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ABSTRACT: Human enteric viruses can be highly infectious and thus capable of
causing disease upon ingestion of low doses ranging from 10° to 10* virions.
Norovirus is a good example with a minimum infectious dose as low as a few tens
of virions, that is, below femtogram scale. Norovirus detection from commonly
implicated environmental matrices (water and food) involves complicated
concentration of viruses and/or amplification of the norovirus genome, thus
rendering detection approaches not feasible for field applications. In this work,
norovirus detection was performed on a microfluidic paper analytic device without
using any sample concentration or nucleic acid amplification steps by directly
imaging and counting on-paper aggregation of antibody-conjugated, fluorescent
submicron particles. An in-house developed smartphone-based fluorescence
microscope and an image-processing algorithm isolated the particles aggregated
by antibody—antigen binding, leading to an extremely low limit of norovirus
detection, as low as 1 genome copy/uL in deionized water and 10 genome

copies/uL in reclaimed wastewater.

B INTRODUCTION

Human enteric viruses are small infectious agents that can
cause gastrointestinal disease upon ingestion of very low doses.
Detection of these viruses requires an extremely low limit of
detection (LOD), especially when assessing viruses in
reclaimed wastewater or unconfined aquifers used as sources
of drinking water. Norovirus is one of such well-known
examples and is the most common cause of epidemic and
sporadic gastroenteritis worldwide." Studies have indicated
that norovirus infection can occur upon exposure to as few as
18 virions.”” Highly sensitive detection methods are needed
for assessing exposure to norovirus, especially considering that
the methods for virus recovery and concentration from
environmental matrices are rather inefficient. In addition, the
infectivity of human noroviruses by in vitro cell culture has
proven to be quite complex (only possible in stem cell-derived
human enteroids),* which prevents the use of traditional
culture-based assays for evaluating virus infectivity in environ-
mental matrices. Because of this limitation, norovirus has been
assayed by either reverse transcription polymerase chain
reaction (RT-PCR)° or sandwich immunoassay® techniques.
While RT-PCR-based techniques do provide necessary
specificity for detection and identification of norovirus, these
molecular methods are susceptible to inhibition by multiple
components associated with environmental matrices and fail to
provide sufficient rapidity and field-applicability.” Immuno-
assay techniques are simpler than RT-PCR and have the
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potential to be incorporated on a microfluidic platform.
Specifically, microfluidic paper analytic devices (PADs) have
shown numerous advantages over silicone-based microfluidic
devices, as they are lightweight, easy to fabricate via wax
printing (no lithography), use spontaneous flow by capillary
action, and have potential on-chip filtration capability.”’
However, optical detection of low concentrations of pathogens
has rarely been demonstrated on paper substrates because
paper is optically opaque and non-homogeneous (porous),
generating substantial background scatter and reflection. So far,
single virus copy level detection of norovirus has rarely been
demonstrated on paper substrates (including lateral flow assays
and pPADs). While single copy level detection of other virus
targets has indeed been demonstrated on paper substrates (20
copies of Ebola, 20 copies/uL of pseudorabies, and 1 copy/uL
of HIV), all of them required nucleic acid amplifications, most
notably isothermal methods such as loop-mediated isothermal
amplification (LAMP)."*™"* Such methods are not sufficiently
simple for field-based applications (requiring a heater and
thermostat system plus an expensive isothermal amplification
kit) and cannot be considered near-real-time (just the
amplification part can take from 1S min to 2.5 h). As
described previously, immunoassay on uPAD without sample
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Figure 1. Schematic illustration of norovirus assay on yPAD using a smartphone-based fluorescence microscope. (a) Norovirus solutions (S L)
are added directly to the main channel of yPAD (made out of nitrocellulose), followed by 2 L of anti-norovirus particle suspension (0.001% w/v).
Solutions spread throughout the entire channel by capillary action, which are imaged by a smartphone-based fluorescence microscope. (b) Blue
LED (480 nm) irradiates the yPAD from the side. A smartphone with a microscope attachment and a bandpass filter (525 + 20 nm; green
emission) captures the fluorescent images of a uPAD (photograph courtesy: Soo Chung and Sean Perea; copyright 2019).

concentration and/or nucleic acid amplification is the ideal
method for field-based norovirus detection, which has
unfortunately not been demonstrated at the single virus copy
level. The LODs of paper-based norovirus immunoassays
ranged from 10* to 10° copies/uL (=10 fg/uL to 1 pg/uL, as
the weight of a single norovirus particle is approximately 10 ag
considering its diameter of 35—40 nm)"’ without concen-
tration or amplification'®"> and 10® copies/uL with 1 h
reaction of signal amplification.'®

