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ABSTRACT: Multiplexed analysis in medical diagnostics is widely accepted as a
more thorough and complete method compared to single-analyte detection. While
analytical methods like polymerase chain reaction and enzyme-linked immuno-
sorbent assay (ELISA) exist for multiplexed detection of biomarkers, they remain
time-consuming and expensive. Lateral flow assays (LFAs) are an attractive option
for point-of-care testing, and examples of multiplexed LFAs exist. However, these
devices are limited by spatial resolution of test lines, large sample volume
requirements, cross-reactivity, and poor sensitivity. Recent work has developed
capillary-flow microfluidic ELISA platforms as a more sensitive alternative to LFAs;
however, multiplexed detection on these types of devices has yet to be
demonstrated. In the aftermath of the initial SARS-CoV-2 pandemic, the need
for rapid, sensitive point-of-care devices has become ever clearer. Moving forward,
devices that can distinguish between diseases with similar presenting symptoms
would be the ideal home diagnostic. Here, the first example of a multiplexed
capillary-flow immunoassay device for the simultaneous detection of multiple biomarkers is reported. From a single sample addition
step, the reagents and washing steps required for two simultaneous ELISAs are delivered to spatially separated test strips. Visual
results can be obtained in <15 min, and images captured with a smartphone can be analyzed for quantitative data. This device was
used to distinguish between and quantify H1N1 hemagglutinin (HA) and SARS-CoV-2 nucleocapsid protein (N-protein). Using this
device, analytical detection limits of 840 and 133 pg/mL were obtained for hemagglutinin and nucleocapsid protein, respectively.
The presence of one target in the device did not increase the signal on the other test line, indicating no cross-reactivity between the
assays. Additionally, simultaneous detection of both N-protein and HA was performed as well as simultaneous detection of N-
protein and human C-reactive protein (CRP). Elevated levels of CRP in a patient infected with SARS-CoV-2 have been shown to
correlate with more severe outcomes and a greater risk of death as well. To further expand on the simultaneous detection of two
biomarkers, CRP and N-protein were detected simultaneously, and the presence of SARS-CoV-2 N-protein did not interfere with
the detection of CRP when both targets were present in the sample.

■ INTRODUCTION

The results of medical testing influence accurate diagnosis,
prognosis, treatment, and timely discharge of patients from a
medical facility. It follows that an early and affordable diagnosis
is a crucial part of treatment. The sooner a patient can be
diagnosed, the more effectively the diseases can be slowed,
halted, or prevented.1−3 Rapid testing for infectious diseases is
also crucial for patient outcomes. The need for reliable testing
has been a theme for decades, and the world seems to get a
grim reminder of this need every few decades with new or
reemerging infectious diseases. In recent history, HIV/AIDS in
the 1980s to the present,4,5 SARS-CoV in the early 2000s,6

H1N1 in 2009,7 and SARS-CoV-2 in early 2020 have posed
great stress to diagnostic infrastructure. In both cases,
communicable or noncommunicable, diagnostics that can
detect multiple targets are preferred over single-target systems.

