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ABSTRACT: Human exposure to particulate matter (PM) air pollution has been
linked with respiratory, cardiovascular, and neurodegenerative diseases, in addition
to various cancers. Consistent among all of these associations is the hypothesis
that PM induces inflammation and oxidative stress in the affected tissue.
Consequently, a variety of assays have been developed to quantify the oxidative
activity of PM as a means to characterize its ability to induced oxidative stress. The
vast majority of these assays rely on high-volume, fixed-location sampling methods
due to limitations in assay sensitivity and detection limit. As a result, our
understanding of how personal exposure contributes to the intake of oxidative air
pollution is limited. To further this understanding, we present a microfluidic
paper-based analytical device (μPAD) for measuring PM oxidative activity on
filters collected by personal sampling. The μPAD is inexpensive to fabricate and
provides fast and sensitive analysis of aerosol oxidative activity. The oxidative
activity measurement is based on the dithiothreitol assay (DTT assay), uses colorimetric detection, and can be completed in the
field within 30 min following sample collection. The μPAD assay was validated against the traditional DTT assay using 13
extracted aerosol samples including urban aerosols, biomass burning PM, cigarette smoke, and incense smoke. The results
showed no significant differences in DTT consumption rate measured by the two methods. To demonstrate the utility of the
approach, personal samples were collected to estimate human exposures to PM from indoor air, outdoor air on a clean day, and
outdoor air on a wildfire-impacted day in Fort Collins, CO. Filter samples collected on the wildfire day gave the highest oxidative
activity on a mass normalized basis, whereas typical ambient background air showed the lowest oxidative activity.

■ INTRODUCTION

Airborne particulate matter (PM) has a significant impact on
human health.1−4 The World Health Organization (WHO)
estimates that indoor and urban outdoor air pollution causes 3
million premature deaths worldwide per year with about half of
the deaths from pneumonia in children under 5 years of age.5

The prevailing hypothesis regarding the toxic effects of PM
centers on the ability of small particles to induce cellular
oxidative stress through one of several pathways.6−8 Fur-
thermore, ultrafine PM (particles with diameters less than 0.1
μm) can readily penetrate into the circulatory system, affecting
tissues distant from the lungs.6−10 Because of the relationship
between PM and oxidative stress, there has been significant
interest in developing methods to measure the oxidative activity
of aerosols. Historically, oxidative activity was estimated by
measuring the presence of chemical species that could generate
oxidative stress, such as transition metals, polycyclic aromatic
hydrocarbons, and quinones. For example, several components
of ambient PM (e.g., redox-active quinones) have been shown
to catalyze the generation ROS in solution, which then react
with tissues.11 Unfortunately, speciation methods are expensive
and time-consuming, requiring laboratory-based instruments

with long sample preparation and analysis times (e.g.,
chromatography, spectrometry, etc.).2 Furthermore, these
methods require a relatively large sample mass, and, hence, a
long sampling duration is needed to obtain sufficient sample for
detection. Finally, the presence of chemicals capable of
participating in oxidative reactions is a necessary but not
sufficient criterion to determine overall PM oxidative activity.
As a result, there has been a push to develop improved,

biologically relevant approaches to estimate PM toxicity by
measuring the oxidative activity rather than the composition of
PM. The most common of these assays is the dithiothreitol
(DTT) assay.12−22 In this assay, PM collected on a filter is
extracted and reacted with reduced DTT. After a period of
time, the remaining reduced DTT is reacted with Ellman’s
reagent [5,5′-dithiobis(2-nitrobenzoic acid), DTNB], releasing
a chromogenic compound (2-nitro-5-thiobenzoate, NTB2‑) that
can be measured using absorption spectroscopy. The DTT
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assay is considered biologically relevant because the rate of
DTT consumption has been correlated with cellular oxidative
stress both in vitro23,24 and in vivo.25 Although the DTT assay
has provided a wealth of information on particle oxidative
activity, it relies on time-integrated sampling methods and
requires a relatively large PM sample; thus, it is not suitable for
online measurements and/or personal exposure assessment
(i.e., the use of a lightweight, portable device that samples air
within an individual’s breathing zone). We have recently
addressed the need for online monitoring of aerosol oxidative
activity by developing a microfluidic sensor coupled with a
particle-into-liquid-sampler (PILS); this new system performs
the DTT assay online and with a 3 min time resolution.26

