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ABSTRACT

In this paper, we report the development of semiquantitative counting-based lateral flow assay (LFA)-type microfluidic paper-based analytical
devices (uPAD:s) to analyze samples at submicroliter volumes. The ability to use submicroliter sample volumes is a significant advantage for
UPAD:s since it enables enhanced multiplexing, reduces cost, and increases user-friendliness since small sample volumes can be collected using
methods that do not require trained personnel, such as finger pricking and microneedles. The challenge of accomplishing a semiquantitative
test readout using submicroliter sample volumes was overcome with a counting-based approach. In order to use submicroliter sample volumes,
we developed a flow strategy with a running liquid to facilitate flow through the assay. The efficacy of the devices was confirmed with glucose
and total human immunoglobulin E (IgE) tests using 0.5ul and 1 ul of sample solutions, respectively. Semiquantitative results were generated
to predict glucose concentrations in the range of 0-12mmol/l and IgE concentrations in the range of 0-400 ng/ml. The counting-based
approach correlates the number of dots that exhibited a color change to the concentration of the analyte, which provides a more user-friendly
method as compared with interpreting the intensity of a color change. The devices reported herein are the first counting-based LFA-type
HPADs capable of semiquantitative testing using submicroliter sample volumes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131751

I. INTRODUCTION
Microfluidic paper-based analytical devices (uPADs) have

of submicroliter sample volumes also reduces the cost of devices
since they can use lower reagent volumes and less material.

been growing in popularity and employed in areas such as medical
diagnostic testing'~'' and environmental testing.'”'® Some of the
key advantages are affordability, disposability, portability, and user-
friendliness.'’ ™' User-friendliness is a broad term that typically
refers to the capability for uPAD tests to be easily used and the
results interpreted by untrained personnel,”” which enables the tests
to be used in low-resource and home-based settings. An important
aspect for user-friendly tests is to ensure that untrained users can
safely collect and incorporate the samples onto the uPADs.””
Painless and convenient sample collection methods such as finger
pricking”’ or microneedles®™° lead to smaller sample volumes (in
the range of 1 u1-20 ul) compared to a venous draw.””**** To enable
multiplexing with these small sample volumes requires that the tests
are capable of providing signal readouts using submicroliter sample
volumes, and the ability to use lower sample volumes increases the
number of tests that can be multiplexed on a single device. The use

However, it can be challenging to generate semiquantitative signal
readouts with low sample volumes. Therefore, there is a need to
develop uPADs capable of semiquantitative analysis using small
sample volumes.

Test devices often require that results are either semiquantita-
tive or quantitative to indicate the amount of an analyte that is
present in a sample. Colorimetric readouts™ **~** can be user-
friendly, but quantification based on the color intensity requires the
use of external devices, such as a camera and image processing soft-
ware, or relies on visual detection from the naked eye, which can
vary due to the perception of the user.”” To avoid the drawbacks of
color intensity measurements, distance-based’>"*** and barcode-
based or counting-based test readout’~"” methods have been devel-
oped for uPADs. In the distance-based readout method, a colored
band is developed along the flow path when the detection reagent
interacts with the target analyte, and the length of the band correlates
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with how much of the analyte is present and provides a semiquantita-
tive test result. The barcode-based or counting-based test readout tech-
niques provide semiquantitative test results, which involve counting the
number of colored segments, zones, or lines. Counting-based readouts
were demonstrated with 3D yPADs’>* and 2D titration uPADs"*"
where selective binding of the analyte and washing were not required.
The barcode-based test readout method was primarily tested with
lateral flow assay (LFA)-type uPADs"' ™" where the target analytes
selectively bound at multiple test lines spotted along the sample flow
path and the analyte concentration correlated with the number of test
lines that changed color. For the LFA-type uPADs, relatively large
sample volumes (25-120ul) were used in the tests because a
minimum sample volume was required to yield a distinct counting-
based test readout using a specific device size.”” To generate LFA-type
HPADs that are more broadly user-friendly, the counting-based
approach should be adapted to accommodate smaller sample volumes.