One of the most common ways to detect biological targets is
enzyme-linked immunosorbent assays (ELISAs). Laboratory-
based ELISAs are performed in 96-well microtiter plates. In
this format, wells can be coated with a variety of capture
proteins or antibodies. This spatial separation makes them
ideal tools for multiplexing biological assays.8 Unfortunately,
ELISAs are time-consuming, requiring multiple pipetting steps
and trained personnel to perform. These drawbacks hinder the
ability of regular testing to occur, making it difficult to
diagnose and treat patients.
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Point-of-care (POC) testing is an attractive alternative to
traditional medical diagnostics in many ways. Reliable POC
tests allow for faster time-to-result, more affordable and regular
testing, and the opportunity for home testing and personalized
medicine. Rapid, onsite, or POC testing is especially important
in rural and resource-limited settings where a patient may have
difficulty traveling to and from medical facilities.9,10 In recent
years, lateral flow assays (LFAs) have been a popular solution
for POC diagnostics. LFAs consist of a series of membranes
containing different reagents requires for a sandwich immuno-
assay to occur from a single sample addition with a gold
nanoparticle-based readout.11−13 LFAs can be used to assess
environmental contaminants,14,15 food safety,16−18 and disease
biomarkers.17,19,20 There has also been considerable effort in
developing multiplexed LFA devices. The simplest approach to
multiplex LFAs is adding multiple test lines to a single test
strip.16,21−23 This allows for multiple targets to be captured
and screened in a single strip but spatial constraints limit the
number of analytes that can be targeted. Mathematical
modeling has shown that test lines should be at least 2 mm
apart for good detection.24 Extending the length of the test
strip membrane could increase room for additional test lines,
but assay time would increase exponentially according to the
Lucas−Washburn equation.13,25 Microarrays of test spots offer
another alternative for increasing the number of detection
zones, but spatial resolution and cross-reactivity between signal
and capture antibodies may still pose issues, although some
products do exist in this format.26−30 Spatially separating
multiple test strip membranes reduces the number of test
lines/targets per membrane. Successful devices have been
designed where 10 individual LFA test strips radiate from a
single sample inlet.18,31 This removes the possibility of cross-
reactivity between antibody pairs and spatially separates test
lines but increases the total sample volume required to operate.
Another example of multiple test strips on a single device
comes from Han et al. In their work, stacked paper channels
control sample and enhancer delivery to two separate test
strips with three total test lines.32 This device sequentially
delivers gold nanoparticle conjugated signal antibodies
followed by an enhancer solution.32 While this delivery
method is impressive, it does not allow for washing between
steps, a highly desirable step for other applications like paper-
based ELISAs.32

Paper-based ELISA has been used for more than a decade in
various ways.33,34 The simplest version of a paper-based ELISA
replaces a 96-well plate with wax-patterned paper microwells.33

While using paper may cut costs and improve portability, the
manual pipetting steps required for this type of paper-based
ELISA are still tedious. Several attempts have been made to
simplify or automate the sample addition, washing, and regent
delivery steps associated with an ELISA with the goal of
making them more user-friendly.35−37 While these examples
are simpler than traditional ELISAs, they still require multiple
steps after sample addition. Multiple automated, capillary-
driven immunoassay devices have recently been developed that
fully automate sample delivery, washing, and reagent delivery
steps to test strips, but multiplexing on these devices has yet to
be shown, to this point remaining a challenging future
goal.38−40

In this work, we describe a capillary-driven device that
passively delivers the reagent and washing steps associated with
an ELISA to two spatially separated test strips with visual
results in under 15 min from a single sample addition step. The

device uses horseradish peroxidase (HRP) as a signal enzyme
and 3,3′,5,5′-tetramethylbenzydine (TMB) as the amplification
substrate. The device is assembled from an inexpensive double-
sided adhesive and transparency film to create the microfluidic
front end that leads to two nitrocellulose test strips. The
channels of the device are oriented in such a way that, after
sample addition, the sample, signal antibody, wash steps, and
substrate are delivered to two separate test strips simulta-
neously. The device is also designed so that reagents for one
target will never interact with reagents from the other side of
the device. This separation prevents cross-reactivity that may
occur between the capture and signal antibodies from the other
assay.
Multiplexed detection was shown in two motifs. The first

demonstrates the device’s ability to distinguish between two
conditions. For this example of multiplexed detection, the
device was used to distinguish between H1N1 and SARS-CoV-
2 infections from a single sample. These two are of special
interest because many of their symptoms (fever, muscle
soreness, cough, headaches, nausea, etc.) are not specific to
either disease, making it difficult to distinguish between the
two solely on the symptoms a patient presents.41 The device
was optimized to detect hemagglutinin from H1N1 on one test
strip and nucleocapsid protein (N-protein) from SARS-CoV-2
on the other. Initial optimization for the H1N1 assay was
performed on a single-channel device that was developed in
previous work.42 Once conditions were chosen, dose−response
curves were generated for H1N1 hemagglutinin and SARS-
CoV-2 nucleocapsid protein (N-protein) on the multiplex
device with detection limits of 840 and 133 pg/mL,
respectively. The amount of SARS-CoV-2 N-protein found in
blood and saliva from positive patients ranges from 1 to 1 ×
105 pg/mL for the first 2 weeks after infection; our device is
well within that range.43 Although it is difficult to determine
the hemagglutinin concentration in positive patients, other
similar POC devices claim LODs of 0.23−29 ng/mL44−46 To
show the device's function in the complex sample matrix,
devices were run in nasal swabs spiked with varying
concentrations of N-protein or HA. Results for our device
can be read visually in under 15 min and can be quantified with
a smartphone.
The second motif of multiplexed detection is the

