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ABSTRACT

LOW-COST ANALYTICAL TOOLS FOR COMPOSITIONAL ANALYSIS OF

PARTICULATE MATTER

Particulate matter (PM) represents a major health problem to people worldwide,
contributing to 4 million deaths annually as reported by the Global Burden of Disease (GBD) study
(http://lwww.healthdata.org). PM toxicity is linked to its chemical composition. The toxic chemical
components of PM include trace metals, reactive oxygen species, and organic compounds that
cause DNA oxidative damage and/or carcinogenesis in the respiratory and cardiovascular systems.
The advanced laboratory instrumentation, normally used for the compositional analysis in PM,
hinders people in remote area accessing PM monitoring on time due to large, complicated, and
expensive features. Microfluidic paper-based analytical devices (mPADs) allow people in
developing countries and remote area get an access to analytical testing in wide-ranging
application from pharmaceutical analysis to environmental monitoring. However, analytical
performance of mMPADSs needs to be improved. Electrochemistry, integrated into an mPAD, is able
to improve limits of detection (LOD) and selectivity. This dissertation presents two efforts towards
developing low-cost, portable, and disposable electrochemical analytical devices for chemical
characterization of PM.

First, simple electrochemical devices for analyzing trace metals including Zn, Cd, Pb, Co,
and Ni in PM are presented. The device was fabricated using stencil-printing on a low-cost
polyethylene transparency (PET) sheet to create carbon stencil-printed electrode (CSPE). For

simultaneous Zn, Cd, and Pb detection, electrospray deposition of silver nanoparticles (AgNPs)



was chosen for electrode modification to enhance electrode performance. An enhanced dispersion
of AgNPs on the electrode surface was observed resulting in increase of surface area and better
electrochemical performance. In addition, Bi and Nafion were used as co-modifiers to enhance
peak current. Finally, acetate buffer (pH 5.0) was found to be suitable to obtain the best limit of
detection (LOD) and longest linear operating range. The AgNP/Bi/Nafion-modified CSPE
provided LODs of 5.0, 0.5, and 0.1 ug L™ for Zn, Cd, and Pb detection, respectively. The proposed
method was used to measure Zn, Cd, and Pb in PM samples including incense, fly ash, cigarette,
and solder. The results from the proposed method for Zn, Cd, and Pb detections were not
significantly different from the results measured using ICP-MS (at 95% confidence). Besides the
method developed for Zn, Cd, and Pb detection, CSPEs were also used for Co and Ni analysis
because these metals can produce reactive oxygen species via Fenton-like reactions. The CSPE for
Co and Ni determination was modified with Bi to improve signal. Furthermore, dimethylglyoxime
(DMG) was used as a Co(ll) and Ni(ll) chelator with highly selective chemical precipitation for
adsorptive stripping voltammetry. The approach gave LOD of 1.0 and 5.0 pg L for Co and Ni,
respectively. Finally, Bi-modified CSPEs were used to determine Co and Ni in aerosol samples.
The amount of Co and Ni in the samples determined using the proposed method was not
significantly different from the results obtained using ICP-MS at 95% confidence.

In addition to metals, other components in PM such as organic compounds are prevalent in
PM but their analysis is normally restricted to complicated separation methods. To address this
need, the last part of this dissertation focuses on developing a low-cost, high resolution
electrophoretic laminated Parafilm-paper devices for further analysis of complicated compositions
in PM samples. The essential electrophoretic parameters including Joule heating, electroosmotic

flow, and electrophoretic mobility were studied. Colorimetry and fluorescence were used as the



detection methods. Method viability was first established using chlorophenol red and indigo
carmine dyes. The parameters affecting the separation included paper type, channel width, and
applied potential. Addition of an injection valve into the device improved resolution and reduced
peak broadening. Moreover, the separation of fluorescein isothiocyanate (FITC) and glutamic acid
labeled with FITC was used to demonstrate fluorescence detection. In conclusion, the low-cost
methods for PM analysis were proposed with using CSPE to detect Zn, Cd, Pb, Ni and Co and
using electrophoresis separation on mPAD prepared for effective complicated compounds analysis

in the future.
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CHAPTER 1. INTRODUCTION TO LOW-COST ANALYTICAL TOOLS FOR
COMPOSITIONAL ANALYSIS OF PARTICULATE MATTER

Introduction to particulate matter

Airborne particulate matter (PM) is a heterogeneous mixture of solid and liquid particles
(with diameter between a few nanometers and several micrometers) suspended in the atmosphere!
and is constantly being released from both natural and anthropogenic sources.? Primary PM is
directly emitted from sources such as combustion, mining, agricultural harvesting, soil, and marine
aerosols while secondary PM is formed in the atmosphere as a result of chemical reactions.
Extensive research has demonstrated that PM exposure affects human health with impacts ranging
from allergies to chronic diseases.®>* PM properties including particle concentration, size, and
composition impact human health and the environment.®

e Particle concentration and size

Exposure to and intake of PM is influential on human health.® Different measures are
commonly used to describe PM concentrations, including mass, surface area, and/or PM number
by considering the distribution of ambient particles as the function of size as shown in Figure 1.1.
PM concentration based on mass shows the majority of particles have a diameter greater than ~0.1
um while PM concentration based on particle number shows the majority of particles with diameter
less than ~0.1 um. Thus, the particles larger than 0.1 um are frequently quantified using mass
concentration (per unit volume of air) and the particles smaller than 0.1 um (ultrafine) are generally
characterized using number concentration. Ultrafine particles (PMo.1: defined as the particles
smaller than 0.1 um) have considerably different properties from those of larger particles such as
PM2.s and/or PMyo. Therefore, particles larger and smaller than 0.1 um are discussed separately in

this chapter.
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Figure 1.1: Ambient particle distribution as a function of particle diameter (D) based on particle
number (N), surface area (S), and volume (V). The latter is equivalent to a mass distribution when
variation in particle density is small.” Reprinted with permission from reference 7 with permission
of The Royal Society of Chemistry.

Particles larger than 0.1 um are also classified into fine and coarse size groups. Fine
particles have a diameter less than 2.5 um (PMas) and coarse particles refer to particles with
diameter between 2.5 pm to 10 um (PM2s5.10). Fine particles are formed by several pathways
including chemical reactions, nucleation, condensation, coagulation, and cloud and fog
processing.® Fine particles are released from combustion (coal, oil, gasoline, diesel, and wood),
gas-to-particle conversion of NOy, SO, and volatile organic compounds (VOCs), smelters, and
mills.? In the case of coarse particles, they are generated by mechanical break-up of even larger
solid particles and resuspension of dusts.® Coarse particles come from resuspension of soil from
farming, mining, and unpaved roads, biological sources, construction and demolition, and ocean

spray.! Although the lifetime of PMrine in the atmosphere (days to week) is longer than that of



PMcoarse (Minutes to days), toxicity of PM2sand PMyo is hard to differentiate in epidemiological
studies.” However, C.A. Pope et al. indicated that PM1o and PMs associated with less mortality
than that from PM2s for long-term exposure.® In the case of short-term exposure, Brunekreef and
Forsbergre suggested that PM2s.10 exhibited stronger short-term effect to the cardiovascular
system than that from PM2s. The World health organization (WHO) has proposed air quality
guidelines for PM2s and PMyo for short-term (24-hours mean) and long-term (annual mean)
exposure as shown in Table 1.1.%°

Table 1.1: Current World Health Organization advisory air quality guidelines for PM2s and
PM0.10

PM 24-hour mean? (ug m3) | Annual mean (ug m=)
PMzs 25 10
PMyo 50 20

2 as 99" percentile (no more than 3 days exceedance/year)

Ultrafine particles (UFPs) are generated through the nucleation mode. Natural primary
sources of UFPs include marine aerosols, emissions from volcanic eruptions, and forest fires,’
while the anthropogenic sources of UFPs include off-road engines, gasoline automobiles,
industrial emissions,*12 power plants,® ship exhaust,'* construction,!* cooking,'® and biomass-
burning. UFPs cause cardiovascular and respiratory diseases. They penetrate the lung wall to the
pulmonary interstitium leading to cardiac symptom.® UFPs can enter to bloodstream affecting
destabilization of atheromous plaques, which can increase the likelihood of an adverse cardiac
event.}’ Large surface area of UFP can induce cellular DNA damage and oxidative stress.!81

Previous reports indicated that smaller PM is closely associated with adverse health
problems more than larger one.?’ Long-term exposure of ultrafine PM and fine PM relates to

chronic disease in the cardiovascular and respiratory systems and increase of premature death.?%-



23 Furthermore, fine PM also impacts visibility, the ecosystem, and the climate.?* PM toxicity
depends not only on physical characteristics of the particles (number, size, and mass), but also on
chemical composition of PM. Thus, chemical composition of fine PM (PM2;5) is discussed in the
following section.

e PM Composition

Major components of PM include sulfate, nitrate, ammonium, sodium ions, chloride ions,
elemental carbon, organic carbon, mineral material, and water.” The generation and main sources
of each component are summarized in Table 1.2.” Phosphate and metals appear as minor
components.?® The exact composition of PM depends on particle size range, source and processing,
and prevailing meteorology. An example of the fraction of each PM composition is shown in
Figure 1.2.2° Organic carbon is the dominant constituent as shown in Figure 1.2. As PMs brings
serious problems to human and environment, this dissertation focuses on the compositions of
PM25.24

SOy, NOx, NH3, and VOC:s are the gaseous precursors of sulfate, nitrate, ammonium, and
organic matter, respectively.?” SOx is emitted from anthropogenic sources, such as fuel
combustion, industries, aircraft and highway vehicles and ships, and natural sources such as
volcanic eruptions based on National Emissions Inventory (NEI) Data (2011). SOx contributes to
sulfate formation as shown in the following chemical reactions;

SO2+OHs +M > HOSO2 + M
HOSO; + Oz 2 HO; + SO3
SOz + H20 + M > H2S04 + M

Where M is the third body such as N2.% SO is reacted with hydroxy radicals to produce sulfate.



Table 1.2: Main components of airborne PM and their major sources.’

Component Sources Notes
Sulfate Present mainly as a secondary ammonium sulfate -
component  ((NH4)2SO4) from atmospheric
oxidation of SO followed by reaction with NH3
gas derived mainly from agricultural sources,
although there may be a small primary component
derived from emissions of sea-salt particles or
mineral matter such as gypsum.
Nitrate A secondary component normally present as -
ammonium nitrate (NH4NO3), which results from
the neutralization by NHs of HNO3z vapor derived
from oxidation of NOx emissions, or as sodium
nitrate (NaNOz) due to displacement of hydrogen
chloride from NaCl by HNO3 vapor.
Ammonium | Generally present in the form of (NH4)2SO4 or -
NHsNO3 from NHs emissions
Sodium ions | From primary emissions of sea-salt particles -
and chloride
ions
Elemental It is formed during the high-temperature | Including black and
carbon combustion of fossil and contemporary biomass | graphite carbon
fuels.
Organic Primary organic carbon is from automotive or | Including carbon in the
carbon industrial sources and secondary organic carbon | form of organic
is from the oxidation of VOCs. compounds
Mineral They are present in primary coarse dusts that arise | Including Al, Si, Fe, and
material from, for example, wind-driven entrainment of | Ca
soil and mineral material, quarrying, construction
and demolition.
Water From the atmosphere Water-soluble components,

especially (NH4)2SOs,
NH4NOs and NaCl, take up
water at high relative
humidity, turning from
crystalline solids into
liquid droplets.

In the case of nitrate, NOy, is reacted with hydroxy radicals to produce nitric acid as the following

chemical reaction:?

NO2 + OHe + M = HNO3z + M



Where M is the third body such as N2.%° Nitric acid can produce nitrate salt via the chemical
reactions with ammonia, amine, dust, and sea salts in the aerosol phase. The chemical reaction
between nitric acid and ammonia is shown in the following reaction;®

HNOz(g) + NH3(g) < NH4NOs3 (s)

Total PMy=33.7 ugm~
_ Metals, 1.0,
3%

BC, 4.2, 12%
_——Soil, 1.7, 5%

____ Ammonium,
2.0,6%

Chloride, 0.4,

1%

Nitrate, 3.5,
Sulfate, 3.6, 10%
11%

Figure 1.2: Average mass concentration of each PM component in Mexico City.?® Reprinted with
permission from reference 26 with permission of American Chemical Society.

NH4NOs is the major chemical form of nitrate in urban fine PM.> Moreover, secondary source of
ammonium is also attributional to ammonium sulfate salts. Previous reports showed that the
common inorganic components including sulfate, nitrate, and acidity in the normal level of PM2s
exposure were not associated with the epidemiology and toxicology studies.3! Sulfate at high levels
of PM exposure can affect biological responses. In addition, sulfate levels may be used as the
representative of secondary organic aerosols from the SOz oxidation products.

As a result of lower impact to human health of the inorganic PM2s components, the details
of other toxic PM2s components including elemental and organic carbon, toxic metals, and reactive
oxygen species (ROS) are described as follow. Previous work indicated that elemental and organic
carbons linked to cardiovascular mortality in California for long-term exposure.®® Elemental
carbon exposure is associated with an increase in the rate of asthma and lung diseases.>* VOCs are

6



the gaseous precursors of organic carbon in PM. Vegetation is the dominant source of hydrocarbon
emission.® VOCs are also produced from anthropogenic activities including vehicular emissions,
petroleum products, petroleum combustion, coal and biomass burning.*® Isoprene and terpene are
the major species of VOCs emitted from plants.®® Oxidation of isoprene produces CO, which
represents about 16% of the global CO production.3” Moreover, isoprene is reacted with other
species including NOx, peroxy radicals, and hydroperoxyl to produce methacrolein, methyl vinyl
ketone, and 3-ethyfuran which are toxic when inhaled.*® Oxidation of alkanes and aromatics with
OH- generate a number of oxygenated organic compounds including aldehyde, ketone, alcohol,
carboxylic acid, phenols, hydroperoxide, percarboxylic acid, and peroxyacyl.3®*° Moreover,
organic carbon is also directly emitted from vehicle emission and industrial sites. Polycyclic
aromatic hydrocarbons (PAHSs) and nitro-PAHSs cause mutagenicity and carcinogenicity leading to
many health concerns.*® PAH-based quinone derivatives can contribute to oxidative stress and be
more toxic than their parent PAH.** The photochemical reactions of organic carbons, such as
quinones and aromatic carbonyls generate ROS, which contributes to health problems.

Aside from major PM components as mentioned above, there are common transition metals
found in PM include Co, Cu, Fe, Mn, Ni, V, and Ti, while trace amounts of Pb, Cd, and Zn have
been found.* Metals in PM such as Ni and V increase risks of acute cardiac function changes and
short-term mortality.*? Pb and Zn in PM are indicated to affect human health.*> Previous work
showed high concentrations of Pb, Br, Sb, and Cu were detected in urban areas while high
concentrations of As and Cd were observed in industrial areas.** Bioavailability of trace metals in
PM has been shown to cause cardiopulmonary injury.** Pt compounds in PM were found to be
mutagenic in bacterial systems.”® Fe found in PM increased production of ROS in vivo.*

Moreover, some metals such as Fe and Cu are capable of producing ROS as described below.



Radical-generating capacity of PM produces ROS via photochemical reactions of organic
chemical compounds (e.g., PAHs and quinones) and the Fenton reaction of transition metals (e.g.,
Fe and Cu).*"**° ROS cause oxidative stress, which is defined as a serious imbalance between ROS
and antioxidant defense in the body.° Oxidative stress from ROS in PM most widely proposed
and promising hypothesis for adverse health effects in humans such as DNA mutation, DNA-
adduct formation, induced oxidative protein damage.*1"1%5!

Current methods for monitoring toxic composition of PM

e Elemental and organic carbons

Elemental carbon is commonly determined using an optical reflectometer. Besides the
quantitative analysis of elemental carbon used for monitoring air quality, elemental carbon
measurement can be used for source apportionment of PM.>253 In the case of organic carbon, gas
chromatography mass spectrometry (GC-MS) and liquid chromatography mass spectrometry (LC-
MS) are traditionally used to analyze these compounds due to their capabilities for identification
and sensitive detection.>*** Moreover, the developed method such as HPLC with fluorescence
detection was also proposed to detect a signature group of 16 PAHs.>® Additionally, the sensitivity
for quinone detection in PM was improved by Cho et al.>® Quinones were converted to their
diacetyl derivatives before detecting those derivatives using gas chromatography electron impact
mass spectrometry (GC-EIMS).%

e Reactive Oxygen Species (ROS)

Monitoring ROS in PM is conventionally carried out using mass spectrometry,
chromatography, electron spin resonance spectroscopy, and electrophoresis.>” Moreover, chemical
assays to evaluate ROS generation in PM, including a dithiothreitol (DTT) assay,>®2

thiobarbituric acid (TBA) assay,?® and fluorescence assays,®*% have been proposed. For the



colorimetric DTT assay, ROS is indirectly measured by determining the decrease of DTT as a
result from the reaction of ROS and DTT, as shown in Figure 1.3. In the case of the TBA assay,
the oxidized deoxyribose, which is the product from the reaction of ROS and deoxyribose, is
reacted with TBA to produce the colored product of TBA. The amount of ROS is proportional to
the color intensity of the TBA’s product.®® For the fluorescence assay, 2',7'-
Dichlorodihydrofluorescein (DCHF), a fluorescent dye, is reacted with ROS to then produce 2',7'-

dichlorofluorescein, DCF, which can be measured via fluorescent spectroscopy.54%°

Oxidized DTT
HO , OH
ROS - 0
OH ,E:I 2 S-S \o
- HOOC. S.  — + .
L T o age PR ER - o
OH DTNB Oxidized TNB

DTT (yellow color)
Detection at 412 nm

Figure 1.3: DTT assay (DTNB: 5,5'-dithiobis-(2-nitrobenzoic acid) and TNB: 2-nitro-5-
thiobenzoate).

e Trace metals

Existing methods for measuring metal-containing PM include atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICP-MS), electron
microscopy coupled with energy-dispersive X-ray spectroscopy, or fluorescent probes, neutron
activation analysis, fluorescence spectrometry, glow discharge atomic emission spectrometry,
microwave plasma atomic emission spectrometry, and laser-induced breakdown spectroscopy.*36¢-
%9 In the urban area of Thessaloniki, Greece in 2002, As, Br, Co, Cr, Fe, K, La, Na, Sb, Sc, and Zn
in PM1o were investigated using neutron activation analysis and using flame AAS and
electrothermal AAS for Cd, Cu, Mn, Ni, Pb, and V analyses.*® Scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) with energy dispersive X-ray spectrometry

9



(EDX or EDS) were also utilized to reveal single particle morphology and identify the elemental
composition of PM.%" This study classified the particles into ten elemental-rich groups and
investigated the morphology of each group. For example, the Fe-rich group consisted of large
(~10um) and homogeneous particles that also contained CI, Cu, Sn, and Mn. In 2013, ICP-MS
was used for Ni and Cr determination for welders because these elements can accumulate in the
lungs. The levels of Ni and Cr in welders were determined taking into consideration factors, such
as smoking, use of respiratory protection, and/or types of welding process, by measuring elemental
levels in welding fumes, urine, and erythrocytes. Limits of quantification (LOQs) for Ni and Cr in
urine using ICP-MS were 1.5 pug L and 1.0 pg L, respectively.® Moreover, ICP-MS
measurements were conducted to determine Pb, Cr, Zn, Cu, Ni, Fe, Mn, V, and K in airborne PM
and to study the sources associated with these elements.”® In 2014, K. H. Kim et al. used AAS to
monitor the Cu levels in PM in Korea from 1991 to 2012. The trend showed Cu levels decreased
with time. An LOD of Cu in airborne PM using this technique was 0.1 ng m=."" Besides
development of analytical methods for trace metals detections in PM focusing on improving LOD,
less expensive methods with simple operation such as electrochemistry and flow injection analysis
were also investigated.’>"® Square-wave stripping voltammetry offering direct measurements of
heavy metals in indoor-airborne PM was suggested by O. A. Farghaly et al..”® They reported that
the proposed electrochemical method could analyze eight metals including Cd(l1l), Pb(I1), Cu(ll),
Zn(11), Co(I1), Ni(II), Cr(VI1), and Mo(VI) with low standard deviation (about 2%). LODs were
0.03, 0.4, 0.04, 0.1, 0.15, 0.05, 0.2, and 3.2 pg/kg for Cd(IT), Pb(IL), Cu(Il), Zn(II), Co(II), Ni(II),
Cr(V1), and Mo(V1), respectively. In the case of flow injection analysis, H. Mukai et al. suggested

a cation-exchange resin column on-line in the flow injection system to determine Pt in PM.” The

10



proposed method could eliminate major matrix elements and hafnium, which suppressed signal
intensity of Pt and a spectral interference by hafnium oxide.

These complicated and high-cost techniques for PM composition analysis cannot meet the
demands of people living in developing countries and remote areas due to requirements of large
sample volume, which results in long sample collection periods, long analysis times, and high cost
for implementation. Low-cost, portable, simple microfluidic paper-based analytical devices
(mPADs) for analyzing PM components were proposed.’4 8

This dissertation focuses on trace metal detection in PM using low-cost analytical devices.
mPADs using colorimetric and distance-based detection motifs were developed to make metal
analysis in PM easier to perform in the field.”*"® Despite these advancements, further work is
needed to improve performance of metal measurements in PM. Thus, this dissertation, and
specifically chapters 2 and 3, introduces low-cost, portable, disposable electrochemical analytical
platforms for sensitive detection of trace metals in PM.”®%° Aside from proposing the analytical
devices for trace metals analysis, this work (chapter 4) also developed an electrophoretic mPAD
that could ultimately be used for separation and analysis of complicated composition in PM.
Details and previous mPADs, electrochemical microfluidic paper-based analytical devices
(ePADs), and electrophoretic mPADs are provided as follows.