There has recently been an increased push to develop uPADs
with miniaturized features.”>”'™>" Fabrication of LFA-type uPADs
with dimensions smaller than 3-5 mm is challenging, particularly
due to the conventional assembly method whereby several different
hydrophilic pads are cut and merged.””™* Creating LFA-type
UPADs capable of analyzing small sample volumes will, therefore,
require design and fabrication techniques capable of generating the
entire device on a single sheet of paper. High-resolution techniques
capable of creating miniaturized features in LFA-type uPADs
include recently reported techniques such as shrinkable materials™
and laser cutting,” which have not yet been adapted to create
counting-based LFA-type uPADs. Another hurdle for the use of
small sample volumes in counting-based test devices is the low
analyte levels present in small volumes, which makes it challenging
to create enough colored segments to produce distinct semiquanti-
tative results. If these challenges can be overcome, counting-based
tests can be developed to provide user-friendly uPADs capable of
semiquantitative readouts using small sample volumes and with the
added benefits of enhanced multiplexing and reduced costs.

In this study, we design and develop LFA-type uPADs with a
semiquantitative counting-based test readout that enables small
sample volumes to be used for user-friendly testing. We demon-
strate the proof of concept by performing glucose and human IgE
tests using a small volume of a sample solution (0.5ul for the
glucose test and 1yl for the IgE test). We develop a flow strategy
involving a running liquid to ensure that submicroliter sample
volumes are capable of flowing along the entire assay. In the design
of the counting-based test readout, three circular test dots were
spotted along the sample flow path using small volumes of a detec-
tion reagent (0.2ul) for each dot to generate a counting-based
colorimetric test readout. The test dots changed their color in the
presence of the analyte, and the number of colored test dots suc-
cessfully correlated to the concentration of the analyte and hence
provided a semiquantitative counting-based colorimetric test readout
using submicroliter sample volumes.

Il. MATERIALS AND METHODS

A. Materials and chemicals

Amersham Protran 0.45 nitrocellulose membrane and cross-
absorbed goat antihuman IgE antibody unconjugated (“abT” will

scitation.org/journal/bmf

be used herein) were purchased from Fisher Scientific (Hampton,
NH, USA). Whatman regenerated cellulose membrane 55 of
0.45 um pore size (RC-55) was purchased from VWR International
(Mississauga, ON, Canada). Human IgE full length protein (IgE
will be used herein), mouse monoclonal antihuman IgE (Fc) anti-
body conjugated with horseradish peroxidase (HRP) (“abHRP” will
be used herein), the goat antimouse IgG unconjugated antibody
(“abC” will be used herein), and the TMB-enzyme-linked immuno-
sorbent assay (ELISA) substrate with highest sensitivity were pur-
chased from Abcam Inc. (Toronto, ON, Canada). NaCl, KCI,
Na,HPO,, KH,PO,, Tween-20, bovine serum albumin (BSA),
3,3'-diaminobenzidine (DAB), p-(+)-glucose, sucrose, peroxidase
from horseradish (HRP), glucose oxidase from Aspergillus niger
(GOx), de-ionized water (DI water), and molecular reagent grade
pure water were purchased from Sigma-Aldrich (Oakville, ON,
Canada). Phosphate buffered saline (PBS) at pH 7.4 was prepared
using NaCl, KCl, Na,HPO,4, KH,POj,, and DI water. Complements
brand skimmed milk powder was purchased from No-Frills
(Oshawa, ON, Canada). Aluminium foil (Handi-foil Corp., Wheeling,
IL, USA) was purchased from UOIT central stores (Oshawa, ON,
Canada). A roll of positionable mounting adhesive film 568 by 3M™
(Maplewood, MN, USA) was purchased from amazon.ca.

B. Device design and fabrication

The design and final fabricated uPAD used in the experiment
are shown in Figs. 1(a) and 1(b), respectively. The uPADs were fab-
ricated using a previously reported laser cutting technique,”” where
a CO, laser beam removes the paper material from foil-backed
membranes along the cut line of the design to yield flow barriers
throughout the device. The laser cutting technique allows fabrica-
tion of smaller features and devices, but a width of 1.5 mm was
selected for the detection zone to enable the test results to be read
with naked-eye visualization. Whatman regenerated cellulose mem-
branes (RC-55) and Amersham Protran 0.45um nitrocellulose
membranes were used in the fabrication of uPADs for the glucose
and human IgE tests, respectively. We use a broad definition of
paper to include nitrocellulose, as is now common in the litera-
ture.”’ Cellulose paper was used for the glucose test since protein
binding was not an issue, and it provided faster wicking in compar-
ison with nitrocellulose. For all the glucose tests, RC-55 was used,
and for all the IgE tests, Amersham Protran 0.45 was used to
ensure consistent flow behavior between tests. The device consists
of four zones, which are labeled in Fig. 1(a) as follows: running
liquid zone “R,” sample input zone “S,” detection zone (containing
test dots “T'1-T3” and control dot “C”), and absorption zone “A.”
All the zones were patterned on a single sheet of the paper material
to eliminate the complexity of merging multiple pads.