In this work, we attempted to “visualize” the norovirus-
induced particle immunoagglutination down to the single virus
copy level directly on a yPAD toward field-based applications.
Antibody-conjugated, submicron, fluorescent polystyrene
particles were used on pPAD to quantify norovirus. The
UPAD allows the antibody-conjugated particles and norovirus
to “flow” through paper pores spontaneously via capillary
action, which is much faster and more effective than passive,
diffusional mixing. As the submicron particles move much
slower than norovirus, unbound noroviruses can also be
washed from the antibody-conjugated particles, potentially
eliminating a separate washing step.'” The extent of particle
aggregation caused by antibody—antigen binding was corre-
lated to the norovirus concentration in the samples. A
smartphone-based fluorescence microscope was used to
identify and quantify these aggregated particles to provide
additional field applicability. Only the aggregated particles
could be isolated through image processing, enabling extremely
sensitive detection down to the single virus copy level. Neither
sample concentration nor nucleic acid amplification steps are
necessary due to such an extremely low LOD. This novel
method is wholly different from other optical biosensing
methods where their signals are ensemble-averaged, that is,
specific, nonspecific, and background signals are not fully
isolated. By securing direct evidence of particle aggregation,
credibility and accuracy of the assay could be improved. In
addition, it is also entirely different from other imaging-based
virus counting methods, where host cells are infected with
target viruses.® Such methods require in vitro cultivation of
noroviruses, which is costly and time-intensive,’” and most
importantly, are complex and difficult for norovirus.

To accomplish our goal, we designed and tested a
smartphone-based fluorescence microscope to image aggre-
gated particles directly on a wax-printed #PAD (Figure la). In
this novel method, norovirus target solutions (S uL each) were

first loaded on uPAD:s, followed by the addition of antibody-
conjugated, yellow-green fluorescent polystyrene particle
suspension that resulted in particle aggregation (i.e.,
immunoagglutination). This alternative approach enabled the
antibody-conjugated particles to spread and flow through the
entire channel, allowing them to be imaged separately and
minimizing nonspecific aggregation. In addition, much lower
concentration of the antibody-conjugated particles (0.001—
0.002%) was used for the particle suspension than those used
in other particle immunoassays, which also contributed to
minimizing nonspecific aggregation. A smartphone-based
fluorescence microscope (Figure 1b) was constructed to
fluorescently image the several different areas of a uPAD
channel. Through a novel image processing algorithm, only the
aggregated particles were isolated to relate them to the
norovirus concentration. Field water samples—tap water and
reclaimed wastewater—were also evaluated.

The overarching aim of this work is to demonstrate
extremely low LOD, preferably near to the single virus copy
level (corresponding to ~10 ag), in a rapid and field-ready
manner using a yPAD and smartphone-based fluorescence
microscopy.

B RESULTS AND DISCUSSION

Benchtop Microscope Assays. Initially, uPAD assays
were conducted for assessing the norovirus capsids using a
benchtop fluorescence microscope and subsequent Image]
analysis. All serial dilutions were made in 1 mL volume and
vortex-mixed to ensure that there were sufficient amounts of
norovirus in each dilution even at the lowest concentration.
For each assay, four different areas of a single channel were
imaged. Through size analysis, the locations of fluorescent
particles (both nonaggregated and aggregated) could easily be
determined, which showed the pixel intensities of at least 100
(out of 255). Distinction could also be made between
nonaggregated and aggregated particles using the pixel area
of 50. Therefore, the raw images were processed to eliminate
the pixels with <100 intensity (to remove background) and the
pixel area <50 (to remove nonaggregated particles). From
these four processed images from a single yPAD channel, a
number of pixels were added together to yield a single data
point. This number corresponded to the extent of particle
aggregation and thus norovirus concentration. Experiments
were repeated 3—4 times, each time using a different yPAD.
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Figure 2. Benchtop microscope assay results for norovirus capsids. For each assay, four different areas of a single channel were imaged and analyzed
to obtain the pixel counts of aggregated particles. The pixel counts from 4 different images were added together to yield a single data point. Only
green channel images were used. Experiments were repeated three times (0—1 fg/uL) or 4 times (10 fg/uL to 10 pg/uL), each time using a
different #PAD. Error bars represent standard errors of such 3—4 assays. * indicates statistically significant difference (p < 0.05 with Wilcoxon rank
sum test) from a negative control sample. Left: representative raw, background-removed, and nonaggregated particles-removed images (captured
by a benchtop fluorescence microscope and processed with Image]) of a uPAD at given norovirus capsid concentrations. These images are
zoomed-in versions (400 ym X 400 ym) to clearly show the particles; the actual images used in the assays are 1.060 mm wide and 0.792 mm long.
Right: average pixel counts from yPAD are plotted against norovirus capsid concentrations, using a benchtop fluorescence microscope and Image]J
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Figure 3. Specificity test. Three different concentrations of Zika virus and norovirus were tested with anti-norovirus-conjugated particles. Benchtop
microscope assays and Image] analyses were used. Other experimental conditions are identical to those shown in Figure 2.

