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ABSTRACT: Norovirus is a widespread public health threat and has a very low infectious dose. This 
protocol presents the extremely sensitive mobile detection of norovirus from water samples using a custom-
built smartphone-based fluorescence microscope and a paper microfluidic chip. Antibody conjugated 
fluorescent particles are immunoagglutinated and spread over the paper microfluidic chips via capillary 
action for individual counting using a smartphone-based fluorescence microscope. Smartphone images are 
analyzed using intensity- and size-based thresholding for the elimination of background noise and 
autofluorescence as well as for the isolation of immunoagglutinated particles. The resulting pixel counts of 
particles are used to correlate to the norovirus concentration of the tested sample. This protocol provides 
detailed guidelines for the construction and optimization of the smartphone- and paper-based assay. In 
addition, a 3D-printed enclosure is presented to incorporate all components in a dark environment. On-chip 
concentration and the assay of higher concentrations are presented to further broaden the assay range. This 
method is the first to be presented as a highly sensitive mobile platform for norovirus detection using low-
cost materials. With all materials and reagents prepared, a single standard assay takes under 20 minutes. In 
addition, the method described is used for detection of norovirus, however the same protocol could be 
adapted for detection of other pathogens by using different antibodies. 
 
Keywords: microfluidics, capillary action, particle immunoagglutination, low-cost diagnostics, smartphone 
imaging, fluorescence imaging. 
 
EDITORIAL SUMMARY This protocol enables the sensitive detection of norovirus from environmental 
water samples in situ using a custom-built smartphone-based fluorescence microscope to detect anti-
norovirus antibody conjugated fluorescent particles on a paper microfluidic chip.  
 
TWEET Detection of norovirus in environmental water samples using a paper-
based microfluidic chip and a smartphone-based fluorescence microscope 

 
INTRODUCTION 
 

Background 
Norovirus is a highly infectious virus with a low infectious dose of a few tens of virions, corresponding 
to the sub-femtogram scale1. While many norovirus infections are originated from infected humans, it 
is necessary to monitor the sources of infection such as food, water, and environmental samples for 
early prevention (https://www.cdc.gov/norovirus/trends-outbreaks/burden-US.html), as unfortunately, 
very low amounts of norovirus can make humans sick. Norovirus detection, therefore, requires 
extremely sensitive tools capable of analyzing extremely low concentrations directly from all types of 
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environmental samples (most notably from water samples through which norovirus can easily be 
spread), before it infects humans and causes symptoms. Low concentrations of norovirus can easily go 
undetected until it has spread among individuals through municipal water systems, as well as water 
supplies and wastewater in school settings, healthcare facilities, food service settings like restaurants, 
and cruise ships. Therefore, the surveillance of water samples is crucial to ensure public health. A few 
norovirus virions, each estimated to weigh around 10 ag,2 can cause an outbreak, thus a detection 
method with a sensitivity close to single virus copy per sample is needed.  
 
Our method is groundbreaking  as it can detect norovirus at 1 genome copy/μL (~10 ag/μL) in deionized 
(DI) water and 10 genome copies/μL (~100 ag/μL) in undiluted reclaimed wastewater3, which has 
previously never been demonstrated by antibody-based in situ assays.  Typical detection methods using 
PCR or ELISA require filtration of a large volume of water samples typically on the scale of several 
liters, followed by bringing the sample to a laboratory that has the appropriate equipment for single 
virion detection. These methods, discussed further below, are therefore time consuming, expensive to 
perform, need large quantities of water sample, and require laboratory training to perform. This 
smartphone microscope-based protocol3, however, will allow users to detect norovirus contamination 
in situ with extremely high sensitivity and without the need for primary concentration and subsequent 
laboratory analysis. In situ detection of norovirus could shorten the response time against contamination 
and decrease the likelihood of disease outbreaks.  While it may be important to evaluate the exact target 
concentration in clinical applications, it is more important to identify the target presence for the widest 
possible range of concentrations (assay range covering >5 orders of magnitude), including the lowest 
possible concentration (limit of detection or LOD) in field applications. In clinical diagnostics, on the 
other hand, only one or two orders of magnitude need to be covered. We have successfully 
demonstrated the use of this protocol over a wide range of concentrations with extremely low LOD3, 
which fulfils the requirements typically imposed on field applications. In this protocol, we present a 
detailed breakdown of the procedure used to set up a smartphone-based paper microfluidic platform. 
This protocol also provides extensive details on the limitations of the technique in its current version 
of development. In addition, it discusses all the steps that have potential for adaptation, so that the 
reader can customize and improve the technique with available materials and supplies for other similar 
applications. 

 
Description of the device and assay 
This method accomplishes highly sensitive norovirus detection using a paper-based microfluidic chip 
as the platform for the antibody-antigen immunoagglutination reaction, which is detected using a 
smartphone-based fluorescence microscope. Device and assay preparation requires covalent 
conjugation of  norovirus antibodies to fluorescent particles (for this step laboratory equipment and 
some knowledge of technical procedures are necessary); access to a 3D printer (or 3D printing services) 
to build the enclosure, and a wax printer to fabricate a wax printed channel on nitrocellulose paper (the 
paper-based microfluidic chip). Additionally, the user needs a glass slide for imaging; the water sample 
to be tested; and completed construction of the smartphone-based microscope.  
 
The antibody-antigen immunoassay performed in this protocol is all done on a paper-based microfluidic 
chip. Paper-based lateral flow assays (LFAs) and paper-based microfluidic chips are ideal platforms 
for conducting immunoassays in a low-cost, easy-to-use, and handheld manner. Paper substrates are 
low cost, and paper-based microfluidic chips can easily be fabricated by simple wax printing. 
Specifically, paper-based microfluidic chips are scalable and highly customizable through modifying 
the numbers of layouts of the channels. Samples flow through paper substrates spontaneously via 
capillary action. The paper fibers also act as natural filters by preventing larger particles and dust from 
flowing through the porous membrane4. The capillary action also increases the contact of added 
antibodies and antigens in the chip by creating a flow environment where the particle interactions are 
facilitated4-6.  
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The immunoassay is performed by quantifying the level of immunoagglutination of the antibody-
conjugated fluorescent particles with the target antigen (norovirus) on the paper-based microfluidic 
chip. Rather than collecting a lumped optical signal (i.e., including both specific and non-specific 
signals), capillary action is utilized to evenly disperse the antibody-conjugated particles on the paper 
fibers, to increase the opportunity for immunoagglutination to occur, and to spread the 
immunoagglutinated particles so that they can be visualized one-by-one by the smartphone-based 
fluorescence microscope. 
 
Images of the immunoagglutination occurring on the paper-based microfluidic chip are gathered from 
the smartphone-based fluorescence microscope. The main components of this device include the 
smartphone, the microscope attachment, an LED and battery for excitation of the fluorescent particles, 
an optical filter corresponding to the emission wavelengths of the fluorescent particles, and a 3D printed 
enclosure to house the contraption. The 3D printed enclosure also acts as a black box for the assay, 
preventing any surrounding light from reaching the microfluidic chip and varying the intensity of the 
fluorescence images captured. This enclosure was not used in earlier versions of the device3,7 and is 
therefore not critical, however we have found that by providing a dark, controlled environment for in 
situ imaging, especially under a sunny environment, the quality and consistency of the fluorescence 
images is improved. This is especially noticeable when comparing experiments taken on different days 
in different lighting conditions. The LED is also optional as it can be replaced by a secondary 
smartphone’s white LED flash, however we prefer to use the small battery powered LED as an 
excitation source.  
 
The microscope attachment used in this protocol was purchased commercially (see Equipment). Since 
norovirus is very small (27 nm), it would require high resolution microscopy for visualization of 
individual virions (e.g., electron or atomic force microscope). The sensitivity of the assay comes from 
the ability to image the antibody-antigen immunoagglutination reaction by labeling the antibodies with 
fluorescent polystyrene particles that are within the resolution limit of our given system. In this protocol 
we use 0.5 µm yellow-green fluorescent particles, allowing immunoagglutinated particles to be 
indirectly imaged as they visually appear in the fluorescence images as brighter and larger aggregates 
of fluorescent particles. Antibody conjugation to the particles is arguably the only step of this procedure 
requiring a laboratory environment. In the practical application, this step will be executed by a 
laboratory technician and the resulting antibody-particles will be sent to users wishing to complete field 
assays. Currently, however, the procedure needs to be done every four weeks (if the antibody-particles 
are refrigerated), as any period of time longer than four weeks results in a high percentage of self-
aggregation of the antibody-particles8. This increases false positives in the assay, particularly with DI 
water control tests. If users are getting lots of false-positive assay results it is likely the antibody-
particles are experiencing higher rates of self-aggregation that is misdiagnosed by the code as 
immunoagglutinated particles.  

 
The final step in the device protocol is the post-processing of the fluorescence images using image 
processing to eliminate background paper noise and isolate the immunoagglutinated particles. This 
protocol presents two methods for the processing of images using pixel intensity thresholding. The first 
method uses a global threshold value (i.e., a constant value used for the entire data set). Any pixels 
below the chosen global threshold value are eliminated. The purpose of this is to eliminate background 
intensities caused by autofluoresence of the paper chip and isolate only the intensities from the 
fluorescent particles. An alternative method to global thresholding is adaptive thresholding. This 
technique automatically analyzes each image and chooses the best threshold for that unique image, 
accounting for the image-to-image variations in brightness, contrast, and spatial fluctuations. This is 
now our preferred method as it is easier to use and accommodates for image to image variation in light 
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intensities. Once this intensity thresholding is complete, the image is binarized leaving only the 
fluorescent particles. A second thresholding step is then based on the size of the particles, isolating only 
the larger immunoagglutinated particles. The sum of the pixel areas of immunoagglutinated particles is 
then evaluated and correlated to the norovirus concentration. 
 
