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Abstract

A critical constraint in the design of appropriate medical devices for the lowest-resource settings is
the lack of access to maintenance or repair on instrumentation. There are numerous point-of-care
applications for which quantitative readout would have clinical utility. Thus, a challenge to the
device developer is to enable quantitative device readout in an equipment-free model that is
appropriate for use in even the lowest-resource settings. Paper microfluidics has great potential for
enabling equipment-free devices that are very low-cost, operable by minimally-trained users, and
provide quantitative readout. The focus of this critical review is to describe the work, starting
several decades ago and continuing to the present, to enable assays with quantitative readout in a
fully-disposable device.

Introduction

Paper microfluidics is a rapidly growing subfield of microfluidics that makes use of paper-
like porous materials to create devices. A significant advantage of the use of porous
materials is the potential for very low-cost, fully-disposable devices that are suitable for use
in low-resource settings. Porous materials utilize capillary flow, so there is no need for
instrumentation for pumping fluids through the device. Additionally, porous materials such
as cellulose and nitrocellulose are lower cost than materials that have traditionally been used
in microfluidic devices, e.g., silicon. Further, paper microfluidics can build upon the
established technology base of conventional lateral flow tests (LFTs) that have for decades
been the standard bioassay format for low-resource settings. Lateral flow tests can be
affordable, user-friendly, rapid, equipment-free, and deliverable to the user, thus fulfilling a
number of the characteristics of the ASSURED standard set by the World Health
Organizationl. However, conventional LFTs have multiple limitations such as (i) being
difficult to multiplex for the detection of multiple analytes from a single biosample, (ii)
relatively low sensitivity, and (iii) an inability to provide quantitative output without a
dedicated reader. Paper microfluidics has the potential to address each of these deficiencies
of LFTs. Regarding work to address the first two limitations, Martinez et al.2 reviewed
extensive early work on the multi-analyte capability of paper-based tests and Byrnes et al.3
recently described work to enable automatic multi-step sample processing for increased
sensitivity in paper microfluidics. Regarding work to address the third limitation, there have
been multiple reviews describing the use of non-dedicated mobile phones to enable
quantitative output in paper-based tests (most notably by Yetisen et al.#). The use of non-
dedicated cell and smart phones as readers for high-quality quantitative output is promising,
but there are still multiple challenges that need to be addressed before their use in the
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lowest-resource settings is realized3. Thus, the focus of this critical review is on the topic of
enabling quantitative readout in an equipment-free model of device development.

The need for quantitative readout

There are multiple health applications where quantitative readout would be useful in a point-
of-care (POC) assay. Generally, quantitative readout has value in cases where appropriate
clinical actions depend on distinguishing between normal and abnormal levels of a
biomarker in a patient sample. One scenario is screening for individuals that have a disease
or condition characterized by biomarker levels elevated above a normal range. For example,
C-reactive protein (CRP) is a biomarker for inflammation that has predictive value for heart
disease® and bacterial infection®. Another scenario is frequent monitoring of the level of a
biomarker or drug in a patient to inform therapy. For example, therapeutic drug monitoring
in patients with epilepsy’ or asthma® may be used to improve individual dosing. The drugs
used for controlling the symptoms of these diseases have adverse side effects on patient
health, which can impair daily activities and lead to decreased quality of life. Real-time
correlation of the concentration of the drug in the patient with disease symptoms and the
degree of adverse drug side effects could be useful information to have in order to optimally
dose an individual. Other examples include quantifying the viral load in patients with HIV
for monitoring the effectiveness of drug therapy® and the well-known case of blood glucose
testing in patients with diabetes to maintain appropriate glucose levelsl. These are a few
example applications for which quantitative readout has clinical utility, and for which an
equipment-free device would be required in the lowest-resource settings.

Though there are numerous applications that require some level of quantitative test readout,
the quantitative resolution and dynamic range that is required for a given application will
vary. For example, an effective screening test for CRP may only require a low quantitative
resolution, e.g., a course-grained output of CRP levels in “normal”, “mid-level”, and “high”
ranges. In contrast, a monitoring test for therapeutic drug levels may require a higher degree
of quantitative resolution to achieve the optimal drug regimen for a patient. Regarding
dynamic range, a test for HIV viral load monitoring may require a much larger dynamic
range than for another application such as CRP detection. In POC devices, as with lab-based
assays, both the quantitative resolution and the dynamic range achievable by a quantitative

assay need to be tailored to the application.