Representative zoomed-in images (raw and processed) are
provided in Figure 2 to the left to better represent the
aggregated particles. To confirm whether the pixel area truly
represented the particle size and distinguished the aggregated
from non-aggregated particles, fluorescence and light micro-
scopic images were obtained for the aggregated particles on a
UPAD and processed in the same manner (Figure S1). Two
different types of particles were observed in fluorescence
images, where the smaller ones potentially represent the
nonaggregated particles and the bigger ones the aggregated
particles. Note that the particle size (0.5 gm) is comparable to
the emission wavelength (525 nm) of fluorescent particles.
With light microscopic images, however, only the bigger
particles could be observed, exactly at the same locations of
bigger sized particles in the fluorescence microscopic images.
As the particle size (0.5 ym) is smaller than the upper limit of
visible wavelength (400—750 nm), it will be difficult to image
the 0.5 um, nonaggregated particles, while the aggregated
particles (>0.8 ym) can be imaged relatively easily.
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The averages and standard errors of these pixel counts from
3 to 4 independent assays were plotted against the norovirus
concentration in Figure 2 to the right. As the sample size is
relatively small, it was difficult to assume normal distribution
for each data point. Therefore, the nonparametric Wilcoxon
rank sum test was conducted for each data point in comparison
to the zero-concentration data point [in deionized (DI) water]
as a negative control. The lowest concentration of norovirus
capsid that passed the Wilcoxon rank sum test (p < 0.05) was
100 ag/uL, which is the LOD of this assay. All concentrations
from 100 ag/uL to 10 pg/uL were also significantly different
from the zero concentration (negative control), indicating that
the particle aggregation was highly correlated to the norovirus
presence and minimum nonspecific aggregation. This LOD is
several orders of magnitude lower than 0.25-12.5 pg/uL
(=ng/mL) with the commercial lateral flow assays (including
immunoCatch-Noro from Eiken Chemical, GE test Noro
Nissui from Nissui Pharmaceutical, and Quick Navi-Noro 2
from Denka Seiken) and 10—100 fg/uL as reported in the
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Figure 4. Smartphone assay results for intact norovirus in DI water. For each assay, four different areas of a single channel were imaged and
analyzed to obtain the pixel counts of aggregated particles. The pixel counts from four different images were added together to yield a single data
point. Both green and red channels were combined to maximize pixel intensities. Experiments were repeated three times, each time using a different
UPAD. Error bars represent standard errors of such three assays. The Wilcoxon rank sum test was performed and * indicates statistically significant
difference (p < 0.05) from a negative control sample. Left: representative raw and processed images of uPAD at given intact norovirus
concentrations. These images are zoomed-in versions (196 ym X 196 um) to clearly show the particles. Right: Average pixel counts from yPAD are
plotted against intact norovirus concentrations using a smartphone-based fluorescent microscope and a MATLAB code.

recent literature utilizing nanostructures as well as laboratory
equipment such as a microplate reader’* or surface plasmon
resonance equipment.”’ Because the weight of a single
norovirus particle is agproximately 10 ag considering its
diameter (35—40 nm)," this LOD value is close to a single
virus particle level within an order of magnitude.

Specificity Test. To evaluate the specificity of this assay,
Zika virus was assayed using anti-norovirus-conjugated
particles and compared with the results of norovirus assay.
Experimental conditions were identical to those of norovirus
assays. As shown in Figure 3, the pixel counts were much
smaller with Zika virus than with norovirus. All Zika virus
concentrations were not significantly different from the zero
concentration (negative control) using the nonparametric
Wilcoxon rank sum test. Taking these results together,
satisfactory specificity was achieved by the assay at least for
the given experimental conditions.