Overview of the procedure.  
The key feature of this assay is that it is a simple procedure so that non-expert users can perform the 
tests and still obtain good quality results. Execution of the assay requires neither laboratory nor highly 
trained personnel. By following this protocol, you will create the smartphone-based fluorescence 
microscope (refer to the Equipment setup section) and the paper microfluidic chip (single-use and 
disposable; refer to the Equipment setup section), for use alongside a reagent tube containing anti-
norovirus conjugated fluorescent particle suspension (refer to Box 1). The end user performs two 
pipetting steps (adding sample and reagent to the chip), slides the chip into the enclosure, takes four 
images at the center of the channel, and can then click the app for immediate analysis. Specifically, 4 
μL of water sample, possibly containing the target pathogen (i.e. norovirus), is added to the center of 
the channel of a paper chip (Step 1). Following a short waiting period of 10 minutes, 2 μL of the 
antibody conjugated fluorescent particle suspension is also added to the center of the channel (Step 2). 
The solution flows through the channel spontaneously via capillary action and the particles aggregate 
(immunoagglutinate) with any antigen (norovirus) present in the porous paper. The 
immunoagglutinated particles exhibit stronger fluorescent intensities and larger pixel areas than 
fluorescent particles alone. The smartphone microscope can then be used to collect several (typically 
four) images at the center of the channel (Steps 4-6). These images are run through a custom processing 
code (executable in ImageJ, MATLAB on a separate desktop computer, or MATLAB Mobile from the 
user’s smartphone) that thresholds the images based on the pixel intensity and the size of particles (Step 
8). The resulting segmentation shows only the isolated immunoagglutinated particles that exhibited 
higher intensity and larger size, eliminating any background noise, non-aggregated particles, and the 
fluorescent items that are too large to be immunoagglutinated particles (most likely dust particles or 
scratches on surface of optical filter). This entire procedure can be completed in under 20 minutes, 
which allows for quick and easy detection directly at the location of the water source. Figs. 1 & 2 show 
the hardware and the overall assay procedure. 
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Fig. 1 | Hardware and assay procedure. a) Hardware components include (1) a microscope attachment 
to a smartphone, (2) high pass optical filter for isolating fluorescent emissions, (3) a 3D-printed enclosure, 
(4) a battery-powered light emitting diode (LED) and a band pass optical filter for fluorescent excitation, (5) 
a 3D-printed glass slide holder, (6) a paper microfluidic chip (one-channel version is shown here; four-
channel version can also be used to collect four assay data from a single chip) on a glass slide, and (7) a 
smartphone. b) A paper chip is being inserted into the assembled hardware. c) MATLAB Mobile app is 
used for image processing.  
 

Limitations 
Despite the advantages of our platform, there are some limitations to the technology as it currently 
exists. The main limitation affecting the sensitivity and accuracy of the assay is the impact of 
autofluorescence of the paper substrate in imaging the particle immunoagglutination. In general, paper 
substrates naturally exhibit autofluorescence in the blue to green spectra when excited with an 
ultraviolet (UV) light source9. They can also exhibit autofluorescence with blue excitation, although at 
much lower intensities10. The 3D-printed enclosure used in our method acts as a black box to eliminate 
any external UV excitation of the paper. This allows the experiments to be executed in all types of 
ambient lighting conditions, including both natural outdoor and artificial indoor lighting. However, 
although the environmental lighting condition does not affect the fluorescence imaging, the blue 
excitation light (used to excite the fluorescent particles) causes some autofluorescence of the paper. 
The blue-green natural autofluorescence of the paper and the yellow-green emissions of the fluorescent 
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particles can be confused. When imaging with a smartphone-based fluorescence microscope, the effects 
of this background autofluorescence impacts the observability of the actual fluorescent polystyrene 
particles. To mitigate these effects as much as possible, our method uses nitrocellulose paper, which in 
comparison to cellulose papers, exhibits less autofluorescence9. In addition, our image processing 
technique uses both intensity- and size-based thresholding to eliminate any potential false positives 
caused by the similarly fluorescent background or uneven distribution of light across the paper 
substrate.  
 
Our original analysis method uses global thresholding, i.e. uniform threshold values for intensity and 
size throughout the entire image. Although this method works well in our original works, there are 
several limitations associated with it. First, a global thresholding value that works well for one 
experiment may not work for a different batch. This requires some user monitoring to ensure that the 
thresholding steps work as intended, and therefore necessitates some manual work in the data analysis 
process while also opening an opportunity for error or bias. Second, some images exhibit an uneven 
focusing and/or light distribution across the smartphone images. In this scenario a global thresholding 
value that is too low might not eliminate all the background autofluorescence, and a value that is too 
high would not detect all the immunoagglutinated particles. To mitigate these potential difficulties, we 
are providing an adaptive thresholding technique as our preferred alternative to the global thresholding 
technique. In addition, our method also includes an optimization protocol for various paper types, and 
a basic protocol for troubleshooting “good” images versus images that can potentially confuse the 
background autofluorescence for true particles. Data collection using this technique is easy and simple 
to repeat until the images are ideal for correct image processing. The code also includes a protocol for 
analysis using adaptive thresholding, so that even if the images exhibit the uneven distribution of light, 
they can still be binarized and analyzed. As the user becomes more familiar with the procedure, the 
quality of the results will also increase in consistency. The exact steps used in the image processing is 
discussed further in the following Experimental design section. 
 
Self-aggregation of the antibody-particles is the final limitation encountered using this protocol because 
it can be mistaken for immunoagglutinated particles when imaging. This increases false positives in the 
assay, particularly with DI water control tests. Self-aggregation can be largely avoided by the sonication 
steps included in the protocol (Box 1), as well as remaking the particles every four weeks. 
 
Comparison with other methods 
The key advantages of our norovirus detection platform are its simplicity, low-cost, and field 
applicability. Cell culture cannot be easily used for detecting norovirus, as it is non-culturable with 
conventional methods. Norovirus has recently been successfully cultured only in stem cell-derived 
human enteroids11, which is not easy to achieve. Because of this limitation, detection is normally done 
using nucleic acid amplification techniques, such as polymerase chain reaction (PCR)12, which provides 
very high specificity and an LOD down to a single copy per reaction with a purified sample13. Another 
alternative is sandwich immunoassays such as enzyme-linked immunosorbent assays (ELISA), which 
are simpler and faster than PCR, but less sensitive and less specific14,15. Recent assessments of three 
commercial ELISA kits showed two with very low sensitivities and/or specificities16-18. The 
RIDASCREEN norovirus assay proved most promising with a sensitivity of 76.3% and specificity of 
94.9% but was still restricted by a detection limit of 3.33 ng/μL19. Due to their limited sensitivity, 
sandwich immunoassays are therefore inappropriate for testing for norovirus in field water samples, 
where an infectious dose can be on as low as a sub-femtogram per μL scale. Moreover, these ELISA 
kits are intended for detection of norovirus in fecal or blood samples from symptomatic humans and 
are therefore not ideal for sensitive detection of norovirus from environmental samples for outbreak 
prevention. LFA-based rapid norovirus kits are also available, for example, CDIA™ norovirus test kit 
from Creative Diagnostics, which is a gold nanoparticle-based LFA. The CDIATM test kit are once again 
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designed and intended for fecal samples, with the LOD of 10-25 ng/mL and the sensitivity of 83.2% 
(https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf).  
 
Both PCR and ELISA are also limited by turnaround time and equipment requirements, thus not 
amenable for field use. They are more expensive and are more technically demanding assays to perform 
for a lay person. In Table 1, the costs of per test assay and equipment using our method are compared 
with those of PCR and ELISA. Costs for general laboratory usage and maintenance, standard laboratory 
equipment, supplies, consumables, as well as labor are not included. PCR kits are easily the most 
expensive with a per-reaction cost of around $7.26, not including additional equipment costs of 
~$20,000 for a real time thermal cycler. ELISA test kits may seem cheaper with a pre-reaction cost of 
around $4.11, however this method also requires a microplate reader (~$8,000), potentially an incubator 
and a plate washer as well, raising the startup costs considerably. 
 
The construction of our smartphone device, including the 3D printed enclosure, excitation LED, optical 
filter, and microscope, is by far the cheapest startup cost at $224.11. In contrast to purchasing PCR and 
ELISA kits where the bulk of the expense comes from the equipment used for analysis, our device cost 
comes from the antibody and nitrocellulose paper. However, these produce an exceptionally large 
number of tests, bringing the cost of a single assay (1 channel) to only $0.332-$0.524 per assay.   
 