Although the online method represents an improvement over
the traditional DTT method in terms of sensitivity and speed, it
is still limited to area-based exposure assessment since the PILS
and associated equipment are too large for personal sampling.
Personal exposure assessment is considered the gold-

standard for quantifying an individual’s risk from exposure.
Personal samplers are designed to accompany an individual
throughout their daily activities; these devices, therefore, can
assimilate the dynamic exposures that an individual experiences
as they move through various microenvironments each day.27

Personal exposure assessment is important because individuals
experience a wide range of local microenvironments (e.g., at
home, at work, in transit, etc.) in any given 24-h period.

Personal exposures may be assessed biologically (i.e., though
biomarkers) or with the use of portable monitors worn within
the breathing zone (personal samplers). The most common
personal samplers for PM use filter media as the collection
substrate, where a known volume of air is drawn through a filter
over specific time period (usually 8−24 h) and collected
samples are analyzed optically, gravimetrically, or chemically.
Chemical analyses of filter extracts are typically done using
sensitive but expensive laboratory-based equipment such as
GC-MS28,29 and HPLC-ECD/Fluorescence.30,31 As a result, the
entire process (sample collection, handling, storage, extraction,
and analysis) can take 1−2 weeks and incur significant costs.
This ultimately limits the number of samples collected and
analyzed, leading to a smaller-than-desired data set. Further-
more, sample handling and storage prior to analysis can result
in decomposition of short-lived species.
The ideal personal exposure assessment method for oxidative

activity would require short sampling durations and provide an
analysis that is fast, sensitive, inexpensive, portable, and easy to
perform. Here, in an attempt to accomplish this goal, we
developed a method using a microfluidic paper-based analytical
device (μPAD) for measuring the oxidative activity of PM
collected on personal filter samples. First introduced in 2007,32

μPADs are fabricated by creating hydrophobic barriers on
paper using photolithography,32,33 poly(dimethylsiloxane)
printing,34 and/or wax printing.35−37 The barriers define

Figure 1. (A) Steps to perform DTT assay on a microfluidic paper-based analytical device (μPAD). (B) Actual μPADs used for DTT detection. The
left device measured high oxidative activity and, therefore, produced a low-intensity image (more DTT consumed); the right device measured low
oxidative activity resulting in more color intensity at the detection zone (less DTT consumed). μPAD dimensions are 2.5 × 2.5 cm. The sample and
detection zone diameters are 10 and 4 mm, respectively.
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hydrophilic channels designed to transport aqueous solutions
by capillary action from a sample inlet to a detection zone.
Detection is accomplished either colorimetrically38,39 or
electrochemically.40 A typical μPAD analysis reduces the
required sample volume from milliliters to microliters and
also enables sample analysis in the field due to the size and
portability of the device.41 Most importantly, device fabrication
is relatively simple and analysis costs can be very low (orders of
magnitude less than traditional analytical methods), particularly
when using wax printing and low cost colorimetric reagents.42

To date, μPADs have been used for quantitative and qualitative
measurements in biological,43 environmental,42 and medical44