C. Operation of the LFA-type uPAD

To accommodate the smaller sample volumes, we developed a
lateral flow strategy to enable the analyte to flow over the readout
zones and to provide increased consistency, as shown in Fig. 1. The
sample was first pipetted on the “S” zone, and then a running
liquid was pipetted on the “R” zone, which allowed the sample to
flow over the test dots and control dots. The reagent immobilized
on the test dots interacted with the analyte present in the sample
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FIG. 1. (a) Schematic of the LFA-type PAD designed to analyze small sample volumes. (b) Relative size of the miniaturized PAD is shown against a Canadian nickel
(five cent coin) and fingertips. (c) Schematic of the #PAD showing placement of the simulated sample (blue dye) and simulated running liquid (yellow dye). (d)
Photographs of the dye test showing the flow of the simulated sample (blue dye) over time for visual confirmation of successful sample flow across the detection zone.

and provided a visual colorimetric signal of analyte detection.
The control dot reagent was chosen in such a way so that it can
produce colorimetric detection in contact with the sample fluid
irrespective of the presence or absence of the analyte.

A preliminary dye test was performed using a uPAD made
out of a nitrocellulose membrane to visually confirm that the
sample flowed over the entire detection zone, as shown in
Figs. 1(c) and 1(d). A permanent red ink pen was used to make
red circular dots that represent the test dots, and a permanent
black ink pen was used to make a black dot that represents the
control dot. The permanent ink was not washed out by the
flowing liquid, which is the same behavior that will be exhibited
by the immobilized reagents for the test dots and control dot in
analytical devices. A 1ul volume of a blue dye was used as the
sample and pipetted on the “S” zone, followed by pipetting of
10 4l of a yellow dye as the running liquid on the “R” zone, as
shown in Fig. 1(c). As the yellow dye was wicked along the
device, it caused the blue dye to flow over the detection zone, and
after 10 min, all of the blue dye reached the absorption zone “A,”
which was visually confirmed, as shown in Fig. 1(d). This prelim-
inary dye test confirmed that the device design required a
running liquid to cause the sample fluid to flow over the entire
detection zone, which is essential for a sufficient analyte-reagent
interaction and consistent flow when using small sample volumes.
Users of the test devices should wait until the sample has flowed to
the absorption zone before interpreting the test result. An added

benefit of incorporating a running liquid is to diminish the influence
of the sample fluid properties on the flow behavior. Since the
running liquid dominates the flow behavior, the flow is likely to be
more consistent even in cases where the sample fluid properties,
such as viscosity, might vary among users.

The devices rely on the progressive consumption of the target
analyte to generate semiquantitative results. As the sample flows
over the test dots, the target analyte is consumed by interacting
with each test dot either through binding or a chemical reaction.
Therefore, by counting the number of test dots that change color,
the concentration range of the target analyte in the sample can be
determined. The concentration range that is revealed by the tests
can be assigned by selecting the size of the test dots and the
number of them since this will correlate with how much of the
target analyte is consumed as the sample flows. Each test dot will
consume a specific number of molecules of the target analyte. If it
is desirable to use low sample volumes, which have a low number
of target molecules, then a low number of smaller test dots should
be selected. We selected three test dots to enable us to use low
sample volumes while also generating meaningful concentration
ranges, since one or two test dots are limited in the number of
concentration levels that can be determined. Since the color
change of the test dots does not reveal a precise concentration
value, but rather correlates to a range, the devices give semiquan-
titative results (concentration ranges) as opposed to quantitative
results (precise concentration values).

Biomicrofluidics 14, 014107 (2020); doi: 10.1063/1.5131751
Published under license by AIP Publishing.