Table 1 | Cost analysis of assay and device 
Smartphone microscope assay cost 

Item Catalog # Cost (US$) # Assays Cost per assay 
Anti-
norovirus 

Abcam 
ab92976 

$480/vial 
(50 μg) 

500-1000 assays/batch 
& 5 μg/batch = 5k-10k 

$0.048-$0.096/channel  
$0.192-$0.384/chip 

Particles Magsphere 
CAF500NM 

$127/vial 
(10%, 5 mL) 

500-1000 assays/batch 
& 2 μL/batch = 1250k-2500k 

Negligible (<$0.01) 

NC paper Sartorius CN95 $775/roll 5600 chips/roll $0.14/chip 
Total    $0.332-$0.524/chip 

Smartphone microscope device cost 
Item Catalog # Cost Cost per device 
3D printed enclosure Custom printed $40 $40 
Small battery-powered LED Panther Vision BL-6885 $9.40/4 pack $2.35 
CR2032 batteries (3 V) Energizer $6.79/6 pack $2.26 
525±20 nm emission filter  Midwest Optical Systems BP525-D25 $149.50 $149.50 
Smartphone microscope 
attachment 

XFox Professional 300X $30 $30 

Total   $224.11 

PCR assay cost 
Item Catalog # Cost # Reactions Cost per reaction 
PCR master mix LightCycler 480 Probes Master $450/kit 1000 reactions $0.45 
Primers IDTDNA $125/kit 500 reactions $0.25 
Reverse 
transciptase 

SuperScript IV Reverse 
Transcriptase 

$471.93/kit 300 reactions $1.57 

Virus extraction kit QIAamp Viral RNA Mini Kit $498.64 100 reactions $4.99 
Total    $7.26 

PCR device cost 
Real time thermal cycler Fisher Scientific $20,000 

ELISA assay cost 
Item Catalog # Cost # Reactions Cost per reaction 
ELISA kit Creative Diagnostics Norovirus ELISA $395 96 reactions $4.11 

https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf
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ELISA device cost 
Microplate reader Thomas Scientific $8,000 

Note. Standard lab equipment, consumables, and chemicals not included in the cost analysis, as their per 
assay cost was negligible (<$0.01). Labor is also not included.   

 
Applications 
Although this protocol has been optimized for the detection of norovirus from water samples, the same 
procedure can be easily adapted for detection of other viruses or bacteria by substituting the anti-
norovirus antibody with the appropriate antibody (preferably IgG antibody). Any targets that have an 
antibody available can be adapted for use with this method. Depending on the antibody’s properties, 
the linear range of the assay can be changed. Key aspects of this protocol that can be adapted for the 
user’s preference include the choice of materials used to construct the smartphone-microscope and 
reagents to perform the immunoassay. The immunoassay can be optimized by the choice of antibodies 
and fluorescent polystyrene particles.  
 
The number of channels on the microfluidic chip can also be adapted depending on the user’s 
preference. This is a design choice only and does not affect the results of the assay. For example, this 
protocol uses four single-channel chips for standard curve construction (see Box 2), however the same 
results could be achieved from using a single four-channel chip. Throughout this protocol the user can 
select whatever number of channels they prefer for the assay.  
 
The protocol can also be modified to test for other environmental samples, most notably surface swabs. 
Once such swab samples are suspended in water, they can be assayed in the same manner as described 
in this protocol.    
  
Once the materials and design are chosen and prepared, the protocol can be performed in a laboratory 
or in the field.  
 

 
Fig. 2 | Outline of the protocol. a) 4 μL of field water sample is added to the center of each channel of the 
chip. b) 2 μL of anti-NoV-conjugated fluorescent particle suspension is loaded to the center of each channel 
of the chip. c) These particles flow via capillary action and aggregate with the norovirus captured on the 
chip. d) These chips can comprise a single channel or may contain four channels per chip. Reprinted from 
ref.3; Copyright 2019 Chung et al. 

 
EXPERIMENTAL DESIGN 

 
Guidelines for 3D printing a smartphone microscope enclosure 
With the exception of the 3D printed enclosure, all other components of the microscope are able to be 
purchased commercially. The SolidWorks design for the smartphone 3D-printed microscope enclosure 
is included in this protocol as Supplementary Data 1. Rendered images are shown in Fig. 3. This 
enclosure was designed for the iPhone 7, but will work with any smartphone model with minimal 
modifications to the design. It was designed in SolidWorks and printed through the printing service of 
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a local library. If access to a 3D printing service is not available locally, the STL file can be uploaded 
to an online service which will print the enclosure and send it to you. The enclosure is designed to be 
printed with PLA (polylactic acid) in black to minimize any light reflection inside the device. As shown 
in Table 1, the cost for components and fabrication of this enclosure should be US$224.11 at the time 
of writing. The main requirements for this enclosure are to provide a stable attachment between the 
smartphone, the microscope, and the optical filters, and to create a portable dark environment to 
mitigate the ambient lighting disturbance. It is possible to skip the printing of the 3D printed enclosure 
and perform the experiments in a dark room, but this is not recommended as this may still increase 
variation between experiments. The battery powered LED can be replaced by a secondary smartphone’s 
white LED flash. 
 

 
Fig. 3 | Rendered SolidWorks images. a) The enclosure (blue color) with a microscope attachment (gray 
color), iPhone at the top (black color) and glass slide (white color). b) The same once assembled and ready 
to use. 
 

Choosing the correct camera settings 
This protocol uses the photo app, ProCam, purchased from the Apple Store on the iPhone. The main 
purpose of the app is to increase the exposure time up to 4 seconds (not possible with the default camera 
app), as well as to turn off auto focusing and improve the image quality. The longer exposure time helps 
capture fluorescent particles with dimmer intensities. The autofocusing that most smartphone cameras 
use makes it difficult to manually control the focusing of the smartphone-based microscope, so it is 
kept off for the entire experiment. Our preferred settings on ProCam were ISO to 400 and white balance 
to 4000. These settings can be changed, but should be kept consistent for any set of experiments.  

 
Choosing paper substrates 
Nitrocellulose (NC) paper substrate was chosen to allow the flow of aqueous solutions (water sample 
and particle suspension) while also minimizing autofluorescence10. Other alternatives to NC may also 
be acceptable but these are not reviewed in this protocol. NC is also unique because it has a polyester 
backing, which helps eliminate any leakage of the solution, thus preventing contamination while 
handling20. In Li et al.’s comparison of NC to other paper substrates for whole blood flow, NC exhibited 
uniform flow, a wider range of flow rates (through varying the pore sizes), and clear separation of red 
blood cells (RBCs) and plasma21. 
 
The pore size of NC is the major factor to consider when designing the assay, because it determines the 
flow rate, which in turn determines the amount of interaction allowed between the antibody-conjugated 
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fluorescent particles and the virus. Capillary action of the paper membrane naturally acts as a pump to 
create a flow on the paper substrate, distributing the loaded particles and virus along the paper after 
loading. A faster flow will allow only a limited reaction time, while too slow a flow rate will not 
promote interaction, and consequent immunoagglutination, between the antibody-conjugated 
fluorescent particles and virus. The manufacturer and chemical characteristics can also affect the assay 
consistency and accuracy of this protocol. Several different NC paper substrates were analyzed for their 
assay reproducibility with this protocol, which is summarized in Table 2. Our original protocol used an 
NC substrate from Millipore Sigma (Hi-Flow™ Plus Membrane; catalog number HF07502XSS). 
However, the manufacturer has recently changed the characteristics of this substrate and we were 
unable to reproduce the same results, obtaining a dramatically reduced flow rate. Sartorius membrane 
CN95 was the second-best choice for high reproducibility and a high flow rate and so is the chosen 
substrate now used by our lab. This is an issue that future adaptations will likely continue to encounter, 
resulting in varied assay results as manufacturers change the types of nitrocellulose. The paper type 
will need to be optimized for any adaptations to this protocol.  

 
Table 2 | Characteristics of nitrocellulose (NC) paper substrates 

Manufacturer 
& model no. 

Thickness 
(μm) 

Pore size 
(μm) 

Flow rate 
(s/4-cm)* 

# particles 
in FOV** 

Assay results with this protocol 

Millipore 
Sigma 
HF 075 

147 14.5 75 52 Fastest flow rate on the market; 
Ideal for whole blood LFA tests21 ; 
used in ref. 3 with good 
reproducibility and even 
distribution of particles 

Sartorius 
CN95 

155 15 95 65 Fast flow rate; Widely used in LFA 
tests21; Used in this protocol with 
good reproducibility and even 
distribution of particles 

Advanced 
Microdevices  
CNPC-SS12 

100 15 100 2.7 Inconsistent liquid absorption and 
flow rate; Assays were accordingly 
inconsistent 

GE 
FF120HP 

209 Not 
available 

114 1.8 Assays were relatively consistent, 
good but # of particles in FOV was 
lower than Millipore Sigma HF075 
or Sartorius CN95. 

GE  
FF80HP 

188 Not 
available 

84 46 Fast flow rate; Inconsistent liquid 
absorption, but showed high 
particle count. 

*Note 1: Flow rates are measured in seconds for water to spontaneously travel 4 cm of each NC substrate, 
as provided by the manufacturers. Smaller number correspond to faster flow rate. 

**Note 2: # particles in field of view (FOV) are the average numbers of particles found in the FOVs of four 
images taken on three different channels (total of 12 images), using the protocol but without norovirus 
target. 
 

Design and printing paper-based microfluidic chips 
After choosing the paper substrate it needs to be wax printed with the chosen channel design for the 
assays. This protocol used a simple “I” shaped design, with two larger pads at both ends of the channel 
acting as adsorbent pads. The sample is added to the center of the “I” and the capillary forces of the 
paper membrane then disperse the solution through the paper towards the two larger pads at both ends. 
The design of this channel can be modified if desired, with the main purpose being to achieve a flow 
rate that is slow enough to disperse the particles, and fast enough to achieve  bulk liquid flow to both 
ends before drying. After wax printing the channel onto the paper, it is melted on a hot plate so the wax 
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penetrates the full thickness of the paper, creating an impassable hydrophobic barrier for the assay. 
Both single-channel and four-channel (to conduct larger number of assays using a single chip) can be 
wax printed in the same manner.  
 