Quantitative readout in an equipment-free model

There has been considerable effort dedicated to the development of equipment-free
quantitative readout in the context of POC bioassays. Relevant to this, Phillips et al.11
reviewed the development of quantitative POC assays from a materials science perspective,
describing a small subset of more recent work. The goal of this review is to provide a more
comprehensive picture of the approaches that can be used to achieve quantitative readout in
a fully-disposable device without the use of any instrumentation. These approaches, shown
schematically in Figure 1, can be divided into four categories based on the type of assay
readout; intensity-based or hue-based readout, direct distance-based readout, ladder-bar
readout, and time-based readout. These approaches are discussed in the following sections in
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the context of specific demonstrations. In addition, potential advantages and disadvantages
are provided in order to inform considerations when deciding on the suitability of an
approach for a given application. Finally, next steps toward realizing equipment-free
quantitative assays in the field are discussed.

Intensity-based or hue-based readout

One approach to achieving quantitative readout is to use differences in intensities'3 or hues
within the detection region of the assay. The simplest implementation of this approach is to
include an instruction card depicting signal intensity standards for a concentration series of
the analyte that the user can use to identify the sample concentration. Two critical issues that
could affect the accuracy of this simple implementation scenario are user variability in
interpretation of intensity differences and differences in environmental conditions at the test
sites compared to the location where the standards were generated. This section describes
work to address these two issues to achieve quantitative intensity-based or hue-based
measurements.

Dungchai et al.12 used multiple colorimetric indicators for a single analyte to create a
quantitative readout based on hue and intensity in a paper-based assay. Their device
consisted of a series of radial detection regions about the centrally located source. For the
analyte glucose, five indicators were patterned over four detection regions in various
combinations to distinguish between four concentration ranges of glucose. Figure 2 shows
example results for two different glucose concentrations in serum. Comparison of the multi-
indicator system to a single indicator system, in a pilot study of N=10 untrained individuals
performing the tests, showed an increase in accuracy of test results from 85% to 95%. These
results also indicated the potential for increasing the quantitative resolution of an assay
through the use of multiple indicators. Multiplexed target detection was also demonstrated
with the additional analytes lactate and uric acid.

Wang et al.14 demonstrated quantitative readout in a tree-shaped paper assay using on-
device calibrators. In their model assay for albumin, the detection reagent was spotted
upstream of a known calibrator or the unknown concentration of sample in each of the seven
“branches” of the tree. The “trunk” of the tree was then submerged into water and the color
change in the detection region of each branch was read by eye. Their results indicated that a
set of calibrators could be used to bracket the concentration of an unknown sample. The
authors stressed the advantage of on-device calibrators in controlling for differences in
temperature, humidity, and pressure among test locations, although this was not explicitly
addressed.

Zhu et al.15 extended this work to an enzyme-based system for the detection of glucose in
serum. In their assay, hydrogen peroxide generated via the reaction of glucose and glucose
oxidase was used in a second enzyme-based reaction between horseradish peroxidase and a
substrate to create a colored product. Either a calibrator or the sample was spotted upstream
of the detection reagents and all of the reagents were brought into contact by submerging the
trunk of their paper tree-shaped assay into water. An example assay is shown in Figure 3.
The authors suggested that a simple Y-structure, consisting of one calibrator per sample
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could be used for a device intended for visual readout. Though this might be suitable for a
rough categorization of “low” versus “high” levels, the straightforward incorporation of
additional calibrators could enable higher quantitative resolution even in a scenario of
simple visual interpretation.

Most notably, Pollock et al. have developed a quantitative test for the detection of alanine
aminotransferase (ALT) to monitor patients with HIV and tuberculosis for medication-
induced damage to the liver. After initial demonstration of the test to produce visual readout
in three concentration ranges with greater than 90% accuracy'6, a comprehensive field
evaluation of the test was performed?’. Instead of incorporating on-device calibrators to
address the issue of varying test signal development under different environmental operating
conditions, the ALT test utilized a different read time depending on the ambient temperature
range measured (i.e., 18 min for 20-24°C, 14 min for 25-29°C, 12 min for 30-33°C, and 10
min for 34-37°C). The study demonstrated the feasibility of training local nurses to perform
the test in a point-of-care clinical setting with 84% accuracy in interpreting the readout (96%
agreement between operators) and identified further work to optimize the test. The study
also provided a clear discussion of the issues relevant to designing the ALT test for the
intended operators and settings.