14, 014107-3


https://aip.scitation.org/journal/bmf

Biomicrofluidics

Design of the devices will depend on the chemistry involved
in the test, the type of the paper selected, and the concentration
ranges of interest. The variables that can be adjusted in the design
include the type and porosity of the paper used, the number and
size of the test dots, the reagent volume and concentration, the
sample volume used, and the volume of running liquid used. Since
paper has asymmetric porosi'[y,‘:’z":’"1 it is important to select a paper
type that is compatible with counting-based testing and calibrate
the devices to ensure that the dots have effectively reacted with the
analyte of interest and are displaying representative color changes.
This calibration procedure is performed empirically in this study
because of the complexities that arise with prediction of flow
in paper-based devices using models such as the widely used
Bell-Cameron-Lucas-Washburn imbibition.”"”> We perform this
calibration procedure in this paper for glucose and IgE testing.

D. Spotting reagents

A common approach in barcode-based lateral flow assays is to
spot multiple drops of a reagent side-by-side and create test lines;
however, when a single drop of a spotting reagent is placed on a
hydrophilic membrane, a circular spot is naturally formed, which is
a more simple method to spot the reagents. In our experiments,
a single drop of a reagent was spotted on each of the test dots
“T1-T3” and the control dot “C” where a specific volume of reagent
was used to control the size of the dots (0.2 ul). The control dot was
formed on the membrane by pipetting the reagent as a single drop.
The use of a pipette for spotting resulted in some inconsistency in
the size of the dots, which is not critical for the control dot but is
crucial for the test dots to ensure reproducibility and accuracy of the
test result. To overcome the inconsistency associated with pipetting,
a syringe pump with microbore plastic tubing containing an opening
fitted with a steel sleeve was used to dispense submicroliter reagent
volumes and create the test dots, as shown in Fig. 2. The steel sleeve
protected the microbore tube from being squeezed by the applied
pressure of the fingertips. There are many commercially available
drop-wise chemical dispensers, which can be used for similar reagent
spotting in large-scale production of uPADs.

Syringe pump Micro-bore tube

R —
Reaéent

LFA-type uPAD

FIG. 2. Spotting submicroliter reagent volumes on the test dots “T1-T3" using a
syringe pump, microbore tubing, and fingertips.

ARTICLE scitation.org/journal/bmf

E. Glucose test procedure

To demonstrate the efficacy of the miniaturized counting-based
UPADs, a glucose test was performed to determine the level of
glucose present in sample solutions made using different concentra-
tions of glucose (0, 3, 6, 9, and 12 mmol/l) with BSA (40 mg/ml) in
a PBS buffer. The BSA and PBS buffer were used to generate a solu-
tion similar to blood plasma, with proteins present. The glucose
levels of 0-12 mmol/l were selected because they represent the range
of interest for medical diagnosis.”® A 0.2l volume of a DAB solu-
tion (10 mg/ml in DI water) was spotted on each of the test dots
“T1-T3” using the syringe pump, and a 02yl volume of a
DAB-glucose solution (1:1 ratio of a 10 mg/ml DAB solution and a
20 mg/ml glucose solution made with DI water) was pipetted on the
control dot “C.” A 0.2 ul volume of HRP (800 U/ml in pure water) and
a 0.2 ul volume of GOx (800 U/ml in pure water) were each spotted on
the sample input zone “S,” as shown in Fig. 3(a). The device was
allowed to dry at room temperature for 10 min prior to use.

A 0.5ul sample was dispensed in zone “S” followed by the
dispensing of a 10 ul volume of DI water in zone “R,” which was
used as the running liquid for the glucose tests, as shown in Fig. 3(b).
As the running liquid was wicked along the device, it caused the
sample to flow over the detection zone. The spotted DAB (test dots)
changed from a light brown color into dark brown poly(DAB) if
exposed to HRP, GOx, and glucose, as shown schematically in
Fig. 3(c). In this process, glucose is converted to gluconic acid
and hydrogen peroxide by glucose oxidase, and subsequently, the
hydrogen peroxide reacts with DAB in the presence of horseradish
peroxidase and produces dark brown poly(DAB). Thus, the amount

(a) DAB-glucose

v \J | 4
T1 T2 T3 C

(b)  Running
water Sample
W DAB
V v v
%\—
(c)
Poly(DAB) Poly(DAB)