Choosing anti-norovirus antibodies 
It is desirable to use a polyclonal antibody to norovirus. Polyclonal antibodies can bind to multiple 
epitopes available in norovirus and exhibit a higher probability of “bridging” two or more antibody 
conjugated particles together9,22. As multiple surface antigens are present in a single norovirus virion, 
monoclonal antibodies can also induce immunoagglutination of particles, although at a lower extent. 
Using polyclonal antibody improves the assay sensitivity while sacrificing the assay specificity, and 
using a monoclonal antibody compromises the assay sensitivity while improving the assay specificity. 
The assay sensitivity can also be improved by increasing the amount of antibody conjugated particles 
loaded on the paper chip. All results in this protocol were obtained using a polyclonal anti-norovirus 
VP1 antibody. 
 
Choosing fluorescent polystyrene particles 
Commercially available fluorescent polystyrene particles come with varying size and levels of surface 
carboxylation. It is necessary to have a sufficient number of surface carboxyl groups on their surfaces 
to ensure proper covalent conjugation of antibodies via EDAC chemistry. The extent of surface 
carboxyl groups is typically represented with “parking area” in the unit of Å2/charge group, i.e. the unit 
surface area reserved for a single surface carboxyl group 
(https://www.bangslabs.com/sites/default/files/imce/docs/TechNote%20206%20Web.pdf). Therefore, 
the smaller the parking area, the higher the density of the surface carboxyl group. The maximum density 
of the surface carboxyl group is reported as ~10 charge groups/nm2, corresponding to the minimum 
parking area of 10 Å2/charge groups23. Typical particles with “weak” carboxylation have ~0.5 charge 
groups/nm2, corresponding to the parking area of 200 Å2/charge groups. Typically, the parking areas 
from 10 to 50 Å2/charge groups have yielded satisfactory conjugation of antibodies. Those from 50 to 
100 are also acceptable with slightly compromised antibody conjugation. 
 
It is also desirable to use particles that are difficult to image individually using the smartphone-based 
microscope, but are clearly imaged upon immunoagglutination, thus 0.5 μm size was chosen. Slightly 
smaller or bigger particles (+/- 100 nm) are acceptable; however, the thresholding conditions must be 
adjusted accordingly to generate consistent assay results. 
 
The particles used in this protocol are yellow-green fluorescent polystyrene particles purchased from 
Magsphere, Inc. (Pasadena, CA, USA). These particles are excited with blue color and emit yellow-
green color, with a peak emission in green color. It is possible to use particles with different excitation 
and emission colors. Particles with UV excitation and blue emission are strongly discouraged however, 
as they significantly overlap with the autofluorescence of paper. Particles with red emission in longer 
wavelength (> 650 nm) are also discouraged, as the smartphone’s camera is insensitive in those regions 
(corresponding to human vision). 
 
Antibody conjugation to fluorescent particles 
It is desirable to conjugate the maximum possible number of antibodies to the fluorescent particle 
surface (see Box 1). The equation to determine antibody coverage is as follows (adapted from 
https://www.bangslabs.com/sites/default/files/imce/docs/TechNote%20206%20Web.pdf): 
 

𝑆𝑆 =
6𝐶𝐶
𝜌𝜌𝑆𝑆𝑑𝑑

 

S = amount of antibody required to achieve surface saturation (mg antibody / g particles) 
ρS = density of the particle (g/mL) 

https://www.bangslabs.com/sites/default/files/imce/docs/TechNote%20206%20Web.pdf
https://www.bangslabs.com/sites/default/files/imce/docs/TechNote%20206%20Web.pdf
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d = mean diameter of the particle (μm) 
C = capacity of particle surface for a given antibody (mg antibody / m2 of particle surface) 

 
C is determined by the size of a given antibody. For all IgG type antibodies, including the anti-norovirus 
used in this protocol, C = 2.5 mg/m2, as reported by the Bangs Laboratories 
(https://www.bangslabs.com/sites/default/files/imce/docs/TechNote%20204%20Web.pdf). This 
protocol  initially loads 150% of the amount of antibodies required to achieve surface saturation onto 
0.5 μm yellow-green fluorescent polystyrene particles. Antibodies are loaded at an excess amount as 
they must be washed in the later steps in order to improve consistency in the extent of antibody 
conjugation as far as possible. In our own assessments, we have measured the antibody concentration 
in the supernatant after the rinsing step (centrifuging) via Bradford assay. About one third of added 
antibodies were found in the supernatants, indicating the need for adding an extra 50% (hence 150%) 
to compensate for this loss.  This technique is adapted from Cho et al.24. 
The actual conjugated amount of active antibodies, as well as antibody quality, however, could slightly 
vary from batch to batch, which could impact the interpretation of the assay results. Such variation can 
easily be addressed by creating a standard curve (see Box 2).  

 
Image processing 
All images need to be post-processed in order to find the average size of the immunoagglutinated 
particles photographed on the paper. A typical smartphone image is simply an array of pixels with 
three different intensities corresponding to their red, green, and blue values. The immunoagglutinated 
particles used in this protocol fluoresce green color, so the first step is to separate the green channel 
from the red and blue. Visually, this changes the RGB color image to a gray scale image with each 
pixel ranging from 0 (black) to 255 (white). The next step is to eliminate the paper’s autofluorescence 
and background noise from the image so only the particles are left. This is done using intensity 
thresholding. As discussed in Limitations, there are two options for intensity thresholding. This 
protocol originally used global thresholding where a single value is used to eliminate the intensities 
from paper substrate. While this works it does require some manual work to determine the best value. 
The alternative option is to use adaptive thresholding, which automatically selects a value to eliminate 
the paper’s autofluorescence and noise regardless of the overall exposure and paper’s quality. Our 
preferred method is the adaptive thresholding technique due to its lack of bias in choosing a 
thresholding value, however this protocol provides code for both options, and the decision is up to the 
user. Either method of intensity thresholding isolates only the fluorescent particles and the images are 
binarized. These particles are either non-aggregated single particles or immunoagglutinated particles. 
To make a distinction between these two groups, the pixel area of each individual particle is 
evaluated, and the particles whose pixel area is smaller than a certain value (size thresholding) are 
eliminated to isolate only the immunoagglutinated particles. 
 
For global thresholding, the MATLAB code (MATLAB on the computer, and MATLAB Mobile on 
the smartphone) is used in Steps 8A&B and performs the following steps: 1) isolate the green channel 
image, 2) obtain average pixel intensity from the entire view area, 3) remove pixels whose intensities 
are lower than overall mean intensity + 50 (this will eliminate the autofluorescence and background 
noise), 4) binarize the resulting image, 5) eliminate the pixel areas smaller than 30 (this will eliminate 
the non-aggregated particles), and 6) add all pixel areas throughout the resulting image. These two 
thresholding values (intensity of mean + 50 and area of 30) were used for the entire image. 
 
Alternatively, the ImageJ macro used in Step 8C will perform adaptive auto local thresholding using 
the Bernsen method25 followed by binarization. The Bernsen method uses locally adaptive 
binarization methods by segmenting the image into focus areas of a certain radius. This protocol uses 
a radius = 1 due to the small pixel size of the particles being detected. The output is the binary image 
thresholded based on intensity. The macro will further process this image through Analyze Particles 
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function in the ImageJ to isolate the particles based on global size thresholding of 20 - 100 pixels. 
Any particles smaller than the threshold value are not immunoagglutinated and any particles larger 
are most likely contamination. 

 
MATERIALS 
 

Biological materials 
• Rabbit polyclonal antibody to norovirus capsid protein VP1 (anti-norovirus; catalog number 

ab92976; Abcam, Inc.; Cambridge, MA, USA). Appropriate for assaying both norovirus capsid and 
intact norovirus. (RRID: AB_10585445)  

• Recombinant norovirus group-1 capsid (catalog number MBS145725; MyBiosource, Inc.; San 
Diego, CA, USA) CAUTION Capsid norovirus is non-infectious, however gloves should be worn 
and the working area should be sterilized with ethanol after handling. 

• Fecal samples from an active norovirus outbreak. These samples were provided by Dr. Charles 
Gerba Laboratory at the University of Arizona and confirmed and quantified by quantitative reverse 
transcription polymerase chain reaction (qRT-PCR). CAUTION Norovirus virions from fecal 
specimens are infectious. Gloves should be worn at all times. Handling of samples should be 
prepared in a safety cabinet or hood. The laboratory must be approved for the use of norovirus 
samples. Obtaining ethical approval and conforming to the relevant institutional and national 
regulations may be required, as well as patient consent. 

 
Reagents 
• Carboxylated, yellow-green fluorescent polystyrene particles (CYF 0.5 μm; Magsphere, Inc.; 

Pasadena, CA, USA). Fluorescence characteristics are reported from the manufacturer: maximum 
excitation of 480 nm (blue) and maximum emission of 525 nm (green). CRITICAL: See 
Experimental design for more information on options for changing the particle diameter or 
fluorescence color. 

• Nitrocellulose paper. (Unisart nitrocellulose membrane, 70 mm x 100 m, catalog number 
1UN95ER100070NT; Sartorius Corporate Administration GmbH; Goettingen; Germany) 
CRITICAL: See Experimental design for guidelines on using different nitrocellulose paper 
substrates. 

• 2-ethanesulfonic acid (MES; M3671; Sigma-Aldrich, St. Louis, MO, USA) 50 mM pH 6.0 
CAUTION Potentially irritating to eyes, respiratory system, and skin. Wear gloves when handling 
and avoid contact with eyes, skin, and clothing. Avoid inhalation. 

• Sodium hydroxide (NaOH; NC1680022; Thermo Fisher Scientific, Hampton, NH, USA) 1 M (if 
necessary; see Reagent setup) 

• 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC; E7750, Sigma-Aldrich) 1 mg/mL 
CAUTION EDAC is an irritant, wear gloves when using and avoid contact with eyes, skin, and 
clothing. Avoid amine containing buffers.  

• Glycine (BP381; Thermo Fisher Scientific) 1 M CAUTION Do not consume and avoid contact 
with eyes, skin, and clothing.  