As shown by the work discussed in this section, intensity-based and hue-based assays have
the potential for robust quantitative readout. Two strategies for addressing the issue of
variable test results in operating environments with different temperature and humidity
levels have been demonstrated as feasible. A significant advantage of on-device calibrators
is the potential to maintain test operation simplicity and have utility in the lowest-resource
settings where minimal user training is assumed. However, the disadvantage is added
complexity of the device. A significant advantage to the alternative strategy of requiring
different “read” times for interpretation of a test in different operating environments is that
device complexity and cost are minimized. However, a disadvantage to this strategy is added
complexity to user steps, including a temperature measurement and interpretation of the test
at a precise time. Further, the higher level of training required for test operators may limit
the use of the test to higher-resource clinical settings. More generally, potential
disadvantages of the intensity-based or hue-based readout are that interpretation of the assay
results can be complex for applications that require a higher level of quantitative resolution
and hue-based readout would be problematic for color-blind individuals.

Direct distance-based readout

Another approach that has potential for quantitative readout relies on the spatial distribution
of signal in a region. Specifically, a capture or other species required for detection is
deposited in an extended region along the direction of flow. The visible signal develops
along the length of the detection region, for example, in proportion to the concentration of
analyte in the sample. The user can match the distance over which the visible signal extends
to the marks on a preprinted “concentration” ruler within the detection region, to identify the
concentration of analyte in the sample. Multiple examples of distance-based readout in the
context of paper-based devices are described below.
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Zuk et al.18 first reported on a distance-based readout in a competition format immunoassay
for theophylline detection in 1985. The assay protocol consisted of the following steps:
analyte in the sample was applied to the test strip, complex of analyte conjugated to a label
was rehydrated by the sample as the sample traveled downstream, analyte and complex
competed for capture antibody sites within the detection region, and the detection region
was exposed to enzyme substrate and generated colored product in the regions of surface-
bound labeled complex. For low concentrations of analyte, the labeled complex encountered
many free capture antibody sites and was localized to the upstream region of the detection
region only, while for high concentrations of analyte, the analyte competed effectively for
capture antibody such that labeled complex was exposed to and bound to downstream
regions, as well as upstream regions of the detection region. The result was an increasing
distance in which bound label was localized, and in which colored product was generated,
for increasing analyte concentration. The time-to-result for their assay, starting with a whole
blood sample, was less than 15 minutes.

Subsequently, Vaughan et al.19 reported on the evaluation of this paper-based device, shown
in Figure 4, for the therapeutic monitoring of theophylline in patients with chronic asthma.
Their investigation indicated that the paper-based test agreed well with hospital laboratory
reference methods for theophylline quantification within the clinically relevant range for
theophylline in blood, with coefficients of variation of less than 12% for the device.
Subsequently, Chen et al.20 extended this method, demonstrating a variant of the original
assay that required only one user step. In their implementation, a one-step delivery of all the
required species for binding and color generation was enabled by chemically delaying the
color generation reaction until the flow and binding steps were completed.

In addition to antibody-based assays, enzyme-based systems have been investigated in the
context of equipment-free, distance-based readout. Allen et al.2! demonstrated the
quantitative, enzyme-based detection of plasma cholesterol. In their assay, hydrogen
peroxide generated from the interaction of cholesterol with cholesterol oxidase, traveled
downstream with the enzyme horseradish peroxidase and reacted with enzyme substrate
immobilized in the detection region. Colored product was produced in proportion to the
original concentration of cholesterol in the sample. The assay, demonstrated in the range of
150 to 450 mg/dL cholesterol, was shown to have a high level of accuracy and precision,
with coefficients of variation of less than 6%. This same approach was applied to the
detection of high-density lipoprotein by Liu et al.22. The authors demonstrated quantitative
detection between 25-75 mg/dL from plasma.