simultaneous detection of two targets. To demonstrate this
type of multiplexed detection, two examples are shown. First
would be an example of a coinfection of SARS-CoV-2 and
H1N1. Although coinfections of the two diseases are rare,47,48

many cases have been reported, and the severity of patient
outcomes is typically more severe and a higher risk of
death.49,50 To demonstrate simultaneous detection, devices
were run with 5 and 100 ng/mL for both N-protein and HA
simultaneously to show proof of concept for simultaneous
detection of both viral proteins. To further demonstrate this
concept, N-protein from SARS-CoV-2 and C-reactive protein
(CRP) were also detected simultaneously. Elevated levels of
CRP have been found in patients infected with SARS-CoV-
2.51,52 Consequently, it has been suggested that elevated levels
of CRP could be used as a predictor for the severity of a
patient’s condition.53 Therefore, simultaneously detecting a
SARS-CoV-2 infection and quantifying the amount of CRP in
the same sample may be useful for the decision-making of
healthcare providers. For this example, samples containing N-
protein at 50 ng/mL and varying amounts of CRP were run.
There was no statistical difference in the signal from the N-
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protein test strip, and the CRP test strip signal increased
according to the increase in the CRP concentration. This work
demonstrates the function and some potential applications of
multiplexed, capillary-driven immunoassays for multiple
biomarkers detected at clinically relevant concentrations.

■ MATERIALS AND METHODS
Nitrocellulose Test Strip Preparation. Nitrocellulose

(NC) membranes (Vivid 90 LFNC, Pall, NY, USA) were
stripped with test and control lines for each assay. For the N-
protein test strips, 0.88 mg/mL for the anti-N-protein capture
antibody (40143-MM08, Sino Biological, Beijing China) and
goat antimouse control line antibody (AB6708, Abcam,
Cambridge UK) was stripped using a BioSpot reagent printer
(BioFluidix, Breisgau, Germany). For the HA test strips, 0.88
mg/mL for the anti-HA capture antibody (11055-RM10, Sino
Biological) and goat antirabbit control line antibody (R1131,
Millipore Sigma, Burlington MA, USA) was stripped. For the
CRP test strips, 0.88 mg/mL anti-CRP capture antibody
(PAB7943, Abnova, Taipei, Taiwan) and a CRP (30-AC05S,
Fitzgerald, Acton MA, USA) control line were stripped. All test
and control solutions also contained 4% glycerol and 4 mM
trehalose for improved drying and longevity. All NC
membranes were dried overnight in a desiccator before
blocking with Stabilguard (SG01-1000, Surmodics Inc.) to
prevent nonspecific adsorption to the membrane during the
assay. The NC membranes were then cut into 15 × 3 mm2

individual test strips using a CO2 laser cutter (Epilog Zing,
Golden, CO, USA). NC membranes were stored at 4 °C with a
desiccant until used.
Reagent Pad Preparation. Glass fiber pads