Smartphone Microscope Assays. Next, the same
experiments were repeated while replacing norovirus capsids
with intact noroviruses (refer to the Methods section for the
preparation of intact norovirus and RT-qPCR assay). The
UPAD assays were conducted for assessing intact norovirus
using a smartphone microscope shown in Figure 1b and
MATLAB mobile graphical user interface (GUI) app (Figure
S2). Intact noroviruses were initially diluted in DI water.
Again, all serial dilutions were made in 1 mL volume and
vortex-mixed to ensure that there were sufficient amounts of
norovirus even at the lowest concentration (1000 genome
copies in 1 copy/uL sample). Because the smartphone
constantly attempts to compensate for lighting bias and
exposure, and to adjust white balance, the overall brightness of
raw images was different from assay to assay. Therefore, the
raw images (already square-cropped circumscribing circular
field of view) were processed to eliminate the pixels with the
intensities smaller than the overall mean + 50 (out of 255; to
remove background noise), binarized, and further processed to
eliminate the pixel areas smaller than 30 (to remove
nonaggregated particles). Refer to the Methods section for
details. Similar to the benchtop microscope assays, four
different areas of a single channel were imaged and analyzed,
and the pixel counts were added together to yield a single data

point. Experiments are repeated three times, each time using a
different uPAD. The results are depicted in Figure 4, showing
the representative, zoomed-in images (raw, background
removed, and aggregation isolated) for 1 copy/uL (the lowest
concentration assayed) and 1000 copies/uL (the highest
concentration significantly different from the negative control,
i.e, virus-free deionized water) to the left, and the plot of
average pixel counts against the norovirus concentration
(genome copies per uL) to the right. All final processed
images without zoom-in are summarized in Figure S3. The
lowest concentration that is significantly different (p < 0.05
with Wilcoxon rank sum test) from the control (virus-free DI
water) is 1 copy/uL, the LOD of this assay. It corresponds to
10 ag/ uL considering the size of a norovirus particle, 35—40
nm,"” and is 1 order of magnitude lower than that of assaying
norovirus capsids, 100 ag/uL. This can be attributed to the fact
that the norovirus capsids were recombinant proteins that
might have inferior affinity to the anti-norovirus compared to
the intact norovirus samples. Concentrations of 10 and 100
copies/uL are also significantly different from the control (p <
0.05). The average pixel count at the highest concentration,
1000 copies/uL, is slightly smaller than that of 100 copies/uL,
indicating that this concentration is outside the linear range of
assay. In other words, there were too many virus particles that
“consumed” all antibodies, which subsequently failed to
connect antibody-conjugated particles together. Despite this,
it is still substantially higher than the negative control (p <
0.05).

To further confirm this extremely low LOD of 1 copy/uL,
the number of aggregated particle clusters (not the pixel
counts) in four different images (from a single uPAD channel)
was totaled together. The total average from the three different
assays was 6 + 1. The volume of the loaded sample of 5 uL,
corresponding to 1 copy/uL X S yuL = S copies, is comparable
to the above count of particle clusters. It should be noted that a
portion of such clusters may not represent “true” aggregation
caused by antibody—antigen binding but rather nonspecific
aggregation. The result shown in Figure 4 further corroborate
this fact, as the pixel counts with zero concentration is ~80,
representing a small extent of nonspecific aggregation, while
those with 1 copy/uL is ~280. In addition, the genome copy
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Figure S. Smartphone assay results for tap water. Other experimental conditions are identical to those shown in Figure 3, except that the assays

were repeated six times.
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Figure 6. Smartphone assay results for reclaimed wastewater. Other experimental conditions are identical to those shown in Figure 3, except that

the assays were repeated six times.

number (evaluated by RT-qPCR) does not truly represent the
number of “all” virus particles, which can be higher. It is also
possible that the sample contained free antigens and fragments
in addition to intact viruses, which could also enable particle
immunoagglutination.