applications.
The objective of this work was to develop a μPAD for

assessing PM oxidative activity on personal air samples using a
variant of the traditional DTT assay. The μPAD was designed
to conduct the DTT assay on a 2.5 × 2.5 cm device containing
both sample and detection zones as shown in Figure 1A (step
c). Unlike the traditional DTT assay, where PM from the filter
is extracted into solution for subsequent reaction (causing
sample dilution), in the μPAD, reduced DTT reacts directly
with PM on the surface of an air sampling filter. The remaining
DTT is then eluted off the filter and onto the μPAD to react
with Ellman’s reagent, forming a yellow product that is
quantified by color intensity (Figure 1A, 1B). The μPAD
DTT assay was optimized for reaction time and temperature
using 1,4-naphthoquinone (1,4-NQ) as a standard oxidant. The
sensitivity and detection limit of this assay (against the 1,4-NQ
standard) may be modulated stoichiometrically by changing the
level of DTT reactant presented to the sample. To test the
μPAD performance for measuring aerosol oxidative activity, the
device was validated against the traditional DTT assay with 13
extracted aerosol samples. No significant difference between the
methods was observed for DTT consumption at the 95%
confidence interval. Finally, to demonstrate that the μPAD can
be applied for the measurement of aerosol oxidative activity for
personal exposure, human exposures were assessed outdoors (a
clean day and a smoky day, when ambient air quality was
influenced by nearby wildfires, in Fort Collins, CO) and
indoors (restaurant kitchen) using a personal filter sampler.
Filters analyzed using the μPAD showed that samples collected
on wildfire-impacted days gave higher relative oxidative activity
than indoor samples and typical ambient background samples.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Unless otherwise stated, all

chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Ellman’s reagent [5,5′-dithiobis-(2-nitrobenzoic acid), or
DTNB] was obtained from Alfa-Aesar (Ward Hill, MA).
Poly(dimethyl siloxane) (PDMS) Sylgard 184 elastomer kit was
purchased from Dow Corning (Midland, MI). A Xerox Phaser
8860 wax printer and Scanner Documate 3220 were purchased
from Xerox (Norwalk, CT) for device printing and scanning,
respectively. Whatman filter paper #1 was used as the base
material for all μPAD devices. Phosphate buffer (100 mM
pH7.4) was used to prepare standard 1,4-naphthoquinone (1,4-
NQ) and DTT solutions as well as elution buffer. The 1,4-NQ
powder was dissolved in dimethyl sulfoxide prior to use.
Microfluidic Paper Analytic Device (μPAD) Fabrica-

tion. There are two key steps associated with the DTT assay:
the catalytic reaction of DTT with PM-generated ROS and the
quenching reaction of remaining DTT with DTNB to produce
a yellow product (NTB2‑) for detection. The μPAD was

designed to allow both reaction steps on a single device (step c
in Figure 1). The pattern was created using Corel Draw (Corel
Corporation, Mountain View, CA), and the device was
fabricated by wax printing according to previously described
methods.35 The wax printing fabrication technique is fast and
inexpensive and does not require additional solvents or
polymers.45 However, wax-based patterns are only amenable
to aqueous flow and cannot be used with strong organic
solvents. Following printing, wax-treated paper was placed on a
hot plate at 110 °C for 2 min to allow the wax melt through the
paper creating a hydrophobic barrier for directed sample flow.
Each μPAD measures approximately 2.5 × 2.5 cm. The device
includes a central sample zone connected to four detection
zones via capillary flow channels. The sample zone (10 mm
diameter) was designed to allow sufficient area to accom-
modate a 6 mm sample punch taken from a personal sampling
filter. Four smaller areas (4 mm diameter) are each connected
to the sample zone; three of these areas act as detection zones
(for replicate measurement in a single device) and the fourth
acts as a negative control. Immediately after fabrication, one
side of the patterned paper was covered with Scotch packing
tape. This last step prevents any solution from leaking through
the backside of the device during sample analysis. Violet-
colored ink was used for the hydrophobic barrier around the
detection zone because violet is complementary to yellow,
providing increased contrast for subsequent DTT detection.
The violet color in the area around detection zone was
subtracted during image analysis using a color threshold
adjustment with the imaging software. This process leaves
only yellow product color for subsequent image intensity
analysis.