Microfluidic paper-based analytical devices (MPADS)

mPADs have been developed to provide fast, inexpensive point-of-need analyses.8!8
mPADs are made of patterned paper acting as a microfluidic platform. The channel barrier of
mMPAD:s is created using hydrophobic materials such as photoresist, wax, and/or organic solvents,
as shown in Figure 1.4.828% Moreover, incorporating functionality to mPADs for timing and

multistep processing using magnetic valves,® origami folding platforms,®” and multiple paper

11



layers®° have been demonstrated. For colorimetric detection, a variety of methods have been
used, including mobile cameras, desktop scanners, and hand-held readers. Inexpensive materials,
simple fabrication methods, and simple detection equipment make mPADs low-cost, portable,
disposable, and easy to use. mPADs allow people in developing countries and remote area access
primary analytical testing.828391

The use of mPADs has been demonstrated in wide-ranging applications from clinical
diagnosis to environmental testing.8-82848591 For compositional analysis of PM, the portability
and rapid detection of mPADs are applicable to trace metal measurements because some trace
metals change over time via chemical processes.®? Previous work introduced mPADs to analyze
trace metals in PM.”>% mPADs were developed to measure Fe, Cu, Ni, and Cr in aerosol samples
using colorimetric detection (Figure 1.5a)%® and distance-based detection (Figure 1.5b).”
However, the colorimetric and distance-based analyses are not sensitive enough to detect trace
metals (in pg m= (i.e., ppb) level) in PM. Consequently, electrochemistry was integrated into
mPADs to improve detection sensitivity.
Electrochemical paper-based analytical devices (ePADs)

ePADs were firstly introduced by W. Dungchai et al..** ePADs consist of the electrodes
fabricated on a paper substrate using various techniques such as inkjet printing, pencil drawing,
and screen printing.2® ePADs have become increasing utilized for detecting trace metals such as
Au,® Cd, and Pb.”"%6-100 Thjs dissertation focuses on the development of ePADs for Zn, Cd, Pb,
Co, and Ni measurements in PM. ePADs for Cd and Pb detections in PM were proposed by P.
Rattanarat et al. using square-wave anodic stripping voltammetry (ASV).”” ASV is one interesting
technique for trace elemental analysis capable of measuring very low concentrations. The

preconcentration step in this technique provides LODs down to 10°*% M. Square-wave voltammetry
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is commonly used as the measurement step in this technique because it can reduce background
current. According to previous works using ePADs,’"%1% | ODs for Zn, Cd, Pb, Co, and Ni
needed to be improved to be low enough for measuring trace metal concentrations (in sub-ppb
level) in PM. Thus, electrode modification methods to lower LODs were explored.

Previous work using ASV to determine Zn, Cd, and Pb in tap water and human hair used

bismuth-film modified electrodes to enhance the signal and provided LODs of 0.2 pg L™ for Cd
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Figure 1.4: Fabrication methods for creating nPADs.82 Reprinted with permission from reference
82. Copyright (2018) American Chemical Society.

and Pb, and 0.7 pg L for Zn.2%! In another study, Zn, Cd, Pb, Cu, Mo, Cr, Ni, and Co in soil and
indoor-airborne PM were measured used square-wave stripping voltammetry.”? ASV was applied
resulting in LODs of 0.03, 0.4, 0.04, and 0.1 ug kg* for Cd(11), Pb(ll), Cu(ll), and Zn(ll),
respectively. Using adsorptive cathodic stripping voltammetry with dimethylglyoxime as a
complexing agent provided LODs of 0.15, 0.05, 0.2, and 3.2 pg kg™ for Co(ll), Ni(11), Cr(VI), and

Mo(V1), respectively.’? Cathodic stripping voltammetry was also applied for the determination of

13



metals such as Cu, Pb, Cd, Ni, Co and Zn in seawater. This method measured signal resulting from
complex formation between these metals and ligands such as dimethylglyoxime, oxine,
salicylaldoxime, and cyclohexane-1,2-dionedioxime. LODs of these metals were 0.3 nM Cu, 0.2

nM Pb, 0.1 nM Cd, 0.4 nM Ni, 0.6 nM Zn, and 0.02 nM Co.1%?
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Figure 1.5: (a) Cr measurement using mPADs based on colorimetric detection.®® Reprinted with
permission from reference 93 with permission of Elsevier. (b) Cu?*, Ni** and Fe?* measurements
using mPADs based on distance-based detection.”™ Reprinted with permission from reference 75
with permission of Royal Society of Chemistry.

The sensitivity of electrochemical detection can be improved by enhancing the surface area
and increasing conductivity of the electrode. Metal-based nanoparticles such as silver
nanoparticles (AgNPs) have small size, high conductivity, and high positive standard reduction
potential that meet the criteria for increasing sensitivity.1%3%4 Therefore, AgNPs were used for
electrode surface modification via electrospray to lower LODs of Zn, Cd, and Pb as described in
Chapter 2.”° Additionally, low-cost electrochemical analytical devices to detect Co and Ni in PM
using adsorptive cathodic stripping voltammetry are proposed in Chapter 3.8
Electrophoresis on Laminated parafilm paper devices

mPADs were applicable to detect PM components,’*"6789 however, sample digestion
and/or preparation to extract each component is still required. Sample digestion and preparation

were performed using corrosive chemical reagents such as concentrated acids, organic solvents,

14



and instruments that are expensive, large, and complicated. Addition of a separation function into
mPAD:s is an interesting concept to allow the sample extraction to be operated on low-cost mPADs.
In lateral flow assays on paper, however, the fluid flow rate decreases with distance, leading to
progressively slower migration of mobile phase, resulting in poor separation efficiency.'®
Electrophoresis, which is a well-known technique for analyzing complicated samples, is able to
improve separation efficiency due to the presence of constant flow rate contributed from the
electrokinetic forces.%®-11? Enhanced separation efficiency in electrophoresis is also resulted from
lack of band broadening, which is described by the Van Deemter equation.*** The multiple-path
(Eddy diffusion) term and the mass-transfer term in the VVan Deemter equation are eliminated
because the electrophoretic separation is carried out in a single phase of uniformly flowing carrier
liquid.t*3 Paper electrophoresis has been used since 1961, but it has been replaced by more efficient
separation methods such as capillary electrophoresis (CE) and high-performance liquid
chromatography (HPLC).!* To date, electrophoresis has been integrated into mPADs based on
the hypothesis that a small mPAD channel could improve separation efficiency of paper
electrophoresis, due to minimized heat dissipation and thermal gradients relative to a larger
channel.!*® Electrophoretic mPADs could offer low-cost and simple methods for complicated
sample analysis. Previous electrophoretic mPADs still obtained poor separation efficiency as
shown in Figure 1.6.1%51%6 Most electrophoretic mPADs were fabricated using wax-printing.105116-
119 In these studies, the wax barrier was suggested as the part contributing to peak broadening due
to low zeta potential.*?°

In this dissertation (Chapter 4), electrophoretic laminated Parafilm paper (I-paper) device
is proposed to achieve a free-standing channel assisting to reduce peak broadening. The essential

electrophoretic parameters such as Joule heating, electroosmotic flow, and electrophoretic
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mobility were studied. The viability of |-paper devices was demonstrated by applied for
colorimetric and fluorescent applications. In the future, the electrophoretic I-paper will be

developed for separation and analysis of PM composition.

a b
Platinum
electrodes

"~
LN
4

~.

Figure 1.6: (a) carmine and sunset yellow FCF dyes separation using a electrophoretic wax-
printed mPAD.% Reprinted with permission from reference 105. Copyright (2018) American
Chemical Society. (b) An electrophoretic mPAD for carmine and sunset yellow FCF separation on
a cut-paper channel using.!'® Reprinted with permission from reference 116 with permission of

John Wiley and Sons.

In summary, this dissertation presents low-cost, portable, simple electrochemical analytical
devices for trace metals analyses in PM and the electrophoretic I-paper towards the separation and
analysis of other PM components, such as volatile organic compounds and pathogenic bacteria.
These works would be a significant step forward in monitoring PM components and understanding

chemical reactions in PM.
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CHAPTER 2. AgNP/Bi/NAFION-MODIFIED DISPOSABLE ELECTRODES FOR
SENSITIVE Zn(l1), Cd(I1), AND Pb(Il) DETECTION IN AEROSOL SAMPLES

Chapter Overview

A new method for modifying electrodes with Ag nanoparticles (AgNPs) using electrospray
deposition for sensitive, selective detection of Zn(Il), Cd(I1), and Pb(ll) in aerosol samples when
combined with Bismuth and Nafion coating and square-wave anodic stripping voltammetry
(SWASV) is reported. Carbon stencil-printed electrodes (CSPEs) fabricated on a polyethylene
transparency (PET) sheet were produced for an inexpensive, simple to fabricate, disposable sensor
that can be used with the microliter sample volumes for analysis. Sensor performance was
improved by modifying the electrode surface with electrospray-deposited AgNPs. The use of
electrospray deposition resulted in more uniform particle dispersion across the electrode surface
when compared to drop-casting. Using AgNP-modified electrodes combined with Bi and Nafion,
experimental detection limits (LODs) of 5.0, 0.5, and 0.1 pg L™ for Zn(ll), Cd(ll), and Ph(Il),
respectively, were achieved. The linear working ranges were 5.0-400.0 pg L, 0.5-400.0 pg L™,
and 0.1-500.0 pg Lt for Zn(I1), Cd(I1), and Pb(I1), respectively. Interference studies showed Cu(ll)
was the only metal that interfered with this assay but inference could be eliminated with the
addition of ferricyanide directly to the sample solution. This electrochemical sensor was applied
for the simultaneous determination of Zn(I1), Cd(ll), and Pb(Il) within source particulate matter
(PM) samples collected on filters using an aerosol test chamber. This work was published in
Electroanalysis.t
Introduction

Human exposure to aerosolized particulate matter (PM) has been recognized worldwide as

a major contributor to morbidity and mortality.>* PM is chemically complex, containing a wide
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range of inorganic and organic molecules that can cause adverse health effects. Understanding
exposure can be difficult due to the spatial heterogeneity of PM and the large variety of PM
sources.>® Further exacerbating problems associated with PM exposure, particularly for human
health, is that the quantity of PM is increasing as a result of globalization and urban expansion,
especially within the developing world.”® The toxic components of PM2.5 (PM less than 2.5 pm
in aerodynamic diameter) include polycyclic aromatic hydrocarbons (PAHS), nitro PAHs, metals,
and reactive gases. In this work, we focused on measuring Zn, Cd, and Pb in PM samples as part
of a long-standing effort to quantify toxic metals in aerosols for human exposure studies using
filter samples collected from personal aerosol samplers.

Zn, Cd, and Pb levels in PM are typically quantified using laboratory analytical
instrumentation such as inductively coupled plasma-mass spectrometry (ICP-MS) or atomic
absorption spectrometry.'® These methods use large and expensive machines that are complicated
to use and maintain, limiting their use to sophisticated laboratories that charge a high price for
analysis. Faster, less expensive, and easier to use tools for analyzing samples would enable wide-
spread testing in both developed and developing countries.!! X-Ray Fluorescence (XRF) has been
used as a less expensive, portable alternative to ICP-MS methods.'?> XRF, however, still requires
purchase of a relatively expensive measurement unit. Among low-cost analytical methods,
colorimetric detection using either visual or imaging-based techniques is simple and low-cost.!3
However, colorimetry has limited sensitivity, selectivity, and high limits of detection (LOD) for
trace metals such as Zn, Cd, and Pb.}* Electrochemical detection integrated with inexpensive
portable instrumentation has the ability to overcome limitations of colorimetric methods.!48
Electrochemical detection can substantially improve sensitivity, selectivity, and LOD and can be

optimized with methods such as electrode modification and analyte preconcentrate.'>2° Many low-
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cost electrode fabrication methods exist, including screen-printing,?! inkjet-printing,? and pencil
drawing® but many of these electrodes have relatively high electron transfer resistance resulting
in sub-optimal detection limits.

In this work, stencil-printed carbon electrodes were fabricated on a simple PET film and
used for voltammetric detection of Zn, Cd, and Pb. Square-wave anodic stripping voltammetry
(SWASV) was used for its ability to provide low LODs via on-electrode preconcentration.?* Many
methods have been used to modify electrodes to improve Zn(ll), Cd(ll), and Pb(ll) detection,
including antimony? or bismuth?®?’ co-deposition or modification with nafion-graphene
nanocomposites.’® A new surface modification strategy using electrospray deposited silver
nanoparticles (AgNPs) with Bi and Nafion modification to improve metal detection is reported
here.

AgNPs are attractive because of their small size, simple low-cost synthesis?®, and good
electron transfer kinetics.>® AgNP-modified electrodes have primarily been generated using
electrodeposition or drop-casting methods;%* electrospray deposition offers an alternative
method for electrode modification. Electrospray produces submicron-sized droplets with a large
surface area and narrow size distribution.® Here, electrospray deposition improved the dispersion
of AgNPs on a carbon stencil-printed electrode (CSPE) relative to drop-cast coatings, resulting in
better electrode performance. The electron transfer kinetics were measured using a standard redox
probe, (Ru(NHz)sCls), for both bare and AgNP-modified electrodes and showed a decreased peak
potential separation (AE) for modified electrodes. Using the modified electrodes, the optimum
supporting electrolyte conditions for Zn(I1), Cd(1l), and Pb(Il) detection were determined and a
pH 5.0 acetate buffer was found to give the best combination of low detection limits and large

linear working range. Selectivity was also determined from tolerance ratios for potential interfering
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metals. Of the common metals found in PM, only Cu significantly interfered with the analysis but
the interference could be addressed using Fe(CN)s>. Under optimized detection conditions, AgNP-
modified CSPEs were successfully used to measure the amount of Zn(l1), Cd(l1), and Pb(Il) in PM
samples collected from a variety of PM samples
Experimental
Materials and methods

Zinc(1l) nitrate, cadmium(ll) nitrate, lead(ll) nitrate, copper(l) chloride, chromium(lll)
chloride, cobalt(ll) chloride hexahydrate, vanadium(lll) chloride, hexaamineruthenium(lll)
trichloride, bismuth(l11) oxide, sodium borohydride, sodium acetate trihydrate, sodium dodecyl
sulfate (SDS) and trimethylsilylated Nafion® were purchased from Sigma—Aldrich (St. Louis,
MO). Iron(ll) sulfate, iron(I11) nitrate, potassium dichromate, manganese(ll) chloride tetrahydrate,
silver(l) nitrate, and sodium carbonate were purchased from Fisher Scientific (Waltham, MA).
Copper(1l) nitrate and nitric acid were purchased from Mallinckrodt (St. Louis, MO). Glacial
acetic acid was purchased from EMD Millipore (Billerica, MA). Trisodium citrate dehydrate was
purchased from Alfa Aesar (Ward Hill, MA). Milli-Q water from Millipore (R > 18.2 MQ cm)
was used for all experiments. All chemicals were used as received without further purification.
Carbon Ink (Acheson, Bangkok, Thailand), graphite powder (diameter <20 um, Sigma—Aldrich,
St. Louis, MO), and transparency film PP2200 (3M, St. Paul, MN) were used for electrode
fabrication. A 30 W Epilog Zing Laser Cutter and Engraver (Golden, CO) was used to create
electrode patterns on a transparency sheet using Corel Draw X4 program for stencil printing. A
CHI832 potentiostat (CH Instruments) was used for all electrochemical measurements. The high
voltage power supply used for electrospraying was purchased from Gamma High Voltage

Research (Ormond Beach, FL). The syringe pump (NE-300) was purchased from New Era Pump
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Systems, Inc. (Farmingdale, NY). Electrodes were imaged using a JSM-6500F scanning electron
microscope (JEOL USA Inc., Peabody, MA).
AgNP synthesis

AgNPs were prepared as described previously by Yang et al.?® A5 mL aliquot of 12.6 mM
sodium citrate was added to 50 mL of 0.3 mM silver nitrate, followed by the addition of 2 mL of
37 mM sodium borohydride under continuous stirring. When AgNPs formed, the solution changed
to a bright yellow color. The size of the synthesized AgNP obtained from a dynamic light scattering
technique was 13.1+£0.5 nm.
Fabrication of CSPE

Custom electrode inks were fabricated by adding 5% (w/w) graphite to the commercial

carbon ink followed by hand mixing until homogeneous. Electrodes were stencil printed on a PET

Figure 2.1: Electrode design showing stencil-printed carbon electrodes with a clear packing tape
ring for solution containment (a), and CSPE photograph(b)

sheet through a laser-cut stencil. After printing, the electrodes were dried at 65°C for 1 hr. A laser-
cut, ring-shaped piece of adhesive tape was used for confining the solution droplet to the electrodes
(Figure 2.1a). Figure 2.1b shows a photograph of a final representative CSPE.
Electrospray electrode modification

A homemade electrospray system consisting of a high-voltage power supply, syringe pump,
plastic 3 mL syringe with a stainless-steel needle (26 G), and ground-collector (12 cm apart from

the needle tip) was used for AgNP deposition. A flow rate of 12.0 mL h*! was used for all
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experiments. The high-voltage power supply was connected to the needle tip and ground-collector.
CSPEs were covered using aluminum foil with openings to expose the underlying working
electrode and attached to the ground-collector. A 12 kV potential was applied for five min to
generate AgNP-modified working electrodes. The electrospraying process was repeated four times
for each electrode to ensure consistent coating with a drying time of five minutes between each
electrospraying process. Six CSPEs were able to be modified by electrospraying AgNP in the same
time under these optimum conditions by covering CSPEs with the same sheet of aluminum foil.
Electrochemical measurement

Cyclic voltammetry (CV) of 0.1 M KNO3z was carried out for observing the existence of
AgNP on the electrode surface; the potential was swept from -0.7 to 0.7 V with scan rate of 50 mV
s, For electrode characterization, CV of 1.0 mM Ru(NH3)sCls was performed for electrode
characterization; the potential was swept from 0.1 to -0.5 V for unmodified CSPE and 0 to -0.5 V
for AgNP-modified CSPE versus a carbon pseudo-reference electrode with scan rates of 10-100
mV s?. Electrochemical impedance spectroscopy (EIS) of 1.0 mM Ru(NHs)sCls was done for
measuring uncompensated resistance with initial potential at 0.194 V, high and low frequency of
100000 Hz and 0.1 Hz, respectively, amplitude of 0.01 V, and quiet time of 2 s. The electrolyte
potential window of 0.1 M KNOs was also determined using CV, and the potential was swept from
-2 to 2 V. Electrode modification for SWASV detection of zZn(ll), Cd(ll), and Pb(Il) was
accomplished by drop casting 1 pL of 0.5% Nafion dissolved in 50% v/v isopropanol/water onto
the working electrode, and allowing it to dry. For measurements, 50.0 pL of standard Zn(l1), Cd(l1),
and Pb(11) solutions, 3.2 uL of 10 mg L™ Bi(ll1) dissolved in 0.1 M acetate buffer pH 5.0, and 0.1
pL of 500.0 pg L ferricyanide were pipetted onto the electrode. An optimum deposition potential

(-1.6 V) and time of -1.6 V and 360 s, respectively, were used for all measurements. Stripping
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voltammetry was performed after a 10 s equilibration time from -1.8 to 0 V, and with an optimized
step potential of 15 mV, amplitude of 75 mV, and frequency of 10 Hz.
Interference study

The mass ratios between other metals such as Cu(l), Cu(ll), Fe(ll), Fe(lI1), Cr(111), Cr(V1),
Mn(I1), Ni(ll), Co(Il), and V(I11) and the target metals, Zn(1l), Cd(1l), and Pb(ll), were studied to
determine detection tolerance ratios. The tolerance ratio is defined as the mass ratio that creates a
change in peak current of +5%.3
Sample collection and sample preparation

Aerosol samples, including incense, fly ash, cigarette, and solder, were collected on 37-
mm and 47-mm diameter Pallflex filters (Pall Corporation, Port Washington, NY). Aerosols were
generated in a controlled test chamber. Incense and cigarette smoke was generated by burning
locally purchased supplies of each. Fly Ash 2 (RT Corp., Laramie, WY) was mixed with filtered
water and aerosolized using a Collison nebulizer (Mesa Labs, Butler, NJ). Soldering aerosols were
generated by performing a soldering operation inside the chamber. Ultrasonic personal aerosol
samplers (UPAS) and URG 16.7 LPM 2.5 um cutpoint cyclones (Chapel Hill, NC) were used for
collecting the aerosol samples.® Gravimetric analysis was used to determine sample weights and
aerosol concentrations. The PM weight is shown in Table 2.1. A 3-mm diameter punch was
removed from the 37-mm diameter filter for SPCE analysis. Before quantifying Zn(1l), Cd(ll),
and Pb(ll), the punches were digested using a modification to a previously published procedure.%
The digestion was performed by adding 8 puL of 5% w/v SDS in Milli-Q water to aid in filter
wetting and 2 pL of concentrated nitric acid onto the 3-mm diameter punch. The punch was then
placed in a microwave on high power for 15 s and repeated for a total of three times (45 s total).

A 15 pL aliquot of 5% SDS was added to the punch between each heating step. Each punch was

32



then neutralized with 2 M Na>COg after the last digestion step. Verification that the punch was
neutralized was performed with pH paper. Zn(l1), Cd(Il), and Pb(ll) were measured by placing
the 3-mm digested sample filter onto the electrode and adding 50.0 puL of 0.1 M acetate buffer pH
5.0, 3.2 pL of 10 mg L Bi(lIl), and 0.1 pL of 500.0 pg L ferricyanide. SWASV was performed
for Zn(1l), Cd(I1), and Pb(Il) determination using the optimal settings described above from three
punches of each sample filter to create replicate measurements.

Table 2.1: Aerosol generation and collection details. All samples were collected as PM2s.