(GFDX203000, MilliporeSigma, Burlington, MA, USA) were
used for both TMB and secondary antibody-HRP (2°Ab-
HRP) pads, but the pretreatment and blocking conditions for
each were slightly different. For the TMB pad, glass fiber sheets

were completely submerged in a blocking solution containing
10 mM PBS (Thermo Scientific, Rockford, IL, USA), 3%
sucrose, 0.5% Tween-20, and 0.1% thimerosal (MilliporeSig-
ma) for 15 min. The sheets were removed from the solution
and dried overnight at 37 °C before use. The dried, blocked
membranes were then cut into 3 × 5 mm2 reagent pads with a
razor blade. TMB (TMBM-0100-01, Surmodics Inc., Eden
Prairie, MN, USA) was pipetted onto the pads in 7.5 μL
aliquots, and the aliquots were dried for 7−8 min between
additions. After the final TMB addition, the pads were dried
for 2 h before being assembled in the microfluidic device. For
2°Ab-HRP pads, blank glass fiber membranes were cut into 3
× 5 mm2 reagent pads before any pretreatment. Aged casein
was prepared following the procedures outlined in the work
from Grant et al.54 The aged casein was diluted to 0.5% in 10
mM PBS, and 15 μL was added to each 2°Ab-HRP pad in two
7.5 μL aliquots. The pads were dried for 7−8 min at 37 °C
between additions and for an additional 30 min after the
second. 2°Ab-HRP for the N-protein assay (40143-MM05-H,
Sino Biological) and the HA assay (11055-RP07, Sino
Biological) were diluted in a drying buffer designed for long-
term stability.55 Each diluted 2°Ab-HRP (5 μL) was added to
separate treated pads and dried for 30 min at 37 °C before
adding to the device. For the CRP assay, a conjugation kit
(ab102890, Abcam, Cambridge, UK) was used to conjugate
HRP to the detection antibody (MAB0421, Abnova). The
manufacturer’s protocol was followed for the conjugation kit,
and the conjugated antibody was diluted to 20 μg/mL in
drying buffer. The diluted Ab-HPR solution (5 μL) was added
to treated glass fiber pads and dried for 30 min at 37 °C.
Device Assembly. Patterns for the device channels were

designed in the CAD program, OnShape, and cut into
alternating layers of the transparency film (3M 9984, Saint
Paul, MN, USA) and double-sided adhesive (3M 467MP, Saint
Paul, MN, USA) with a CO2 laser cutter (Figure 1A,B). The

Figure 1. (A) Schematic with dimensions for each layer of the multiplexed CaDI. (B) Order in which the five layers are assembled. (C) Location of
reagent pads and NC membranes containing TMB, HRP conjugated detection Ab for each assay, and NC with capture and control antibodies for
each assay.
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first four layers of the device were assembled before the
conjugate release pads were added. The final layer of the
transparency film was added last, completing the hollow
channels and securing the conjugate release pads in place. The
devices were cut at the bottom to open the channels for the
insertion of NC test strips. Conjugate release pads and NC test
strip for the HA assay were assembled into the left half of the
device, and N-protein pads and test stripwere assembled into
the right side (Figure 1C). The entire device adhered to an
adhesive backing, and a waste pad (CFSP223000, Millipore
Sigma, Burlington, MA, USA) was pressed down to overlap
with the end of the NC membrane.
Assay Optimization. The N-protein assay was previously

studied extensively.39,42 Therefore, the concentrations of 2°Ab-
HRP and volume of the TMB substrate used in the N-protein
assay were the same as from previous work.42 The running
buffer in which the sample was diluted was made using 1.5×
stable peroxide buffer (Thermo Fisher Scientific, 34062) at pH
6.5 with 150 mM NaCl, 0.1% Igepal CA630, and 0.1% Tween-
20. The influenza A H1N1 assay has never been performed on
this type of capillary-driven immunoassay device (CaDI). To
optimize the conditions for the HA side of the multiplex
device, the HA assay was performed on the single-channel
CaDI device outlined in previous work.42 First, TMB volume

was held constant at 30 μL while the 2°Ab-HRP concentration
was adjusted between 5 and 60 μg/mL. Devices were run in
triplicate with running buffer containing either 0 or 50 ng/mL
HA (11085-V08B, SinoBiological). The sample (100 μL) was
added to the sample inlet, and when the devices were
completed, the NC was removed and imaged with a
smartphone (Motorola 1) under a lightbox containing 16
LEDs. Based on the analyzed results, a concentration of 40 μg/
mL for anti-HA 2°Ab-HRP was chosen. For TMB
optimization, the anti-HA 2°Ab-HRP was held constant at
40 μg/mL while the TMB volume was varied from 7.5 to 37.5
μL. Devices were run again in triplicate with 0 or 50 ng/mL
HA, and 22.5 μL of TMB was chosen moving forward. For the
CRP assay, a concentration of 20 μg/mL anti-CRP 2°Ab-HRP
and a volume of 22.5 μL of TMB were chosen. These
conditions worked considerably well for the CRP assay with
little further optimization.
Multiplex Assay Operation. After HA assay conditions