Method Validation Using Filter Extracts. Method
validation was carried out using extracted filter samples from
biomass burning aerosol, urban PM, incense, and cigarette
smoke. Filter extracts were chosen since they are amenable to
both μPAD and traditional DTT assay analysis techniques. A
total of 13 samples, representative of different PM sources and
exposures were tested. Three PM2.5 samples were collected
from the combustion of common vegetation found in North
American wildfires using a high-volume filter sampler as part of
the USDA’s third Fire Lab at Missoula Experiment study.46

Four PM2.5 samples of urban aerosol were collected on quartz
filters over separate, integrated three-day sampling periods in
Cleveland, OH during the winter of 2008 using a Thermo
Anderson Hi-Volume Air Sampler (Windsor, NJ). The quartz
filters were prebaked in an oven at 550 °C for 12 h and
wrapped in aluminum foil before use. Six samples of cigarette
and incense aerosols were created in an aerosol chamber as
described previously.26 Briefly, aerosol was generated in a ∼1
m−3 chamber by burning the cigarette or incense for
approximately 10 s. Filter holders (47 mm diameter) were
placed in the chamber and sampled the aerosol for 4 h at a flow
of 10 L min−1. After sampling, all filters were stored at −20 °C
prior to extraction.
The filter extraction procedure was described previously.47

Briefly, two 20-mm diameter punches from each filter sample
were extracted in 5 mL of deionized water in a Nalgene Amber
High Density Polyethylene (HDPE) bottle using sonication
with heat (70 ± 5 °C) for 75 min. The aerosol extracts were
syringe filtered (0.2 μm PTFE membrane, Millipore, Billerica,
MA, USA) to remove insoluble materials. The filtered samples
were kept in the dark at 4 °C until analysis.
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The traditional DTT assay was performed according to
previously described methods,20,48 except that EDTA was not
added to the reaction buffer for reasons described by Charrier
et al.22 One milliliter of 0.1 M phosphate buffer (pH 7.4) was
used as the reaction buffer. A 50 μL aliquot of 0.5 mM DTT
was added to the buffer followed by 50 μL of the filtered
aqueous aerosol extract. After mixing, the solution was
incubated at 37 °C for 25 min. Then, 100 μL of 100 mM
Ellman’s reagent was added to the reaction mixture to consume
the remaining reduced DTT, forming a yellow colored solution
of 2-nitro-5-thiobenzoate (NTB2‑). Levels of NTB2‑ were then
quantified by absorption at 412 nm using a Genesys UV10
spectrometer (Thermo Scientific, Waltham, MA).
Personal PM Exposure Sampling. Field validation was

carried out using μPADs to analyze filter samples collected via
personal sampling. Volunteers were asked to carry a backpack
containing personal samplers for PM2.5 (PM size ≤2.5 μm) and
PM10 (PM size ≤10 μm). Personal sampling was conducted
across a 24 h period and for three distinctly different events: an
8 h work shift in a restaurant kitchen, an 8 h outdoor exposure
on a clean day, and an 8 h outdoor exposure on a smoky day,
when the city of Fort Collins was impacted by the High Park
wildfire of 2012. The remaining 16 h of each sampling day was
spent indoors at the volunteer’s home in a relatively clean
environment (free of other combustion or cooking sources).
For each event, PM2.5 and PM10 samples were collected onto
Teflon-coated glass fiber filters (Pallflex T40A60, 37 mm, Pall
Corporation, Ann Arbor, MI) using personal impactors
(Personal Environmental Monitors, 761-203A or 761-200A,
SKC, Inc.). A miniature sampling pump (Omni-400, BGI
Incorporated, Waltham, MA) was used to draw air through
each sampler at 4 L min−1. Filters were equilibrated at low
relative humidity (RH< 40%) and weighed with a microbalance
(Mettler-Toledo, model MX5) before and after sampling to
determine collected aerosol mass prior to μPAD analysis of
oxidative activity. The mass of PM collected on each filter is
provided in Table S-1 (see Supporting Information).
DTT Assay on μPAD. Steps to perform the DTT assay on