Smartphone Microscope Assays with Field Water
Samples. We then proceeded to further evaluate this method
for two different field water samples: intact noroviruses were
spiked into tap water and reclaimed wastewater. Water samples
were serially diluted using the same tap water or reclaimed
wastewater; thus the sample matrices were undiluted. As
described in the Methods section, the raw images were
processed to remove background noise using the cut-off
intensities of the overall mean +40, +45, or +50. These images
were then binarized and further processed to remove
nonaggregated particles (isolating only the aggregated
particles) using the cut-off pixel areas of 30. The cut-off
intensities (mean + 40, +45, or +50) were selected that
minimized the presence of background noise, represented by
single pixels not clustered together. Particles were always
represented by clusters of pixels. Experiments were repeated 6
times with both tap water and reclaimed wastewater, each time
using a different uPAD.

The assay results with tap water are depicted in Figure 5. No
data points passed the Wilcoxon rank sum test (p > 0.05),
while the p value was the smallest (0.063) with the highest
concentration of 1000 copies/uL. While the overall pixel

11184

counts generally increased from the negative control, they were
not significantly different. Additionally, the pixel counts are
also lower (80—160) than those with DI water (270—390).
These results can be attributed to electrolytes common in tap
water (its conductivity was 920 + 10 uS/cm) or its high
chlorine content (0.5 + 0.1 ppm).

Identical experiments were repeated with reclaimed waste-
water. The assay results with reclaimed wastewater are shown
in Figure 6. While the pixel counts (40—140) are still lower
than those with DI water (270—390) and comparable to those
of tap water (40—140), the lowest concentration that was
significantly different (with Wilcoxon rank sum test) from the
negative control (unspiked reclaimed wastewater) is 10
copies/uL (corresponding to 100 ag/uL), again close to the
single virus copy level. The overall curve also resembles the
one with DI water, that is, an increase up to 100 copies/uL
followed by a decrease at 1000 copies/uL. The conductivity of
reclaimed wastewater was 1260 + 10 uS/cm, which was even
higher than that 920 + 10 uS/cm of tap water, while its
chlorine content was 0.15 + 0.06 ppm, significantly lower than
that 0.5 + 0.1 ppm of tap water. To confirm the effect of
chlorine to our assay, a control experiment was performed by
adding 0.5 and S ppm chlorine to DI water, and the results are
shown in Figure S4. Compared to the DI water results (Figure
4), the error bars were larger and comparable to those with the
tap water results (Figure 5). With 0.5 ppm chlorine, a very
narrow linear response up to 10 copies/uL was observed
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followed by premature saturation. Such narrow linearity could
not be found with S ppm chlorine, 1 order of magnitude higher
concentration than that of tap water. Thus, chlorine could be
responsible for rendering the assay results less reproducible,
although the role of electrolytes in tap water could not be ruled
out entirely. In addition, chlorine might have adversely affected
the availability of antibody-conjugated particles. (Chlorines can
easily be removed by simply letting them to evaporate from
water samples).

The excellent LODs in DI water and reclaimed wastewater
can be attributed to many factors. Most importantly, we
developed an image-processing algorithm that isolated only the
immunoagglutinated particles and counted the total number of
such pixels. While a large number of fluorescent dyes and/or
nanoparticles were necessary to collect sufficiently strong
signals in other optical detection methods, only a small number
of particles were necessary for individual counting. It also
contributed to minimizing nonspecific aggregation and
facilitating capillary action-driven washing. In addition, most
immunoagglutinated particles were retained and quantified in
the fleld of view through direct imaging and counting on a
paper substrate, enabling single virus copy level detection.

H CONCLUSION

To summarize, we demonstrated an easy-to-use, low-cost, and
extremely sensitive assay for detecting waterborne virus
pathogens that does not require concentration, in vitro cell
culture, and/or nucleic acid amplification. A pPAD was
fabricated via wax printing, and noroviruses were captured
directly on a uPAD. Antibody-conjugated submicron particles
were then loaded to a yPAD and resulting particle aggregation
was imaged directly on a puPAD surface. An image analysis
algorithm was developed to isolate only the aggregated
particles while removing the background, generating visually
convincing assay results that were not affected by lighting
biases and perturbations. Benchtop fluorescence microscope
and subsequent Image] analysis were initially performed to
identify and quantify norovirus capsids in DI water.
Smartphone-based fluorescence microscope and original
MATLAB mobile GUI app were then used to quantify intact
norovirus samples in various field water samples. The LODs
with smartphone assays were 1 copy/uL in DI water and 10
copies/uL in reclaimed wastewater at single virus particle level.
Because of these extremely low LODs, virus concentration or
nucleic acid amplification steps were not necessary. The results
with tap water were inferior, presumably because of its high
chlorine content. This can be easily resolved by simply letting
chlorine to evaporate from water samples. Additionally, a
separate “control” channel is not necessary, which is typically
required for other optical microfluidic biosensing. This method
with extremely low LOD can also be applied for detection of
any other viral pathogens in environmental samples such as
food, water, and fomites.