Collected PM Mass
Sample
(mg)
Incense 1.401
Nebulized Fly Ash 0.203
Cigarette Smoke 1.546
Solder Fume 2.243

Results and Discussion
Electrode characterization

Previous methods for making low cost electrodes have utilized more expensive electrode
materials and/or more complicated modifiers to achieve low detection limits.233739 |n an effort to
improve electrode performance using low-cost starting materials and simple modification methods,
electrospray AgNP deposition was explored. Electrode modification was first studied using
scanning electron microscopy (SEM) to measure the nanoparticle distribution on the electrode
surface (Figure 2.2). Figure 2.2a shows the unmodified CSPE and its characteristic graphite sheet
nature. For surface modification, 13.1+0.5 nm AgNP were either electrosprayed (Figure 2.2.b) or
drop cast (Figure 2.2.c) onto a bare CSPE. Figure 2.2b shows well-dispersed AgNPs following
electrospray deposition. The number of AgNPs on the working electrode were counted as

approximately 9 particles per um? using a custom MATLAB program.*° In contrast, drop-cast
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deposited AgNPs resulted in significant particle aggregation. Improvements in AgNP deposition
uniformity on the electrode surface is likely due to the transfer of colloidal nanoparticles to gas

phase, where droplets often contain one particle prior to deposition and are well dispersed.334!

Figure 2.2: SEM images of an unmodified CSPE (a), an electrospray deposited AgNP modified
CSPE (b) with and inset showing 10,000 times magnification of the AQNP modified CSPE (inset
b), and a drop-cast and dried AgNP CSPE (c).

Electrochemical characterization

The existence of AgNP was also confirmed by a cyclic voltammogram of AgNP-modified
CSPE compared with that of unmodified CSPE as shown in Figure 2.3. The oxidation and
reduction potentials of AgNP deposited on CSPE surface appeared at 0.19 V and -0.31 V,
respectively. The electrochemical performance was characterized using Ru(NH3)sCls.

Ru(NH3)s?*3* is an outer-sphere redox system that is sensitive to electronic structure of carbon and
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Figure 2.3: Cyclic voltammograms of unmodified and AgNP modified CSPE using 0.1 M KNOs3
the supporting electrolyte.

widely used to study the electron transfer kinetics.*? Electron transfer rates are correlated with AE
in the cyclic voltammograms of Ru(NHs)s****, where a lower AE typically indicates a lower
resistance.** Cyclic voltammograms as a function of scan rate for the reversible Ru?"3*
electrochemistry at bare and AgNP modified electrodes are shown in Figure 2.4a and b. As
expected, given fast kinetics and modest scan rates, the current increases as a function of scan rate
in a predictable and similar manner for both electrodes. Figure 2.4c shows the AE as a function of
scan rate for AgNP-modified and unmodified CSPEs. As previously reported, the peak separation
of Ru(NHs)s>*** in cyclic voltammograms causes from the resistance of the system which is the
combination of uncompensated resistance and charged transfer resistance.** Thus, the
uncompensated resistance of both unmodified and AgNP-modified CSPE was measured from
Nyquist plots using EIS as shown in Figure 2.5 and summarized in Table 2.2. The results showed
uncompensated resistance of AgNP-modified CSPE (280 + 12 Q) was lower than that of
unmodified CSPE (335 + 11 Q) causing lower AE of AgNP-modified CSPE. The calculated
difference of iR drop (peak current times to uncompensated resistance) causing from

uncompensated resistance between both electrode was 0.004 V which is lower than the difference
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of AE of both electrodes at 50 mV s (0.006 V). It seems reasonable to assume then that the silver
particles have a negligible effect on the electron transfer kinetics to Ru(NHs)s?*** under these
conditions. Interestingly, the peak current dropped by ~ 30% (9 nuA/29 pA), which would imply
that the electrospray process is diminishing the specific electrochemically active surface area for
this redox probe.

Table 2.2: Uncompensated resistance of unmodified and AgNP modified CSPEs measured by EIS
(n=3).

Electrode Uncompensated resistance ()
Unmodified CSPE 335+11
AgNP modified CSPE 280 £ 12

a

06 -05 -04 -03 -02 -01 0 0.1 0.2 -0.6 -0.4 -0.2 0

Potential (V) vs carbon electrode Potential (V) vs carbon electrode
C 0.095 - Unmodified CSPE
AgNP Modified CSPE
=
S 0.085 v = (1.48 x 10-4) x + 0.0685
= R2=10.9784_
£0.075 p—
=
& 0.065 y=(1.11 x 10-4) x + 0.0598
R?=0.9929
0.055 . .
0 20 40 60 80 100

Scan Rate (mV s1)

Figure 2.4: Cyclic voltammograms of 1.0 mM Ru(NH3)sClz in 0.1 M KNO3z with varying scan
rates from 0.01 V s? to 0.1 V s using an unmodified CSPE (a) or AgNP modified CSPE (b).
Relationship between peak potential separation and scan rate of unmodified CSPE and AgNP
modified CSPE (c) (n=3).
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Figure 2.5: Nyquist plots of 1 mM Ru(NHz3)sClz using unmodified and AgNP modified CSPEs
Zn(11), Cd(lI), and Pb(lI1) determination using unmodified and AgNP/Bi/Nafion-modified CSPES
AgNP/Bi/Nafion-modified CSPEs were compared to unmodified CSPEs for Zn(l1l), Cd(l1),
and Pb(Il) detection using SWASV. To enhance signal, bismuth was added to the deposition
solution following published protocols.?” Bismuth has the ability to alloy with metals such as Zn,
Cd, and Pb and enabling preconcentration onto the electrode surface.*® Moreover, the addition of
Nafion also enhances the preconcentration process of metal ions as the Nafion sulfonate group has
been shown to selectively preconcentrate cations.*® Figure 2.6 shows voltammograms of the
different electrode types using 100 pg L each of Zn(1l), Cd(ll), and Pb(Il). The peak heights
(n=3) for the AgNP/Bi/Nafion-modified electrodes were also the highest (13.5+1.3 pA for Zn(l1),
68.4+2.1 pA for Cd(Il), and 21.3+1.8 pA for Pb(I1)) compared with those of unmodified CSPEs
where there was no measurable peak for Zn(ll) (2.07£0.34 pA for Cd(ll) and 7.57+£2.1 pA for
Pb(ll)), or Bi/Nafion CSPEs (5.40+0.53 pA for Zn(ll), 16.6+1.48 pA for Cd(ll), and 16.0£1.25
MA for Pb(I1)). The double peaks were occurred in the cadmium region and another in the lead
region when using Bi/Nafion CSPE causing from the stripping process of the deposited metals (Cd
and Pb) at different sites. One is from bismuth (small peak) and another is from CSPE or Cd/Pb

itself.*” The increase in peak current when using AgNP/Bi/Nafion-modified CSPEs is believed to

37



result from improved uncompensated resistance and electron transfer and therefore improved
efficiency of Zn(ll), Cd(ll), and Pb(ll) detection. An increase in electrode surface may also be

responsible for this improvement.

10 pA

AgNP/Bi/Nafion modified CSPE
Bi/Nafion modified CSPE
Unmoglified CSPE

-1.8 -1.3 -0.8 -0.3

E vs. Carbon Reference Electrode (V)

Figure 2.6: Square-wave voltammograms of 100.0 pg L Zn(l1), Cd(I1), and Pb(ll) in 0.1 M
acetate buffer pH 5 using an unmodified CSPE, Bi/Nafion modified CSPE, and AgNP/Bi/Nafion
modified CSPE.

pH and supporting electrolyte optimization

Background current plays an important role when measuring peak currents in anodic
stripping voltammetry because the background can obscure the peak of Zn(ll) at -1.2 V versus
carbon reference electrode. To achieve the lowest LOD, the potential window of 0.1 M KNOs in
various pH and supporting electrolyte solutions was investigated. Figure 2.7 shows that increasing
pH provides a wider potential window and lower interference for Zn detection.*® The increase in
the cathodic potential window (lower than -1.1 V) with increasing pH is due to the decrease in
onset of oxygen reduction as shown in the following equation.

0, + 4H* +4e° —= 2H,0 E%=1.229 vs. NHE

It is well established that oxygen can more easily react with H* with increasing pH, thus

contributing to the higher background at lower pH #°. Oxygen reduction as a source of background
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current was confirmed by purging the supporting electrolyte (acetate buffer pH 4.5) with Na.
Figure 2.8 shows a lower background current at -1.1 V in acetate buffer at pH 4.5 when N2 purging
is performed. In case of tartrate buffer, it provided a wider potential window than acetate (Figure
2.7a), it was not suitable for determination of all three species, Zn(ll), Cd(ll), and Pb(ll), as it
produced lower peak currents when compared with the acetate buffer (Figure 2.7b and c). While
pH 4.5 acetate buffer provided the highest peak current (13.5 pA for Zn(ll), 66.1 pA for Cd(ll),
and 38.2 pA for Pb(I1)), the background current at pH 5.0 was lower (Figure 2.7b and c). Therefore,
these two conditions were used for determining LODs.

Electrochemical detection of Zn(1l), Cd(1l), and Pb(lI)

Experimental LODs and linear ranges of Zn(1l), Cd(l1), and Pb(ll) were evaluated for both
pH 4.5 and 5.0 acetate buffers (Table 2.3). Voltammograms for each condition are shown in Figure
2.9. At low Zn(I1), Cd(l1), and Pb(I1) concentrations (0.1-10.0 pg L™ for acetate buffer pH 4.5 and
0.1-2.5 ug L for acetate buffer pH 5.0), the voltammograms are shown in Figure 2.10. At pH 4.5,
a lower LOD for Zn(I1) (0.5 pg L) was obtained than for pH 5.0 (5.0 pg L™). A pH 5.0 buffer,
however, provided a larger linear range for lower concentrations (5.0-400.0 pug L1). The
improvement in linear range was the result of a lower background current at pH 5.0 compared to
that obtained at pH 4.5. Therefore, the pH 5.0 acetate buffer was used as the supporting electrolyte
for subsequent experiments. Using the optimized conditions, LODs were 5.0, 0.5, and 0.1 pg L*
for Zn(11), Cd(I1), and Pb(ll), respectively. Linear ranges were 5.0-400, 0.5-400, and 0.1-500 ug
Lt for Zn(I1), Cd(I1), and Pb(Il), respectively. LODs and linearity ranges from previous work for

Zn(I1), Cd(1l), and Pb(Il) using CSPE are summarized in Table 2.4.
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Figure 2.7: Buffer potential windows (a), and SWVs of 100.0 pg L of Zn(I1), Cd(11), and Pb(ll)

measured using different buffers (b). Comparison of peak currents for each metal using different
buffers (c) (n=3).
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Figure 2.8: Square-wave voltammograms of 7 mL acetate buffer pH 4.5 with N2 purge for 15 min
and without N> purge.
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Table 2.3: Experimental LODs and linear ranges of different acetate buffer pHs

. Experimental LODs (ug L) Linearity Range (ug L™)

Metal ions pH 4.5 pH 5.0 PH 4.5 pH 5.0
Zn(I) 0.5 5.0 75.0-500.0 5.0-400.0
D) 0.5 05 0.5-500.0 0.5-400.0
Pb(11) 0.1 0.1 0.1-500.0 0.1-500.0

Table 2.4: Carbon screen-printed electrode comparison for Zn(I1), Cd(1l), and Pb(I1) measurement

Modified LODs (ug L™) Linearity Range (ug L) Volume | References
Materials Zn(11) | Cd(I1) | Pb(11) | Zn(11) | Cd(11) | Pb(I) .
. . 11.5- 16.8- - 25
antimony film - 3.4 5.0 - 794 626
- 20
bismuth film . 8 | 10 | - [20-300 3%80 100 uL
- 50
bismuthoxide | - | 16 | 8 | - |20300| 2o | 0K
Bi- sequential 37
D24C8/Nafion ) 0.27 ) 0.1l i 0.5-60 | 0.5-60 injection
10- - 51
G/PANI/PS - 443 | 3.30 - 10-500 500
40- - 52
mercury i 12 23 ) 40-200 200
nanodroplet nM nM nM
nM
0.5- 0.5- | mL level 19
MWCNT 0.3 0.1 0.07 100 0.5-80 100
- 28
Nafion/G/PANE | 4\ 59 | g1 | 1-300 | 1-300 | 1-300 | 50 pL
nanocomposite
Nafion/ionic 0.1- 0.1- 0.1- 38
liquidigraphene | 009 | 006 1 008 1 155 | 159 | 199 | 1OML
. . 5.0- 0.5- 0.1- this work
AgNP/Bi/Nafion | 5.0 0.5 0.1 4000 | 4000 | 500.0 50 pL
(Bi-D24C8/Nafion SPCE: Bi film dibenzo-24-crown-8/Nafion; G/PANI/PS:

graphene/polyaniline/polystyrene; MWCNT: multiwalled carbon nanotube; G/PANI: graphene
polyaniline)
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Figure 2.9: Square-wave voltammograms for the simultaneous detection of 0.1 pgL?® - 500.0 pg
Lt of Zn(11), Cd(l1), and Pb(ll) using pH 4.5 acetate buffer (a) or pH 5.0 acetate buffer (c) with
their corresponding calibration curves (b) and (d) respectively. (n=3)
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Figure 2.10: Square-wave voltammograms of Zn(ll), Cd(ll), and Pb(Il) simultaneous detection
from 0.1 — 10.0 ug L* using acetate buffer pH 4.5 (a). Square-wave voltammograms of Zn(ll),
Cd(11), and Pb(11) simultaneous detection from 0.1 ug L™ — 2.5 pg L using acetate buffer pH 5.0

(b).
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Interference study

Before using the electrodes for real environmental sample analysis, the effects of
potentially interfering metals present in aerosol samples were investigated. The interference
tolerance ratio, which is defined as the mass ratio of interfering species relative to the target metal
that creates a change in peak current of £5%, was determined for each species.3* Among all of the
tested species (Table 2.5), Cu was the only metal that caused significant interference. To eliminate
the Cu interference, ferricyanide was used as a masking agent.3*° However, ferricyanide itself
was found to suppress the Zn(l1), Cd(Il), and Pb(I1) signal shown as in Figure 2.11. Therefore, the
optimum concentration of ferricyanide to eliminate Cu(ll) was investigated. From Figure 2.10, the
optimum concentration of ferricyanide was determined to be 3 uM. This concentration was able
to eliminate the interference of Cu(ll) up to 500.0 pgL™

Table 2.5: Interference ratio defining the mass ratio making a change in peak current of 5%
(Concentration of target metals is 50 pug L™ each.)

Interference Tolerance Ratio (by mass)

Zn Cd Pb
Cu(l 1 10 10
Cu(ll) 0.5 1 1
Fe(ll) 50 50 50
Fe(l11) 100 100 100
Cr(Il) >500 >500 >500
Cr(VI) 10 10 10
Mn(11) >500 >500 >500
Ni(l1) 10 100 100
Co(ll) 10 >500 >500
V(111) 100 100 100

Zn(11), Cd(1I), and Pb(I1) determination in PM samples
The AgNP/Bi/Nafion-modified CSPEs were used for Zn(Il), Cd(Il), and Pb(Il)
determination in PM samples from known sources including incense, fly ash, cigarette, and solder.

Concentrations were validated using ICP-MS. The amount of these metals in each aerosol sample
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is shown in Table 2.6. Zn(ll) was found to be present in all aerosol samples tested. The
concentrations of Zn(ll) in incense, fly ash, cigarette, and solder aerosol samples were 22.0, 42.6,
35.8, and 13.1 pg L, respectively by ASV and 19.6, 49.6, 29.1, and 17.1 pg L%, respectively by
ICP-MS. ICP-MS analysis detected Cd(ll) in fly ash (0.23 pg L) and cigarette (0.16 pg L™?)
aerosol samples and Pb(ll) in fly ash (0.11 pg L), but these concentrations were near or below
the LOD for the AgNP/Bi/Nafion-modified electrode and were not detected. A paired Student’s t-
test was used to compare results between AgNP/Bi/Nafion-modified electrodes and ICP-MS for
Zn detection. Because the t value (-0.165) is less than the critical t value (3.1824, P=0.05) for (n-
1=3) degrees freedom when n = 4, the null hypothesis is not rejected. Therefore, the developed
method does not provide significantly different results with 95% confidence.

Table 2.6: Concentration of Zn(ll), Cd(Il), and Pb(Il) in samples (n=3)

Samples Zn(1) (ug LY Pb(11) (pg L) cd(l) (pg LY
ePADs ICP-MS ePADs ICP-MS ePADs ICP-MS
Incense 220+24 19.6 £1.85 <0.1 <0.05 <0.5 <0.05

Fly ash 42,6 £2.7 49.6 + 1.87 <0.1 | 0.11+0.01 | <0.5 0.23+£0.02
Cigarette | 35.8+2.1 29.1 +1.64 <0.1 <0.05 <0.5 0.16 £ 0.01
Solder 13.1+23 17.1+£1.83 <0.1 <0.05 <0.5 <0.05

Conclusion

An AgNP/Bi/Nafion-modified CSPE was developed for Zn(Il), Cd(ll), and Pb(ll)
measurement providing LODs of 5.0, 0.5, and 0.1 pg L?, respectively. An improvement in
performance from unmodified CSPE was the result of AgNPs increasing the electrode surface area
and improving uncompensated resistance and electron transfer kinetics. Electrospray deposition
yielded a uniform dispersion of AgNP. Additionally, pH 5.0 acetate buffer produced wider

working linear ranges for Zn(l1), Cd(I1), and Pb(Il) measurements than pH 4.5 acetate buffer due
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50 pg/L standard 20 pA
20 pnA
50 pg/L standard and
100 pM ferricvanide 10 pM ferricyanide
—
5 uM ferricyanide
3 uM ferricyvanide
IR EHRHIR
-1.6 -1.3 -1 07 -0.4 -1.6 -1.3 -1 -0.7 -0.4 -0.1
E V) EM)
C

No adding Cu
Adding 500 pg/L Cu

10 pA Adding 500 pg/L Cu and
3 pM Ferricvanide

-1.6 -1.3 -1 -0.7 -0.4 -0.1
E(V)

Figure 2.11: Effect of ferricyanide to 50.0 ug L' Zn(II), Cd(Il), and Pb(II) square-wave
voltammograms (a). Square-wave voltammograms of 50.0 pg L' Zn(II), Cd(II), and Pb(Il) with
adding 500.0 pg L' Cu(Il) and different concentrations of ferricyanide (b). Influence of

ferricyanide for elimination of Cu effect in square-wave anodic stripping voltammetric detection
of Zn(II), Cd(II) and Pb(II) (c).

to a decrease in background current. An interference study found that only Cu(ll) has a major role
interfering with detection, and was addressed by adding 3 uM ferricyanide. Metals analysis of
collected PM samples found the presence of Zn(ll) in all aerosol samples. When compared against
ICP-MS, our developed method gave statistically similar results. These results illustrated the
capability of AgNP/Bi/Nafion-modified CSPE for sensitive and selective detection of Zn(ll),

Cd(l1), and Pb(Il).
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CHAPTER 3. LOW-COST REUSABLE SENSOR FOR COBALT AND NICKEL
DETECTION IN AEROSOLS USING ADSORPTIVE CATHODIC SQUARE-WAVE
STRIPPING VOLTAMMETRY

Chapter Overview

A low-cost electrochemical sensor with Nafion/Bi modification using adsorptive stripping
voltammetry for Co and Ni determination in airborne particulate matter and welding fume samples
is described. Carbon stencil-printed electrodes (CSPEs) manufactured on low-cost PET films were
utilized. Dimethylglyoxime (DMG) was used as a Co(ll) and Ni(ll) chelator with selective
chemical precipitation for trace electrochemical analysis. Electrochemical studies of the
Nafion/Bi-modified CSPE indicated a diffusion-controlled redox reaction for Co and Ni
measurements. The Nafion coating decreased the background current and enhanced the measured
peak current. Repeatability tests based on changes in percent relative standard deviation (RSD) of
peak current showed the electrode could be used at least 15 times before the RSD exceeded 15%
(the reported value of acceptable repeatability from Association of Official Analytical Chemists
(AOAC)) due to deterioration of electrode surface. Limits of detection were 1 pg L and 5 pg L
1 for Co and Ni, respectively, which were comparable to electrochemical sensors requiring more
complicated modification procedures. The sensor produced a working range of 1-250 and 5-175
ng L for Co and Ni, respectively. Interference studies showed no other metal species interfered
with Co and Ni measurements using the optimized conditions. Finally, the developed sensors were
applied for Co and Ni determination in aerosol samples generated from Co rods and a certified
welding-fume reference material, respectively. Validation with ICP-MS showed no statistically
different results with 95% confidence between sensor and the ICP methods. This work was

published in Journal of Electroanalytical Chemistry.!
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Introduction

Co and Ni exposure are detrimental to human health depending on the magnitude and
duration of exposure.?® Occupational exposure to Co has been linked to a variety of respiratory
tract and skin disorders such as skin lesions from allergy, inflammation of nasopharynx, and
bronchial asthma.® Mortality from Co exposure can also occur when individuals reach to the final
stage at which cor pulmonale and cardiorespiratory failure take place.® Long-term exposure to Ni
has been associated with incidence of nasal cancer.® High occupational exposure of Co and Ni
occurs primarily in industrial settings.'® The amount of Co found in industrial areas can exceed 10
ng m*, which is substantially higher than in remote areas (1 x 10* ng m=).1! Similarly, Ni can be
released from a variety of industrial processes such as welding (e.g., from stainless steel), leading
to high occupational exposures.**? Therefore, measurement of Co and Ni in aerosols is important
for understanding Co and Ni exposure.