the μPAD for aerosol oxidative activity analysis are shown in
Figure 1A. Samples for method validation (aerosol extract
samples) and assay optimization (1,4-NQ solutions) were
pipetted onto a 6 mm disk of standard filter paper (Whatman
#1) that was created using a biopsy punch (Robbins
Instruments, Chatham, NJ) from a larger sheet. A five
microliter aliquot of aerosol extract or 1,4-NQ was added to
the 6 mm punch followed by five microliters of DTT solution
(0.5 mM in 100 mM phosphate buffer pH 7.4). The filter disk
was then placed inside a Petri dish at room temperature (22 ±
2 °C) and allowed to react for 25 min. Next, the disk was
placed in the sample zone of a μPAD and DTNB (5 mM, three
aliquots of 0.4 μL at each detection zone) was pipetted onto
three of the detection zones, while phosphate buffer (100 mM,
pH 7.4) was deposited on the fourth zone as a negative control.
The remaining reduced DTT from the punched filter paper was
eluted with phosphate buffer (100 mM pH 7.4, three aliquots of
10 μL) allowing the remaining reduced DTT to flow into the
detection zones and react with the DTNB to generate a yellow
color. To prevent leakage and provide a uniform flow of a
solution through the channel, a piece of polydimethylsiloxane
(PDMS, Dow Corning) the same size as the paper device
containing holes at the center and the detection zones was
placed over the device prior to elution.42 A DTT calibration
curve was constructed by adding varying DTT concentrations

(0−0.7 mM, 5 μL) and phosphate buffer (5 μL) to the 6 mm
filter disk. The measurement made without oxidant in this
calibration was also used as a quality assurance blank. After 25
min, the remaining DTT was analyzed using the method
described above. Quantification of the final yellow product was
done by scanning the device using a desktop scanner (Xerox
DocuMate 3220 Scanner, color photo setting, 600 dpi
resolution) and analyzing the spot for yellow intensity using
NIH ImageJ software as described previously.42,43

Assay Optimization. For temperature optimization, 1,4-NQ
was used as a standard oxidant. Two temperatures were
compared: room temperature (22 ± 2 °C) and 37 °C. DTT
(0.5 mM, 100 μL), 1,4-NQ (0−6 μg/mL, 50 μL), and
phosphate buffer (350 μL) were mixed in a culture tube (5 mL,
Fisher Scientific, Pittsburgh, PA) and allow to react for 25 min
at either room temperature or 37 °C. An aliquot of the solution
was then pipetted onto a 6 mm filter disk and analyzed using
the μPAD as described above. For optimizing reaction time,
different concentrations of 1,4-NQ (2−8 μg/mL, 5 μL) and
DTT (0.5 mM, 5 μL) were pipetted onto a filter disk and
allowed to react for 10, 20, or 25 min at room temperature.
After the specified time, the DTT remaining on the filter punch
was analyzed on the μPAD using the method described above.

Analysis of Personal Sampling Filters. As described above, a
6 mm punch was taken from each personal sampling filter.
However, prior to analysis, each filter disk was treated with
sodium dodecyl sulfate (1 mM SDS, 10 μL) to increase the
hydrophilicity of the Teflon filter surface. After 15 min of SDS
treatment, DTT (0.5 mM, 5 μL) and phosphate buffer (3 μL)
were added to the filter disk. The reaction of DTT with PM
was carried out for 25 min, and then the remaining DTT was
measured using the method described above. For each sample,
a negative control was performed where the PM filter disk was
analyzed without reacting with DTT. A DTT calibration curve
for these samples was constructed in a similar manner to that
for the extracted samples except that the SDS-modified blank
Pallflex filter was used as a filter disk instead of Whatman#1
filter. Blank filter punches, both from the laboratory and field,
were routinely analyzed for quality control.