FIG. 3. Steps for the glucose test: (a) the reagents were spotted on the sample
input zone and detection zone of the uPAD, (b) the test was performed by
pipetting the sample solution followed by DI water as the running liquid, and (c)
colorimetric detection of glucose over the test dots “T1-T3" (with “T1” and “T2"
colored as dark brown as an example of the reaction with glucose).
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of glucose in the sample correlates with the amount of hydrogen
peroxide produced, and the hydrogen peroxide is consumed pro-
gressively as it flows along the detection zone. Therefore, higher
concentrations of glucose yielded a larger number of dark brown
test dots, and the number of dark brown test dots was correlated
to the concentration of glucose in the sample. The control dot
changed to a dark brown color regardless of the amount of
glucose in the sample because the control dot was composed of a
glucose-DAB mixture, and the HRP and GOx eventually flowed
to the control dot, as shown in Fig. 3(c). Thus, the control dot
changing to dark brown provided confirmation that the fluid suc-
cessfully reached the end of the detection zone and contained
enough HRP and GOx for the reactions to occur.

F. Human IgE test procedure

To demonstrate the efficacy of the miniaturized counting-
based uPADs for immunoassays, a human IgE test was performed
to determine the total human IgE present in a sample solution pre-
pared in the PBS buffer with BSA (40 mg/ml), sucrose (1% w/v),
and different concentrations of IgE (0, 25, 50, 100, 200, and
400 ng/ml). The BSA, sucrose, and the PBS buffer were used to
generate a solution similar to blood plasma, with additional pro-
teins present. In each uPAD, the test dots “T1-T3” were spotted
with 0.2ul of “abT” (1 mg/ml), and the control dot “C” was
spotted with 0.2 ul of “abC” (1 mg/ml), as shown in Fig. 4(a). After
spotting, the devices were dried in an incubator (Heratherm™
Compact Microbiological Incubators, Thermo Fisher Scientific,
MA, USA) at 37°C for 30 min. After drying, the devices were
blocked for 15min in a blocking solution made with 5% (w/v)
skimmed milk in the PBS buffer using a lab rocker platform (Bellco
Biotechnology, NJ, USA) at medium speed. The blocked devices
were washed for 10 min in a washing solution made with 0.05% (v/v)
Tween-20 in the PBS buffer using the same rocker platform. The
washed devices were dried in the incubator at 30 °C for 90 min, and
the dried devices were then ready for the IgE testing.

To perform the IgE test, the sample solutions were mixed with
“abHRP” (1 ug/ml) to yield a new sample solution, which con-
tained IgE bound with the “abHRP” as shown in Fig. 4(a). A 1ul
new sample solution was placed in the sample input zone “S,” and
within 20s, a 12 ul volume of the running buffer [the PBS buffer
with 2% (v/v) Tween 20] was placed in the running liquid input
zone “R,” as shown in Fig. 4(a). As the running liquid was wicked
along the device, it caused the sample to flow over the detection
zone, where the “abT” (test dots) captured IgE bound with
“abHRP,” and the “abC” (control dot) captured the unbound
“abHRP” contained in the sample solution, as shown in Fig. 4(b).
After 10 min, the sample reached the absorption zone “A” (after
flowing over the test and control dots), and any remaining abHRP
that did not bind with a test or control dot was washed away from
the detection zone and into the absorption zone. A 3 ul volume of
TMB solution was then applied over the detection zone. In the
presence of TMB, the IgE bound with “abHRP” at the test dots and
the unbound “abHRP” at the control dot changed to a blue color,
as shown in Fig. 4(c). The test dots only captured IgE bound with
“abHRP”; therefore, the blue color only appeared in the test dots if
human IgE was present in the sample solution as it flowed over

scitation.org/journal/bmf

HRP
abHRP
Anti-IgE

Running
buffer

After flow

<

(b)

Colorimetric detection

Adding TMB Y

FIG. 4. Steps for the IgE test: (a) the new sample solution [a mixture of the
sample solution (containing IgE) and “abHRP’] was placed on the sample input
zone followed by the placement of the running buffer in the running liquid input
zone, (b) IgE-bound “abHRP” was captured at the test dots, and unbound
“abHRP” was captured at the control dot as the sample solution flowed over
them, and (c) HRP of the “abHRP” turned blue after adding TMB solution on
the detection zone (with “T1” and “T2” shown as blue colored as an example).