Conventional measurements of Co and Ni measurements are performed using
spectrophotometry coupled with flow injection analysis,*® atomic absorption spectrometry,** x-ray
fluorescence spectrometry,'® and inductively coupled plasma spectroscopy.® These traditional
methods require expensive and/or complicated equipment and long, laboratory-based analysis.
Several fast, low-cost sensors have been proposed for metal detection.!’?? Recently, we have
achieved colorimetric detection for Ni in particulate matter (PM) with microfluidic paper-based
analytical devices (uPADs).1%2324 Here, we describe a low-cost electrochemical sensor (less than
$0.1) for Co and Ni with improved sensitivity and selectivity.!"182526 Several other reports utilized
Hg thin film electrodes?”?8 or cation exchanger-modified electrodes?® for detecting Co and Ni, but
these electrodes require relatively complicated preparation procedures. Bi was also introduced to

avoid the use of Hg while providing analogous analytical capability of forming metal amalgams
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to generate well-defined peaks and reproducible stripping signals.®°-3? For trace Co(I1) and Ni(ll)
analysis, dimethylglyoxime (DMG) has been used as a chelator to selectively complex Co(ll) and
Ni(Il) before detecting these complexes with adsorptive stripping voltammetry that could
adsorptively accumulate sub-ppb level of complexes on the working electrode.33%

Here, carbon stencil-printed electrodes (CSPEs) were modified with bismuth, fabricated
on polyethylene transparency (PET) sheets, and used to detect Co and Ni in particulate matter and
welding fume. In the proposed method, DMG was employed as a chelating agent for complexing
with Co and Ni and the complexes were detected by adsorptive cathodic stripping voltammetry.
The ability of Bi-modified CSPE (BiCSPEs) to analyze Co(I)DMG and Ni(I)DMG was
compared with that of unmodified CSPEs. Electrochemical characterization indicated a diffusion-
controlled redox reaction for Co and Ni complexes. Nafion coating of the electrode surface
enhanced peak current and lowered background current, improving the detection limit. Sensor
precision was within the Association of Official Analytical Chemists (AOAC) relative standard
deviation (RSD) limit of 15%.%® Common metals that might interfere with Co and Ni
measurements were analyzed and none of them showed significant interference. Finally,
Nafion/BiCSPEs were applied for Co and Ni detection in aerosols and welding fume samples.
Samples were validated with inductively coupled plasma mass spectrometry (ICP-MS) and the
techniques provided statistically similar results. This work demonstrates the development of a low-
cost, portable, and disposable sensor for Co and Ni with detection limits at ppb levels.
Experimental
Materials and methods

Zinc(I1) nitrate, chromium(l11) chloride, cobalt(I1) chloride, aluminum sulfate, bismuth(I11)

oxide, sodium dodecyl sulfate (SDS), sodium acetate trihydrate, and trimethylsilylated Nafion®
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were purchased from Sigma—Aldrich (St. Louis, MO). Potassium dichromate, iron(ll) sulfate,
iron(111) nitrate, manganese(ll) chloride tetrahydrate, sodium nitrate, potassium nitrate, calcium
nitrate tetrahydrate, hydrochloric acid, and ammonium chloride were purchased from Fisher
Scientific (Waltham, MA). Copper(Il) nitrate, ammonium hydroxide, sodium bicarbonate, and
nitric acid were purchased from Mallinckrodt (St. Louis, MO). Nickel(Il) sulfate hexahydrate was
purchased from Acros (Morris, NJ). Dimethylglyoxime was purchased from Fluka (St. Louis,
MO). Glacial acetic acid was purchased from EMD Millipore (Billerica, MA). Certified welding
fume reference materials (SSWF-1 and MSWF-1) were obtained from Health & Safety Laboratory
(Buxton, Derbyshire, UK). Milli-Q water from Millipore (R > 18.2 MQ cm) was used for all
experiments. All chemicals were used as received without further purification. Carbon Ink
purchased from Ercon (Wareham, MA), graphite powder (diameter <20 um, Sigma-Aldrich, St.
Louis, MO), and transparency film PP2200 (3M, St. Paul, MN) were used for electrode fabrication.
A 30 W Epilog Zing Laser Cutter and Engraver (Golden, CO) was used to create electrode patterns
on a transparency sheet using Corel Draw X4 program for stencil printing. A CHI1242B
potentiostat (CH Instruments) was used for all electrochemical measurements. Electrodes were
imaged using a JSM-6500F scanning electron microscope (JEOL USA Inc., Peabody, MA).
Fabrication of CSPEs

CSPEs were prepared as previously described.®”-3® Home-made electrode inks were created
by adding 0.43 g graphite to 1.00 g of the commercial carbon ink followed by hand mixing until
homogeneous. All working, counter, and reference electrodes were stencil printed on a PET sheet
through a laser-cut stencil. The circle-shape working electrode had 3 mm diameter. After printing,

the electrodes were dried at 65 °C for 1 h. A laser-cut, ring-shaped piece of adhesive tape was used

53



for confining the solution droplet to the electrodes (Figure 3.1a). A photograph of a representative

CSPE is shown in Figure 3.1b.

a@@ P r

Figure 3.1: (a) Design drawing of a CSPE consisting of a counter electrode (CE), a working
electrode (WE), and a reference electrode (RE) with a ring-shape packing tape to confine the
sample droplet. (b) Photograph of a completed CSPE.

Electrode modification

Electrode modification of Nafion/Bi CSPE was accomplished by dropcasting 1 puL of 0.5%
Nafion dissolved in 50% v/v isopropanol/water onto the CSPE working electrode and allowing it
to dry. 50 pL of 10 mg mL™ Bi>O3 in 0.1 M acetate buffer pH 4.5 was electroplated on the CSPE
surface using an optimum deposition potential of -1.4 V vs. carbon pseudo-reference electrode and
deposition time of 20 min. After Bi modification, the CSPE was rinsed with 0.01 M ammonium
buffer pH 9.0 prior to use.
Electrochemical measurements

Cyclic voltammetry (CV) of 50 ug L Co(ll) and Ni(ll) in 0.01 M ammonium buffer pH
9.0 (used as supporting electrolyte) containing 2 x 10* M DMG was performed using Nafion-
modified BiCSPE (Nafion/BiCSPE). The potential was swept from -0.85 to -1.30 V versus a
carbon pseudo-reference electrode with scan rates of 40-90 mV s™. Square-wave cathodic stripping
voltammetry (SWCSV) was carried out by pipetting 50.0 pL of standard Co(ll) and Ni(ll) in 0.01

M ammonium buffer pH 9.0 containing 2 x 10* M DMG onto the electrode. An optimum
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deposition potential was -0.85 V and the deposition time was varied from 15 s to 240 s as indicated
in experimental details below. SWCSV was performed after a 10-s equilibration time from -0.9 to
-1.5 'V, and with an optimized step potential of 2 mV, amplitude of 25 mV, and frequency of 60
Hz.
Interference study

An interference study was performed using Cr(l11), Cr(\V1), Fe(I1), Fe(l11), Mn(11), Zn(11),
Cu(ll), Na(l), K(I), Ca(ll), and Al(lI1) and the target metals, Co(ll) and Ni(ll). The mass ratios
between the interfering metals and the target analytes were varied to determine tolerance ratios for
potential interfering species. The tolerance ratio is defined as the mass ratio that creates a change
in peak current of £5%.4°
Sample collection and sample preparation

Cobalt aerosol was generated from a cobalt rod (ESPI Metals, Ashland, OR) using an arc-
discharge generator with ultra-pure nitrogen as the flow. Aerosol was collected on 37-mm MCE
filters (SKC Limited, Dorset, UK). The mass of the Co aerosol samples is shown in Table 3.1. A
5-mm diameter punch was removed from the 37-mm diameter filter for CSPE analysis. Before
quantifying Co(ll), punches were digested using a modification to a previously published
procedure?3. The digestion was performed by adding 8 pL of 5% w/v SDS in Milli-Q water to aid
in filter wetting and 2 pL of concentrated nitric acid onto the 5-mm diameter punch. The punch
was then placed in a microwave on high power for 15 s and repeated twice (i.e., a total of three
heated digestions for 45 s total). A 15 pL aliquot of 5% SDS was added to the punch between
each heating step. Each punch was then neutralized with 2 M Na>COz after the last digestion step.
Verification that the punch was neutralized was performed with pH paper. A 50 pL of 0.01 M

ammonium buffer pH 9.0 containing 2 x 10* M DMG was used to elute metals from the digested
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filter and the digestion container. 50 pL of the eluent was analyzed for Co(ll) using the optimal

settings described above from three punches of each sample filter to create replicate measurements.

Table 3.1: Mass of cobalt aerosol sampled onto 37mm filters

Cobalt Samples W

eight of Cobalt
Aerosols (g)

4.361 x 10°

1.246 x 10

6.611 x 10°

AW IN[F-

9.736 x 10°

Welding fume reference materials (SSWF-1 and MSWF-1) (the preparation was described

in HSL report AS/2012/12)** were digested using aqua regia (3:1 of hydrochloric acid: nitric acid).

The sample masses and volumes of aqua regia solution, water, and 2 M sodium bicarbonate (for

neutralization) used are shown in Table 3.2.

Table 3.2: Aqua regia digestion

Sample (Certified Mass of Volume of Aqua | Volume of 2 M Volume of
Reference Material) | Samples () Regia Solution Sodium Water (mL)
(mL) Bicarbonate
(mL)
SSWEF-1 1.4 0.60 0.90 0.60
MSWF-1 1.2 0.46 0.90 0.74

Results and Discussion

Co and Ni determinations using unmodified and Bi modified CSPEs

The analytical behavior of BiCSPEs for measuring Ni(ll) and Co(11) DMG complexes was

compared to that of the unmodified CSPEs. Ammonium buffer at pH 9.0 was used in this work

because it was previously reported to provide a wide potential window for Bi thin-film electrodes

generated by electroplating *2. Figure 3.2a shows a cathodic peak current (23.0 + 1.1 pA)at-1.16

+ 0.05 V (vs C pseudo-reference) by reducing Co(I)DMG with a BIiCSPE; alternatively, no
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measurable peak is produced under these conditions with an unmodified CSPE. For detecting
Ni(IHDMG with a BiCSPE (Figure 3.2b), the cathodic peak current (12.7 £ 0.8 nA) occurs at -1.07
+ 0.04 V and the peak is not present when using unmodified CSPE. These results demonstrate that

BiCSPE can detect Co(ll) and Ni(Il) when these metals are complexed with DMG.

a b
5nA BiCSPE 2 “A BiCSPE
K Unmodified CSPE Unmodified CSPE
-1.4 -1.3 -1.2 -1.1 -1 -0.9 -14 -1.3 -1.2 -1.1 -1 -0.9 -0.8
E (V) E (V)

Figure 3.2: (a) Voltammograms of 100 pg Lt Co(1)DMG complex using unmodified CSPE and
Bi modified CSPE with 120 s deposition time. (b) Voltammograms of 100 pg L™ Ni(I)DMG
complex using unmodified CSPE and Bi modified CSPE with 120 s deposition time.

Electrochemical characterization

The mass transfer process of Co(Il) and Ni(ll) to BiICSPEs was studied as shown in Figure
3.3. In a diffusion-controlled electrochemical redox reaction, the peak current (ip) shows a linear
relationship with the square root of the scan rate as described by the Randles-Sevcik equation:*

ip = (2.69 x 10°) n*2ADe?Cv'7?,

where n is the number of electrons transferred in the redox reaction, A is the effective electrode
area in cm?, D is the diffusion coefficient in cm? s, C is the concentration in mol cm™ and v is
the scan rate of the cyclic voltammogram in V s. Figure 3.3 shows cyclic voltammograms at
various scan rates of Co(11)DMG complex (Figure 3.3a) and Ni(I1)DMG complex (Figure 3.3c).
The peak currents (ip) at various square roots of scan rate of Co(ll)DMG and Ni(Il)DMG

complexes detection are shown in Figures 3.3b and 3.3d, respectively. The peak current increases
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linearly with the square root of the scan rate for both complexes, suggesting that the mass transfer
process is diffusion-controlled. Moreover, the adsorption of Co(I1)DMG and Ni(I1)DMG existed
on BICSPE that was observed from the linear relationship between peak currents and scan rates as
shown in Figure 3.4a and 3.4b. However, the correlation coefficients (R?) of the linear fit from
diffusion controlled process (R? = 0.994 for Co and 0.965 for Ni) were better than those from the
adsorption process (R? = 0.982 for Co and 0.943 for Ni). Therefore, the mass transfer process for
Co and Ni was predominantly controlled by the diffusion process. Additionally, cyclic
voltammograms of both Co(11)DMG (Figure 3.3a) and Ni(1)DMG (Figure 3.3c) show one peak
during cathodic scan and no peak during anodic scan, indicating the reduction of the complexes is
irreversible. The peak potential appears to shift with increasing scan rate caused by the decrease
of electron transfer rate constant.*® In addition, a CV was recorded in 0.1 M ammonium buffer pH
9.0 containing 2 x 10* M DMG (Figure 3.5) demonstrated that the appearance of the slopped
background in the cyclic voltammograms of Co(11)DMG and Ni(11)DMG was due to the onset of
oxygen reduction at -1.25 V.4
Effect of Nafion coating and Bi electroplating time

Nafion was utilized to enhance detection current. Nafion, as a cation exchange polymer, is
insoluble in water, electrochemically inert, and non-electroactive making it suitable for electrode
modification.*® The sulfonate group in Nafion allows selective preconcentration of cations
resulting in improved detection performance.*® Figure 3.6a shows coating Nafion onto CSPE
before Bi-electroplating increased the peak current of Co(I)DMG to 12.2 pA from 4.8 pA without

Nafion coating.
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Figure 3.3: (a) Cyclic voltammograms of 50 ug Lt Co(11)DMG complex using Bi modified CSPE
with different scan rates (40-90 mV s). The expansion of reduction peaks of Co(I)DMG is shown
in inset. (b) Relationship between peak current and square root of scan rate from (a) (n=3). (c)
Cyclic voltammograms of 50 pg L™t Ni(1I)DMG complex using Bi modified CSPE with different
scan rates (40-90 mV s1). The expansion of reduction peaks of Ni(1)DMG is shown in inset. (d)
Relationship between peak current and square root of scan rate from (c) (n=3).
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Figure 3.4: (a) Relationship between peak current and scan rate from Figure 3.3a for Co(11)DMG
(n=3). (b) Relationship between peak current and scan rate from Figure 3.3c for Ni(I)DMG (n=3).
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Figure 3.5: Cyclic voltammograms of 0.1 M ammonium buffer pH 9.0 containing 2 x 10* M
DMG using Bi modified CSPE at 0.09 V s of scan rate.

We also investigated the influence of electrochemical deposition time for electroplating Bi
on CSPEs for Co(ll) and Ni(ll) detection (Figure 3.6b). As expected, when increasing the
deposition time, the current density (defined as the ratio of peak current [pA] to area of the working
electrode [28.3 mm?]) for both Co(I11)DMG and Ni(I))DMG increases until reaching a plateau at

20 min. Therefore, 20 min was chosen as an optimum time for electroplating Bi on CSPEs.

a — b
g 1
With Nafion Coating 5 I o ),
10 "A = -0.8 D W T
é -0.6 . C
T 0
a i
i = 04 - Ni
Without Nafion Coating &
S 02 !
=
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- 0
-1.5 -1.2 -0.9 -0.6 0 10 20 30
EM) Deposition Time (min)

Figure 3.6: (a) Square-wave voltammograms of 100 pg L Co(ll)DMG complex using Bi
modified CSPE with/without Nafion coating using 120 s deposition time. (b) Representative graph
for 100 pg L't Co(II)DMG and 100 pg L Ni(11)DMG at various electrodeposition times of Bi
(n=3).

Repeatability of Nafion/BICSPE for Co(l1) and Ni(ll) detections

After optimizing the detection conditions of Nafion/BiCSPE, the electrode lifetime was

tested by determining how many runs could be performed with a single low-cost electrode system.
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Figure 3.7: (a) Repeatability of three Nafion/BiCSPEs to measure current of 50 ug Lt Co(I1)DMG
complex using 15 s deposition time. (b) Repeatability of three electrodes to measure current of 50
ug L Ni(1D'DMG complex using 45 s deposition time.

Repeated runs using the same electrode for standard Co and Ni measurements were performed as
shown in Figure 3.6. Three separated Nafion/BiCSPE (n=3) were used to determine repeatability
of each metal (labelled in different colors in Figure 3.7). The peak currents were stable for 15 runs
as shown in Figure 3.7a (Co(ll)) and Figure 3.7b (Ni(Il)). The %RSDs (7.3 = 0.5 % for Co(Il) and
9.1 £ 0.6 % for Ni(ll)) of 15 runs for Co(ll) are less than the reported value from AOAC (for the
detection in ng L level) (15%) on three separated Nafion/BiCSPEs.*® The results indicate that
Nafion/BiCSPEs can be used for up to 15 times. No attempt was made to extend the system beyond
15 runs given the low-cost of the electrodes. For Ni(ll) detection (Figure 3.7b), the modified
electrodes also provided acceptable repeatability with %RSDs of 15 runs <15%. However, %RSDs
of Nafion/BiCSPEs at run 12 to 15 for Ni(ll) detection increased slightly, which is different from
Co(Il) detection where %RSDs maintained stable for 15 runs. We hypothesized that the deposition
time of each metal caused a change in the surface morphology leading to smaller peak currents.
This assumption was verified by imaging the surface of the Nafion/BiCSPE with scanning electron
microscopy (Figure 3.8). When comparing the surface after measuring Co(ll) (Figure 3.8c) and

Ni(Il) (Figure 3.8d), Nafion (represented as the bright flat sheets) and Bi (represented as the small
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crystals) were more deteriorated than those on the surface of the unused CSPE (Figure 3.8b).
Moreover, as hypothesized, the electrode morphology when detecting Ni(ll) with 45 s deposition
time (Figure 3.8d) changed more than that for the Co(ll) measurement that required a 15 s

deposition time (Figure 3.8c).

Figure 3.8: (a) SEM images of CSPE. (b) Nafion/BiCSPE. (c) Nafion/BiCSPE after 20 runs of 50
ug L Co(IDMG complex. (d) Nafion/BiCSPE after 20 runs of 50 ug L™t Ni(I)DMG complex.

Electrochemical measurement of Co(Il) and Ni(ll)
The linear working ranges for measuring Co(1l) and Ni(ll) at Nafion/BiCSPE are shown in
Figure 3.9. The decrease of current density at high concentration of Ni(IlDMG (200 pg L) in

Figure 3.8d was caused by electrode fouling bringing about incomplete reduction of Ni(I)DMG.#
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The Bi deposition time significantly influenced the linear ranges of Co(Il) and Ni(ll) as shown in
Table 3.3. The widest linear range was observed when using the deposition time of 15 s and 45 s
for Co(ll) (20-250 pg L) and Ni(ll) (50-175 pg LY), respectively. Longer Bi deposition time
allowed detection at lower concentration ranges for Co(ll) and Ni(I1) (1-50 pg L for Co(ll)) and
5-50 ug Lt for Ni(1l)) at 240 s deposition time). Likewise, a longer deposition time provided lower
LODs than a shorter deposition time. LODs for Co(I1) and Ni(ll) using 240 s deposition time were
1 ug Lt and 5 pg L, respectively. The LODs of Co(ll) and Ni(Il) detection at each deposition
time are summarized in Table 3.3. The voltammograms and calibration curves for Co and Ni using
120 s and 240 s deposition time are shown in Figures 3.10 and 3.11, respectively.