were optimized in the single-channel CaDI, dose−response
curves for both assays were collected in the multiplex device.
First, a range of HA concentrations was diluted in running
buffer, and 160 μL of each concentration was added to the
sample inlet of the multiplex device. The sample completely
filled the channels and delivered the target to both NC test

Figure 2. (A) The single NC CaDI device was used to optimize conditions for the influenza hemagglutinin assay. (B) The TMB volume was held
at 30 μL, while the anti-HA 2°Ab-HRP concentration was varied. Following that, the anti-HA 2°Ab-HRP was held at 40 μg/mL, while the TMB
volume dried on the TMB pad was varied.
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strips. Afterward, reagents for each side of the device were
delivered passively to the NC membrane from the device via
capillary action driven by the absorbent waste pad. The assay
was completed when the buffer above the TMB pads was
drained from the channels through the NC membrane, to the
waste pad. After the assay was completed (<15 min), NC
membranes were removed and allowed to dry for 5 min at RT
before imaging with a Motorola 1 smartphone under the light
box. The same procedures were performed with varying
concentrations of N-protein spiked into running buffer.
Devices were also run with 5 and 100 ng/mL for both targets
simultaneously spiked into running buffer as a demonstration
of simultaneous detection of two targets present in the same
sample. As another example of simultaneous detection, 50 ng/
mL for SARS-CoV-2 N-protein was added to running buffer
already containing varying concentrations of CRP. One side of
the multiplex device was prepared with the N-protein
conjugate release pads and NC test strip, while the other
contained reagents and NC for the CRP assay described above.
Image/Data Analysis. NC membranes were allowed to

dry for 5 min at RT before being imaged under a light box.
Images were uploaded to the free NIH software ImageJ.
Images were converted to an 8-bit gray scale and inverted to
provide a positive correlation with increasing target concen-
tration. A rectangular area of interest was drawn around the
area of the test line (or the blank area where the test line would
be in the case of blank samples). A mean gray value
measurement was taken of the test line area, and another
measurement was taken in the area between the test line and
the control line. The ratio of these values is called the “mean
gray ratio” and was used for quantification purposes.

■ RESULTS AND DISCUSSION
Influenza Assay Optimization. The multiplex device

used in this work consists of two separate immunoassays.
Conditions for the N-protein assay had been optimized in
previous work.42 To optimize the HA assay, the single-channel
CaDI device described previously was used, and the locations
of conjugate release pads and NC membrane are shown in
Figure 2A. Manufacturing the single-channel devices in bulk is
slightly easier, giving us a quick way to determine the optimal
2°Ab-HRP concentrations and TMB volumes to use. First, the
volume of TMB dried on the TMB pad was held constant at 30
μL while the concentration of 2°Ab-HRP dried was varied.
The optimal concentration of 2°Ab-HRP was based on the
results that gave the greatest signal for 50 ng/mL HA in
running buffer and no signal with 0 ng/mL HA. The lowest
concentration of 2°Ab-HRP where those criteria were met was
40 μg/mL. Despite having excess 2°Ab-HRP, more than 40
μg/mL did not improve the signal and had a slightly higher
signal for the blank samples (Figure 2B). Next, 2°Ab-HRP was
held constant at 40 μg/mL while the volume of the TMB
substrate dried was varied. Devices were again run at 0 and 50
ng/mL HA. Although all TMB volumes above 15 μL
performed similarly for signal intensity, 22.5 μL was chosen
to ensure that an excess of TMB was present in the device
(Figure 2B). Along with benefiting the multiplex device, this
HA assay development is the first example in the literature of
an automated, capillary-driven immunoassay for HA.
Multiplex Device Function and Theory. The optimized

reagent pad conditions for the N-protein assay from previous
work and for the HA assay described above were incorporated
into the multiplexed microfluidic device. An NC test strip for
each assay was inserted on its corresponding side, and the
device was pressed down on an adhesive backing with a waste
pad connected to the membrane. To operate the device, 160