More recently, Cate et al.23 revisited distance-based detection using enzymatic reactions for
the detection of glucose. In their assay, glucose oxidase, horseradish peroxidase, and the
horseradish peroxidase substrate diaminobenzidine were deposited in the detection region of
the assay. Glucose in the sample reacted with glucose oxidase to create hydrogen peroxide;
hydrogen peroxide then reacted with horseradish peroxidase and its substrate to create a
distance-dependent column of brown precipitate along the detection region. Cate et al. also
explored distance-based detection using metal complexation and nanoparticle aggregation,
for nickel and glutathione, respectively.
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Most recently, Nilghaz et al.24 extended distance-based detection to thread-based assays. In
their assay format, a colorimetric indicator for the analyte of interest was applied to the
thread. The total length of color development in the thread was linearly related to the
concentration of analyte in the sample. This result was consistent with a scenario in which
colorimetric product was generated in a concentration proportional to the analyte
concentration, and was then adsorbed or absorbed to the fibers in the thread in a
concentration proportional to the concentration of colorimetric product. Thread-based assays
for three analytes, total protein, nitrite, and nickel were demonstrated.

The work described in this section demonstrated distance-based assays for a variety of target
analytes. A significant advantage of distance-based assays is their potential for high
quantitative resolution. Specifically, distance-based readout is inherently less susceptible to
user interpretation error than intensity-based or hue-based readout. However, a next step to
achieving robust distance-based measurements over a wide range of environmental
operating conditions is to incorporate on-device calibrators. A consideration in creating
distance-based readout is that Washburn flow will result in decreasing flow rate and
increasing interaction times for increasing downstream distances. Thus, assay design
parameters such as the capture density of species within the detection region and the
sequence of reagent delivery must be chosen to produce the desired dynamic range and
quantitative resolution for a given application.

Ladder-bar readout

A variation of directly reading distance to quantify the levels of analyte in the sample is
counting the number of discrete detection subregions in which signal has developed. In the
“ladder-bar” or “radial-bar” readout, a capture or detection species is deposited in multiple
subregions, or bars, that are sequentially exposed to sample flow. The number of bars in
which signal is visible at the end of the assay is related to the analyte concentration. The
user can refer to an instruction card to translate the number of visible bars to an analyte
concentration range. Several examples of ladder-bar assays in the context of conventional
lateral flow tests and more recent extensions are described in this section.

Lou et al.2> first reported on a ladder-bar approach for a competition format immunoassay
for lipoprotein(a). In their assay, analyte-specific antibody was patterned in bands
perpendicular to flow within the detection region. Their assay protocol consisted of the
following steps: analyte in the sample was applied to the test strip and flowed downstream, a
complex of analyte conjugated to a label was rehydrated with sample, and both the analyte
and complex competed for capture antibody sites patterned within bands in the detection
region. The authors demonstrated the ability to distinguish four concentration ranges of
lipoprotein(a), less than 40 mg/dL, 40 to 70 mg/dL, 70 to 120 mg/dL, and 120 to 180 mg/dL.
A pilot investigation of 29 clinical samples were tested and showed a 98% agreement
between the ladder-bar assay results and those from an ELISA for lipoprotein(a).

Buhrer-Sekula et al.26 also reported on a competition immunoassay using multiple capture
regions for the quantitative detection of neoptin, a biomarker for inflammation. However,
their assay response differed significantly from that of Lou et al. In the assay of Buhrer-
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Sekula et al., competition between the analyte in the sample and a labeled competitor for
binding sites within 3 sequential capture bands in the detection region produced signal that
was inversely proportional to the concentration of neoptin in the sample. Specifically, both
the number of bands that were visible and the amount of label in the bands increased for
decreasing concentrations of neoptin. An estimate of the analyte concentration could be
made by correlation of the band pattern to the best match among one of 6 standards run at
the same time. Though this specific demonstration showed some promise for use in higher-
resource settings (in which users with some training and access to facilities could
reproducibility run standards in parallel with unknowns and interpret the results), additional
assay optimization would be needed to achieve increased sensitivity, i.e., to improve the
reported 77% correlation of test results with the results of a competition ELISA.