■ RESULTS AND DISCUSSION
μPAD Performance for DTT Detection. The ability of a

μPAD to quantify DTT consumption was determined first. The
linearity, reproducibility, sensitivity, and detection limit were
studied to demonstrate that the system provided effective
analysis of reduced DTT. A plot of gray intensity for the DTT
signal as a function of deposited DTT mass as well as apparent
color obtained at different quantities of DTT is shown in Figure
S-1 (see Supporting Information). Linearity in the range of 0 to
12.5 nmol DTT was obtained (y = 8.66x + 0.36, R2 = 0.99).
The relative standard deviation from the analysis of all
concentrations was in the range of 0.43−12.50% (n = 3)
demonstrating good repeatability of the system. Furthermore,
to verify the repeatability and reliability of our method, we
produced calibration curves with different devices on 5 separate
days. The slopes and intercepts from these tests are shown
below with 95% confidence intervals (Supporting Information
Figure S-2). The relative standard deviations for method slope
and intercept are 6.81% and 21.09% respectively. The DTT
detection limit, defined as the concentration giving a signal
three times larger than the standard deviation of the blank
(phosphate buffer), was 0.27 ± 0.05 nmol. These results
demonstrate the ability to measure very low amounts of
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reduced DTT using a μPAD which is approximately 10-fold
lower than published data using the traditional absorption
spectrometry detection method.49

Optimization of DTT Assay. A typical dose−response
curve for the μPAD DTT assay using 1,4-NQ as the oxidant is
shown in Figure 2. Error bars in the curve represent within-

sample replicates across the three detection zones on a single
device. A linear signal decrease was observed, correlating with
previously published colorimetric and electrochemical assays
for DTT consumption.26 The optimal reaction time and
temperature conditions for performing the μPAD DTT assay
were also determined. As reported in the literature, the DTT
assay is typically carried out at 37 °C. In this work, the DTT
assay was performed at room temperature (22 ± 2 °C), in an
effort to simplify the method. The comparison of assay results
at room temperature (22 ± 2 °C) and 37 °C is shown in Figure
3A. At both temperatures, DTT reacts with 1,4-NQ at a similar
rate.
The reaction duration was also studied. Method sensitivity

increased as a function of reaction time with 25 min giving the
steepest slope (Figure 3B). Further improvements at longer
durations were not observed, primarily because the devices
dried out consistently between 25 and 30 min. As a result, a 25
min reaction time was selected for further experiments. Longer
drying times would be expected for more humid environments,
but no attempt was made to control this variable.
Analytical Figures of Merit for 1,4-NQ. Once an

optimized protocol was obtained, the analytical figures of
merit for the device were determined, again using 1,4-NQ as a

standard oxidant. Changing the initial proportion of DTT
shifted the dose response curve as shown in Figure 4. At low

initial DTT (2.5 nmol), the signal dropped quickly as a
function of 1,4-NQ applied, providing the highest sensitivity of
three conditions investigated. Unfortunately, this high
sensitivity came at the cost of a small working range (0−20
ng of 1,4-NQ). Higher initial DTT (10 nmol) gave a lower
sensitivity but provided a larger working range (0−140 ng of
1,4-NQ). The limit of detection, defined as the 1,4-NQ mass
causing a decrease in the DTT signal three times the signal-to-
noise ratio relative to the control, was found to depend on the
starting amount of DTT. A lower initial DTT concentration
provided a lower detection limit. Analytical figures of merit for
DTT consumption are summarized in Table 1. Results shown

here demonstrated that performance of the μPAD DTT assay
can be adjusted by the choice of initial DTT amount. The assay
sensitivity can also be modulated by changing the size of filter
disk (from 3 to 10 mm diameter) and consequently changing

Figure 2. Typical response curve obtained from DTT assay plotted
remaining DTT signal (gray intensity) as a function of 1,4-NQ model
oxidant added to the assay (n = 3).

Figure 3. Optimization of DTT assay for analysis by μPAD using 1,4-NQ as a PM model oxidant (a) reaction temperature study and (b) reaction
time study.

Figure 4. The impact of initial DTT amount on the assay sensitivity
using 1,4-NQ as a model oxidant (n = 3).

