a categorical variable are shown in Figure 5. The boxplots
show median, quartile, and 95% confidence limits of the mean DTT consumption rate for
each chamber concentration level. The on-line system suggested a characteristic DTT
consumption rate of 92.7 ± 5.7 pmol DTT/min/μgpm for urban dust and showed no
significant difference between concentration levels. Mass-normalization of filter-based DTT
analysis by Massay also demonstrated overlapping consumption rates between concentration
levels (p > 0.08). The traditional method suggested a characteristic DTT consumption rate of
80.4 ± 7.0 pmol DTT/min/μgpm for urban dust, not statistically significantly different than
suggested by the on-line method. When stratified by chamber concentration, the on-line
system yielded similar average mass-normalized DTT consumption rates as the traditional
method at all concentration levels (see Table 1).

4. Discussion
NIH-PA Author Manuscript
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This study demonstrated the utility of the on-line monitoring approach for aerosol reactivity
and the difficulties associated with the traditional DTT approach when higher temporal
resolution is sought (3 hours). The on-line monitoring system exhibited improved
performance compared to the traditional method with limited PM mass, as demonstrated by
multiple metrics. A stronger linear correlation was observed between raw DTT consumption
rate and PM mass by the on-line system compared to the traditional assay (represented as
both the airborne chamber concentration, not shown, and the mass in the reaction volume).
For mass-normalized data, online measurements were more precise than corresponding
traditional measures at all concentration levels and most experimental replicates (± 5.7
overall SE on-line versus ± 7.0 SE traditional). Coefficients of variation for replicate
measures of reactivity at the same concentration level by the traditional method (37–47%)
were higher than reported by Sauvain et al. (2012) likely due to the additional handling steps
required to increase sample mass for the traditional method at low sampling times. The
variability of the on-line measurements increased as PM mass decreased (the coefficient of
variation increased from 12% at the high concentration to 75% at the low concentration),
suggesting that an aerosol concentration of 10 μg/m3 for this aerosol sample (corresponding
to approximately 2 pmol DTT consumed per minute), is near the limit of detection (LOD)
for this technique at these sample/buffer flow rates. The LOD also depends on aerosol
composition. Future work will examine whether optimization of the sensor electrode and/or
modulation of system flow rates (both PILS and sample buffer) can increase detection
sensitivity.
Injection masses measured by the on-line system ranged from 20 to 500 times less than
masses used in the traditional assay. This is because the on-line system injection volume was
reduced to 10 μL opposed to a reaction volume of 600 μL used for traditional analysis. Online monitoring permitted near-continuous analysis of PM reactivity. Injections were
analyzed at ~three minute intervals while each traditional DTT measurement described a
three-hour filter time-weighted average.
Reduced precision of the DTT assay by the traditional method is likely due to filter
handling, extraction, and concentration steps. These steps were necessary to give reactivity
above the level of the blanks when low PM masses were collected. Filter samples were
processed individually; therefore the magnitude of loss was random. Estimates of raw DTT
consumption rates of traditional sample extracts may have been accurate; however
Aerosol Sci Technol. Author manuscript; available in PMC 2015 May 01.
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correlation with uncertain PM masses would weaken linear strength suggesting assay
variability due to random error. In comparison, the PILS collection method uses a contained
system likely reducing PM losses and resulting in stronger correlations between reactivity
and PM mass and consistently higher mass-normalized reactivity estimates. The on-line
system also employed a DTT dilution factor using the internal standard (F−) providing more
accurate estimates of PM mass per injection.
Limitations
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Several differences in PM handling between the traditional and on-line systems should be
noted. In Sameenoi et al. (2012), relatively high concentrations of PM extract solutions were
used to compare the traditional assay to the electrochemical chip. As a result, Sameenoi et
al. found good agreement between the electrochemical method (operated offline) and the
traditional DTT method. In this study, the goal was to operate the electrochemical method
online (taking advantage of its time-resolved capability). At relatively short sampling times
(3 hr sampling at either 10 or 20 L min−1 of flow), we needed to increase the sensitivity of
the traditional method when sampling relatively low PM mass concentrations. Therefore,
several additional experimental steps were conducted to increase the traditional assay
sensitivity above that of the blanks. First, we extracted the filters in methanol, as preliminary
tests (see online Supplementary Information) showed an ~102% increase in PM reactivity
using methanol (as opposed to water). Several groups have reported similar findings with
methanol (Wise and Watters 2009; Yang et al. 2013), although it may depend on aerosol
type (McWhinney et al. 2013). Second, a sample concentration step was added to increase
the extract concentration prior to DTT analysis. Although this step may have increased the
variability between replicates, it also increased the relative reactivity of the traditional assay
by a factor of 2. Only buffer was supplied to the on-line system; however, methanol could
be added to the solution in future studies. The filter extracts were also filtered prior to the
addition to the DTT solution to remove any insoluble particles, as is often done for the DTT
assay (Li et al. 2009a; Sameenoi et al. 2012). The online system does not have a filtering
step. The effect of removing the insoluble PM on reactivity is unclear but may have
increased the reactivity measured by the on-line system. We treated the buffer for the
traditional assay with Chelex to reduce sample variability according to literature protocols
(Charrier and Anastasio 2012) but not the buffer for the on-line system. This last difference
should have a minimal effect on reported reactivity levels since both blanks and samples
were handled consistently within a given method (any residual contamination would be
accounted though blank correction, which was done for both methods). Finally, the
temperature of the traditional system was maintained at 37 °C, but the temperature in the online system decreased from ~40 °C at the exit of the PILS impaction plate to room
temperature at the microfluidic chip. Sameenoi et al. (2012) found that the temperature
dependence of the DTT assay over this range was very small, so we do not expect this
difference to have a strong result but would tend to increase the reactivity in the traditional
assay.
After implementing methodological changes to ensure reactivity above the level of the
blanks in the traditional assay, the on-line system detected similar mass-normalized
reactivity of aerosolized urban dust than the traditional method but with greater precision.
Our results suggest that the on-line system is better able to assess PM reactivity at high
temporal resolution than the traditional assay. Both methods indicated higher massnormalized reactivity for this urban dust sample (SRM 1649b) compared to another standard
reference material (SRM 1648a, <5 pmol DTT/min/μgpm)(McWhinney et al. 2013). These
PM reference samples were collected in different cities and may reflect the high variability
of ambient particle reactivity by location and day (Cho et al. 2005; Sameenoi et al. 2013).
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5. Conclusions
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A laboratory comparison of two systems to measure PM oxidative load was completed. A
PILS was coupled with a CoPC-microfluidic chip to permit continuous, on-line
measurement of DTT consumption by PM. The on-line system outperformed traditional
techniques, when limited by sampling time, measuring the reactivity standardized urban dust
in several regards. The online system more strongly correlated raw DTT consumption rate
with injected PM mass and the on-line data were less variable than corresponding traditional
measures for both raw and normalized DTT consumption measures. The on-line system
improved DTT monitoring from reduced sample quantities, reaction volumes, and PM
handling time compared to the traditional technique. These results suggest on-line
monitoring for DTT reactivity may provide an improved tool for researchers investigating
the impact of PM on human health.
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Figure 1.