B METHODS

HPAD Fabrication. A ColorQube wax printer (Xerox
Corporation; Norwalk, CT, USA) was used to print the
microfluidic design (Figure la) onto a nitrocellulose paper
(Hi-Flow Plus Membrane, catalog number HF07502XSS;
Millipore; Billerica, MA, USA). Each chip has four wax-printed
channels (21 mm long and 2.4 mm wide). Each chip was
heated on a hot plate (Corning; Corning, NY, USA) at 120 °C

until the surface-printed wax was melted to fill the paper pores
underneath.

Antibody Conjugation to Fluorescent Particles. The
rabbit polyclonal antibody to norovirus capsid protein VP1
(anti-norovirus, catalog number ab92976; Abcam, Inc;
Cambridge, MA, USA) was used for assaying both norovirus
capsids and intact noroviruses. Anti-norovirus was covalently
conjugated to carboxylated, yellow-green fluorescent, poly-
styrene particles (particle diameter = 0.5 pzm; Magsphere, Inc.;
Pasadena, CA, USA). The fluorescent characteristics of these
particles were reported by the manufacturer: maximum
excitation at 480 nm (blue) and maximum emission at 525
nm (green). Prior to antibody conjugation, particles were pre-
washed with DI water to remove surfactants from the stock
solution, through centrifuging at 9.9¢ for 13 min. The antibody
was then conjugated to these fluorescent particles following a
protocol described in detail elsewhere.*

Norovirus Sample Preparation. Initially, recombinant
norovirus group-1 capsid (MyBioSource, Inc.; San Diego, CA,
USA) was used as a target. Norovirus capsids were serially
diluted in DI water from the 1 ng/uL stock solution to make
10 pg/uL, 1 pg/uL, 100 fg/uL, 10 fg/uL, 1 fg/uL, 100 ag/uL,
10 ag/uL, and 1 ag/uL, all in 1 mL volume at 1:10 dilution
each (4—10 serial dilutions). The systematic errors of pipettes
were +0.8% for a 1000 uL pipette and +0.6% for a 100 uL
pipette, resulting in the propagated errors of 2.0—3.1% for the
given range of dilutions. These errors were too small to be
represented as the horizonal error bars in the logarithmic scale
x-axes in all plots.

Intact norovirus samples were collected from toilet fecal
samples during an active norovirus outbreak. These samples
were confirmed and quantified by quantitative reverse
transcription polymerase chain reaction (RT-qPCR). Fecal
samples were suspended in sterile phosphate buffered saline
solution (pH 7.4) at 10% w/v. These fecal suspensions were
centrifuged at 1455g for 10 min using Centriprep centrifugal
filters (50 kDa cutoff; EMD Millipore, Burlington, MA, USA)
to purify virus particles. The retentates (~0.7S mL) were
divided into aliquots of 200 uL and frozen or subjected to
nucleic acid extraction. To confirm and quantify norovirus,
virus nucleic acids were extracted using the QIAmp viral RNA
extraction kit (Qiagen, Chatsworth, CA, USA) and RT-qPCR
assays were performed for three different genogroups of
norovirus (GI, GII, and GIV) following previously reported
assays.”' ~>* GII norovirus RNA was predominantly detected
from the fecal suspensions, with a viral load of approximately
107 virus targets per mL of a stool supernatant. These fecal
suspensions were serially diluted in various water samples
(described in the following section) from the 10 000 genome
copies/uL to obtain 1000 genome copies/uL, 100 copies/uL,
10 copies/uL, and 1 copy/uL, again all in 1 mL volume at 1:10
dilution each (1—4 serial dilutions). Using the same systematic
errors of pipettes, the propagated errors were 1.0—2.0% for the
given range of dilutions. Again, these errors were too small to
be represented as the horizonal error bars in the logarithmic
scale x-axes in all plots.

