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List of Terms and Abbreviations

DTT - Dithiothreitol

ICP-OES - Inductively Coupled Plasma Optical Emission Spectroscopy
LOD - Limit of Detection, defined as 3-times signal to noise ratio

LOQ - Limit of Quantification, defined as 10-times signal to noise ratio
mPAD — Microfluidic paper-based analytical devices

OEL - Occupational exposure limit

PAD — Paper-based analytic devices

PEL — Permissible exposure limit

PM — Particulate Matter



Abstract

Morbidity and mortality from occupational respiratory disease are estimated to cost ten billion dollars each year
in the U.S. alone. World-wide, such diseases are associated with approximately 425,000 annual
occupationally-related mortalities. Yet, despite the high incidence and prevalence of occupational respiratory
disease, the paradigm for assessing exposure to occupational aerosol hazards has remained largely
unchanged over the last 25 years. This paradigm, designed to support monitoring for regulatory compliance, is
both cost and time intensive, as collected samples must be shipped or transported to a laboratory for
subsequent gravimetric or chemical analysis, taking from one to two weeks for a typical turnaround. To
exacerbate the issue, current exposure assessment methods for many of these hazards lack sufficient
detection sensitivity, especially when assessing exposures for task-based activities over a period of minutes to
hours. Such limitations can prevent the practicing industrial hygienist from determining the source of a
particular hazard, or even whether or not a hazard even exists. Consequently, there is a critical need to
improve the sensitivity and timeliness of aerosol exposure assessment methods in occupational settings.

This project developed a new technology to quantify exposure to airborne metals in the workplace. The new
technology is based upon microfluidic paper analytical devices (MPADs). An mPAD consists of a miniature
capillary circuit printed onto ordinary filter paper, allowing for precise analytical chemistry to be conducted
directly on the collected sample. We developed mPADs for in-situ analysis of the following metals: Pb, Cu, Mn,
Ni, Fe, Cr, Zn, and Cd. This new form of analytic chemistry costs less than $1 per assay and yet was sensitive
and specific enough to provide results comparable with the current state-of-the-art (inductively coupled
plasma) at a fraction of the cost. Furthermore, mPADs are capable of same-day, in-field use. The mPAD has
the potential to be analogous to a gas detector tube, or ‘Draeger Tube’ for aerosols. Thus, the mPAD shows
promise to enable industrial hygienists to conduct exposure assessment faster, cheaper, and simpler than ever
before. By increasing the efficiency and economy of hazard monitoring, industrial hygienists will find it easier
to recognize, evaluate, and control workplace hazards and thus, improve worker health.



Section 1

Significant (Key) Findings.

Key Finding #1: Paper-based microfluidic technology holds tremendous promise to advance the state of the art
in occupational exposure assessment for metal aerosols. This research led to the development of a simple,
low-cost assay to quantify metals on air sampling filters (at levels relevant to and below published OELS).

Key Finding #2: Paper-based microfluidic technologies provide sensitive and specific detection of metals (Pb,
Cu, Mn, Ni, Fe, Cr, Zn) within 25% of accepted reference methods.

Key Finding #3: Distance-based detection using paper-based microfluidic devices can quantify levels of metals
on air sampling filters using a filter, a pipette, and hole punch, and a commercial microwave.

Translation of Findings.

This new form of analytic chemistry costs less than $1 per assay and yet was sensitive and specific enough to
provide results comparable with the current state-of-the-art (inductively coupled plasma) at a fraction of the
cost. Furthermore, mPADs are capable of same-day, in-field use. The mPAD has the potential to be
analogous to a gas detector tube, or ‘Draeger Tube’ for aerosols. Thus, the mPAD can enable industrial
hygienists to conduct exposure assessment faster, cheaper, and simpler than ever before. By increasing the
efficiency and economy of hazard monitoring, industrial hygienists will find it easier to recognize, evaluate, and
control workplace hazards and thus, improve worker health.

In the developing world (where occupational hazards are all the more prevalent and severe), the mPAD
technology has the potential to be revolutionary. Because the mPAD costs less than 1$ to deploy, this
technology can enable hazard assessment (and abatement) in resource-poor environments. To date, this work
has generated eight manuscripts published in the peer-review literature and dozens of presentations to
scientific, public-sector, and private-sector audiences.

Outcomes/ Impact.