(A) Picture of a PDMS microfluidic chip infused with CoPC electrodes for sensing reduced
DTT quantity in solution. (B) Chip schematic, 10 μL injections of the DTT+PM solution
enters the inlet and is pushed through the flow channel by a syringe pump. CoPC electrodes
measure electrical conductivity of the solution at a potential of +200 mV. Conductivity of
the solution is directly proportional to DTT concentration.
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Figure 2.
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Schematic of the experimental setup. Aerosolized urban dust was generated at high, middle,
and low concentration levels. A fan, dilution/exhaust manifold, and timing switch were
installed to mix PM and hold mass concentration steady. Reactivity analysis was performed
by both the traditional and on-line techniques in parallel for comparison.

NIH-PA Author Manuscript
Aerosol Sci Technol. Author manuscript; available in PMC 2015 May 01.

Koehler et al.

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 3.

Aerosolized urban dust size distribution (count fraction) averaged over three test replicates;
one from each concentration level (high, middle, low). Error bars represent one standard
deviation.
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Figure 4.

Correlation diagrams of raw DTT consumption versus PM mass for each experiment.
Estimates for slope, intercept, and Pearson correlation coefficients are shown for (a) On-line
detection of raw DTT consumption versus Minjection; and (b) Traditional measurement of
raw DTT consumption versus Massay. Error bars represent (a) one standard deviation of
reactivity for multiple injections in the microfluidic chip; and (b) one standard deviation of
reactivity for triplicate measurements of three collected filters per experiment on the y-axis
and one standard deviation of PM mass per assay among the three collected filter masses per
experiment on the x-axis.
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Figure 5.

Box-whisker plots of mass-normalized DTT reactivity measured by each monitoring
approach as a function of chamber concentration level.
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Table 1
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Pairwise comparisons of mass-normalized DTT consumption rate estimates for each method, separated by
concentration level.
Concentration Level

Method

Mean Reactivity ± SE (pmol DTT/min/μgpm)

High

On-line

86.5 ± 10.4

Traditional

66.0 ± 12.2

On-line

94.7 ± 10.0

Traditional

110.5 ± 12.2

On-line

96.9 ± 11.7

Traditional

64.7 ± 12.2

On-line

92.7 ± 5.7

Traditional

80.3 ± 7.1

P-value*
0.22

Middle

0.33
Low

0.10
Combined

0.20
*

P-values were estimated with two-tailed t-tests of difference in means between the two systems.
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