Table 3.3: Linearity range with various deposition times

Deposition Time (s) Co(Il) (ug L™ Ni(II) (ug LY)
Linearity LOD Linearity LOD
range range
15 20-250 20 - -
45 - - 50-175 50
120 20-100 20 20-75 20
240 1-50 1 5-50 5

Interference study

As the goal of this work is to detect Ni and Co in sample matrices such as welding fume,
the tolerance ratio for key interferences was determined. The tolerance ratio is defined as the mass
ratio of an interfering species relative to the target metal that gives a change in peak current of
+5%.0 The tolerance ratios between interfering species and Co(I1) and Ni(ll) are shown in Table

3.4. The results indicated that none of the tested interfering elements affected Co(ll) and Ni(ll)
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Figure 3.9: (a) Square-wave voltammograms of Co(11)DMG complex from 1-100 pg L using 15
s deposition time. (b) Representative calibration graph for Co(I)DMG complex. Linear fit of
calibration graph for Co(I)DMG complex (b inset) (n=3). (c) Square-wave voltammograms of
Ni(I1)DMG complex from 5-100 ug L using 45 s deposition time. (d) Representative calibration
graph for Ni(1)DMG complex. Linear fit of calibration graph for Co(I)DMG complex (d inset)
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Figure 3.10: (a) Square-wave voltammograms of Co(I1)DMG complex from 20-200 pg L using
120 s deposition time. (b) Representative calibration graph for Co(I1)DMG complex using 120 s
deposition time. Linear fit of calibration graph for Co(11)DMG complex using 120 s deposition
time (b inset). (c) Square-wave voltammograms of Co(11)DMG complex from 1-100 pg Lt using
240 s deposition time. (d) Representative calibration graph for Co(I1)DMG complex using 240 s
deposition time. Linear fit of calibration graph for Co(11)DMG complex using 240 s deposition
time (d inset).
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Figure 3.11: (a) Square-wave voltammograms of Ni(1)DMG complex from 20-100 pg L using
120 s deposition time. (b) Representative calibration graph for Ni(1)DMG complex using 120 s
deposition time. Linear fit of calibration graph for Ni(I)DMG complex using 120 s deposition
time (b inset) (c) Square-wave voltammograms of Ni(1)DMG complex from 5-100 pg L* using
240 s deposition time. (d) Representative calibration graph for Ni(1l)DMG complex using 240 s
deposition time. Linear fit of calibration graph for Co(1)DMG complex using 240 s deposition
time (d inset)
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detection at a significant level except Cu(ll). The tolerance ratio between Cu(ll) and Ni(Il) was
low because DMG can also chelate with Cu(11).*® While there are known strategies to address Cu
interferences, Cu(ll) is present at very low levels in welding fume and related samples making
removal of the interference unnecessary. As a result, the proposed method showed selectivity and
sensitivity toward Co(ll) and Ni(ll) to enable analysis of aerosol samples and welding fume
samples.
Co(Il) and Ni(ll) detections in environmental samples

Adsorptive cathodic stripping square-wave voltammetry was applied for detecting Co(ll)
and Ni(ll) through complexing with DMG in Cobalt-generated aerosol and welding fume samples.
The voltammograms for Co(ll) determination are shown in Figure 3.12a. The amount of Co(ll)
measured by Nafion/BiCSPE and the validation method (ICP-MS) was summarized in Table 3.5.
In the case of Ni(ll) determination, the signal of Ni(I)DMG in welding fume reference materials

(SSWF-1 and MSWF-1) is shown in Figure 3.12b. The amount of Ni(ll) detected in SSWF-1 was

a b
0.2 pA 1 4 pA

2

-_3
4 sswi-1

mswi-1
— A —
-1.6 -1.4 -1.2 -1 -0.8 -1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.8
E (V) E (V)

Figure 3.12: (a) Square-wave voltammograms of Co determination in aerosol samples. (b) Ni
determination in welding fume samples (sswf-1 and mswf-1 certified reference materials).
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Table 3.4: Tolerance ratio of interfering ions in the electrochemical determination of 100 pug L

of Co(11)DMG complex and Ni(I1)DMG complex

Interference Tolerance Ratio for Co(1)DMG Tolerance Ratio for Ni(I)DMG
Complex Complex
cre* 500 500
Cré* 100 100
Fe?*/Fe® 500 50
Mn?* >500 50
Zn* 100 >500
Cu® 100 10
Na* 100 500
K* 100 100
Ca* 100 500
AP >500 >500

3.3 £ 0.2 %, close to the certified value (3.7%) as shown in Table 4. For MSWF-1, the amount of
Ni(Il) was under detection limit and corresponded to the reference data showing that the sample
did not contain Ni(ll). Quantitation of Co(ll) and Ni(ll) in different samples is summarized in
Table 3.5 and 3.6, respectively. A paired Student’s t-test was used to compare measured Co(ll)
values between Nafion/BiCSPE and ICP-MS. For Co, the t value (-9.00) is less than the critical t
value (3.182, P=0.05) for n-1=3 degrees freedom when n = 4 implying that the null hypothesis is
not rejected. Therefore, the proposed method does not provide significantly different results with
95% confidence for Co detection.
Conclusion

A home-made Nafion/BiCSPE was fabricated for trace Co(Il) and Ni(ll) determination by
chelating with DMG. The proposed sensors provided LODs of 1 ug L™t and 5 ug L for Co(I1) and

Ni(ll), respectively. The key factor leading to improved performance was the electroplating of a
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thin film of Bi onto the electrode surface. Nafion coating also enhanced peak current and decreased
background current. The resulting electrodes and chemistry allowed for repeated Co(ll) and Ni(ll)
measurements up to 15 times based on changes in %RSD. Furthermore, the Nafion/BiCSPE was
selective for Co(Il) and Ni(ll) against other possible metal interferences. Cu(ll) was the only
element that caused a significant change in signal but was not a problem with the target samples
because of its low concentration. The resulting system was used to measure Co(ll) and Ni(ll) in
aerosol samples and welding fume, respectively. Results from the electroanalytical system were
statistically similar with the results from ICP-MS (for Co) and close to certified values (for Ni).
The results show that the Nafion/BiCSPEs using adsorptive stripping voltammetry have great
potential for selective and sensitive determination of Co(ll) and Ni(ll) in environmental
applications.

Table 3.5: Co(ll) Determination in aerosol samples (n=3)

Concentration of Co (ug)
Sample BiCSPE ICP-MS
1 36+14 41+0.9
2 40+1.2 43+1.0
3 37+11 42 +0.8
4 50+£1.9 64 +1.3

Table 3.6: Ni(Il) Determination in welding fume samples (n=3)

Sample (Certified Reference %Ni (Experimental value) %Ni (theoretical value)
Material)
SSWEF-1 3.310.2 3.7
MSWEF-1 below LOD 0
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CHAPTER 4. ENHANCED PAPER ELECTROPHORETIC SEPARATIONS USING
PARAFILM-PAPER-BASED ANALYTICAL DEVICES

Chapter Overview

Microfluidic paper-based analytical devices (mPADs) have gained significant attention in
recent years for applications ranging from clinical diagnostics to environmental testing. However,
separation on mPADs remain challenging to implement, particularly in complex samples. This has
revived interest in revisiting paper chromatography and paper electrophoresis in mPADs to address
these needs. Here, laminated Parafilm-paper (l-paper) is applied to fabricate electrophoretic
devices. This approach yields a free-standing channel, leading to improved peak resolution relative
to previous electrophoretic separations in traditional wax-printed mPADs. Major factors
influencing the separation, including Joule heating, electroosmotic flow, and electrophoretic
mobility, were investigated. As a result of paper’s high ratio of surface area (78%) to pore volume
(22%) resulting in slow heat dissipation, a usable applied field strength range of 0 - 200 V cm
was employed to avoid Joule heating. The electroosmotic flow of the system was found to be 2.5
x 10° + 7.7 x 107 cm? V-5t and the electrophoretic mobility of chlorophenol red was 1.2 x 10*
+7.7 x 107" cm? V1s, Basic separation protocols were optimized using colorimetric detection of
chlorophenol red and indigo carmine dyes as representative molecules. Paper type, channel width,
and applied potential were then used to optimize the separations. Addition of an injection port to
the device improved resolution and reduced peak broadening. Finally, the separation of fluorescein
isothiocyanate (FITC) and L-glutamic acid (Glu) labeled with FITC, was successfully carried out
using the I-paper electrophoretic device. Imaging with a microscope was found to achieve reduced

peak broadening and increased resolution relative to imaging with a mobile camera, due to
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elimination of background signal, achieving a 72 £+ 4% conjugation of Glu and FITC. This work
is submitted to Sensors and Actuators B: Chemical.’
Introduction

Simple, low-cost, portable microfluidic paper-based analytical devices (mMPADs) have
been widely used for biomedical, environmental, and food and beverage contamination analysis.?”
® Most mPAD developments aim to improve figures of merit for detection by coupling mPADs
with sensitive detection techniques and/or using chemical modification to increase accuracy and
extend the detectable concentration range.” Moreover, incorporating functionality to mPADs for
reducing detection time and improving multiplexed detection has been reported.?®2° Despite the
recent developments, chemical separations from complex mixtures are limited, hindering analysis
of complex samples such as biological, environmental, and clinical samples.® Consequently, the
integration of chromatographic separation functions into mPADs has been proposed.''? Low
separation efficiency is common due to decreasing fluid velocity over time that results in
progressively slower migration of the mobile phase. The reduction in flow rate leads to broad peaks
and poor resolution.’® Electrophoresis, which is well-known for providing high resolution
separations, can provide constant flow rates in paper due to the presence of electrokinetic forces.
13-19 paper electrophoresis was established in the 1950s but required extensive instrumentation.?
Recent reports have demonstrated electrophoretic separations on portable, low-cost mPADs.*%2%-
24 The wax-printing method was used for fabricating electrophoretic mPADs for protein,?
indicator,'® and amino acid? separations. Although the wax-printing method provides fabrication
simplicity, the resulting peaks remain broad in general. In 2016, C. Xu et al** and C. Chagas et
al??> made use of the laminated paper for electrophoresis, where small pieces of paper were

embedded in plastic. However, these previous works did not report important electrophoretic
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factors, such as Joule heating, evaporation effects, and electroosmotic mobility, that play a major
role in electrophoretic separations.

Here, a laminated Parafilm-paper (l-paper) fabrication approach is introduced to create
mPADs for electrophoretic separations.?® Parafilm and paper are low cost, light weight, disposable,
and regularly found in laboratories. In addition, the I-paper platform can generate free-standing
channels that should theoretically give narrower separation peaks, while requiring very low sample
volumes (0.3 pL). Key parameters including Joule heating (causing poor separation),
electroosmotic flow (EOF), and electrophoretic mobility were studied to achieve significant
improvement of electrophoretic resolution on I-paper mPADSs. The porosity of the paper channel
was calculated to explore the paper characteristic that contributes to the generation of Joule heating
at low applied field strength. System viability was illustrated using colorimetric and fluorescence
detection. For colorimetry, chlorophenol red and indigo carmine were used as representative
analytes. Paper types, channel width, and separation potential affected the peak broadening on the
separation. An additional injection arm was investigated to achieve narrower separation peaks. For
fluorescence, the electrophoretic separation of fluorescein isothiocyanate (FITC) and FITC-
labeled L-glutamic acid (FITC-Glu) was accomplished on the I-paper using a low-cost home-made
fluorescent detector and % conjugation of FITC-Glu was determined.

Experimental
Materials and methods

Chlorophenol red was purchased from Alfa Aesar (Haverhill, MA). Indigo carmine, L-
glutamic acid (Glu), tris(hydroxymethyl)aminomethane (Tris), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and sodium tetraborate were purchased from Sigma-—

Aldrich (St. Louis, MO). Fluorescein isothiocyanate (FITC) and boric acid were purchased from
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Thermo Fisher Scientific (Waltham, MA). Dimethyl sulfoxide (DMSQO) was purchased from EMD
Millipore (Billerica, MA). Milli-Q water from Millipore (R > 18.2 MQ-cm) was used for all
experiments. All chemicals were used as received without further purification.

A custom-built, floating high-voltage power supply (HVPS) was utilized as previously
described.?® DC-DC converters were obtained from Ultravolt and controlled by a Measurement
Computing USB-3103 DAQ. DAQ communication was accomplished using LabView software,
and the HVPS was electronically isolated from computer control through an Opticis M2-100
optical USB cable. Power for the HVPS was provided by a series of AA batteries.

Fabrication of a I-paper-based electrophoretic device

The I-paper was prepared by thermal bonding of paper and Parafilm™ (Bemis Company,
INC., Neenah, WI) according to published methods.?> Whatman qualitative filter paper, Grade 1
and Whatman 1 chromatography paper (GE Healthcare Bio-Sciences, Marlborough, MA) were
used for chlorophenol red and indigo carmine and FITC and FITC-Glu separations, respectively.
The thermal bonding procedure was performed by first inserting a paper sheet and a Parafilm sheet
between two transparency sheets and then sandwiching the stack between stainless steel plates.
The I-paper device was created using a heated press (Carver, Inc, Wabash, IN) by applying heat at
60 °C and pressure at 0.1 MPa for 20 seconds. The channel was generated using a 30 W Epilog
Zing Laser Cutter and Engraver (Golden, CO) to remove paper and create the Parafilm barrier
using the raster mode (95% speed, 25% power, and 2500 Hz) twice. The |-paper device was
covered with a thermal laminating pouch sheet (Scotch, St. Paul, MN) except at the reservoirs to
minimize evaporation. The designs of the I-paper device without and with the injection arms are
shown in Figures 4.1a and 4.1c, respectively. The photographs of the device without and with the

injection arms are shown in Figures 4.1b and 4.1d, respectively.
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Joule heating study
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Figure 4.1: (a) Design of the mPAD without the injection port. (b) A photograph of an I-paper
device without the injection port. (c) Design of an mPAD for electrophoresis with the injection
port. (d) A photograph of a I-paper device with the injection port.

The mixture of 20 mM tris(hydroxymethyl)aminomethane (Tris) and 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.8 was used as the BGE. 20 uL were
introduced into each reservoir of the device (1 cm channel length) as shown in Figure 4.1a. Voltage
(25-400 V) was applied between two BGE reservoirs after a 4 min pre-wetting time. The circuit
consisted of a I-paper device and an additional resistor of 26.9 kQ. The potential difference of the
system was measured using a 26.9 kQ resistor.

Electroosmotic flow (EOF) and electrophoretic mobility measurement

The EOF was measured using the current monitoring method.?’ 10 pL of the BGE between
10 mM Tris and 10 mM HEPES pH 7.8 were introduced into each reservoir of the I-paper device
(2 cm channel length and 1 mm channel width, Figure 4.1a). The electrical current was measured

while applying 50 V between two reservoirs after a 4 min pre-wetting time.
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lon mobility was calculated by measuring the velocity of chlorophenol red along the |-
device (1 cm channel length) when applying a potential of 50 V. A mixture of 20 mM Tris and 20
mM HEPES at pH 7.8 was used as the BGE.
Chlorophenol Red and Indigo Carmine Separation

100 uL (50 uL in each reservoir) of BGE composed of 20 mM Tris and 20 mM HEPES
pH 7.8 were introduced into the I-paper device (6 cm channel length and 1 mm channel width) as
shown in Figure 4.1b. For the design with the injection arm (Figure 4.1d), 50 uL were additionally
added into the injection BGE reservoir and 20 uL were added into the waste reservoir. 0.3 uL of a
mixture of 3.5 mM chlorophenol red and 3.5 mM indigo carmine dissolved in the BGE was
introduced into the injection well after 4 min pre-wetting time. The optimum separation potential
of -600 V (-100 V cm field strength) was applied across the BGE reservoir, as shown in Figure
4.1aand 4.1c). The injection time was varied from 20 to 50 s using the optimum injection potential
of -150 V. The data analysis was performed using ImageJ via a profile plot obtained from a line
scan along the paper channel.
Comparison between electrophoretic separations using the I-paper device and the wax-printed
mPAD

The I-paper device (6 cm channel length and 1 mm channel width) and the wax-printed
mPAD with the injection port (Figure 4.1c) were used for the comparison. For the wax-printed
mPAD fabrication, a wax printer (Xerox ColorQube 8870, Norwalk, CT) was used for creating
the device. 150 °C was applied for 90 s with a hot plate (Thermo Fisher Scientific (Waltham, MA))
to melt the wax. The channel width of a wax-printed mPAD was varied from 0.3 mm to 4.3 mm.

Chlorophenol red and indigo carmine separation as described in section 2.5 using the I-paper and
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the wax-printed mPAD were compared. An optical microscope (Olympus Optical, Waltham, MA)
was used for imaging a cross-sectional view of the I-paper device and the wax-printed mPAD.
FITC and FITC-Glu separation

FITC-Glu labeling

FITC-Glu labeling was synthesized as previously described.?® 0.1 mg of FITC was
dissolved in 1 mL of anhydrous DMSO. 8.6 mg of Glu were dissolved in 1 mL of 5 mM borate
buffer at pH 9.0. 50 pL of FITC solution were added into Glu solution, very slowly in 5 uL aliquots
while gently and continuously stirring the Glu solution. The reaction was incubated in the dark for
8 hours at 4 °C.

FITC and FITC-Glu separation

A total 170 uL of the optimum BGE, 10 mM borate buffer pH 11.35, was introduced into
the I-paper device via the injection port. The volume of BGE filled in each reservoir was previously
described in the section 2.6. The separation of 0.3 uL FITC-Glu solution was carried out using the
I-paper device with the optimized injection potential, separation potential, and time of -150 V, -
450 V, and 30 s, respectively. The fluorescent signal was excited using 40 mA of a built-in 480
nm LED used as a custom-made fluorescent detector in a black box, and the video was recorded
by an iPhone 7 covered with a yellow filter (Kodak, Rochester, NY) to eliminate light scattering
from the paper. The phone put on the black box was oriented perpendicularly to the LED light.
The data analysis was performed with ImageJ via a profile plot obtained from a line scan along
the paper channel.

To obtain narrower peaks, an inexpensive, USB microscope (Dino-Lite, Torrance, CA)
was used. The I-paper device was covered with a sheet of black paper, except for an opening at the

detection position (1x1 mm). The detection position was varied from 1 to 4 cm from the T-junction
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of the I-paper device. The data was processed by selecting the images from a video record every
10 s. Fluorescent intensity of each selected image was analyzed using ImageJ. The fluorescent
intensity was plotted as a function of separation time. FITC calibration was also carried out using
a microscope detection method.
Results and Discussion
Joule heating on the I-paper device

In electrophoresis, Joule heating (or resistive heating) causes poor separation efficiency
because temperature variation increases peak broadening through temperature-dependent diffusion
coefficients, dynamic viscosity, and electrical conductivity.?° Joule heating is problematic when
the heat, which increases proportionally with the square of the applied potential®, is not
sufficiently dissipated from the electrophoretic system.®® Resistance of the wet I-paper plays a
crucial role in the consistency of current response in the Joule heating experiment; hence,
determining pre-wetting time to obtain a constant resistance was determined. The equilibration
time for pre-wetting paper with BGE was investigated first to make the paper resistance low and
constant. Wetting the channel with 20 uL. cm™ of BGE provided longer, lower, and more constant
resistance than using 10 uL cm™ as shown in Figure 4.2. 7 min after introducing 10 pL cm™ of
BGE and 21 min after introducing 20 pL cm™ of BGE, the resistance increased as a result of
evaporation. Therefore, the paper needed to be pre-wetted with at least 20 uL cm™ for 4 min before
performing electrophoresis. We hypothesized that the pre-wetting causes the fibers to swell,
reducing the pore diameter between fibers. Long-term, the impact of evaporation can be addressed
by covering the device.

After determining the optimum pre-wetting BGE amount for the I-paper device, the applied

voltage range to avoid Joule heating in the |-paper device was determined. An Ohm’s plot was
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used to determine the optimum applied voltage (Figure 4.3), where deviations from a linear

current-voltage relationship indicate Joule heating.®® The curve deviated from the linear

relationship when applying a field strength higher than 200 V c¢cm™ as shown in Figure 4.3.
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Figure 4.2: Representative curve of measured resistance of the paper channel versus time using
different volume of BGE (n=3). Error bars represent £+ 1 standard deviation.

Therefore, the optimized applied electric field strength range for the I-paper device was 0-200 V

cm™. We hypothesized that the range for the I-paper device is limited relative to traditional

electrophoresis capillaries because heat dissipation in the paper channels is difficult due to the

large capillary size of the paper giving rise to large ratios of surface area to pore volume.*? This

assumption was verified by determining porosity of the I-paper device. The I-V plot could also be

used for determining the porosity of the paper channel. The porosity was calculated from the

equation [1]:%

Porosity (%) = —V'?Il:rri/oﬁ Void x100
otal Volume

Effective Area x Length of Channel

100 [1]
Total Area x Length of Channel

Porosity (%) =
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Effective area of the paper channel was calculated from the electrical resistance of the paper

channel following equation [2]:3*

R=LxP [2]
Aetf

where L is the channel length (0.01 m), p is resistivity of BGE (16.60 Q m), and Aeff is Cross-

sectional effective area of the paper channel (m?). The resistance of the device determined using
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Figure 4.3: Graph of measured current as a function of applied potential (25 — 400 V) using 1 cm
channel length and 1 mm channel width (n = 3) and graph of measured current as a function of
applied potential (10 — 200 V) using 1 cm channel length and 1 mm channel width (n = 3) (inset).
Error bars represent + 1 standard deviation.

the inverse slope of the 1-V plot (the inset of Figure 4.3) was 0.24 MQ. The calculated effective
area of the paper channel was 6.94 x 10° um?. Porosity of the paper channel calculated from
equation [2] was 22%. Therefore, the paper channel consists of 22% BGE and 78% paper. As

expected, the paper channel has a high surface area to pore volume ratio resulting in the narrow

applied potential range.
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EOF and electrophoretic flow measurements

Next, the EOF generated within the channel was studied.®® The current monitoring method
was used to determine EOF.?*® The resulting change in current is measured to determine when
the BGE in the channel is replaced with the new BGE. For these experiments, BGE concentrations
of 10 mM and 20 mM were used. As the low concentration replaces the high concentration in the
channel, the current decreases until plateauing. The time of the electroosmotic flow to completely
replace the high concentration of BGE was 803.7 + 25.0 s (n=3) as shown in Figure 4.4.
Electroosmotic flow was calculated at 2.5 x 10° + 7.7 x 107 cm? V! st (n=3), which is roughly

an order of magnitude slower than found in glass and polymer channels.3"-
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Figure 4.4: Current-time trace showing the measurement of the electroosmotic flow rate. The
representative curve shows measured current versus time for 10 mM each of Tris and HEPES
buffer pH 7.8 replacing 20 mM each of Tris and HEPES buffer pH 7.8 in a 1 cm I-paper channel.
Two dotted lines touching the curve are drawn for determining the time of the electroosmotic flow
to completely replace the high concentration of BGE.

The electrophoretic mobility of a dye was determined next, where electrophoretic mobility

was calculated from equation [3]:*®

v=(ugp +pEOF)E [3]
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where v is the velocity of the ion (m s?), pgpis electrophoretic flow (m? V1 s1), and E is the

electric field (V m™). The velocity of chlorophenol red, a representative ion, was experimentally
measured. The velocity of chlorophenol red was 7.2 x 10 cm s, and the electrophoretic mobility
calculated from equation [3] was 1.2 x 10* + 7.7 x 107" cm? V1 s1. The apparent mobility (sum
of electrophoretic mobility and EOF) of chlorophenol red using |-paper was close to the reported
value (2.2 x 10 cm? V1 s1)* using fused-silica capillaries. The minimal difference between the
experimental and the reported values was contributed from using different BGE and pH.
Chlorophenol red and indigo carmine separation

Chlorophenol red and indigo carmine were used as the model analytes for electrophoretic
separations using colorimetric detection. The optimum BGE was a mixture of 20 mM Tris and 20
mM HEPES, pH 7.8. Each compound could be detected via the color of which chlorophenol red
(pKa = 6.25) and indigo carmine (pKa = 12.2) appear red and blue, respectively when dissolved
in BGE pH 7.8.%° Negatively charged chlorophenol red travelled faster than neutral indigo carmine.
The parameters including paper types, channel width, and applied potential were optimized as
shown in Figure 4.5. Whatman qualitative filter paper, Grade 1, 1 mm channel width, and -600 V
of applied potential (-100 V cm™ field strength) provided the narrowest peaks at 10% peak
maximum for chlorophenol red and indigo carmine separation. However, the peak was still broad.
To further reduce peak width, an injection arm was added to the design (Figure 4.1c and 4.1d).
Addition of the injection port aims to control the sample volume by controlling injection times as
shown in Figure 4.6. When adding the injection port, the peak was narrower than that using the
device without the injection port. We first studied injection time. An injection time of 20 s was not
long enough for the sample to travel into the separation channel, resulting in no separation peak

(Figure 4.6a). At longer injection times (40 s and 50 s), too much sample volume was introduced
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Figure 4.5: (a) Electropherograms of chlorophenol red and indigo carmine separation using
different types of paper. (b) Electropherograms of chlorophenol red and indigo carmine separation
using different channel width. (c) Relationship of 10% peak width of the separated peaks from (b)
at different channel width (n=3). (d) Electropherograms of chlorophenol red and indigo carmine
separation using different applied negative voltages. (e) Relationship of 10% peak width of the
separated peaks from (d) at different applied negative voltages (n=3). Error bars represent + 1
standard deviation.

resulted in the separation channel leading to broad peaks as shown in Figure 4.6b. An injection

time of 30 s provided the narrowest peak width (Figure 4.6b). The separation bands of indicators
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using the injection port pattern (Figure 4.6d) were much narrower that those using the I-paper

without the injection port (Figure 4.6¢).