In this project we developed mPADs for in-situ analysis of the following metals: Pb, Cu, Mn, Ni, Fe, Cr, Zn, and
Cd. A potential end outcome from this work is that these assays will enable same-day, in-field exposure
assessment for metals, whereas, before, the time from sampling to results could last from days to weeks.
Once this technology is productized/commercialized, it will enable low-cost, high-throughput screening of
exposures at much larger scale (and much reduced cost). More efficient (and timely) monitoring will lead to
improved hazard detection which will naturally lead to improved hazard control and worker health.



Section Il. Scientific Report

The goal of this project was to develop a new, low-cost method for measuring metal exposure in occupational
health settings that was faster, amenable to use at the point of measurement, and could be used with personal
sampling filters. Our approach combined a new analytic technique, microfluidic paper-based analytical devices
(mPADs), with improvements in sampler technology to achieve our goals. Our proposed focus was Pb, Cu, Mn,
and Ni as detectable metals; during the project, we measured all of these metals as well as Fe, Cr, Zn, and Cd.
We also demonstrated use of the mPAD platform to measure aerosol reactivity as an indirect measure of metal
content and long-term health effect. The project had three specific aims; progress from each aim is discussed
below.

Aim 1: Construct a single-analyte microfluidic paper analytical device (UPAD) for metal analysis that is
compatible with existing, size-selective personal aerosol samplers.

Aim 1 sought to develop single-analyte tests for metal species using mPADs. Chemistry was to be based on a
variety of published literature with adaptations for the mPAD analytic technique. We initially proposed four
metals, Pb, Cu, Mn, and Ni as the target analytes but have expanded this to include Fe, Cr, Zn, and Cd. From
this aim, we published a single paper on Cr analysis (Rattanrat et al., 2013) that demonstrated we could
measure this important metal using a simple test. The figure below shows the device operation and typical
results from an analysis of an aerosol sample.
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In addition to our work with metals, we used the platform to add assays for additional toxic compounds in air
and water that were not originally proposed. Beyond the concentration of specific metals in aerosols, there is
also an interest in their oxidative reactivity as an indicator for oxidative stress potential (in the human body).
Metals are often linked to this process through Fenton chemistry. Using the mPAD platform originally
developed for metals analysis, we developed a simple assay for measuring aerosol oxidative load based on
the established dithiothreitol (DTT) assay.! For mPAD-based analysis, we created a device that contained four
detection zones, three with the detection dye and one as a control. To perform the assay, we first added DTT
to the sample and allowed it to react. Next, the filter sample was transferred to the mPAD and buffer was
added to elute the remaining DTT from the filter to the device. The more reactive the sample, the lower the
resulting color as shown in the figure below (left panel). Once demonstrating viability and validating against
traditional methods, we carried out a personal exposure study where volunteers collected personal samplers
and collected filters with PM2.5 and PM10 over a 24-hr period. Three different environmental conditions were
tested, one where the volunteers spent 8 hours outside on a clean air day, one where the student spent 8
hours outside when the local air was impacted by the High Park fire, and one where the volunteer spent 8
hours working in a commercial kitchen. Reactivity followed expected trends with regards to mass-normalized
reactivity. The results are novel not only because we demonstrated that different aerosols posess different



levels of oxidative reactivity but also because our mPAD method was successful at detecting DTT consumption
from a personal sampling filter. The traditional DTT method requires hundreds of micrograms of PM mass and,
therefore, is only applicable for relatively high-volume sampling.

m T T T T T T T ﬂ T T T
80
s~ |
T g Eg ol
| =
a8 g'g N
Eg * . .- - E E |
=~ 10| ‘g i LT
‘Za__.__":__
0020 %0 60 8 100 120 140 160 ol MR [N —
1,4-NQ amount (ng) (Clean Day) (Smoky Day) (Kitchen)

Figure 2: Left) calibration curve for the detection of ROS activity using DTT as the model. Right) Results from personal
aerosol exposure for volunteers exposed to three different settings, outdoors on a clean day, outdoors on a day during the
CO Highpark fire, and a day spent working in a commercial kitchen. Samples for both PM2.5 and PM10 were collected
and evaluated.