each test dot. Imaging of the IgE test results was performed approx-
imately 2 min after the TMB was added. The IgE was captured pro-
gressively as it flowed over each successive test dot; therefore,
higher concentrations of IgE yielded a larger number of blue
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colored test dots, and the number of blue colored test dots was cor-
related to the concentration of IgE in the sample. Unlike the test
dots, the control dot captured the unbound “abHRP” in the sample
solution regardless of the amount of IgE contained in the sample,
and thus, a blue colored control dot provided confirmation that the
sample flowed to the end of the detection zone and contained a
sufficient amount of “abHRP.”

I1l. RESULTS AND DISCUSSION

A. Counting-based readout for a miniaturized
glucose test

In order to generate a meaningful semiquantitative result
from a counting-based test, a calibration was required to ensure
that the diagnostically important glucose levels had a distinct
number of dots that changed color. This was accomplished by
performing several tests while varying the amount of the sample
volume used. A larger sample volume contained more glucose
molecules, while the capacity for each test dot to consume mole-
cules remained the same. Therefore, even at low concentrations,
the use of a larger sample volume resulted in more of the dots
changing to a dark brown color. We tested several sample
volumes and found that 0.5 ul yielded the clinically relevant con-
centration ranges based on the size and number of test dots (3)

(a) Set-1 Set-2 Set-3

ARTICLE scitation.org/journal/bmf

that we used on the device. Traditionally, the important diagnos-
tic levels for glucose tests are based on diabetes and hypoglyce-
mia, and glucose concentrations of 0, 3, 6, 9, and 12 mmol/l
provide meaningful information about these conditions.”® A sample
volume of 0.5ul was found to generate a distinct number of dots
with a dark brown color change for each of the concentrations;
therefore, a 0.5ul sample volume was used in each of the glucose
tests reported in this section.

The tests were performed three times (each one is denoted
as a set), and for each set, five yPADs were fabricated to analyze
the different concentrations of the glucose (0, 3, 6, 9, and
12 mmol/l). Figure 5(a) shows photographs of the detection zone
for each uPAD after the glucose tests were completed. A counting
of the dark brown dots based on naked eye visualization of
Fig. 5(a) reveals that a glucose level of 12 mmol/l corresponded to
three dark brown test dots, 9 mmol/l corresponded to two dark
brown test dots, 6 mmol/l corresponded to one dark test dot, and
3 mmol/l corresponded to a portion of a test dot with a dark
brown color. The control dot “C” changed to a dark brown color
in every test, thus confirming that the sample flowed to the end
of the detection zone. The results are plotted in Fig. 5(b) to
provide a graphical interpretation of the findings. These test
results demonstrate that the miniaturized counting-based uPADs
can provide a user-friendly semiquantitative method to monitor the
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FIG. 5. (a) Photographs of the detection zones after completion of the glucose tests for three sets of experiments conducted with 0.5 il of the sample solution containing
various concentrations of glucose (012 mmol/l). The test dots changed to a dark brown color if they reacted with glucose; therefore, the number of dark brown dots in
each test corresponds to the level of glucose in the sample. (b) The glucose concentrations were plotted against the number of test dots that changed to a dark brown
color. For each test dot, the plot distinguished between the progression of two colorimetric states that were observed: a portion of the test dot changed to a dark brown
color or the entire test dot changed to a dark brown color.
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concentration of biomarkers in relation to the important diagnostic
ranges associated with different conditions. The small sample
volume requirement will also allow the tests to be integrated with
user-friendly sample collection systems such as finger pricking or
microneedles.