Comparison of electrophoretic separations using the I-paper device and the wax-printed mPAD
We next compared separations performed on devices made using the two fabrication

methods. It was hypothesized that the interaction between the sample and the hydrophobic channel

barriers leads to band broadening due to variations on the zeta potential.** The absence of barriers

on the side with I-paper would reduce the zeta potential variability relative to wax-printed

(o)

a

I 50 Grey Intensity 50 s OChlorophenol Red

4.5
~\ — 4 Indigo Carmine
> / 40's 5 35
°
§ 2.5
30s § 2
" 20s a 15
o Injection 2
Port 0.5
L L 1 1 " A 0 L 1 1 1 1
0 3 6 9 12 15 25 30 35 40 45 50

Time (min) Injection Time (s)

LS e :_.._-——;%{:3

I 1cm

()
Qo

Figure 4.6: (a) Electropherograms of chlorophenol red and indigo carmine separation using the I-
paper device without the injection port and with the injection port at different injection times. (b)
Relationship of 10% peak width of the separated peaks from (a) at different injection times (n =
3). Error bars represent + 1 standard deviation. (¢) A photograph of chlorophenol red and indigo
carmine separation using the I-paper device without the injection port. (d) A photograph of
chlorophenol red and indigo carmine separation using the I-paper device with the injection port.

channels. Chlorophenol red and indigo carmine separations from the I-paper and the traditional
wax-printed devices were compared. The I-paper electropherogram shows narrower peaks than

electropherograms from the wax-printed mPAD (Figure 4.7a) at different channel widths. The
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electropherogram from the wax-printed mPAD with a 0.3 mm channel width did not produce peaks
due to lack of flow. To further understand why the fabrication method used affects peak width, the
I-paper device and the wax-printed mPAD cross-sections were imaged. The |-paper device gave a
free-standing channel with a precise edge as shown in Figure 4.7b, while the wax-printing mPAD
produced a rough channel edge as shown in Figure 4.7c. It is likely that some of the wax dispersed
into the paper channel impacting both flow and zeta potential, resulting in broader peaks.
FITC and FITC-Glu Separation

For demonstrating system viability for fluorescent applications, a FITC and FITC-labeled
amino acid separation was performed. FITC is commonly used for labeling proteins and amino
acids.*>*® Conventional capillary electrophoresis was previously proposed to separate FITC
labeling proteins and amino acid.**“¢ However, large, expensive, and complicated instrumentation

is required for performing the capillary electrophoresis. Here, the |-paper device separated
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Figure 4.7: (a) Electropherograms of chlorophenol red and indigo carmine separation using the I-
paper device (1 mm channel width) and the wax-printed mPAD at different channel widths. (b) A
photograph of the cross-sectional I-paper device using optical microscope at 40x magnification.
(c) A photograph of the cross-sectional wax-printed mPAD using optical microscope at 100x
magnification.
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unreacted FITC from a FITC-labeled amino acid to determine conjugation percentage. Glu was

used as the representative amino acid. Unbound FITC and FITC-labeled Glu were successfully
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Figure 4.8: (a) A photograph of FITC and FITC-Glu separation. (b) Electropherograms of FITC
and FITC-Glu separation using a microscope to present time-dependent measurement at different
detection positions and expansion of the electrophorogram using the detection position at 3 cm
(inset). (c) Resolution of FITC and FITC-Glu separation from (c) (n = 3). Error bars represent + 1
standard deviation.
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Figure 4.9: Electropherograms of FITC and FITC-Glu separation using a mobile camera for
collecting signal.
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separated using the proposed method as shown in Figure 4.8a. FITC-labeled Glu (pKas = 9.67)*,
which has a negative three charge, was eluted earlier than unbound FITC (pKa = 6.4)*, which has
a negative charge, when using a pH 11.35 BGE. An electrophorogram showing the separation is
included in Figure 4.9. While the separation was successful, the peaks were broad. Therefore, the
detection method was improved to reduce peak width. A time-dependent plot was used to reduce
peak width by imaging the fluorescent signal from a narrow window using an inexpensive
microscope in a manner analogous to traditional capillary electrophoresis. The microscope set-up
allowed for the collection of a higher fluorescent intensity due to eliminating background
interference when compared to that using a mobile camera to image the entire device. The
detection area (1 x 1 mm) was fixed at various positions along the paper channel. The fluorescent
signal was analyzed every 10 s. The electrophorograms obtained at various positions are shown in
Figure 4.8b. The optimum detection position which provided the best resolution (1.9 + 0.2 min
cm™) was 3 cm from the T-junction of the injection arm (Figure 4.8c). The separation peaks
obtained with a microscope were better resolved than those obtained with a mobile camera. The
closer detection positions (1 and 2 cm) provided lower resolution (0.9 +0.1 mincm™and 1.1 +0.1
min cm™, respectively) due to incomplete separation. When using 4 cm as the detection position,
the two peaks merged due to the dispersion of the compounds with the increased distance. The
time-dependent method was applied for colorimetric separation as well (Figure 4.10). Finally,
percent conjugation of FITC and Glu was calculated by generating a FITC calibration, as shown
in Figure 4.11a and 4.11b. Percent conjugation of FITC and Glu calculated from peak area was 72

+ 4%.
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Figure 4.10: Electropherograms of chlorophenol red and indigo carmine separation using a
microscope to present time-dependent measurement at different detection positions.
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Figure 4.11: (a) Electropherograms of FITC movement at 3 cm from the injection arm. (b) A
calibration plot of FITC at varied concentrations (n = 3). Error bars represent £ 1 standard
deviation.

Conclusion

Electrophoresis on |-paper devices demonstrates an improved electrophoretic separation in
paper relative to other methods. The essential characterization of the electrophoretic separation on
paper included Joule heating, EOF, and electrophoretic flow. Joule heating was generated due to
large ratio of surface area (78%) to pore volume (22%) of the paper leading to the narrow working
applied electric field range (0-200 V cm™). In the case of EOF and electrophoretic mobility, the

EOF was 2.5 x 10° cm? V! s when using a Tris/fHEPES buffer pH 7.8 as the BGE, and the
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electrophoretic mobility of chlorophenol red was 1.2 x 10* cm? Vs, For demonstrating device
usability, electrophoresis on the I-paper device was carried out with both colorimetric and
fluorescent separations. Paper types, channel width, and applied potential significantly influenced
separation resolution. For colorimetric detection, chlorophenol red and indigo carmine were
separated. Addition of the injection port helped to significantly reduce peak broadening. This work
also made the successful separation of FITC-labeled Glu from unbound FITC using a low-cost I-
paper electrophoresis device. Using a time-dependent measurement with an inexpensive
microscope significantly improved resolution. Percent conjugation of FITC and Glu was 72 + 4
%. Moreover, the laminated-Parafilm method materialized the goal of producing a free-standing
channel resulting in reducing separation peak width. The proposed electrophoretic I-paper device

could pave a way to analyze complicated samples using low-cost, portable, and simple mPADs.
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CHAPTER 5. CONCLUSION

Particulate matter (PM) has a significant influence on human health, visual air quality, and
damage to materials. The concentration, size, and chemical composition of PM are directly linked
to harmful effects on human health. Chemical composition of PM is commonly analyzed using
large, expensive, and complicated laboratory instruments, such as ICP-MS and atomic absorption
spectrometry. These instruments are inappropriate for use in fieldwork and remote areas, due to
the large size and expense of these systems. Moreover, collection time, storage of samples, and
sample transportation from the field to a centralized laboratory cause can result in changes in the
PM composition because of chemical reactions.! Trace metals are a critical component of PM
that contributes to serious health problems and quantitatively change via chemical reactions. My
dissertation focused on developing low-cost, portable, disposable analytical tools that would
enable people to perform rapid and real-time analysis of trace metals in PM. Additionally,
electrophoretic microfluidic paper-based analytical devices (mPADs) were prepared towards
separations and analysis of PM components.

The first part of this dissertation sought to develop low-cost, portable, and disposable
electrochemical analytical devices for trace detection of Zn, Cd, Pb, Co, and Ni. Electrochemistry
integrated into electrochemical paper-based analytical devices (ePADs) offers sensitive and
selective measurements.* Stencil-printed electrodes were fabricated on a polyethylene
transparency (PET) sheet, aimed at improving detection performance of trace metals relative to a
paper platform and reducing device costs. For simultaneous Zn, Cd, and Pb detection,® silver
nanoparticles (AgNPs) were used to modify the electrode surface using an electrospraying

technique. Aside from their simple synthesis and electrode modification, the AgNPs increased
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electrode surface area and provided low uncompensated resistance and fast electron transfer
kinetics. Electrospraying provided more homogeneous AgNPs spread on the surface relative to the
drop-casting method. LODs for Zn, Cd, and Pb were 5.0, 0.5, and 0.1 pg L™, respectively, which
were low enough to measure these metals in PM. For Co and Ni measurement,® Nafion/Bi modified
electrochemical analytical sensors were proposed. The sulfonate group in Nafion allows selective
preconcentration of cations resulting in improved detection performance. Bi was introduced to
form metal amalgam to generate well-defined peaks and reproducible stripping signals.
Dimethylglyoxime (DMG) was used as a chelator to selectively complex Co(Il) and Ni(ll) before
detecting these complexes with adsorptive cathodic stripping voltammetry. This work represented
high repeatability of the low-cost devices for Co and Ni measurements that could be used up to 15
times with acceptable %RSD. LODs of 1 ug L™ and 5 ug L™ for Co and Ni, respectively were
obtained. The electrochemical sensors for Zn, Cd, Pb, Co, and Ni were applied for determination
of those metals in aerosol samples. The validation with ICP-MS showed no statistically different
results with 95% confidence between the proposed devices and the ICP-MS method.

This dissertation has also extended mPADs towards the separation and analysis of
compounds in complex samples such as PM. Electrophoretic laminated Parafilm paper (I-paper)
was proposed to improve peak broadening in paper separation. The I-paper yielded a free-standing
channel, resulting in significantly reduced peak broadening relative to wax-printing mPADs.
Electrophoretic parameters such as Joule heating, electroosmotic flow (EOF), and electrophoretic
mobility were determined. The results indicated that applied potential range proceeded on the
electrophoretic I-paper was narrow, due to generation of Joule heating at low applied potential.
The electrophoretic I-paper was applied for colorimetric separation of chlorophenol red and indigo

carmine and fluorescent separation of fluorescein isothiocyanate (FITC) and FITC labeling
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glutamic acid (FITC-Glu). Addition of an injection arm to the device to control sample volume
and the use of a low-cost handheld microscope to enhance collected fluorescence intensity were
suggested to reduce peak broadening. This work will ultimately be used to analyze complex
samples.
Future Directions

This dissertation focused on the development of sensitive, low-cost, portable
electrochemical analytical devices for trace metal analysis in PM,>® as well as a simple
electrophoretic I-paper prepared for complicated sample analysis in future work. Additional
suggestions about device development could also be proposed that would further improve our
ability to analyze PM composition. In the case of electrochemical analytical devices, other trace
metals such as Fe and Cu play an important role in chemical properties of PM. Voltammetric
stripping for determining concentration of Fe and Cu is limited, due to poor reversibility of the
Fe*®* and the Cu*?* couple at a bare electrode.”® Specific adsorption of the complex of these
metals with the chelator allows the selective electrochemical measurement to occur. Thus,
electrochemical methods for detecting these metals should be explored.”® Next, simultaneous
electrochemical detection of trace metals in PM would represent a major step forward because it
would minimize the required sample amounts and reduce overall analysis time. In fact, different
electrochemical conditions are required for each metal detection. A paper-based platform can be
utilized for on line adjustment of the sample conditions for each metal, before performing
electrochemical detection. A paper-based device is suggested to combine all electrochemical
devices to achieve simultaneous metal detection as shown in Figure 5.1a. A shared counter
electrode (CE) and a shared reference electrode (RE) for two electrochemical detection zones are

fabricated in the paper-based device. A bipotentiostat with a 4-electrode configuration including
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Figure 5.1: (a) A proposed design of a paper-based analytical device for simultaneously
electrochemically detecting metals. (b) A proposed electrochemical paper-based analytical device
for simultaneously detecting Ni and Fe.

two working electrodes, a CE, and a RE, is required for simultaneously detecting metals. The
proposed concept was preliminarily tested for simultaneously detecting Ni and Fe, which required
different pH conditions and electrode modification methods. 11 uL of 1 M carbonate buffer pH
9.0 was deposited onto one device arm for preconditioning the sample solution for the
electrochemical detection of Ni as shown in Figure 5.1b. For chelating Ni(ll), DMG, which was
used as a Ni(ll) chelator, was dried on a piece of paper, and placed between layers of a paper
device and a Bi modified working electrode (WE1) as shown in Figure 5.1b. In the case of Fe
detection, 11 uL of 2.5 M acetate buffer pH 4.5 was deposited onto the other device arm as shown
in Figure 5.1b. 1,10-Phenanthroline, which was used as a Fe(ll) chelator, dried on a piece of paper
was inserted between layers of a paper device and a 1,10-phenanthroline modified working
electrode (WE2). Adsorptive cathodic stripping voltammetry was performed to simultaneously
measure Ni and Fe. Preliminary results using the proposed paper-based device for the

electrochemical detection of Ni and Fe are shown in Figure 5.2.
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Figure 5.2: Voltammograms of Ni (a) and Fe (b) simultaneous detection using adsorptive cathodic
stripping voltammetry. The electrodeposition was performed at the deposition potential of 1.3 V
for 240 s. The electrochemical measurement was performed after a 10-s equilibration time from
1.05 to —1.25 V, and with an optimized step potential of 5 mV, amplitude of 75 mV, and frequency
of 5 Hz.

Aside from trace metals, there are other compounds in PM, such as radical-generating
species, volatile organic compounds, and pathogenic bacteria,'® which can cause significant health
problems. Proper sample preparation and efficient compositional extraction procedures need to be
explored. Moreover, methods using low-cost mPADs for quantitatively monitoring Fe, Cu and
reactive oxygen species (ROS) should be developed, because Fe and Cu kinetically produce ROS
via the Fenton reaction. This study would reveal relevant chemical reactions of PM components
that impact human health.

In electrophoretic mMPADs, the electroosmotic flow (EOF) is a critical factor to improve
the separation resolution. EOF countering electromigration increases sample focusing, which
brings about reduced band broadening.! Thus, approaches to increase EOF should be investigated.
Chemical modification of paper or/and changing device substrates would be suggested to increase
EOF. Besides enhancing separation resolution, sensitive detection methods for the electrophoretic
separation should be investigated. For example, in the case of multiplexed metal analysis, an
electrochemical device could be integrated into electrophoretic mPADs to lower the LODs. 2

Amperometry could be used for simultaneous detection of trace metals, using carbon stencil-
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printed electrodes as a portable, disposable and simple electrochemical device. The proposed

design is shown in Figure 5.3. Low-cost electrochemical sensors coupled with the electrophoretic

Figure 5.3: The integration of carbon stencil-printed electrode into electrophoretic mPAD

mPAD would facilitate separation and analysis of other components in PM, such as organic
compounds.

The proposed low-cost electrochemical analytical devices for simultaneous detecting trace
metals in PM and the proposed electrophoretic I-paper for improving separation resolution would
extend the ability of low-cost analytical tools for the analysis of complex components in PM. These
innovations represent an important step towards the assessment and control of PM exposure, air

pollution and air quality management.
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APPENDIX 1. ELECTROCHEMISTRY ON PAPER-BASED ANALYTICAL DEVICES: A
REVIEW

Chapter Overview

Even though they were introduced less than a decade ago, electrochemical paper-based
devices (ePADs) have attracted widespread attention because of their inherent advantages in many
applications. ePADs combine the advantages of microfluidic paper-based devices (low cost, ease
of use, equipment free pumping, etc.) for sample handling and processing with the advantages of
sensitive, selective detection provided by electrochemistry. As a result, ePADs provide simplicity,
portability, reproducibility, low cost and high selectivity and sensitivity for analytical
measurements in a variety of applications ranging from clinical diagnostics to environmental
sensing. Herein, recent advances in ePAD development and application are reviewed, focusing on
electrode fabrication techniques and examples of applications specially focused on environmental
monitoring, biological applications and clinical assays. Finally, a summary and prospective
directions for ePAD research are also provided. This review was published in Electroanalysis.t
Introduction

While paper has been used as a substrate for chemical analysis for centuries, the concept
of microfluidic paper-based analytical devices (mPADs) was only recently introduced by
Whitesides and co-workers in 2007 when paper was patterned using photolithography to perform
multiplexed chemical assays.? Subsequently, mPADs have been used for various applications,
including environmental monitoring, biomedical applications,® food and beverage analysis and
point-of-care (POC) clinical diagnostics.>* The popularity of pPADs is due to several advantages,
which include low cost, simplicity of operation, portability, and disposability. Multiple fabrication

techniques have been demonstrated to expedite adaptation of this technology in real world
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applications, especially in POC diagnostics and on-site measurements. Detection is also a key
aspect of mPAD development, and colorimetric detection has been the dominant technique given
its inherent simplicity and potential for instrument free quantification.® Color changes caused by
reactions on paper can be observed by the naked eye, providing semi-quantitative results that are
sufficient for some assays. Quantitative results are obtained by using an imaging tool combined
with image processing software to integrate color intensity. Colorimetric detection; however, is
limited by the need for low background surfaces, a limited dynamic range, low sensitivity, and
variability in environmental illumination.® Electrochemical sensing offers a quantitative
alternative detection system for mPADs. Electrochemical detection can also improve the
performance of mPADs in terms of sensitivity and selectivity while providing low detection limits.

Electrochemical paper-based analytical devices (ePADs) were first published by
Duangchai et al. in 2009. Electrochemical sensing is a good match for mPADs because; (i)
electrodes can be miniaturized and easily fabricated onto paper, (ii) electrochemistry does not
require complicated equipment, (iii) portable potentiostats are already available for on-site
measurements and (iv) a wide range of electrochemical methods are known, extending the
application space across many fields of interest. Therefore, ePADs have been employed for a
variety of applications as discussed in recent review articles.®>*” This review covers recent
developments of ePADs, starting with a chronological summary of electrode fabrication. Next,
applications of ePADs, including environmental analysis, biomedical applications and clinical
assays are summarized. uPAD fabrication is not discussed in this review and the authors refer

readers to recent review articles for further device fabrication.®®
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Electrode Fabrication-The development

Electrodes are of paramount importance for ePAD performance, as they are for all
electrochemical methods. There are a variety of electrode materials (e.g. carbon, metals and
nanoparticles) and fabrication techniques (e.g. screen/stencil-printing, pencil/pen drawing, inkjet-
printing and wire placement) that have been demonstrated for ePADs. In this review, the
development of electrode fabrication methods for ePADs is presented in chronological order,
starting from the beginning stage (2009-2010), followed by the growing stage (2011-2013) and
ending with the present state-of-the-art (2014-2015). This review approach emphasizes the
significant advances that ePAD technology has gone through in less than a decade.

The Early Stages (2009-2010)

During the early stages of ePAD development, electrode materials and fabrication methods
were adapted from traditional microfluidic and biosensor systems.® Screen-printing was the first
electrode fabrication method employed for ePADs and is still commonly used to make carbon
electrodes. The popularity of screen-printing is due to the advantages of easy fabrication, low cost,
possibility for large scale production and reasonable electrode-to-electrode reproducibility, as
previously reviewed.® In addition to screen-printing, methods such as inkjet printing and pencil
drawing were also demonstrated during this time frame.

Screen/Stencil-printing

The first ePAD report by Dungchai et al.® relied on screen-printing to generate carbon
electrodes for enzymatic detection of glucose, lactate, and uric acid (UA). Electrochemistry was
used to improve the sensitivity and selectivity of mPADs relative to colorimetric detection
techniques.? For screen-printed electrodes (SPEs), the electrode geometry, which can be designed

using drawing software, such as Adobe Freehand®, CorelDraw® or Adobe Illustrator®, is
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carefully considered to achieve high performance. For example, in Dungchai’s work the geometry
of the counter electrode was designed to be larger than the working and reference electrodes to
minimize current resistance in the circuit. The electrode dimensions and geometry are shown in
Figure AL.1A. Electrodes were screen-printed on Whatman®Grade 1 filter paper with the working
and counter electrodes made from carbon ink containing Prussian Blue (PB) to increase the
selectivity for H2O> detection, and Ag/AgCl ink screen-printed as the reference electrode.
Additionally, the conductive pads of all electrodes were painted using Ag/AgCl ink to reduce
connection resistance. This electrochemical detection system was tested for the simultaneous
determination of glucose, lactate and UA from undiluted serum samples (Figure A1.1B).