Specificity Test. Zika virus (attenuated virus particles;
NATtrol Zika Virus Range Verification Panel; ZeptoMetrix
Corporation, Buffalo, NY, USA) was used to evaluate the
cross-reactivity of anti-norovirus with this assay. Both
norovirus and Zika virus are single-stranded RNA viruses,
have globular shapes, and are similar in size. Identical
experiments were performed by substituting norovirus samples
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Figure 7. Image-processing algorithm using Image] for benchtop fluorescence microscopic images (left) and MATLAB GUI code for smartphone
fluorescence microscopic images (right). Using the predetermined cut-off pixel intensity (to remove background) and pixel area (to isolate
aggregated particles), along with binarization, a processed image is generated showing only the aggregated particles. The total pixel counts are
added altogether from four different images from a single yPAD channel, which makes up a single data point. This experiment is repeated 3—6
times, each time using a different yPAD, to evaluate the average pixel counts. Images in the first and last columns are raw images; those in the
second and third columns are zoomed-in versions to clearly show the particles.

with Zika virus samples. The concentrations of Zika virus
samples were 1.6 pg/uL, 200 fg/uL, and 20 fg/uL.

Water Samples. Various types of environmental water
samples, spiked with known concentrations of norovirus, were
tested in this work: DI water, drinking tap water, and reclaimed
wastewater. The latter was produced in a facility utilizing
primary sedimentation dissolved air flotation, four parallel five-
stage Bardenpho processes, disk filtration, and chlorination.
These water samples were tested for pH, conductivity, and
chlorine residual. pH was measured using the pH electrode and
pH monitor (Pinpoint American Marine Inc.; Ridgefield, CT,
USA). Conductivity was measured using the Ultrapen PT1
(Myron L Company; Carlsbad, CA, USA). Free chlorine
residual was assayed by the EPA-accepted Thermo Orion
Method AC4P72 (using N,N-diethyl-p-phenylenediamine, thus
known as DPD method; Thermo Fisher, Waltham, MA, USA)
by measuring absorbance at 520 nm using a miniature
spectrophotometer (USB4000, Ocean Optics, Inc.; Dunedin,
FL, USA).

Assay Procedure. Norovirus suspensions (S uL) from
spiked environmental water samples were pipetted directly to
the center of each yPAD channel made out of nitrocellulose
paper, without using any pre-treatments. This norovirus
suspension spread through each microfluidic channel, where
norovirus particles were captured onto nitrocellulose paper
(polarity filter) via electrostatic interactions. After loading
norovirus, 2 uL of anti-norovirus-conjugated fluorescent
polystyrene particle suspension (0.001% w/v for DI water
and 0.002% w/v tap water and reclaimed wastewater) was
loaded onto the center of each channel on the yPAD where
noroviruses were captured (Figure la). Anti-norovirus
conjugated particles flowed through and filled the entire
channel by capillary action (or wicking). These particles were
aggregated by antibody—antigen binding, that is, immunoag-
glutination, which were imaged as described in the following
section.

Imaging Particle Aggregation on uPADs Using a
Benchtop Fluorescence Microscope. Particle aggregation
with norovirus was imaged by taking 4 random images of each
channel with a S s exposure time, initially using a benchtop
fluorescence microscope (Eclipse TS 100; Nikon Corp,;
Tokyo, Japan), equipped with a fluorescence filter (A.G.
Heinze B-2E/C; A.G. Heinze, Inc.; Lake Forest, CA, USA) and
imaging software (NIS Elements; Nikon Corp.; Tokyo, Japan).
Only green channel images were used. From the processed
images, the pixel counts were evaluated, which were added
together for 4 different images to yield a single data point. This
procedure was repeated 3—4 times, each time using a different
uPAD.