Table 1. Sensitivity, Limit of Detection (LOD), and Linear
Range of DTT-μPAD Assay for Various DTT
Concentrations and Using 1,4-Nq As a Model Oxidant

DTT starting
amount (nmol)

sensitivity
(intensity/ngNQ)

limit of detection
(LODNQ)

linear range
(ngNQ)

2.5 0.65 7.92 ± 0.30 0−20
5.0 0.32 9.38 ± 0.31 0−80
10.0 0.32 25.75 ± 0.04 0−140
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PM mass on the filter as an alternative to varying the amount of
DTT added (data not shown).
Method Validation. The μPAD was validated against the

traditional DTT assay using 13 PM extracts taken from
representative samples of urban dust, biomass burning, cigarette
smoke, and incense smoke. DTT consumption was measured
using both methods and compared using linear regression
(Figure 5). There was no significant difference in DTT

consumption rate between the two methods based on a 95%
confidence interval where the intercept and slope are not
significantly different from 0 and 1, respectively (y = 1.105
(±0.159) x + 0.002 (±0.007), R2 = 0.98).50 The high degree of
equivalence between the two methods shows that the μPAD
DTT assay is appropriate for the analysis of oxidative activity
from PM samples collected on filters. More importantly,
however, the μPAD method requires approximately 10 times
less aerosol mass and 100 times less reagent volume than the
traditional DTT assay.7,20,48,51 These improvements enable the
analysis of PM oxidative activity on personal filter samples,
which typically collect far less mass than fixed-location samplers
(i.e., area-based sampling) or other high-volume techniques.
We also compared the performance of the μPAD to our
previously described microfluidic electrochemical sensor, with
no difference in oxidative activity (DTT consumption rate)
measured by the two methods (Supporting Information Figure
S-3). Differences between these three analytic methods (μPAD,
electrochemical, traditional) are highlighted in Table S-2 in the
Supporting Information.
Personal Exposure Assessment. A final evaluation of this

new technology was conducted using real-world, personal filter
sampling. Three sampling periods were selected, each
representing a different aerosol source: ambient outdoor air
(a typical clean day in Fort Collins, CO), a wildfire-impacted
day (smoky day), and indoor aerosol from a restaurant kitchen.
For these tests, Teflon-coated glass-fiber filters (Pallflex
T60A20) were used in place of Whatman #1 filter paper,
since the former provide a lower pressure drop to
accommodate the personal sampling pump at 4 L min−1 of
flow. However, SDS treatment was required to increase the
hydrophilicity of the Teflon filter coating to promote sample
mixing and subsequent elution. Without SDS, aqueous sample
surface tension prevented capillary flow through the Teflon-
coated glass-fiber matrix. We compared SDS-treated Pallflex
filters and standard Whatman#1 filters and saw no significant

difference in measured remaining DTT at the 95% confidence
level using 11 different aerosol extracts (see Supporting
Information Figure S-4).
PM oxidative activity was quantified on all personal filter

samples (Figure 6). In this case, PM was not extracted from the

filters, per se, but DTT solution was added to the filters,
allowing reaction between DTT and the water-soluble fraction
of PM and/or surface-confined reactive species on the PM.
Aerosol oxidative activity tended to be higher in the PM2.5 size
fraction (vs PM10), but these differences were not statistically
significant. This is likely because PM2.5 (a component of PM10)
constituted the majority of collected sample mass.20,52,53

Typically, PM2.5 is more reactive than PM10 because it has
higher surface area per unit mass. Also, PM2.5 is more likely to
originate from anthropogenic sources (i.e., combustion),
whereas PM10 has both anthropogenic and biogenic sources.54

Relative aerosol reactivity (DTT consumption rate normalized
by filter mass gain) was highest from samples collected on a
smoky day in Fort Collins during the 2012 High Park wildfire.55

This finding coincided with the poor air quality reported
throughout the Rocky Mountain region during this time when
the air quality index in Fort Collins was reported as unhealthy
for sensitive groups. In comparison to outdoor samples from
other cities, the oxidative activity of PM collected on a clean
day Fort Collins (5.5−6.3 pmol min−1 μg−1) was substantially
lower than values reported for ambient air in Los Angeles and
in Mexico City (∼20−50 pmol min−1 μg−1). The oxidative
activity on the smoky day Fort Collins (31.6−43.5 pmol min−1

μg−1) was comparable to these urban environments, all of
which are known to contain relatively higher levels of air
pollution.15,20