• Bovine serum albumin (BSA; BP9700100; Thermo Fisher Scientific) 1 mg (optional) CAUTION 
Avoid contact with eyes, skin, and clothing. BSA contains milk proteins and can cause allergic 
reaction in humans with allergies to milk protein. 

• EPA-accepted Thermo Orion Method AC4P72 (using N,N-diethyl-p-phenylenediamine, thus 
known as DPD method) (optional) (Thermo Fisher Scientific;  
https://static.fishersci.com/cmsassets/downloads/segment/Scientific/pdf/WaterAnalysis/Method_
Total_Chlorine_Powder_Method_Orion_AC4P72.pdf) 
 

Equipment 
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• Small battery-powered LED (BUTTON LAMP Adhesive LED, BL-6885; Panther Vision, West 
Dundee, IL, USA). 13 lumens, powered by two CR2032 batteries. White LED can be used since 
an excitation filter is used. CRITICAL: White LED flash from a secondary smartphone can also be 
used if the 3D-printed enclosure is not used. 

• Excitation filter to provide blue excitation: 480 ± 10 nm optical bandpass filter (catalog number 
43-115; Edmund Optics, Barrington, NJ, USA) CAUTION Wear gloves when handling and take 
care to not scratch surface area of filter, as any smudges or scratches may be visible when imaging.  

• Emission filter to capture green emission: 525 ± 20 nm optical bandpass filter (catalog number 
BP525-D25; Midwest Optical Systems, Inc.; Palatine, IL, USA) CAUTION Wear gloves when 
handling and take care to not scratch surface area of filter, as any smudges or scratches may be 
visible when imaging. 

• Centrifuge. Should be capable of generating 9900g for 1 mL tubes. 
• Hot plate (Corning; Corning, NY, USA). CAUTION Key thing to be aware of is burning the 

nitrocellulose glossy backing by heating for too long. Chips should not be heated for longer than 
10 minutes and they should be observed the entire time.  

• Wax printer (ColorQube wax printer; Xerox Corporation; Norwalk, CT, USA). CRITICAL: Other 
types of wax printer can also be used. 

• 3D printer (Ultimaker 3; Ultimaker B.V., Utrecht, Netherlands). CRITICAL: Different types of 3D 
printers and materials can be used, as long as the enclosure provides a dark environment. (See 
Experimental design for further information)  

• Microscope attachment to a smartphone (XFox Professional 300X Optical Glass Lenses; X&Y 
Ind.; Shenzhen, China). CAUTION Choose the microscope attachment that works with the given 
smartphone model. 

• Smartphone (iPhone 7; Apple, Inc.; Cupertino, CA, USA). CAUTION Smartphone must be 
properly matched to the microscope attachment.  

• Pipettes. 
• Orbital rocker (optional) 
• Spectrophotometer (optional) (USB4000; Ocean Optics, Inc.; Dunedin, FL, USA). CRITICAL: 

While a miniature spectrophotometer was used in this protocol, any benchtop spectrophotometer 
can be used. 

• pH electrode and monitor system (optional) (PinPoint pH Monitor; American Marine Inc., 
Ridgefield, CT, USA). CRITICAL: A handheld pH probe can be also used. 

• Conductivity probe (optional) (UltraPen PT1; Myron L Company; Carlsbad, CA, USA). 
CRITICAL: Other benchtop conductivity meters can be used. 

• 25 mm polycarbonate filter holder (optional) (EW-29550-42; Cole-Parmer Company; IL, USA) 
• 20 mL Luer-LockTM tip syringe, with the needle removed  (optional) (#309661; BD; Franklin 

Lakes, NJ, USA) 
 
Software 
• SolidWorks 2019 (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA). Used for the 

design of paper microfluidic chips. CRITICAL: Other graphing software can be used, for example, 
Microsoft PowerPoint. 

• ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA). Freely available from 
https://imagej.nih.gov/ij/. Used for analyzing smartphone images. CAUTION Only one image 
processing software is necessary. 

• MATLAB R2019a (The MathWorks, Inc.; Natick, MA, USA). Used for analyzing smartphone 
images. CAUTION Only one image processing software is necessary. 

• MATLAB Mobile (The MathWorks, Inc.; Natick, MA, USA). Used for analyzing smartphone 
images directly on a smartphone. CAUTION Only one image processing software is necessary. 

https://imagej.nih.gov/ij/
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• ProCam4 app (Samer Azzam, http://www.procamapp.com; downloaded via iTunes). This is a 
camera app where the exposure time and white balance can be manually adjusted. CRITICAL: 
Light trail exposure time was 4 seconds, white balance was 4000, and ISO was 200. CRITICAL: 
Other smartphone app can also be used. 

• Microsoft Excel 2019 (Microsoft Corp.; Seattle, WA, USA). Used for compiling the assay results 
and statistical analyses (t-tests). 

• MATLAB and ImageJ code used in this protocol are publicly available at 
https://github.com/jeongyeolyoon/yoon-lab. 

 
Equipment setup 
• Smartphone microscope enclosure printing: The enclosure shown in Fig. 3 and Supplementary 

Data 1 requires a 3D printer resolution of 1 μm and should be printed in black color to provide a 
dark room environment. It can be printed with polylactic acid (PLA) filament, while other material, 
e.g. acrylonitrile-butadiene-styrene (ABS) filament can also be used. The enclosure consists of 
three parts; the body, the cover, and the glass slide holder. The glass slide holder has single axis 
freedom and allows the viewer to move the paper microfluidic chip laterally in order to take the 
images from the center of the chip. Assembly of this enclosure is shown in Supplementary Video 
1. 

• Paper microfluidic chip design and printing: Using SolidWorks or Microsoft PowerPoint, 
outline the chip design. The SolidWorks design of the paper microfluidic chip is shown in 
Supplementary Data 1. In the previous work3, both single and four wax-printed channels were used, 
each 21 mm long and 2.4 mm wide. CRITICAL: The design of the channel can be adapted based 
on the flow rate and particle aggregation time needed for the assay (see Experimental design). For 
this application, a long “I” shape was used to help the particles spread through the paper channel 
after being added to the center. Print the microfluidic design onto the nitrocellulose paper using a 
wax printer. The design should be on the non-glossy side of the nitrocellulose paper. Wearing 
gloves, cut the nitrocellulose paper so that each chip is separate. Do not cut through the wax line 
otherwise the barrier will be broken. Heat each chip, glossy side down, on a hot plate at 120°C until 
the surface-printed wax is melted through the paper creating a hydrophobic barrier. This takes 5-
10 minutes, or until the wax ink becomes visible through the backside (the glossy side) of the 
nitrocellulose chip. CRITICAL: Look at the glossy side of the paper before heating, you will notice 
that the lines are very faint. As the chip is on the hot plate you will see the wax fill the paper pores 
underneath and the line will darken. Once the full channel is dark on both sides it is done heating. 
CRITICAL: As many as 88 chips, with 4 channels each, can be fabricated from a single sheet of 
standard nitrocellulose letter paper, which can be duplicated as many sheets as possible. These 
single-use chips should be fabricated prior to the field assays. 

 
Reagent setup:  
• 50 mM MES at pH 6.0. Measure 976 mg MES and dissolve it to 100 mL deionized (DI) water. 

Adjust the pH to 6.0 using 1 M of NaOH if necessary. Store at room temperature (25°C), or 
refrigerator (preferred) for up to 6 months. 

• 1 mg/mL EDAC. Measure 10 mg EDAC and mix with 10 mL DI water or MES. CRITICAL: EDAC 
should be prepared fresh for each experiment. 

• 1 M glycine. Mix 751 mg glycine with 10 mL DI water. Glycine can be stored in the refrigerator 
for up to 6 months. 

• Wash solution. Mix 1 mg BSA with 10 mL DI water or use just 10 mL DI water. CRITICAL: For 
our protocol we just used DI water as a wash solution. BSA can be stored in the refrigerator for up 
to 6 months. 

https://github.com/jeongyeolyoon/yoon-lab
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• Storage solution. Mix 1 mg BSA and 10 mL DI water or use just 10 mL DI water. CRITICAL: 
However, our protocol performed well when just DI water was used.  BSA can be stored in the 
refrigerator for up to 6 months. 

• (Optional) Chlorine residual testing of unknown field water samples. The environmental water 
samples can be tested for chlorine residues. Assay the total chlorine residue with the EPA-accepted 
Thermo Orion Method AC4P72 by measuring the absorbance at 520 nm using a spectrophotometer. 
If the chlorine level is too high (e.g. > 0.4 ppm), it can easily be removed by simply letting it 
evaporate from water samples overnight or for 12 hours. 

• Antibody conjugation to fluorescent particles. See Box 1. 
 
**START BOX 1** 
BOX 1. Antibody conjugation to fluorescent particles. Timing ~3.5 h 
The following steps explain how to covalently conjugate antibodies to fluorescent polystyrene particles: 

1. First pre-wash particles with DI water to remove surfactants from the stock solution by placing in 
a centrifuge at 9900g for 13 minutes at room temperature. Centrifuge speed and time can be 
adjusted if the particle size is altered using the terminal velocity equation for centrifuging. 
CRITICAL STEP: We used 2 μL of 2.5% w/v yellow-green fluorescent carboxylated particles.  