Figure 3. (A) The multiplex CaDI device function is broken down into five distinct key points. Image 1 depicts the device before the sample is
added. Image 2 is immediately after the sample is added. The sample and buffer fill the channels (the direction of flow is depicted with gray
arrows), and dried reagents are rehydrated. The target present flows through NC membranes and binds to the corresponding capture antibodies. In
image 3, 2°Ab-HRP for each side of the device is delivered to its respective test strip. In image 4, excess 2°Ab-HRP is washed from each test strip.
Last, in image 5, TMB is delivered to each test/control line, reacting with H2O2 in the buffer and HRP on the NC if present. (B) Images focused on
the NC are accompanied by a molecular level schematic for each crucial step outlined in panel (A).
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μL of the sample is added to the sample inlet. No other end-
user steps are required after the sample addition. When the
sample is added, the solution fills the hollow channels in the
device. The sample rehydrates 2°Ab-HRP and TMB from the
conjugate release pads and flows through each NC membrane.
If either target is present, then it will bind to the capture
antibody stripped on its NC membrane. After this initial filling
step, the buffer in the channels begins to drain into the waste
pad through the capillary forces of the waste pad and the NC
membranes. As the channels drain, an air bubble forms in the
center channel above the sample inlet. Because of this air gap,
2°Ab-HRP from one side of the device cannot cross over to
the other. 2°Ab-HRP is the next reagent delivered to the NC
followed by a gap of sample buffer that washes any excess from
the test lines. Last, TMB is delivered to each test line. The
assay operation is shown in Figure 3A,B and Video S1 with
blue and yellow food dye dried on the conjugate release pads
to help visualize flow. Mismatched colors were chosen to show
that there was no crossover from one side of the device to the
other when reagents were delivered to the test strips. If the
target is present at one or both test lines, then 2°Ab-HRP will
also be present. TMB can with HRP and H2O2 in the running
buffer form a solid blue test line. Control lines consisting of

antimouse and antirabbit antibodies for NP and HA assays,
respectively, should always be present.
Dose−Response Curves and Simultaneous Detec-

tion. Separate dose−response curves were gathered for both
sides of the device. One target was diluted in running buffer
containing hydrogen peroxide for the HRP reaction. The
running buffer also contains NaCl for protein stability and
surfactants to encourage release of reagents from the conjugate
release pads, prevent nonspecific binding on the test lines, and
to encourage uniform flow through the nitrocellulose, although
some nonuniformity can be seen in the test lines. Varying
concentrations of N-protein were run in triplicate with no HA
present, and the resulting signal was fit to four-parameter
logistic regression (4PL). The LOD for N-protein was
determined to be three standard deviations above the signal
of the blank sample, meaning that the LOD was 133 pg/mL.
Ideally, regardless of the increase in the concentration of N-
protein, the signal in the HA assay NC membrane should
never be present if only N-protein is present in the sample. If
that is the case, then a linear fit to the HA data should have a
slope of 0. In this case, the slope of a linear fit to the HA signal
was 0.00823 (Figure 4A). Additionally, an analysis of variance
of the HA data shows that the points are indistinguishable

Figure 4. Dose−response curves were run for both targets separately, and representative images are shown for selected points showing the test line
(TL) and control line (CL). (A) SARS-CoV-2 N-protein dose−response curve was run while holding the HA concentration at 0. The N-protein
signal was fitted to a 4PL (R2 = 0.98). (B) H1N1 HA dose−response was run, holding the N-protein concentration at 0. The signal for HA was fit
to a 4PL fit (R2 = 0.97).