Similar to screen-printing, stencil-printing uses an open mask or stencil to fabricate carbon
electrodes. Stencils are easily made from solid films, including adhesive tape and transparent film,
using craft or laser cutters. Key advantages of this fabrication technique are facile mask generation
for rapid prototyping and low cost. A complementary ePAD study to the work presented by
Dungchai was presented by Nie et al.° In this work, the flow of solution across stencil-printed
electrodes was first introduced to produce convection and increase signal. The electrodes (carbon
ink for working and counter electrodes and Ag/AgCl as a reference electrode) were stencil-printed
on a piece of paper (Whatman® Grade 1 chromatography paper) or polyester—cellulose blend
paper (VWR®Spec-Wip) and a hydrophilic channel was created on the second piece of paper
using photolithography. The two paper pieces were attached using double-sided adhesive tape to
achieve conformal contact between the paper channel and the electrodes (Figure A1.1C). The
platform was also applied for glucose determination in urine and selective measurement of Pb2* in

an agueous solution.
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Apart from stand-alone analysis, the integration of ePADs with other techniques for dual
detection was reported to increase the versatility for other applications. Apilux et al.** proposed an

ePAD with colorimetric detection for simultaneous detection of Au and Fe. Three electrodes were
Hydrophobic
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Figure Al.1: Screen-printing for electrode fabrication of ePADs. (A) Layout and (B) an image of
electrode configuration of ePAD for simultaneous determination of glucose, lactate, and UA using
enzymatic assays. WE, RE and CE stand for working, reference and counter electrodes,
respectively. Reprinted with permission from [7]. Copyright 2010 American Chemical Society.
(C) SPEs on paper substrate and a paper channel for the analysis of glucose. These two paper
pieces were held inplace using double-sided adhesive tape surrounding the electrodes. Reprinted
with permission from [10] with permission of The Royal Society of Chemistry. (D) Schematic (a)
and an image (b) of uPAD consisting of dual electrochemical and colorimetric detection. Reprinted
with permission from [11]. Copyright 2010 American Chemical Society. (E) An ePAD integrated
with a commercial glucometer. (a) Arrays of wax-printed electrodes for determination of
biological compounds. (b) A commercial glucometer used as an electrochemical reader. Reprinted
with permission from [14] with permission of The Royal Society of Chemistry.
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screen-printed onto the hydrophilic area of a paper device, which was defined using
photolithography (Figure A1.1D). Carbon was screen-printed as working and counter electrodes,
while Ag/AgCI ink was screen-printed as a reference electrode and conductive pads for each
electrode. For dual detection, the hydrophilic zone for electrochemical detection was designed to
connect with a colorimetric detection zone. The device was able to simultaneously determine Au
and Fe in water samples from electronic processing waste. Fe is a common byproduct in electronic
waste and can interfere with the electrochemical detection of Au above a threshold. The dual
detection mode ensured measurement accuracy.

Another technique integrated sputtered gold electrode ePADs with paper separations.'?
Gold electrodes were deposited onto a polyester film and a three electrode design was patterned
using photolithography. A chromatography strip of paper was placed on top of a three electrode
system, and acted as a separation channel. After spotting sample onto the paper channel 10-mm
away from the electrodes, the analytes were separated in the paper channel and detected when they
crossed the electrodes using amperometric detection. This work was applied for the
chromatographic separation and detection of ascorbic acid (AA) and UA from a mixed sample
with detection limits of 20 uM for both species.

Towards the end of this period, commercial SPEs were employed for ePAD measurements.
A new method using a paper disk impregnated with reagents and coupled with commercial SPEs
was introduced for trace metal detection.'® An internal standard was stored on the paper disk and
employed to improve measurement accuracy. Using this approach, simultaneous determination of
Zn?* and Pb?* was carried out, using Zn?*as the internal standard. In addition to commercially
available electrodes, a commercial glucometer was also integrated with ePADs for determination

of glucose, cholesterol, lactate, and alcohol in blood samples, as shown in Figure A1.1E.1* Using
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portable glucometers along with ePADs is a user friendly and convenient method of detection for
a number of assays.
The growing stage (2011-2013)

During this period, the publication of ePADs grew rapidly. A variety of new electrode
fabrication methods, including inkjet-printing, stencil-printing and pencil-drawing were
introduced for ePADs. However, SPEs remained the most popular fabrication technique and were
further developed with more complicated and multiplexed ePAD designs reported.

Inkjet-printing

Fabrication of electrodes using inkjet-printing can be achieved using a commercial inkjet
printer. Hu et al.'® used inkjet-printing to fabricate gold electrode arrays made of gold
nanoparticles (AuNPs) on mixed cellulose ester membranes for use as a novel paper-based
electrochemical oxygen sensor (Figure A1.2A). Additionally, AUNPs were also inkjet-printed on
paper and then IR sintered to produce conductive electrodes that were inert, resistant to oxidation
and acids (Figure A1.2B).1® The electrodes were further functionalized using self-assembled
octadecanethiol monolayers. The functionalized electrodes have the potential for applications
inprinted diagnostics, specifically for molecular recognition detection. Moreover, inkjet-printing
of silver nanoparticle ink was used to fabricate electrodes for a bioelectric system-on-chip (SoC)
sensor.” This SoC sensor was created as a Bio-Patch prototype which was attached on human
body to measure bioelectric signals from electrocardiogram and electromyogram measurements.

Pencil-drawing and pencil lead electrodes

Incorporating pencil lead into ePADs is perhaps the easiest and simplest way to fabricate

electrodes for ePADs because only an inexpensive, commercially available pencil lead is needed.
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Figure Al.2: (A) Fabrication of gold electrodes on mixed cellulose membrane using inkjet
printing. Reprinted with permission from [15]. Copyright 2012 American Chemical Society. (B)
AuNPs inkjet-printed on paper (a) and IR sintered to be conductive (b). Reprinted with permission
from [16]. Copyright 2012 American Chemical Society. (C) An ePAD consisting pencil-drawn
electrodes. R and C stand for reference and counter electrodes, respectively. W, W1 and W> are
working electrodes. Reprinted with permission from [19]. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Two separate groups reported the use of pencils for ePAD fabrication almost simultaneously.
Dossi et al.’® introduced a simple ePAD consisting of a hand-drawn, graphite three electrode
system. This device was applied for electrochemical detection of AA and sunset yellow dye within
an ePAD separation device. A similar device presented by Dossi et al.'® included the use of a dual
working electrode system for the simultaneous detection of dopamine (DA) and AA at different
working electrode potentials (as shown in Figure A1.2C). The second system demonstrated by
Santhiago et al.?% showed the integration between using graphite pencils as electrodes and mPADs
for glucose biosensing. The electrical performance of pencil-drawing on paper was studied
extensively.?! Although pencil-drawing possesses the advantages of fabrication simplicity and
resistance to chemicals and heat, the moisture in the paper can affect the electrical properties of

the pencil-traces by raising ionic currents.
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Screen-printing

The development of SPEs in this period was adapted to three dimensional (3D) and/or
multiplexed ePAD designs. Wang et al.?? proposed 3D ePADs fabricated on two layers of paper
with dual working electrodes sharing the same counter and reference electrodes (Figure A1.3A).
The top layer consisted of a hydrophilic circular middle zone connected to two circular working
zones, where carbon electrodes were screen-printed on the bottom layer. In this example, the two
working electrodes were coated with a multi-walled carbon nanotubes/chitosan
(MWCNTSs/chitosan) mixture. The working electrodes were aligned with the circular middle zone
that contained the reference and counter electrodes. The MWCNTSs/chitosan coating improved
device sensitivity, allowing for simultaneous detection of two tumor markers in serum samples.
Moreover, later work used a variation to this system to fabricate eight working zones with eight
working electrodes sharing the same reference and counter electrodes (Figure A1.3B).2% With this
improved design, a sensitive point-of-care immunoassay was demonstrated for high-throughput
assays. In addition, another 3D ePAD with screen-printed conductive carbon ink was also
integrated in a self-powered origami PAD (0PAD) that self-generating an electrical signal from
the reaction of glucose oxidase and glucose for the conversion of [Fe(CN)s]* to [Fe(CN)e]* giving
a voltage difference from a control and test zone that was charged in a capacitor and read using a
digital multimeter.?* The charge on the capacitor, while directly proportional to the amount of
glucose in the sample, also provided a 17 fold amplification in signal from a direct current
measurement.

The modification of screen-printed carbon electrodes (SPCESs) has attracted considerable
attention as a way to improve ePAD sensitivity, selectivity and versatility. Modifiers previously

reported for SPCEs include ionic liquids,? nanoparticles,?®?” molecular imprinting polymers,?82°
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conducting polymers,?® cobalt phthalocyanine,*® enzymes® and graphene.®? Besides electrode
modification, substrate materials were also studied to determine the most suitable paper-based
material for reproducible, robust and low-cost sensors.® It was found that between inkjet, ruled
notepad, and filter paper, inkjet paper provided results most similar to ideal behavior and
commercially available SPCEs on polymer substrates, while maintaining flexibility.

In addition to homemade SPCEs, commercial SPCEs were coupled with ePADs for
determination of Cd and Pb in soda water and ground water,** glucose detection®-3" and protein
assays.>® Modification of commercial SPEs using sodium dodecyl sulfate was demonstrated to
solve the overlapping peaks between DA, AA, and UA in serum samples.*

Other electrode fabrication techniques

The use of stencil-printing was further studied by fabricating carbon electrodes onto wax-
printed paper and combining this layer with cut polymer layers to form a fluidic channel over the
surface of the paper-based electrodes.*® This device was further studied using amperometric
detection of ferrocyanide. Additionally, thin-film sputtering through a mask was used as an
electrode fabrication method. Gold was sputtered onto a paper chromatography channel to create
gold electrodes for electrochemical detection of paracetamol and 4-aminophenol following
separation in a paper channel (Figure A1.3C).*! Carbon nanotubes (CNTSs) have also been used to
coat cellulose fibers with conductive material. ACNT-ink was painted to make conductive paper
and a specific ion selective membrane was subsequently drop-casted via a stencil onto the
conductive paper.*? The conducting paper was used as an ion selective electrode for measurements
of K*, NH* and pH. CNTs were also used to make electrodes by vacuuming a CNT mixture into
the paper through a metal mask for pH sensing. Polypyrrole, another conductive material which

can be used as a supercapacitor, was synthesized on cellulose fibers to be used as alternative paper-
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based electrodes.*® The electrodes were fabricated by dipping the paper into a pyrrole solution and

polymerized onto the paper fibers using a chemical oxidant. The electrochemical properties of the
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Figure A1.3: (A) Ascreen-printed 3D ePAD. (1) Arrays of wax-printed devices. (2) A top layer
of 3D ePAD consisting of (a) working zones and (b) a circular middle zone. (3) SPESs on paper;
(c) carbon working electrodes, (d) a Ag/AgCI reference electrode, (e) a carbon counter electrode,
(F) silver conductive channel and pad and (g) a transparent polyethylene terephathalate substrate.
(4) A complete device having the working zones aligned to the two working electrodes and the
circular middle zone aligned to the reference and counter electrodes. Reprinted with permission
from [22]. Copyright 2012 Elsevier. (B) An improvement of the ePAD in (A). This new 3D ePAD
is composed of eight circular working zones with eight working electrodes sharing the same
reference and counter electrodes for high-throughput immunoassays. Reprinted with permission
from [23] with permission of The Royal Society of Chemistry. (C) Schematic (top) and a
photograph (bottom) of an ePAD for electrochemical separation. C.E., W.E. and R.E. are counter,
working and reference electrodes, respectively, fabricated from gold using a sputtering technique.
Reprinted with permission from. Copyright 2012 Elsevier. (D) An origami-PAD (oPAD)
incorporated with a gold microwire electrode. Reprinted with permission from [41]. Copyright
2014 American Chemical Society. (E) Fabrication of microwire electrodes on wax-printed paper.
(a and b) Overview of a three PAD device. (c) A complete device having silver paint applied to
the end of the electrodes to secure the electrodes. (d) Device connection to the potentiostat.
Reprinted with permission from [44]. Copyright 2015 Elsevier.
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polypyrrole paper-based electrode showed an increase in the charge capacity, indicating the
possibility to use this system for energy storage.
The present state-of-the-art (2014-2015)

Recent developments in electrode fabrication methods have worked to improve ePADs for
specific applications and detection schemes. While known fabrication methods (e.g. screen-
printing, pencil-drawing and inkjet-printing) have been widely used for ePADs, a few new
fabrication methods have been introduced. One such method is based on microwire placement.

Microwires

Fosdick et al.** were the first to incorporate prefabricated microwires as electrodes in an
oPAD, as shown in Figure A1.3D. This paper showed that gold microwires within a hollow
channel provided much lower resistance than carbon paste electrodes and could be easily cleaned
and modified prior to device incorporation without contaminating the PAD. Since microwires can
be fabricated with many different materials, this also gives the user flexibility in electrode
composition. As proof-of-concept gold microwires were modified using self-assembling
monolayers to selectively block or promote certain redox couples through electrostatic
interactions, such as the blocking of anionic species Fe(CN)s>. Moreover, metallic mesh electrodes
were incorporated, which showed comparable results to single microwires. Apart from gold single-
wire electrodes, different types of microwires, including solid gold, solid platinum, platinum with
8% tungsten, and platinum with 20% iridium, have been studied in ePADs and results were
compared to traditional carbon SPEs by the author’s group.*®> Microwire ePADs showed an overall
increase in current density compared to carbon electrode ePADs, though having the wires in
contact with the paper decreases the effective electroactive area. The study also demonstrated that

cleaning the microwires with 50 mM KOH and 25% H-O: significantly increased signal while
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decreasing peak splitting, something that the clean wires maintained over time in storage. This
chemical cleaning cannot be done with SPCEs. Although microwires are more expensive than
carbon paste, another advantage of using pre-fabricated microwires is that the application can be
more consistent than carbon screen-printing, which can vary based on each fabricator’s technique.

Other fabrication techniques

Although graphite-based electrodes drawn on paper are not a new concept, Dossi et al.*®
introduced a new strategy to fabricate homemade pencils by “doping” the carbon used to make the
pencil leads. The pencil leads were made using carbon powder as a conductive agent, sodium
bentonite as a binding agent and sodium silicate as a hardening agent. The “doped” pencil leads
contained these elements along with either 1% decamethylferrocene or 8% cobalt (1)
phthalocyanine as the “dopant”. Doping the pencil lead proved successful with the former dopant
demonstrating a reversible redox reaction and the latter showing electrocatalytic activity toward
cysteine and hydrogen peroxide.

Although incorporating hollow channels into o0PADs was reported in 2013, Renault et
al.*® demonstrated a hollow channel device with electrochemical detection in 2014. The
incorporation of hollow channels into paper exhibited similar electrochemical results to those of
traditional hollow-channel glass or plastic-based electrochemical microfluidic devices, but without
the need of an external pump. The hollow channels were fabricated using a laser-cutter to create
channel-shaped holes in filter paper, which were then folded into the proper configuration allowing
SPEs to come into contact with the open channel. While fundamental studies for stencil-printed
electrodes in ePADs have been done, these ePADs have also been used for applications in batteries

and fuel cells.*®
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Modifying electrodes with nanoparticles as a way to enhance the electrochemical signal is
a common practice for ePADs, and researchers are still developing new methods for electrode
modification to enhance signal and obtain lower limits of detection. Nantophol et al.,*° for
example, fabricated a device for detection of cholesterol through a boron-doped diamond (BDD)
working electrode modified with silver nanoparticles (AgNPs). A BDD working electrode was
chosen due to its history with low background currents, a wide electrochemical potential window,
and resistance to fouling. Although BDD electrodes have been previously used in other
electrochemical devices, this was the first time it has been modified with AgNPs and applied to a
PAD format. Modification with AgNPs was necessary to detect cholesterol because bare BDD has
a low sensitivity for H20,.

Throughout the years of development in electrode fabrication, various electrode materials
and fabrication methods have been created and applied in ePADs. SPEs have gained popularity
for ePADs due to their simplicity of fabrication, ease of modification, and possibility for large-
scale production with reproducible electrodes. However, other electrode types have been proposed
for particular applications. Therefore, current and future development of electrode fabrication
techniques has put strong emphasis on the fabrication of ePADs for various fields of applications.
ePAD Applications

ePADs have been extensively used for a variety of applications; some key examples of
applications are reviewed here to demonstrate the potential of ePADs in a variety of fields. The
simple, sensitive, portable, disposable and cost-effective advantages to using ePADs over
conventional or traditional methods has led to important advances in monitoring environmental

contaminants as well as developing biomedical analysis devices and clinical assays.
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Environmental Analysis

Normally, the analyses of environmental contaminants are performed using complicated
and expensive equipment in centralized laboratories. Traditional field-based methods also remain
complicated and/or require expensive portable spectrometers and/or fluorimeters for testing.
ePADs have many features that make them highly desirable for applications in environmental
monitoring. Current advances in environmental ePAD applications include the determination of
heavy metals and toxic contaminants released or left-over from insecticides or pesticides.

Heavy metals

Due to their toxicity and prevalence in the environment, both Pb?* and Cd?* have gained
considerable attention for ePAD detection.?® Anodic stripping voltammetry (ASV) has been used
to determine these metals due to the technique’s high sensitivity and reproducibility. The first work
demonstrating the use of ePADs for selective determination of Pb?*was presented by Nie et al.'°
This ePAD system achieved an LOD for Pb?*of 1 pg L™ This detection limit is lower than the
guideline value (<10 pg L™ for Pb?* in drinking water) set by the World Health Organization
(WHO). In separate work, the simultaneous detection of Cd?* and Pb?*in salty soda water and dirty
ground water samples was performed using a paper channel with flow and commercial SPCEs.*!
This device provided detection limits of 2.3 ug L™ and 2.0 pug L for Cd?* and Pb?", respectively.
Furthermore, a potentiometric detection method that coupled paper as a sampling method with ion
selective electrodes was used for measuring pH, Pb?*, Cd?* and CI~.5? In addition, simultaneous
detection of Zn**with Pb?* was reported using SPCEs and square wave (SW) anodic stripping
voltammetry (SWASV).22 Bi®*, Zn?*, and buffer reagents were stored dry within a paper disk until
time for analysis. The Zn?* served as an internal standard while the Bi**was co-deposited during

the preconcentration step to improve sensitivity.
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Dual detection using electrochemical and colorimetric methods was also demonstrated for
metals determination. Rattanarat et al.>® developed a multilayer paper-based analytical device (as
shown in Figure A1.4A) for the colorimetric and electrochemical quantitation of six metals. While
Cd?* and Pb?* were electrochemically determined on a layer of the device using SWASV,
simultaneous colorimetric detection of Ni, Fe, Cu, and Cr was performed on another layer. This
unique configuration had detection limits of 0.75 pg for Fe, Ni and Cu, 0.12 pg for Cr and 0.25 ng
for Cd?*and Pb?*when eluted from filter paper punches. The device effectively determined metals
in re-suspended baghouse dust samples. Measured values were not statistically different from
validated levels, indicating the system accuracy in complex matrices. Dual detection has also been
employed for the electrochemical and colorimetric determination of Au®* and Fe* respectively in
gold-refining waste solutions (Figure A1.1D).!!

More recently, modification to SPCEs using a graphene—polyaniline (G/PANI)
nanocomposite was applied for the simultaneous determination of Zn?*, Cd?®* and Pb?* in human
serum using SWASV.>* As shown in Figure A1.4B, electrospraying was employed for electrode
modification using G/PANI, producing a high surface area electrode. This resulted in higher
sensitivity detection and faster electron transfer from unmodified electrodes. The detection limits
were found to be 1.0 pg L for Zn?* and 0.1 pug L for both Cd?* and Pb?" and were successfully
detected from human serum samples.

Other contaminants

ePADs were also reported for determination of toxic compounds released from
insecticides/pesticides or byproducts from the degradation process. p-Nitrophenol, is a product
from biodegradation of parathion and methyl parathion and can be found in wastewater and

agricultural run-off. Quantitative determination of p-nitrophenol was reported using an ePAD that
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incorporated a quick response (QR) code for rapid assessment of p-nitrophenol information from
a cell phone, as shown in Figure A1.4C.%° This ePAD had a detection limit of 1.1 uM for p-
nitrophenol. Other compounds such as some water soluble and insoluble organic species found in
edible oil, including phenols, ortho-diphenols, and tocopherol, were determined with ePADSs using
cyclic voltammetry.®* ePADs have also been applied for halide determination in a wide range of
concentrations in water samples and food supplements.®® The device incorporated a cation-
exchange membrane between two silver-foil electrodes, each covered with thin cellulose paper.
This fabrication was able to coulometrically determine halides, while reducing analysis time and
cost of halide measurements when compared with conventional methods such as ion
chromatography or volumetric titration. This approach was able to determine bromide and iodide
in the concentration ranges of 1078 to 0.1 M and 107° to 0.6 M for chloride, respectively.
Biological Applications

mPADs were originally developed for medical POC diagnostics in developing countries
and resource-limited areas, where low-cost, rapid, simple, portable, disposable, and reliable tools
are necessary. Accordingly, ePADs have followed this path for biomedical applications. This
review highlights ePAD applications for protein, DNA, neurotransmitter, and biomarker
determination.