2. Add 2 µL of the pre-washed 2.5% w/v carboxylated fluorescent particles (Magsphere, Inc.) to 750 
μL MES. 

3. Mix on orbital rocker for 15 minutes at room temperature (optional). 
4. Add 250 μL EDAC to the particle suspension in MES. Mix by pipetting. 
5. Mix on orbital rocker for 15 minutes at room temperature. 
6. Centrifuge at 9900g for 10 minutes at room temperature and remove supernatants. 
7. Resuspend pellet in 1 mL coupling buffer. CRITICAL STEP: For our protocol we used DI water.  
8. Then add the amount of antibody solution calculated using the equation shown in Experimental 

design. CRITICAL STEP: Our protocol performs best using 150% of the amount of antibodies 
required to achieve surface saturation (see Experimental design). CRITICAL STEP: The 
antibody vial that we purchased from the vendor had the concentration of 500 μg/mL solution and 
the total volume of 0.1 mL, corresponding to 50 μg antibody per vial. We used 10 μL of this 
solution, i.e. 5 μg. These numbers should be varied depending on the antibody concentration, 
particle concentration, and particle size. 

9. Mix on an orbital rocker for 2-4 hours at room temperature or overnight in the refrigerator. PAUSE 
POINT This experiment can be completed in the same day or can be left for up to 12 hours in a 
refrigerator (4°C).  If leaving overnight, sonicate (40 kHz) for 2 minutes before continuing further 
steps.  

10. Add 1 M glycine to give a final concentration of 100 mM to quench the reaction. 
11. Mix on orbital rocker for 30 minutes at room temperature.  
12. Centrifuge at 9900g for 10 minutes at room temperature and remove supernatants. 
13. Add 1 mL of wash solution CRITICAL STEP: DI water was used in our protocol.  
14. Mix on orbital rocker for 15 min.  
15. Centrifuge at 9900g for 10 minutes at room temperature and remove supernatants. 
16. Add 1 mL of wash solution for a second wash.  
17. Centrifuge at 9900g for 10 minutes at room temperature and remove supernatant.  
18. Resuspend in final volume (e.g. 0.5 mL) of storage solution.  
19. Image the antibody conjugated particles on a benchtop microscope. Particles should be uniform in 

size. No large self-aggregates should be detected. PAUSE POINT This particle solution can be kept 
for 2 weeks (up to 4 weeks) refrigerated in a dark container, without exposure to light. 
TROUBLESHOOTING If self-aggregates are present, perform a soft-washing step by centrifuging 
at 8200g for 2 minutes at room temperature and sonication (40 kHz and 2 minutes). This speed and 
time are determined using the terminal velocity equation to precipitate the aggregated particles 
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(assumed to be > 1 µm) but not the non-aggregated particles (0.5 µm). If the particles are exhibiting 
high levels of self-aggregation then put the solution through an additional soft wash and reimage. 
Low levels of self-aggregation are acceptable, however the majority of particles should be uniform 
in size. To quantify the extent of self-aggregation, the particle suspension can be imaged using a 
fluorescence microscope with blue excitation. The green channel image can be binarized and the 
polydispersity index (PDI = standard deviation of particle diameter / mean particle diameter 
squared) can be evaluated using ImageJ. As some particles are brighter than the others and not all 
particles are optimally focused, PDI is relatively high even for the particle suspension with 
minimum self-aggregation. Supplementary Figure 1 shows two example images, one with 
minimum self-aggregation with PDI of 0.421 and the other with substantial self-aggregation with 
PDI of 0.698. PDI < 0.5 is considered as minimum self-aggregation and thus usable for the assays. 
Alternatively, particle clusters whose pixel area is greater than 50 can also be used to determine the 
extent of self-aggregation. The number of such particle cluster (pixel area > 50) should be less than 
or equal to 1 per each field of view to be considered as minimum self-aggregation. 

20. The resulting batch of antibody-conjugated fluorescent particle suspension contains 0.02-0.04% 
w/v particles (depending on how many particles are lost during multiple centrifugation steps) in a 
total volume of 0.5 mL. If the concentration is lower than 0.02% w/v, the positive samples’ data in 
a standard curve may not be substantially different from the negative control’s data. If desired, the 
particle concentration can be confirmed using a spectrophotometer (absorbance at 600-650 nm) 
and comparing to a 0.02% dilution of the stock fluorescent particle suspension in DI water. If the 
absorbance matches then the concentration can be confirmed. As long as the standard curve is 
constructed for each assay described in the following procedure, 2 μL particle suspension at 0.01% 
w/v (this concentration can be varied to optimize the assay) is needed per each channel. With these 
particle concentrations, 500-1000 assays can be conducted from a single batch of antibody-
conjugated particle suspension. This particle suspension should be prepared prior to the field 
assays. It has previously been demonstrated that such particle suspensions can be stored in a 
refrigerator (4°C) up to 4 weeks7 or should be lyophilized and resuspended for longer term storage. 

**END BOX 1** 
 
PROCEDURE 

 
**START BOX 2** 
BOX 2. (Optional) Standard curve preparation Timing ~30 min 
Our recommendation is that all users construct a standard curve after making a new batch of antibody 
conjugated fluorescent-particles. The standard curve is used to correlate the particle count to the known 
target concentration in order to determine the system’s sensitivity to the target pathogen and allow the 
limit of detection (LOD) to be quantified. These steps are specific to norovirus detection. If a 
different target antigen is used, the concentrations of standard solutions, currently from 1 ag/μL to 
10 pg/μL, can be adjusted considering the mass of a single virion and typical virion concentrations 
in environmental samples.  

1. Aliquot recombinant norovirus capsid (or live norovirus, if desired) virions (e.g. 1 µL of 1 mg/mL 
= 1 µg/µL) into 10 μL DI water (100 ng/µL) and deep freeze. PAUSE POINT The norovirus 
solutions will keep for 6 months in a deep freezer (–40°C). 

2. Serially dilute this stock norovirus solution in environmental water sample (e.g. tap water, 
reclaimed wastewater, etc.), or if not yet available in DI water,  starting from 100 ng/µL to make 
10 pg/μL, 1 pg/μL, 100 fg/μL, 10 fg/μL, 1 fg/μL, 100 ag/μL, 10 ag/μL, and 1 ag/μL.  

3. Prepare a negative control sample containing only DI water (or environmental water sample). 
4. Perform the single assay Procedure three times for each concentration and the negative control. To 

construct a standard curve with 4 data points including a negative control with three replicates, a 
total of 12 channels is needed, requiring either 12 single-channel chips or 3 four-channel chips. 
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5. Run each channel’s images through the image processing steps to find total number of aggregated 
particles per image. Sum all 4 images for each channel and then average the 3 channels used to test 
each norovirus dilution. To construct the standard curve, plot the average sum of aggregates for 
each known target concentration showing standard error bars, and the negative control, against 
norovirus concentration. Calculate P values for each standard solution compared to the negative 
control using unpaired Student’s t-tests using Microsoft Excel or another statistical analysis tool 
with α = 0.05. Perform two tailed t-test assuming equal variances between each positive control 
(10 ng/uL, 1 pg/uL, 100 fg/uL, 10 fg/uL, 1 fg/uL, 100 ag/uL, 10 ag/uL, and 1 ag/uL) to the negative 
control sample (DI water or environmental water sample). P < 0.05 is a statistically significant 
difference from the negative control.  

6. Determine the LOD of standard curve as the lowest concentration that has statistically significant 
difference from the negative control with the p value < 0.05.  

7. Use this standard curve to compare to your field water sample results and determine where on the 
curve they fall.  

**END BOX 2** 
 
Standard single assay procedure Timing ~10 min (option A), ~15 min (option B) 
CRITICAL The following things should be prepared and ready to use at the start of the procedure: 
- Paper microfluidic chips (wax printed and melted; with single or four channels; refer to Box 2-4) 
- Antibody conjugated fluorescent polystyrene particle suspension 
- Field water sample (serially diluted if the expected norovirus concentration is very high or the 

sample is turbid by visual inspection) 
- Microscope attachment in a 3D-printed enclosure (with optical filters, an LED and a button battery) 
- Smartphone 
- MATLAB Mobile downloaded onto a smartphone, OR MATLAB on a computer, OR ImageJ on a 

computer. 
With all these prepared, the following steps are used for assaying norovirus from a water sample. 
Supplementary Video 2 depicts the entire process. CRITICAL The standard single assay described can 
be done one time with a target sample and compared to the previously constructed standard curve to 
get positive or negative test results. (Optional) The below steps can additionally be performed on 
multiple chips to compare multiple data points to the standard curve. The user can also repeat the steps 
using a negative control (DI water) to verify their test results.   

 
 

1. Adding water sample to the chip. This step can be achieved following option A for the standard 
assay, or option B to include an on-chip concentration procedure. On-chip concentration can be 
used as an alternative method for adding water sample to the paper chip, for the purpose of 
capturing a larger amount of norovirus virions and subsequently lowering the assay’s LOD (Fig. 
4). Unlike other virus assays from field samples where sample enrichment step is almost 
mandatory, this step is optional as the LOD of this assay is already sufficiently low. In addition, 
the on-chip concentration does not affect the spreading and aggregation of particles as the antibody-
conjugated particles are loaded after loading the water sample (without on-chip concentration) or 
multiple loadings of the water sample (i.e. on-chip concentration). 
A: Standard Assay.  
i. Using a pipette, add 4 μL of water sample to the center of one channel in a paper chip 

(Supplementary Video 2). CRITICAL STEP: (Optional) If the expected norovirus 
concentration is high, dilute the target sample with DI water to 10% (or 1%, 0.1%, etc.) as 
desired. 

ii. Wait until the channel is dried. The color change will go from dark grey (wet) to white (dry). 
Once the channel is light grey to white color it is ready for the fluorescent-particles to be 
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loaded (Step 2). CRITICAL STEP: This typically takes 10 minutes in a laboratory. It may 
take a shorter time if used in a sunny outdoor environment. 