Figure 5. (A) Devices were run with 5 and 100 ng/mL for both HA and N-protein in running buffer simultaneously. (B) The N-protein data from
panel (A) are compared to the signal intensity in Figure 4A when no HA is present in the running buffer. (C) The HA data from panel (A) are
compared to the signal intensity from Figure 4B where no N-protein is present in running buffer.
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from each other with 95% confidence. The same procedures
were done holding the N-protein concentration at 0 and
varying the concentration of HA. For that data, the LOD of
HA is 840 pg/mL, the slope of a linear fit for the N-protein
side of the device is 0.00118, and the analysis of variance on
the N-protein data showed that the points were indistinguish-
able with 95% confidence (Figure 4B).
Recent reports have shown that the coinfection of influenza

and SARS-CoV-2 occurs in a significant number of cases.56 To
demonstrate the effectiveness of this multiplex device in
detecting two analytes at the same time, HA and N-protein
were spiked into running buffer. These samples containing
both targets were run in triplicate, and the images for both
sides of the devices were processed as described above (Figure
5A).
At both concentrations, a signal was present on both test

strips after the samples had run. The resulting signal from
Figure 5A was also compared to the signal that was obtained
from the dose−response curve data in Figure 4 where only one
target was present in the sample. With overlapping error bars
and an analysis of variance, there is no significant difference in
the signal between the data in Figures 4 and 5A (Figure 5B,C).
This means that the presence of one target in the sample does
not hinder the other side’s ability to detect its intended target.
Continuing to expand on multiplex applications, the
simultaneous detection of SARS-CoV-2 and CRP was
investigated next. Elevated levels of CRP in patients infected
with SARS-CoV-2 have been correlated with worse patient
outcomes.53 Therefore, simultaneous diagnosis of a SARS-
CoV-2 infection and quantification of CRP may help in the
prognosis and treatment. Devices were assembled with SARS-
CoV-2 reagents and test strip on one side and with CRP
reagents and test strip on the other. Extraction buffer was
spiked with varying concentrations of CRP as well as 50 ng/
mL N-protein before running in the multiplex device. N-
protein (50 ng/mL) represents a concentration at the high end
of the dose−response in Figure 4A, and CRP concentrations
were varied from 0 to 100 ng/mL (Figure 6). The presence of
N-protein did not cause false positives on the CRP test strip,

and the CRP test strip signal increased as the CRP
concentration increased. Likewise, increasing the CRP
concentration did not affect the signal present on the N-
protein test strip, with an analysis of variance showing no
statistical difference between the signal at any CRP
concentration with >95% confidence. In this instance, the
LEDs for the lightbox used to image were replaced before
imaging, leading to a lighter background and a higher signal
ratio on the N-protein side of the device compared with Figure
4. Ideally with this type of assay, health care providers would
be able to determine if someone has a SARS-CoV-2 infection
and how severe their symptoms may be based on
quantification of CRP.

■ CONCLUSIONS
In this work, we show the first example of a multiplexed
capillary-flow microfluidic ELISA in a POC-style device. Using
hollow microfluidic channels, spatially separated NC test strips,
and conjugate release pads, the device operates in a single
sample addition step and outputs a visually detectable signal in
under 15 min. The device can detect HA from H1N1 with an
LOD of 840 pg/mL and N-protein from SARS-CoV-2 with an
LOD of 133 pg/mL when spiked in running buffer. The device
was initially designed with differentiation between SARS-CoV-
2 and H1N1 infections in mind; the device can also be used for
simultaneous detection of two targets. To demonstrate this
concept, N-protein and HA were detected simultaneously as
well as simultaneous detection of N-protein and CRP. This
work demonstrates two important applications of multiplexed
diagnostics: (i) distinguishing between conditions that may
share similar symptoms and (ii) simultaneous detection of two
targets for a more thorough analysis and future patient care. In
all examples shown in this work, the signal is visible by the
naked eye in under 15 min, and quantitative data can be
determined using smartphone images. The effectiveness of
simultaneous detection on this device and the spatial
separation of the test strips point toward numerous future
applications. Future work will aim to further multiplex the
device, adding additional test lines to each test strip and
increasing the number of targets that can be detected.
Additionally, further device engineering, filtering steps, and
buffer considerations will be made in the future to handle more
complex biological samples.
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