Proteins and DNA

Proteins determined using immunoassays

Enzyme-linked immunosorbent assays (ELISAs) have been a common laboratory
technique for decades in biochemical analyses. They have historically been carried out using 96-
well microtiter plates and require use of an expensive plate reader for quantitative detection. Cheng

et al.®” introduced mPAD-based ELISA detection in 2010 for POC diagnostics using colorimetric
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Figure Al.4: Applications of ePAD for environmental monitoring. (A) (left) An image of
multilayer mPAD with dual colorimetric and electrochemical detection for simultaneous
determination of Cd?*and Pb?* using electrochemical detection and Ni, Fe, Cu and Cr using
colorimetric measurements. (right) A fabrication procedure for the device. Reprinted with
permission from [53]. Copyright 2014 American Chemical Society. (B) A fabrication process of
ePAD with commercial SPEs modified with graphene—polyaniline (G/PANI) by means of
electrospraying. This device was applied for sensitive and simultaneous determination of Zn?*,
Cd?* and Pb?* in human serum. Reprinted with permission from [54]. Copyright 2015 Elsevier.
(C) An ePAD with a quick response (QR) code for rapid assessment of p-nitrophenol; WE, RE
and CE stand for working, reference and counter electrodes. Reprinted with permission from [55].
Copyright 2014 Elsevier.

detection. It yielded the same high specificity as a microtiter plate, but with faster results (more
than an hour per step versus less than one hour total on paper) and cheaper analysis equipment (a
desktop scanner versus a plate reader). While Li et al.®® first introduced the concept of
electrochemical ELISA’s in 2010, it was not until 2012 when Zang et al.?® introduced the first
ePAD ELISA capable of detecting multiple analytes from real samples. The device detected
multiple cancer biomarkers with a multiplexed format. There are two models of ELISA that have

been incorporated into paper, indirect immunoassays and sandwich immunoassays. An indirect
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immunoassay, utilized by Cheng et al.,%" involved applying the desired antigen (most often a
biomarker) directly onto the paper first, followed by a blocking agent, which is often bovine serum
albumin (BSA) and finished with a primary (and sometimes secondary) enzyme conjugated
antibody. The more antigen present, the more antibody that will bind, resulting in a higher signal
from the conjugated enzyme. The purpose of the blocking agent is to prevent antibodies from non-
specifically binding to the paper when no antigen is present, and prevent false positives from
occurring. The sandwich ELISA model (Figure 5A) starts with a primary antibody, followed by
the blocking agent, antigen, and enzyme-conjugated secondary antibody.?*°° Between each step
of the ELISA method, the paper is washed, typically with phosphate buffered saline (PBS)
containing Tween 20, to wash away unbound substrates. Common enzymes conjugated as tags
have include alkaline phosphatase and horseradish peroxidase (HRP).23°9-61

The immunoassay format has also been used not only to modify paper, but the electrodes
themselves.®2%% Recently, Montrose et al.®® fabricated an electrochemical immunosensor for the
detection of bovine viral diarrhea antibodies. They first modified a gold working electrode with a
polymer layer of o-aminobenzoic acid before adding the capture antigen. Antibodies from the
sample were detected electrochemically using cyclic voltammetry and impedance Nyquist plots.
If BSA-antibodies were present in the solution, a decrease in cyclic voltammetry current intensity
occurred from the antibodies blocking the electronic transfer of ferrocene monocarboxylic to the
electrode surface. Since ELISA was first incorporated onto paper, several groups have introduced
new ways to modify the paper or electrodes to increase sensitivity or stability of the ELISA,
including modifying the paper with chitosan® or graphene®? and modifying electrodes with
dithiobis(succinimidyl propionate) self-assembled monolayer.6? One group was able to achieve a

detection limit of 0.03 ng mL™* by first modifying the paper with chitosan and then incorporating
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a ring-oven washing technique to eliminate nonspecific binding proteins (Figure A1.5A).%*
Modifying the paper with chitosan first was done to covalently immobilize antibodies on the
surface. Several different electrode fabrication methods for ELISA detection have also been used
including gold nano- and microwires®? or CDs,> carbon nanotubes® and SPCEs.’
Proteins determined using other methods

Other papers have been published on detecting proteins without the use of immunoassays.
Cunningham et al.% used a conformational switching assay to fabricate a biosensor for detection
of DNA and thrombin. The absence of the target analyte (thrombin or DNA) resulted in the redox
reporter (in this case, methylene blue) being in close proximity to the electrode surface for electron
transfer or in the “off” position (Figure A1.5B). If the analyte is present, it binds to the redox
reporter, causing a conformational change so that methylene blue is further away from the
electrode surface and a decrease in electron transfer current is measured. This conformational
switching model demonstrated a low detection limit of 30 nM and 16 nM for DNA and thrombin
respectively. Another similar sensor was fabricated by Mahshid et al.%¢ using a DNA probe. The
DNA probe contained both a capture region for target proteins and a redox label. A complimentary
DNA strand was used to capture the DNA probe, bring the redox label close to the electrode
surface, resulting in an increase in signal. The presence of target protein binding to the DNA probe
caused steric hindrance and reduced the binding of the two DNA strands. The sensor detected
proteins as low as 100 nM in blood based on whether steric hindrance prevented the capture probe

from binding and resulting in a decrease in electrochemical signal output.
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Figure A1.5: (A) A schematic of a typical sandwich enzyme-linked immunosorbent assay
(ELISA). For this specific device, the paper (a) was first modified with chitosan (b) before putting
down the capture antibody (c). Bovine serum albumin (BSA) was then applied to block non-
specific binding (d) before applying the specific antigen (protein or other biomarker) (e) and HRP-
labeled detection antibody that catalyzes the reaction (f). The concentration of product from the
catalyzed reaction is proportional to the amount of specific antigen in the sample. Reprinted with
permission from [65]. Copyright 2015 American Chemical Society. (B) The concept of an “off”
sensor based on paper electrochemical device for detection of (a) DNA and (b) thrombin.
Reprinted with permission from [66]. Copyright 2014 American Chemical Society.

DNA
Immobilization of a suitable probe on the electrode surface is key to improving sensitivity,
selectivity, accuracy, and reproducibility of ePADs for DNA analysis. Lu et al.®” first introduced
a three-dimensional folding ePAD device for DNA detection using AuNP/graphene modified
SPCEs. The ssDNA was immobilized on the surface of the AUNPs and used to capture nanoporous
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gold nanoparticles bioconjugated with thionine and double-stranded DNA (dsDNA) as signal tags
and the complementary ssDNA. This resulted in an excellent amplification with a LOD for the
target DNA as low as 2nM. More recently, Li et al.®® used a slip origami device (0Slip) with
magnetic microbeads (MuBs) functionalized with capture DNA and a AgNP modified electrode
to detect Hepatitis B virus (HBV). The device relied on the detection of Ag* resulting from the
rapid oxidation of the AgNP labels by KMnO4 pre-dispensed onto the paper in the final step and
yielded the detection limit of 85 pM of HBV.

Clinical Assays

As the demand for rapid detection in on-site clinical analyses and personal health
monitoring has increased, several laboratories have investigated the use of ePADs for detecting
clinically significant biomarkers. Compounds such as DA, glucose, lactate, UA, cholesterol and
cancer cells/biomarkers, provide key diagnostic indicators for health and disease states for
individuals and have been quickly integrated into ePADs.

Dopamine

The development of analytical methodologies to accurately detect neurotransmitters is of
interest for brain research and understanding neurodegenerative diseases. Rattanarat et al.*
demonstrated a novel ePAD for the selective determination of DA in serum. Using SDS, the
electrostatic interaction between cationic DA and anionic SDS resulted in a peak potential shift for
the oxidative detection of the DA peak towards a more negative potential. This rendered the DA
peak clearly distinguishable from the more positive potentials for AA and UA oxidation with a
detection limit of 0.37 uM for DA. In a separate work, the simultaneous detection of DA or
paracetamol mixed with AA was achieved using dual pencil-drawn working electrodes on a paper-

based device.’® Since AA oxidation is nonreversible, it is only oxidized at the first electrode.
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Therefore, DA and paracetamol which are reversible electroactive species were reduced at the
second electrode. This simultaneous detection was achieved without the need for separation and
yielded detection limits of 5 uM and 6 uM for DA and paracetamol, respectively. Alternatively,
carbon nanotubes and Nafion were used to modify a carbon tape working electrode for DA
detection.®® The working electrode was a double-sided conductive carbon tape supported on ITO
glass. The modification of carbon tape electrodes with Nafion improved selectivity for DA
detection by stopping AA from reaching the electrode surface. In addition, the Nafion modified
electrode enhanced electrochemical signals of DA because Nafion had negative charges which
enhance the adsorption of DA. This device provided electrochemical detection of DA with
volumes of only10 pL and a detection limit of 0.01 uM.
Glucose/lactate/uric acid/ascorbic acid

Dungchai et al.® developed a novel ePAD for the simultaneous detection of glucose, lactate
and UA, which are critical health markers in serum, using PB modified SPCEs (PB-SPCEs)
(Figures A1.1A and Al1.1B). The PB in the electrodes acted as a mediator for the amperometric
detection of hydrogen peroxide formed from the oxidase reactions of each species. By spotting
one enzyme for each analyte into individual detection zones (as shown in Figure A1.1B) and
adding liquid samples into the hydrophilic center of the ePAD, the sample was then wicked
outward along the channels and into three separate detection zones. Analytes in the sample then
reacted with specific enzymes, and resulted in electrochemical signal from H20. generated from
the oxidase enzyme reactions. The levels of glucose and lactate measured from neat and serum
samples using ePADs were in good agreement with amounts obtained from traditional tests. Limits
of detection for glucose, lactate, and UA were 0.21, 0.36, and 1.38 mM respectively. The success

of this first mMPAD integrated with electrochemical detection paved the way for the use of ePADs
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for POC monitoring and clinical diagnostics. As a method to improve the analytical performance
of ePADs, PANI was also used to modify SPCEs using an inkjet-printing technique for ascorbic
acid (AA) detection.” The analytical performance was improved by optimizing the printed layer
of PANI which affected the peak shape and current due to high electrochemical catalytic properties
of PANI towards AA. Under optimal conditions using 5 layers of printed PANI, a detection limit
as low as 30 uM of AA of this PANI modified sensor was obtained with no interference from UA;
however, acetaminophen was found to interfere at concentrations above 140 uM. The simultaneous
electrochemical detection of AA and UA was also reported within a paper-based separation
device.? Although the analysis time for this device was slightly longer than that obtained from
HPLC analysis of both species, no expensive equipment was required.

Glucose has been an analyte of significant research using ePADs. Therefore, new
techniques to improve the efficiency of ePADs for glucose determination have been developed. A
method for quantitative analysis of glucose in artificial urine was demonstrated using ePADs with
a LOD of 0.22 mM.% In addition, a dumbbell-shaped ePAD design was created for glucose
determination in blood samples.” With this ePAD platform, blood separation was achieved and
only serum was electrochemically measured for glucose. In a similar work, a cellulose paper disc
was used to immobilize glucose oxidase (GOX) via a simple physical adsorption method and for
glucose measurements.”* This immobilization method was simple and biocompatible, giving high
enzyme activity. For electrochemical detection, the paper disc immobilized with GOX was placed
on top of PB-SPCEs and a standard/sample solution was then added onto the paper (Figure A1.6B).
This approach required 15puLsamples for electrochemical detection of glucose with a detection
limit of 0.01 mM. Another feature of paper devices is the ability to incorporate layers with different

functionalities. Accordingly, Santhiago et al. developed an ePAD glucose sensor with three
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hydrophilic regions within a wax patterned device. The device was folded into three layers for
different functions, including filtration, reaction with GOX, and subsequent reaction with redox
mediator within a detection zone. The detection zone also contained two electrodes fabricated from
silver ink and graphite pencil (Figure. A1.6C). This device provided a detection limit of 0.38 uM
for glucose, sample consumption of 40 pL and analysis time <5 min.

To enhance the analytical performance of ePADs for glucose detection, a commercial
instrument was also integrated with ePADs. Nie at el.'* presented the use of a commercial
glucometer as an electrochemical reader for ePAD devices to detect glucose, cholesterol, lactate,
and alcohol (Figure 1E). This study showed the feasibility of ePADs for real world POC
diagnostics utilizing existing glucometer technology. Aside from this works novel integration
between an ePAD device with a commercial electrochemical reader, Liu and Crooks®® proposed
an all-in-one battery-powered ePAD device without the need for an external power source for
glucose detection. This device was highly promising for POC clinical diagnosis in resource-limited
areas and provided a 0.1 mM limit of detection for glucose in artificial urine samples.

Cholesterol

Cholesterol is another key health marker successfully implemented into ePADs. One
device incorporated an electrosprayed nanocomposite graphene (G), polyvinylpyrrolidone (PVP)
and PANI on SPCEs to increase the electrode surface area and enhance the sensitivity for
cholesterol detection.”? Interference from AA was eliminated using electrostatic repulsion from an
anionic SDS coating on the G/PVP/PANI-modified working electrode. The LOD for cholesterol
was found to be as low as 1 uM. More recently, Nantaphol et al.”® improved the analytical

performance of ePADs for cholesterol determination using a silver nanoparticle modified boron-
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Figure Al.6: Biological applications of ePADs. (A) Multiwall carbon nanotubes and Nafion
(MWCNTs/Nafion) modified carbon tape working electrode for determination of DA extracted
from the striatum of rat; (a) ITO glass, (b) carbon tape electrode, (¢) MWCNTs/Nafion carbon tape
electrode, (d) treatment of oxygen plasma, () insulate plastic adhesive tape with a hole, (f) DA
from striatum of rat and (g) the integrated ePAD. Reprinted with permission from [69]. Copyright
2015 Elsevier. (B) A GOX paper disc integrated with a PB SPE for electrochemical measurements
of glucose. Reprinted with permission from [71]. Copyright 2014 Elsevier. (C) An ePAD glucose
sensor; (a) wax-printed paper designed to have three hydrophilic working zones: (i) filtration step,
(i) reaction zone and (iii) electrochemical detection area, (b) a folded device and (c) Two electrode
system fabricated from graphite pencil as a working electrode and silver ink as reference and
counter electrodes for determination of glucose. Reprinted with permission from [20]. Copyright

2013 Elsevier.
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doped diamond (AgNP/BDD) electrode. The favorable electrochemical properties of the BDD
electrode in terms of stable and low background current enhanced the detection reproducibility
and sensitivity by increasing the signal-to-noise ratio (S/N). AgNPs were used to modify the
electrode in order to catalyze the reduction reaction of H2O, and enhance signal while lowering
the detection potential from unmodified electrodes. Cholesterol oxidase was directly drop-cast
onto the hydrophilic area of the ePAD, and the H2.O> produced by the enzymatic reaction was
monitored via reduction, which eliminated possible interference from other easily oxidized species
in biological samples such as AA and UA
Cancer cells/markers

Cancer remains the second most common causes of death.”* Early diagnosis of cancer is
key to increasing survival prognosis, while providing effective and successful treatment for
patients. Therefore, diagnostics providing rapid, sensitive and accurate detection of cancer cells or
carcinogenic biomarkers have been an important area of research in ePAD development. A 3D
ePAD capable of cancer cell detection was presented by Su et al.” The device contained four
working electrodes all sharing a counter and reference electrode. A defined paper region was
modified to create high surface area macroporous AuNP coated cellulose fibers to serve as a
working electrode. Human acute promyelocytic leukemia cells (HL-60) were used as the cancer
cell model, and a cell-targeting aptamer (KH1C12) was immobilized on the working paper
electrode for detection. Using differential pulse voltammetry, detection of oxidized o-
phenylenediamine from the reaction of hydrogen peroxide and HRP tagged to captured cells
provided a linear range of 5.0 x 102 to 7.5 x107 cells mL *for HL-60 detection with a LOD of 350
cells mLL. In addition, this research group recently reported an ePAD platform using trimetallic,

dendritic PdPt nanodots on gold nanoparticles (Au@PdPt NPs ) for detection of K-562 cells,
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markers for early human chronic myelogenous leukemia diagnosis.”® The Au@PdPt NPs
possessed peroxidase-like activity and amplified signal by catalyzing the reduction of H20..When
compared to the enzymatic peroxidase system previously reported,” this system exhibited more
robust catalytic activity. The LOD of 31 cell mL™* was found.

Aside from cancer cell detection, ePAD approaches for detection of cancer biomarkers
have been developed. Li et al.?® for example, proposed a 3D origami multiplexed electrochemical
immunodevice for the simultaneous detection of carcinoembryonic antigen (CEA) and alpha-
fetoprotein (AFP) using a nanoporous silver paper working electrode (PWE). A PANI-Au-PWE
was also developed for quantification of CEA and AFP.”’ Electropolymerization of aniline was
deposited on the Au-PWE layer, which served as a platform to absorb antibodies. This biosensor
exhibited a detection limit of 0.5 and 0.8 pg mL™ for CEA and AFP, respectively. Subsequently,
highly sensitive determination of CEA was demonstrated using a novel 3D PWE fabricated from
Au- core-shell-Pt nanoparticles possessing high conductivity and large surface area. This ePAD
device showed high sensitivity with a detection limit of 0.4 pg mL™ and a linear range of 1.0 pg
mL1-100 ng mL™* towards CEA detection. Moreover, a novel cuboid silver (CS) modified paper
working electrode (CS-PWE) for determination of cancer antigen 125 (CA125) and carcinoma
antigen 199 (CA199) was demonstrated by Li el al. Metal ion-coated nanoporous silver-chitosan
was labeled on the CS-PWE to provide signal amplification. The detection limits of CA125 and
CA199 were found to be 0.08 and 0.10 mU mL, respectively. Furthermore, Ma et al.”® presented
an immunodevice based on a 3D origami platform for simultaneous detection of CEA and CA125
using Au nanorods modified paper working electrode (AuNRs-PWE) and metal ion-coated
Au/bovine serum albumin (Au/BSA) nanospheres as tracing tags, as shown in Figure A1.7A. The

introduction of AuUNRs-PWE not only provided a biocompatible platform for immobilization of
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antibodies, but also amplified the electrochemical signal of metal ions, such as Pb®* and Cd?*,
which was carried by Au/BSA to form Au/BSA-metal ion tracer. This method provided high
sensitivity with the detection limit of 0.08 pg mL* and 0.06 mU mL* for CEA and CA125,
respectively. Additionally, an immunosensor for detection of prostate protein antigen (PSA), a
biomarker of prostatic cancer, was introduced.”® AuNPs were grown on the surface of screen-
printed PWE and manganese oxide (MnOz) was electrodeposited on the Au-PWE to form 3D
nanowires. This immunoassay was based on enzymatic label redox cycling. GOx, 3,3°,5,5’-
tetramethylbenzidine (TMB) and glucose acted as an enzyme label, a redox terminator and a
substrate, respectively. The proposed immunosensor provided high performance for PSA
quantification with the detection limit of 0.0012 ng mL™.

Due to the problems associated with enzyme purification, immobilization, and
denaturation, enzyme-free immunosensors were also developed as an alternative for detecting
cancer biomarkers. Sun et al.® presented a novel enzyme-free electrochemical immunosensor
constructed on an ePAD for detection of human chorionic gonadotropin, PSA and CEA using ZnO
nanorods (ZNRs) on a modified reduced graphene oxide (rGO) working electrode on paper, as
shown in Figure A1.7B. rGO improved the electron transfer rate, while ZNRs provided abundant
binding sites for the capture probes. Due to the high catalytic activity of AgNPs toward H>0>
reduction, AgNPs mediated with bovine serum albumin (Ag-BSA) was employed for detection of
H>0>. This proposed enzyme-free immunodevice exhibited high precision, sensitivity and stability
and held great promise as a facile and cost-effective platform for clinical applications.
Subsequently, this research group also presented an enzyme-free electrochemical immunodevice
based on porous zinc oxide spheres (PZS) combined with silver nanoparticles (PZS-AgNPs) for

selective determination of PSA.8! In addition, a paper electrochemical sensor for selective
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Figure A1.7: (A) Fabrication and operation of a 3D origami electrochemical immunosensor for
detection of CEA and CA125. (a) Growth of AuNRs layer on bare PWE, (b) immobilization step
(c) incubation of tracer and (d) electrochemical detection step. Reprinted with permission from
[78]. Copyright 2015 Elsevier. (B) Schematic of the fabrication process of an enzyme-free
electrochemical immunosensor on an origami ePAD; Ab and ZNRs are antibody and ZnO
nanorods, respectively. Reprinted with permission from [80]. Copyright 2015 Elsevier.
determination of CEA was also developed using a poly(3,4-ethylen edioxythiophene):poly
(styrene-sulfonate) (PEDOT:PSS) and rGO composite.®? This paper electrode improved
electrochemical performance when compared to the expensive conventional electrodes (ITO, gold
and glassy carbon) and provided high sensitivity with the detection limit of 25.8 pA ng™ mL cm™
for CEA.
Summary and Outlook

Since its inception in 2009, ePADs have been widely used for a variety of applications in

the fields of environmental monitoring, biomedical analysis, and POC diagnostics. Of particular
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note is electrode fabrication which plays an essential role in electrochemical behavior and
functionality and hugely impacts the performance of ePADs. Accordingly, electrode fabrication
methods, materials and geometries have been continuously studied and developed to attain the
highest level of ePAD performance. In addition, electrode modification, which can be simply
performed using various substances/chemicals, can render ePADs more highly sensitive, selective
and versatile. Moreover, multiplexed designs in 2D, 3D or origami configurations have proved to
be more efficient and functional platforms where multiple or complicated reactions can be
performed in a facile manner. Accordingly, a new generation of ePADs would be directed towards
the development of integrated and automated devices, which possess more functions (e.g. sample
preparation, separation, reaction and detection) in simplified platforms. This would drive ePADs
into real-world analysis and open the door for applications in unexplored areas. To attain this
feasibility, it would be necessary to develop a portable electrochemical reader for ePADs which is
user-friendly and has an easy to interpret readout. In addition, self-powered ePADs should be
considered for applications in remote or resource-limited areas. Recent advances in ePAD
technologies hold great promise for transformation from proof-of-concept devices in laboratories
to marketable and commercially fabricated devices, which are still rarely explored. Although the
commercialization of ePADs looks to be a future route, fundamental studies and improvements
should be ongoing to firmly strengthen and support ePAD technologies. Both scientific and
industrial aspects will expedite ePADs for real-world analysis. With current and future endeavors,
the coming years will not only be proof-of-principle ePAD platforms demonstrated in scientific
journals, but they will be a practical technology, making the future full of possibilities and “nothing

is impossible”.
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