Leung et al.2” applied the ladder-bar approach to a sandwich format immunoassay for the
detection of CRP. In their assay, a capture antibody to CRP was patterned in multiple bands
within the detection region. Their assay protocol consisted of the following steps: analyte in
the sample was applied to the pad and flowed downstream, a species of detection antibody
to CRP conjugated to label was rehydrated and mixed with the analyte in the sample and
produced complexes, and the complexes bound to the capture antibody producing visible
bars in the detection region. The ladder-bar assay was designed to produce between 0 and 4
bars corresponding to CRP concentration ranges of less than 10 mg/L, 10 to 25 mg/L, 25 to
50 mg/L, 50 to 100 mg/L, and greater than 100 mg/L. Example devices are shown in Figure
5. Note that the depressed signal intensity in the capture bands for the highest concentration
range tested, if due to the Hook effect, could be mitigated by the use of a higher
concentration of conjugate. The results of the ladder-bar assay correlated well with results
from an ELISA for CRP, with both characterized by a sensitivity of ~90%. An interesting
aspect of the layout of the ladder-bar design was the non-uniform spacing of the capture
bands, with (generally) decreasing spacing for bands located further downstream. Though
not explicitly discussed, the decreasing spacing in the capture pattern would offset the
increasing interaction time for solution species to bind with the capture species in Washburn
flow.

Fung et al.?8 extended the ladder-bar approach to an enzyme-based system for the detection
of hydrogen peroxide. In their optimal assay configuration, the enzyme (HRP) was patterned
within the bands and the substrate was stored dry in an upstream pad for rehydration at the
time of sample flow within the device. They demonstrated the detection of hydrogen
peroxide in three ranges of “low” (less than 2.5 uM), “medium” (2.5 to 20 uM), and “high”
(greater than 20 uM). The method was then extended by coupling to glucose oxidase
upstream for the detection of low (less than 5 pM), medium (5 to 100 uM), and high (greater
than 100 uM) levels of glucose. Example assays are shown in Figure 6. In a related effort,
Fung et al. demonstrated quantitative detection of creatinine 29,

More recently Lewis et al.30 revisited the idea of using the spatial distribution of the signal
to quantify analyte concentration in a novel system. Their system was based on selective
modification of the wetting properties of the paper substrate to create a quantitative “radial
bar” readout for hydrogen peroxide detection. In their assay, a hydrophobic substance,
localized to a radial bar, a sub-region of the detection region of a device, reacted with the
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analyte hydrogen peroxide to produce hydrophilic products, which then allowed the sample
to flow into that radial bar and rehydrate a colored dye. The additional radial bars, initially
patterned with increasing amounts of the hydrophobic substance, were connected in series,
so that the concentration of hydrogen peroxide, from 10 mM to 100 mM, was a linear
function of the number of visible colored bars at the end of a fixed time. A time sequence of
a device is shown in Figure 7. The authors indicated that their next steps would be to create
additional compounds to extend this promising method to a wider set of analytes.

Zhang et al.3! also demonstrated a quantitative method for hydrogen peroxide detection
using the spatial distribution of signal. Their method relied on the reduction and oxidation of
colorless potassium iodide and colored iodine, respectively. Specifically, successive zones
of the detection region of an assay were spotted with the same amount of potassium iodine
and a weak acid, and an increasing amount of sodium hyposulfite, so that the number of
colored bars was linearly related to the concentration of hydrogen peroxide in the sample.
The authors demonstrated hydrogen peroxide detection from 0.65 mM to 300 mM.

The work described in this section demonstrated ladder-bar assays for the quantitative
detection of a variety of analytes. As in the case of intensity-based and direct distance-based
assays, on-device calibration is critical to achieving robust results with high quantitative
resolution. A difference between the direct distance-based readout and the ladder-bar
readout is the additional tunable parameters of the bar dimensions and the spacing between
the bars. Creating a bar-based readout with the desired dynamic range and quantitative
resolution can be achieved by tuning these parameters, as well as the concentration of
reacting species within the bars. Additionally, the ladder-bar format is amenable to
independently fine-tuning reagent concentrations in each of the bars to obtain a desired level
of signal. Finally, a slight advantage of the ladder-bar readout to direct distance-based
readout is the simplicity of counting bars to interpret the test results.

Time-based readout

A complementary readout approach to using distance-based measurement is to measure the
time that it takes for the assay to produce a signal relative to a control, as shown in Figure 8.
Lewis et al.3932 demonstrated the use of the flow time of the analyte hydrogen peroxide
through the detection region for quantitative readout.

The authors used a phase switching system in which the concentration of the hydrophilic
products produced is an increasing function of the concentration of hydrogen peroxide in the
sample. Thus, the time measured for the sample to flow through the detection region of the
assay and produce a colored product relative to a control can be used to inform on the
concentration of analyte in the sample. Zhang et al.31 complemented this work by using a
hydrophilic to hydrophobic switching system to quantitatively detect hydrogen peroxide
with a greater dynamic range and lower limit of detection.