A final major development of Aim 1 was the realization of a new detection mode for mPADs we refer to as
distance-based detection or the Chemometer. The method was developed to remove any need for
instrumentation for quantitative analysis (i.e., a scanner or camera). Figure 3 below shows the concept behind
distance-based detection. First, an mPAD containing a long flow channel is created using wax printing. Second,
the long channel is modified by printing colorimetric reagents directly onto the channel. Third, on addition of
sample at the base of the channel, the analyte flows upward via capillary action and reacts with the indicator,
causing a color change along the channel. As long as the product is insoluble, a colored band formed whose
length corresponds to the concentration in the original sample. We demonstrated the viability of this method for
detection of Ni, ROS, and glucose using three different types of colorimetric indicator assays. Representative
results are shown in Figure 4 below. While the initial work was performed using single analytes, we are
currently optimizing a three analyte system capable of multiplexed analysis. The manuscript describing this
work is in preparation.
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Figure 3: Left to right) schematic drawing of the methods used for chemometer operation. (1) A channel
structure is printed using a wax printer. (2) Reagents are printed onto the chemometer using an inkjet printer.
(3) Sample is added causing color formation along the channel.
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Figure 4: Left to right) Example applications of the chemometer technology for detection of Ni (left), Glucose
(middle) and ROS (right).

Aim 2: Construct a multi-analyte uPAD for analysis of Pb, Cu, Mn, and Ni concentrations in air.

After establishing the initial colorimetric chemistry, we developed a multiplexed assay for measuring Fe, Ni,
and Cu. We then validated this method using aerosolized ash samples.? The figure below shows the device
layout and typical results in a photograph. To accomplish multiplexed analysis, we had to develop methods for
pretreating the sample before it reached the detection zone because each chemistry required a unique pH
condition as well as a specific metal oxidation state. With the functional chemistries in hand, we evaluated a
series of validated reference standards collected on filter membranes. The samples were complex, containing
Ag, Al, Ba, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Zn, Co, and V, and yet, our measured values matched the
validated levels with no statistical difference in values. To date, this paper (Mentele et al.) has been cited 47
times since publication in 2012 suggesting its importance to the field.
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Figure 5: Left) Schematic drawing of the mPAD device used for multiplexed analysis of metals. Right)
photograph of a completed device after reaction with an aerosol sample.

While this chemistry allowed us to profile three important metals, there was a desire to extend the mPAD
approach to additional metals, including Pb and Cd as well as adding the colorimetric chemistry developed



subsequently and described in the results section of Aim 1. To accomplish our goal, we created a three-
dimensional device and added electrochemistry as a detection motif in addition to the colorimetric methods
described above. Electrochemical detection is useful because it can give very low detection limits (nanograms)
for many metals using anodic stripping voltammetry. A schematic of our device and the fabrication method is
shown in Figure 6 below. The device is very simple and still costs just pennies to make. In this device, the top
layer measures Ni, Fe, Cu, and Cr by colorimetric methods and Pb and Cd using electrochemistry in the
bottom layer. Operation of the device is straightforward; a sample containing liberated metals on a filter is
added to the center of the device and metals are eluted out, first for electrochemical detection and then for
colorimetric detection (Middle figure). Using this device, we were able to achieve detection limits below 1 ug for
colorimetric methods and 0.05 ng for electrochemical methods. Selectivity was demonstrated by testing with
samples containing Ag, Al, Ba, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Zn, Co, and V. Accurate quantification of
metals from resuspended baghouse dust as a validated laboratory control.
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Figure 6) Left) photograph of a functional device as well as the fabrication scheme. Right) Schematic showing
the analysis procedures as well as colorimetric and electrochemical results for analysis of all six metals in a
single sample.



Aim 3: Validate the performance of the multi-analyte pPAD in the field.

Our last step of this project focused on validating the mPAD technology with real-world samples relevant to
occupational exposure. For this study, we elected to sample from a group of welders using representative MIG,
TIG and Arc welding techniques.® For these studies, we only measured Fe, Cu, Ni, and Cr using colorimetric
methods; the analytic protocol is shown in the figure below. Welding fume samples were collected from all
three sources and analyzed by both the mPAD method and traditional ICP-OES (gold standard). A comparison
plot of the results for these samples is shown below. Over the full range of values, a correlation slope of 0.99
was obtained while at lower concentrations a correlation slope of 0.78 was obtained. The under prediction of
concentrations at low levels was likely due to the use of mild digestion conditions relative to the ICP methods.
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Figure 7: Top) Schematic showing analytical protocol for measurement of metals on an mPAD.
Bottom left) Correlation plot for mPAD versus ICP values for entire concentration range tested. Bottom Right)
Correlation plot for mPAD versus ICP values over the low concentration range.
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