B: On-chip concentration.  
i. For on-chip concentration we typically use a chip with four channels. Cut the paper chip into a 

circular shape to fit into a filter cartridge. Insert the circular chip (with four channels) into the 
filter cartridge (Fig. 4a). If using a single-channel chip, simply place the chip in the center of 
the filter cartridge.  

ii. Load 10 mL of water sample to a syringe. Connect the filter cartridge to the sample-loaded 
syringe (without its needle). Press the syringe plunger, which will disperse the water sample 
across the entire chip (Fig. 4b). This on-chip concentration procedure can be repeated twice or 
more to increase its efficiency. You do not need to wait for the chip to dry in between adding 
samples. Also prepare and run a negative control, using DI water. CRITICAL STEP: Some of 
the norovirus virions will be captured by the paper chip and some will pass through the filter, 
as a larger volume (10 mL) passes through the chip (compared to 4 µL in Option A. The exact 
amount of the captured virus on the chip will be unknown. Due to adding a larger sample 
through the chip, this method will help increase the number of virus particles captured on the 
paper. CRITICAL STEP: (Optional) If the expected norovirus concentration is high, dilute the 
water sample with DI water to 10% (or 1%, 0.1%, etc.) as desired. 

iii. Once the on-chip concentration is finished, take the circular paper chip out from the filter 
cartridge and place it on a clean surface to dry. Wait for the chip to dry so that it is the same 
light grey to white color as in Step 1Aii. Once the chip is dry it is ready for the fluorescent 
particles to be loaded (Step 2).CRITICAL STEP: Since more sample has been loaded to the 
paper chip than in Option A it may be necessary to increase the waiting time.  

 

 
Fig. 4 | On-chip concentration procedure. a) A paper microfluidic chip is cut to size and loaded into the 
filter cartridge. b) 10 mL of water sample is loaded into a syringe and filtered through the paper chip to 
capture norovirus on the paper substrate, for the purpose of improving assay sensitivity. This procedure 
can be repeated twice or more. 
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2. Add 2 μL of antibody conjugated particle suspension to the same channel center (Supplementary 

Video 2). Wait until the channel is dried. CRITICAL STEP: The identical color change is expected 
as in Step 1. This typically takes 5 minutes in a laboratory. It may take a shorter time if used in a 
sunny outdoor environment. 

3. Place the paper chip onto a glass slide and load the glass slide into the microscope attachment 
enclosure. Turn on the LED and secure the cover to the main enclosure (Supplementary Video 2). 

4. Open the photo app (ProCam is used in this protocol) and set the ISO to 400, and the white balance 
to 4000. 

5. Use the focusing knob on the microscope to focus on the surface of the paper substrate. 
6. Take four photos from different fields of view (FOV) at the center of one channel of the chip. Make 

sure to focus each time. 
7. If you are constructing a standard curve, repeat Step 6 with the three other channels to obtain 

multiple measurements from the assay. Next, the images will be put through the image processing 
to isolate immunoagglutinated particles. While single-channel chip is used to conduct a single 
assay, four-channel chip can also be used to sequentially conduct four assays on a single chip. 
 

Image processing Timing ~5 min 
8. Image processing can be carried out using MATLAB mobile (on the smartphone; option A), 

MATLAB on a computer (option B), or ImageJ with adaptive thresholding (option C). MATLAB 
Mobile is best for the quick analysis of four images from a single channel. This is easy to use in 
the field. MATLAB on a computer and ImageJ are best for developing standard curves and 
performing analysis on multiple channels. MATLAB Mobile and MATLAB on a computer are 
similar, however the computer version also includes a user-friendly GUI. 
A: MATLAB Mobile (on the smartphone).  
i. Upload the four image files from a single channel into the MATLAB online drive by logging 

in and uploading the files. It is recommended to rename the files to simpler names, and then 
update the file names to be analyzed with those you have taken in the MATLAB Mobile code. 
The code is available in the Supplementary Data 2. 

ii. Update the image names in the MATLAB Mobile code and hit run. The results are obtained 
using global thresholding. The printed results will be an average particle size and total particle 
area detected. The total immunoagglutinated particle area can be compared to a previously 
constructed standard curve to  estimate the virus concentration. ?TROUBLESHOOTING 

B: MATLAB (on a computer).  
i. Upload the images from the smartphone onto a computer. 

ii. Load them into MATLAB and update the file names to be analyzed with those you have taken 
in the MATLAB code.  

iii. Run the code, the printed results will show the calculated average particle area. A list of all 
particles and their areas will be saved as a variable. This list can be summed to find the total 
particle area detected. To perform statistical analysis on data proceed to Step 9. These results 
are obtained using global thresholding. The image processing performed in this code is largely 
identical to the MATLAB Mobile code but includes a GUI for ease of use. The GUI cannot run 
on MATLAB Mobile. The code is available in the Supplementary Data 2. 
?TROUBLESHOOTING 

C: ImageJ with adaptive thresholding (Fig. 5).  
i. For adaptive auto local thresholding, use ImageJ and the macro provided in the Supplementary 

Data 2. Upload the images from the smartphone onto a computer and load them into ImageJ. 
ii. Update the image names to correspond to those taken in the assay and hit run. Following the 

intensity and size-based thresholding, the results will show the total area of 
immunoagglutinated particles. 
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Fig. 5 | Adaptive thresholding. a) Image with RGB pixels is split to show only the green pixels (green 
channel image)  for a single 100 fg/μL norovirus solution from two different paper microfluidic chips, showing 
different levels of overall light intensities. b) Frequency of green pixel intensities more clearly showing the 
different levels of light intensities from the images in the first column. The peaks in very low green pixel 
intensities represent the black surroundings in the images that are outside the FOVs of a microscope. The 
peaks at the intensity 71 (out of 255 = 8 bit) in the bottom image and 82 (out of 255) in the top image 
represent the background noise and autofluorescence of a paper substrate. The pixels with >78 green 
intensity represent true fluorescent particles for the bottom image, and those with >86 for the top image, 
shown in the circle. These thresholding values will be automatically determined by the code (Supplementary 
Data 2). c) Using global thresholding, binarization at the dashed line (determined through a series of 
experiments that showed the best results3), and size thresholding (>30 pixel area), the number of particles 
is overestimated in the top image and underestimated in the bottom image. d) Using the automatic 
thresholding and subsequent processing, the numbers of particles are similar for both images despite the 
difference in overall mean intensities. Images in c) and d) are inverted to clearly show the particles. 

 
Statistical analysis Timing ~5 min ?TROUBLESHOOTING 
9. Record the sum of the pixel area of isolated immunoagglutinated particles from all four images 

from each channel, constituting a single data point. ?TROUBLESHOOTING 
10. Repeat Step 9 for two additional channels, and calculate the average sum particle area from all 

three channels.  
11. As done in Box 2, calculate the average area of particle aggregation for the given concentration and 

compare to the averages of the negative control using unpaired Student’s t-tests. With p < 0.05 this 
concentration is significantly different to the negative control. (Optional) For qualitative estimation 
compare the average of the sample to a previously constructed standard curve. 

 
TROUBLESHOOTING 
 

The most common issues in conducting this protocol are variation in ambient lighting and self-
aggregation of antibody conjugated particles. 

 
Troubleshooting the variations in ambient lighting 
The 3D-printed enclosure helps eliminate ambient lighting. If the user is performing field tests they 
should ensure the enclosure is closed and no light is entering. If the user is in a lab they can also perform 
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these tests in a dark room to eliminate ambient lighting. The adaptive thresholding described in Step 
8C can address the uneven light distribution within a smartphone-acquired image.  

 
Troubleshooting self-aggregation of particles 
Self-aggregated particles can be moved from the particle suspension through the soft-washing step 
described in Box 1. If users are getting lots of false-positive assay results it is likely the antibody-
particles are experiencing higher rates of self-aggregation that is misdiagnosed by the code as 
immunoagglutinated particles. If soft-washing particles does not eliminate self-aggregation then the 
users should make a new batch of the antibody conjugated fluorescent particles.  
 
Additional troubleshooting advice can be found in Table 2. 

 
Table 2 | Troubleshooting table 

Step Problem Possible reason Solution 
8,9  Blurry particles in the 

raw smartphone images 
Camera not 
focused 

Retake the image (Steps 4-6). Make sure to 
tune the knob of the microscope attachment 
and focus on the surface of the nitrocellulose 
substrate. If it is difficult, focus on the wax 
channel outline and then carefully move the 
glass slide into the middle of the channel. 

8,9 Random results from 
four images from a 
single channel 

Too high 
concentration of 
norovirus 

Serially dilute the water sample with DI water 
to 10%, 1%, 0.1%, etc. and retake the image 
(Steps 4-6). 

8,9 High particle counts with 
a negative control (DI 
water) 

Antibody-particles 
are too old and 
self-aggregating. 
 
Possible 
contamination of a 
paper chip 

Soft-wash the particles or remake the 
antibody conjugated particles (Box 1). 
 
 
Remake a paper chip (equipment setup: 
paper microfluidic chips). Make sure to wear 
gloves and use tweezers to minimize 
contamination. Do not touch the center of 
each channel. 

8,9 Images show very large 
areas of bright 
(saturated) intensities, 
or dark intensities. 

Sample is 
substantially 
contaminated, e.g. 
dust particles. 

Large area of bright (saturated) intensities: 
discard the assay and start over from Step 1. 
Large area of dark intensities: this is okay 
and will not affect the data analysis. 

8,9 No significant difference 
between a negative 
control and positive 
samples for assaying 
environmental water 
sample 

Sample has 
unknown ions that 
create false-
positives. 