Time-based assays, like direct distance-based assays, have the potential for high quantitative
resolution. A potential disadvantage of time-based measurements is that in its simplest form,
the user’s attention must be fixed on the assay while it is running, so is not compatible with
a user multitasking, e.g., running several tests in parallel. On the other hand, coupling time-
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based readout with a cellular phone for the detection of the assay run time could be a
promising approach to remove user intervention and significantly increase the usability of
this approach for some settings.

Next steps

Much progress has been made in the development of equipment-free quantitative tests for
low-resource settings. However, moving forward, the translation of current research
prototypes into high-impact field tests requires addressing two challenges.

The first challenge is to achieve reproducible quantitative results. As described above, the
varying environmental operating conditions that may be encountered in the lowest-resource
settings can affect assay signal output such that on-device calibrators are critical for robust
test performance. Though on-board calibrators have been demonstrated in the context of
intensity-based measurements by several investigators413, their implementation in the
distance-based approaches would also have value. Further, device evaluation should be
extended from small-scale pilot studies in research laboratories to large-scale studies in the
field. The study by Pollock et al.1?, demonstrated the utility of a field evaluation for
assessing the reproducibility of their device output as performed by relevant operators and
under relevant environmental operating conditions. In addition, the results of the field
evaluation study provided valuable insight into the usability of their device for their intended
operators and identified specific ways to improve their test.

The second challenge is to create user-friendly tests for the minimally-trained user of the
lowest-resource settings. This means creating tests that are integrated and automated with
minimal and simple steps for the user to perform. For example, the calibrators would ideally
be run from dry reagents stored on the card and rehydrated by the user. Recent work in the
paper microfluidics field has produced a number of fluid metering tools that enable
integration and automation3. In addition, other paper microfluidic tools such as fluidic
timers and batteries could enable visual or audible cues to guide the user during test
operationll. For example, for the time-based readout approach, visual cues to indicate the
progress of the assay and an audio alert to signal the end of the test could improve the
accuracy of the test.

Meeting the above challenges can enable quantitative testing for numerous compelling
applications in the lowest-resource settings and thus expand the reach of appropriate testing
to those populations in need.
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Figure 1.
Schematic of the main approaches that have been used to enable robust quantitative readout

without any instrumentation.
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Figure?2.
Quantitative readout using multiple colorimetric indicators. The circled region in each panel

contains the intensity-based and hue-based results for the glucose concentration specified.
The image is adapted from Dungchai et al.12, Copyright (2010), with permission from
Elsevier.

Analyst. Author manuscript; available in PMC 2015 October 07.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Fu Page 14

Figure 3.
Quantitative readout using real-time calibration in a tree-shaped paper device. The

concentration of hydrogen peroxide corresponding to the result in each branch of the assay
is specified. The image is adapted from Zhu et al.15, Copyright (2014), with permission from
Elsevier.
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Figure4.
Direct distance-based measurement demonstrated for quantitative theophylline detection.

The image is adapted from The Lancet, Vaughan et al.1%, Copyright (1986), with permission
from Elsevier.
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Figure5.
Quantitative detection in an immunoassay for C-reactive protein (CRP). Each test window

shows a result corresponding to the following concentration ranges of CRP: less than 10
mg/L, between 10 and 25 mg/L, between 25 and 50 mg/L, between 50 and 100 mg/L, and
greater than 100 mg/L, from top to bottom, respectively. The image is reprinted from Leung
et al.2”, Copyright (2008), with permission from Elsevier.
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Figure6.
Demonstration of an enzyme-based ladder-bar assay for glucose detection (0, 1, 5, 25, 50,

100, and 200 uM). The image is reprinted from Fung et al.28, Copyright (2009), with
permission from Elsevier.
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Figure7.
Radial bar readout for hydrogen peroxide detection using a hydrophobic to hydrophilic

switch. The number of colored bars is proportional to the concentration of analyte hydrogen
peroxide. The image is reprinted from Lewis et al.3%, Copyright (2012), with permission
from Wiley.
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Figure8.
Device operation for time-based quantitative readout. The image is reprinted with

permission from Lewis et al.32. Copyright (2013) American Chemical Society.
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