B. Counting-based readout for a miniaturized IgE test

Similar to the glucose tests, experiments with different volumes
of a sample solution were performed, and a sample volume of 1 ul
was found to be the best choice to generate a distinct number of test
dots with a color change corresponding to the clinical range of IgE
concentrations associated with allergic symptoms.” ™" According to
the literature, in blood plasma, three levels of total IgE are commonly
considered in medical diagnosis, normal level: <48 ng/ml (20 kU/1),
moderate level: 48-240ng/ml (20-100kU/1), and elevated level:
>240 ng/ml (100 kU/1).””~>" Each level indicates the probability of
allergic symptoms and the probable contribution of allergens in
atopic diseases.”” The tests were performed three times (each one
denoted as a set), and six uPADs were fabricated to analyze each of
the different concentrations of human IgE (0, 25, 50, 100, 200, and
400 ng/ml). Figure 6(a) shows photographs of the detection zone for
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each yPAD after the IgE tests were completed. A counting of the
blue colored dots based on naked eye visualization of Fig. 6(a)
reveals that an IgE concentration of 400 ng/ml corresponded to three
full blue colored test dots, 200 ng/ml corresponded to two full blue
colored test dots, 100 ng/ml corresponded to one full blue colored
test dot, and 50 ng/ml and 25 ng/ml both corresponded to less than
one test dot changing to a blue color. Distinguishing between 25 and
50 ng/ml was not required, since the clinical level of interest is a con-
centration below 48 ng/ml. The control dot “C” changed to a blue
color in each test, which confirms that the sample successfully
flowed to the end of the detection zone. Figure 6(b) provides a
graphical interpretation of the findings from the IgE tests.

The counting-based approach is valuable for these total IgE
tests because a semiquantitative result provides important test infor-
mation in a user-friendly test. According to the test results from
Figs. 6(a) and 6(b) and based on the clinical range of IgE concentra-
tions noted above, if the blue color is limited to the first test dot
“T1,” then it indicates a normal level of total IgE; if dots “T1-T2”
change to a blue color, this indicates a moderate level of total
IgE, and if the blue color appears in all three test dots “T1-T3,”
then it indicates an elevated level of total IgE. This further
reinforces the strength of the counting-based approach to provide a
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FIG. 6. (a) Photographs of the detection zones after completion of the IgE tests for three sets of experiments conducted with 1 ul of the sample solution containing
various concentrations of human IgE (0—400 ng/ml). The test dots changed to a blue color if they bound with IgE; therefore, the number of blue dots in each test corre-
sponds to the level of IgE in the sample. (b) The IgE concentrations were plotted against the number of test dots that changed to a blue color. For each test dot, the
plot distinguished between the progression of two colorimetric states that were observed: a portion of the test dot changed to a blue color or the entire test dot

changed to a blue color.
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semiquantitative readout that is simple to interpret in comparison
with the interpretation of the intensity of a change in color.

The IgE testing completed in the laboratory involved premix-
ing of the sample with abHRP and the addition of the running
liquid and TMB. A user-friendly uPAD should avoid the require-
ment that users premix samples and add precise volumes of fluid
to the test. In a future device, these steps could be automated on
the uPADs by predepositing the abHRP onto the sample zone and
inclusion of tools that can release a precise volume of fluid, such as
a prepackaged dropper or the breaking of a bubble pack integrated
on the device.

From the success of the human IgE tests, it can be inferred
that similar uPADs made out of a nitrocellulose membrane (or any
paper material with similar protein binding properties) can be
developed for other protein biomarkers present in samples. The use
of small sample volumes increases the user-friendly aspect of the
tests since simple sample collection methods can be used (such as
finger pricking and microneedles). Distinct colorimetric detection
for the target range of an analyte can be achieved by adjusting the
sample volume size, test dot size, number of test dots, and concen-
tration of immobilized antibody spotted in the test dots. Therefore,
the counting-based uPADs presented here can provide a user-
friendly way to provide semiquantitative information about a wide
range of analytes and over a broad range of concentrations.

IV. CONCLUSIONS

We designed and developed LFA-type uPADs with a
counting-based colorimetric test readout to analyze small sample
volumes (in the submicroliter range). The devices were used to
provide semiquantitative information about the concentration of
glucose and human IgE present in 0.5 and 1 ul of sample solutions,
respectively. The devices successfully provided distinct visual color-
imetric detection for varying analyte concentrations where the
number of colored test dots correlated to the analyte concentration.
Glucose is a nonprotein analyte and IgE is a protein analyte in
human blood plasma; therefore, it can be inferred that similar
devices can be developed to detect other protein and nonprotein
biomarkers. The counting-based uPADs provide a user-friendly test
platform since the counting of colored dots is more straightforward
than interpreting the intensity of a color change, and the use of
small sample volumes, in the submicroliter range, enables the tests
to be used with simple sample collection tools available to untrained
users, such as finger pricking and microneedles.
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