Imaging Particle Aggregation on uPADs Using a
Smartphone-Based Fluorescence Microscope. The
smartphone-based fluorescence microscope (Figure 1b)
consisted of an external microscope (XFox Professional 300X
Optical Glass Lenses; X&Y Ind., Shenzhen, China) with
magnification 200X to 300X, attached to a smartphone
(iPhone 7; Apple, Inc; Cupertino, CA, USA). A blue
excitation light source was provided by a secondary
smartphone flashlight with a 480 + 10 nm bandpass filter
(catalog number 43-11S; Edmund Optics, Barrington, NJ,
USA). This can be easily replaced by any blue light-emitting
diode (LED). An unmounted 525 + 20 nm bandpass filter
(catalog number BP525-D25; Midwest Optical Systems, Inc.;
Palatine, IL, USA) was placed in between the uPAD and the
objective lens of a microscope to capture green fluorescence
emission. All images were taken using the ProCam 4 app
(Samer Azzam, http://www.procamapp.com; downloaded via
iTunes), where the exposure time and white balance could be
manually adjusted. Light trail exposure time was 4 s, white
balance was 4000, and ISO was 200. Similar to benchtop
fluorescence microscopy, four images were taken from each
channel to yield a single data point. Experiments were repeated
3—6 times, each time using a different uPAD.
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Image Analysis for Benchtop Fluorescence Micro-
scopic Images. Image] (U.S. National Institutes of Health;
Bethesda, MD, USA) was initially processed on a separate
desktop computer to analyze the images taken on a benchtop
fluorescence microscope. For benchtop fluorescence micro-
scopic images, “Find Edges” option in Image] was utilized to
outline the image of particles. All pixels with intensity values
<100 (out of 255 for green emission) were considered
background noise and eliminated. This threshold value (100)
was determined by comparing the images with those measured
by a higher magnification fluorescence microscope. All other
pixels with intensity values >100 were selected, the interior of
the edges was filled, and these selected pixels were binarized.
This procedure resulted in binary images of the particles. Once
the images were binarized, “Analyze Particles” function was
selected in ImageJ, and the pixel area was obtained. The pixel
area <50 was eliminated because they were single particles that
were not aggregated by norovirus. This threshold value (50)
was determined by comparing the images to those measured
by a higher magnification fluorescence microscope. The final
data consisted of the following: (1) the number of aggregated
particle clusters and (2) the total accumulated pixel counts of
all aggregated particles, for the given image. This procedure is
schematically illustrated in Figure 7.

Image Analysis for Smartphone-Based Fluorescence
Microscopic Images. All smartphone-based fluorescence
microscopic images were split into red, green, and blue
channels. While the maximum emission wavelength of the
fluorescent particles was 525 nm, their emission is actually
ranged over 550 nm, that is, boundary of green and red colors
(hence, they are referred to as “yellow-green” particles).
Therefore, their fluorescence emission could be captured in
not only green but also red channels. Because nitrocellulose
paper absorbed and scattered light at most wavelengths (its
color is bright white) and the maximum exposure time of a
smartphone camera was much shorter than that of a benchtop
fluorescence microscope, the pixel intensities were quite low.
Therefore, both green and red channels were combined to
maximize the pixel intensities. Unlike the benchtop fluo-
rescence microscopy, the mean pixel intensities of combined
green and red channel images were evaluated using an original
code developed in MATLAB version R2017a (The Math-
Works, Inc.; Natick, MA, USA). A GUI (Figure S1) was
created and used to automate the analysis procedure and to
provide its user-friendliness.

Smartphone microscopic images were processed using a
similar algorithm to the benchtop fluorescence microscopy and
Image] processing. Because the bright-field views of
smartphone microscopic images were circular in shape, all
images were cropped into squares circumscribing those circles,
such that all pixels could be utilized for analyses. Aggregated
fluorescent particles always exhibited the combined green and
red pixel intensities substantially higher than the overall mean
intensities of the cropped area. To eliminate background noise
and isolate only the particles, cut-off intensities were applied to
the images set at overall mean intensity + 40 to 50. The
resulting images were then binarized. To eliminate the
nonaggregated particles, those with a pixel area <30 were
eliminated from the binarized images. This cut-oft value of a 30
pixel area was smaller than that of benchtop fluorescence
microscopy, S50 because of the lower magnification and
narrower dynamic range of smartphone-acquired images.
This threshold filtering successfully eliminated all ambient

light variations, indicating that the method is appropriate for
field use. Again, this procedure is schematically illustrated in
Figure 7. The MATLAB GUI generated the accumulated pixel
counts of all aggregated particles, for the given image. The
MATLAB code and its GUI were adapted to be executed
within MATLAB mobile (The MathWorks, Inc.; Natick, MA,
USA) to enable the image analysis performed within a
smartphone (Figure S2). Once images were acquired, the
total assay time was less than 1 min including the time for user
input.

Statistical Analysis. Four different images were taken from
each yPAD channel (Figure 1A) and the sum of pixel counts
from these four images (representing the extent of particle
aggregation) was recorded for the given concentration of
norovirus. These experiments were repeated 3—6 times for
each concentration of norovirus, each time using different
HUPAD. Averages of these 3—6 yPAD assays were recorded. P
values for each norovirus concentration against the negative
control sample (unspiked) were calculated using the Wilcoxon
rank sum test, performed with JMP software version 14.3.0
(SAS Institute, Inc.; Cary, NC, USA) with & = 0.0S.
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