Samples collected from the restaurant kitchen had higher
oxidative activity than for samples collected outdoors on a
relatively pollution-free day. This result was also expected, since
cooking is a known source of indoor air pollution that can
produce toxic PAHs, aldehydes, and organic acids.56−59

Outdoor PM levels in Fort Collins are typically below national
ambient air quality standards set by the U.S. EPA.60 However,
for each of the personal samples, we cannot rule out the
contribution from the air in each volunteer’s home for these
comparisons. Although we attempted to reduce sources of
indoor air pollution that may be encountered at home (e.g.,
volunteers were asked to refrain from cooking and cleaning),

Figure 5. Comparison of PM oxidative activity (DTT consumption
rate, pmol min−1 μg−1) between the traditional DTT assay and paper
based DTT assay. Data represent aqueous extracts of 13 different
aerosol samples.

Figure 6. Oxidative activity of personal PM2.5 (red bar) and PM10
(green bar) samples collected in various environments. Outdoor
(clean day): PM collected on a typical day in Fort Collins, CO.
Outdoor (smoky day): PM collected on a smoky day when the High
Park wildfire (10 miles from Fort Collins, CO) was active. Indoor
(kitchen): PM collected in a restaurant kitchen.
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we did not eliminate or control these exposures. Rather, the
intent of the personal sampling campaign was to demonstrate
applicability of the μPAD method for personal sampling and to
investigate potential variability in 24-h measures of PM
oxidative activity when measured within the breathing-zone of
individuals. Further investigation into how specific sources
contribute to the inhalation of aerosol on a personal level is a
promising avenue of future research (which has been enabled
by the development of the μPAD technology described here).
These results demonstrate the use of an inexpensive μPAD

DTT assay to measure differences in PM reactivity based on
personal sampling. Applications of this technology, however,
are not limited to personal sampling but can also be applied to
any filter-based method (e.g., area or high-volume sampling).
Implications for Personal Exposure Assessment. A

microfluidic paper-based analytical device was developed to
measure aerosol oxidative activity in the context of personal
exposure assessment. Unlike current methods for PM oxidative
activity that require whole-filter extracts and expensive
laboratory equipment, the μPAD DTT assay analyzes oxidative
activity directly from a filter without substantial handling and
extraction steps. In terms of instrumentation for μPAD
analyses, only a scanner and pipettor are required. These
tools are substantially less expensive and more portable than
even the most basic laboratory spectrophotometers, making on-
site analysis possible. Furthermore, Shen et al. recently
developed a quantitative detection method for colorimetric
μPADs using only a smartphone, which would eliminate the
need for the scanner described here.61

Several limitations of this method are also worth noting.
Although widely used and commonly accepted as a standard
method for assessing aerosol oxidative activity, the DTT assay
has inherent limitations. For example, the DTT assay cannot
account for immune-mediated reactivity (e.g., PM-induced
release of ROS by macrophages) or enzymatic forms of PM
reactivity (e.g., redox-active metabolites of stable, parent
compounds), both of which may be relevant mechanisms for
PM-induced toxicity. The DTT assay may also be less sensitive
to certain types redox-active species.22 Second, our μPAD
method, as currently described, accounts only for water-soluble
and surface-available (i.e., insoluble species present on the
surface of particles) fractions of PM; our method may not fully
account for insoluble components of PM that can contribute to
DTT reactivity.62 Although the μPAD developed here uses an
aqueous-based analysis, we envision future μPAD designs that
incorporate alternatives to wax-based flow channels (such as
SU8 or other polymeric materials) that are resistant to chemical
solvents and, thus, amenable to various organic solvents/
chemistries.
The μPAD system developed here shows promise for

personal exposure studies where a high number of samples
are needed to better understand the impacts of oxidative PM
on human health. The low cost and ease-of-use of this
technology should also enable greater sample throughput (i.e.,
to support larger sample sizes given fixed resources) and
application in more challenging sampling environments (i.e.,
the developing world). Finally, this technology has promising
implications for more sustainable chemistry, as it can be
implemented at reduced cost and with reduced reagent use
relative to the current state-of-the-art.
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