Try diluting the sample with DI water and/or 
using the on-chip concentration (Step 1B) as 
a means of filtration. Chlorine ions may 
disrupt the quality of the results as shown in 
the Anticipated results with tap water. 

8,9 Photos are showing a 
substantially different 
level of overall light 
intensities. 

The enclosure is 
not tightly closed 
or sealed. 

Try readjusting the enclosure and the 
alignment of a paper chip and retaking the 
image (Steps 3-6). Certain light variations 
can be handled by the adaptive thresholding 
(Step 8C). 

8A MATLAB Mobile code 
does not correctly 
recognize all particles. 

Global 
thresholding fails 
to recognize the 
particles. 

Use different thresholding values by trial-and-
error, or the adaptive thresholding (Step 8C). 



 

Page 23 of 30 
 

8C Inaccurate particle 
segmentation with 
global thresholding 

Fluorescence 
image is saturated. 

Retake a photo, making sure that the white 
balance and ISO values are consistent. If that 
is not an option, decrease the image’s 
brightness range by one standard deviation. 

 
TIMING 
 

For field applications, users will start with the smartphone-based fluorescence microscope, the image 
processing app, the paper microfluidic chip (single-use and disposable), and a reagent tube containing 
anti-norovirus conjugated fluorescent particle suspension already provided. The total assay time 
without the Steps to prepare the reagents and equipment, and without optional or alternative steps will 
be 20 min. 
 
Box 2 (optional), standard curve preparation: 30 min 
Steps 1A-7, standard single assay: 10 min 
Steps 1B-7 (alternative), standard single assay with on-chip concentration: 15 min 
Steps 8-11, image processing and statistical analysis: 10 min 
 
Timing for preparation steps (once prepared, they can be used for hundreds of assays): 
Equipment setup: paper microfluidic chips: 0.5 h 
Reagent setup: antibody conjugation (Box 1): 3.5 h 
 

ANTICIPATED RESULTS 
 
Results with various water samples 
Various types of environmental water samples were tested for intact norovirus by Chung et al.3, 
including spiked DI water, tap water, and reclaimed wastewater. Norovirus concentrations were 
quantified by real-time RT-PCR technique. These all showed significant detection capabilities, showing 
substantial differences from the negative control with p < 0.05 (Figs. 6 and 7). Using the intact norovirus 
spiked into various water samples we achieved extremely low LOD close to a single virus copy per μL 
sample (1 genome copy/μL in DI water and 10 genome copies/μL in reclaimed wastewater)3. The 
sample volume of this protocol is 4 μL, which is comparable to many other assays including ELISA 
and RT-PCR. It should be noted that this assay detects not only intact viruses but also virus fragments 
and even free antigens, similar to other immunoagglutination assays3,5,17. This all contributes to the 
ability of the assay to achieve an excellent LOD while still only requiring a small sample for testing. 

Using norovirus capsids in DI water our LOD was 100 ag/μL without on-chip concentration (Step 1A), 
and 10 ag/μL with on-chip concentration (Step 1B). We found that the sensitivity [= # true positives / 
(# true positives + # false negatives)] was 81.8% at 100 fg/μL (n = 10 channels). This was evaluated 
using results published in ref. 3, repeating the protocol using a fixed concentration of norovirus capsids 
spiked in DI water. This sensitivity is comparable to 83.2% for the CDIA™ norovirus test kit from 
Creative Diagnostics , however our LOD  is substantially lower than their test kit (CDIA™’s LOD is 
10-25 ng/mL) (https://www.cd-
diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf).  
 
The specificity of this assay was tested by Chung et al.3 by testing the assay with Zika virus, where the 
target solution was substituted with Zika virus suspensions. We have since additionally tested the 
specificity with bacteriophage MS2 spiked in DI water. Zika virus was chosen considering its 
comparable size and structure (Zika virus is ~50 nm and norovirus is ~27 nm), and MS2 virus was 
chosen considering its comparable size (MS2 is ~27 nm) and ability to be transmitted through 

https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf
https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf
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environmental water samples3. No test chips containing the Zika and MS2 viruses showed positive test 
results when compared to the negative control, and the assay was found to be 100% specific. The results 
with Zika and MS2 viruses are summarized in Supplementary Figure 2. Global thresholding (Step 8B) 
was used for the Zika test, and adaptive thresholding (Step 8C) was used for MS2 and the sensitivity 
assay. 

 
Fig. 6 | Processing smartphone images. Global thresholding was used. a) Representative images for 
assaying 1000 genome copies/μL and 1 genome copy/μL norovirus in deionized (DI) water (conductivity 
<1 μS/cm and chlorine content = 0 ppm). b) Assay results. Average of three different experiments, each 
time using a different paper microfluidic chip. Error bars represent standard errors. * indicates a significant 
difference from the negative control with p < 0.05. Significant differences from the negative control can be 
found for all norovirus concentrations. LOD was 1 genome copy/μL. Reprinted from ref.3; Copyright 2019 
Chung et al.  
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Fig. 7 | Expected results with different types of environmental water samples. Global thresholding 
was used. Intact noroviruses were spiked into a) DI water (conductivity <1 μS/cm and chlorine content = 0 
ppm), b) tap water (conductivity = 920 ± 10 μS/cm, chlorine content = 0.5 ± 0.1 ppm), and c) reclaimed 
wastewater (conductivity = 1260 ± 10 μS/cm, chlorine content = 0.15 ± 0.06 ppm). Averages of three to six 
different experiments, each time using a different paper microfluidic chip. Error bars represent standard 
errors. * indicates a significant difference from the negative control with p < 0.05. Due to presence of 
chlorine that rendered the assay not reproducible through adversely affecting the availability of antibodies 
conjugated to the particles, the results with tap water are inferior with the LOD of 1000 copies/μL although 
they do show overall increasing trend. Results with reclaimed wastewater show the LOD of 10 copies/μL. 
Adapted from ref.3; Copyright 2019 Chung et al. Supplementary Figure 3 shows individual data points for 
Fig. 7. 
 

Samples were also tested from tap water at the University of Arizona. Noroviruses were also spiked 
into these water samples, but no significant differences were found between positive and negative 
samples. These samples had a high concentration of chlorine, typically ~4 ppm. It was hypothesized 
that the presence of chlorine, dust particles, and suspended solids decreased the accuracy of the assay 
by increasing false positives, and the disruption of the particle flow in the paper microfluidic chip 
resulting in increased false negatives. As addressed in the Reagent setup section “Chlorine residual 
testing of unknown field water samples”, chlorine can easily be removed by simply letting it evaporate 
from the water samples. Dust particles and suspended solids can also be removed by letting them 
precipitate out of the solutions. Alternatively, they can be centrifuged or filtered through a membrane 
using the syringe filter described in the optional on-chip concentration step (Step 1B). 

 
Results with on-chip concentration 
Assays were conducted for the norovirus capsids dissolved in DI water, this time without (Step 1A) 
and with on-chip concentration (Step 1B). Global thresholding was again utilized (Step 8B). Fig. 8 
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shows the results, indicating the LOD of 100 ag/μL without on-chip concentration. Considering the 
approximate mass of a single norovirus is 10 ag, 100 ag/μL roughly corresponds to 10 genome 
copies/μL, which is inferior by one order of magnitude to the results with intact norovirus samples 
discussed in “Results with various water samples”. This can be attributed to the inferior binding of 
antibodies to norovirus capsids compared to the intact norovirus. 
 
With on-chip concentration, the LOD was improved to 10 ag/μL i.e. one order of magnitude 
improvement. These results were summarized in Fig. 8. Both the LODs of with and without on-chip 
concentration are superior to the CDIA™ norovirus test kit from Creative Diagnostics (CDIA™ 
LOD is 10-25 ng/μL) (https://www.cd-
diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf). 
 
The linear range of assay shown in Fig. 8 is 5 orders of magnitude. Beyond this range, the assay 
becomes non-linear, although an overall increasing trend can still be observed. At such high 
concentrations, most particles participate in immunoagglutination, leaving very small amounts of non-
aggregated particles to spread over the length of the channel that are able to be imaged individually. 
This has been experimentally demonstrated and theoretically proven by our group6. As a result, smaller 
amounts of particles become available per FOV, decreasing the overall signal (pixel counts), even 
though the concentration of norovirus is higher. This suggests it may be important to know the range 
of concentration being tested to correctly quantify the norovirus concentration. To accommodate for 
the non-linear range, both the raw sample and a diluted (e.g. 1,000-fold diluted) sample can be imaged 
so the two data points can be placed on a standard curve to better identify the raw sample’s 
concentration. For example, if a user had a raw sample (without on-chip concentration) of 1 pg/μL then 
its pixel counts could be confused with 100 ag/ μL or 1 fg/μL. To help correctly quantify the sample, 
the user could additionally test a 1,000-fold dilution of the raw sample, corresponding to 1 fg/μL, and 
use that as additional data to place onto the standard curve. Now the user would see two data points 
with roughly the same pixel counts and, knowing that they are 3 orders of magnitude different in 
concentration, could more accurately estimate the raw sample’s concentration of 1 pg/μL.  

 

 
Fig. 8 | Expected results without and with on-chip concentration. a) results without on-chip 
concentration. b) results with on-chip concentration. Global thresholding was used. Norovirus capsids were 
spiked into DI water. Averages of three to six different experiments, each time using a different paper 
microfluidic chip. Error bars represent standard errors. * indicates a significant difference from the negative 
control with p < 0.05. With on-chip concentration, LOD was improved from 100 ag/µL to 10 ag/μL. 
Supplementary Figure 4 shows individual data points for Fig. 8. 
 

https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf
https://www.cd-diatest.com/uploadfile/attachment/8d78a3636f697b552dd65b199e711cfd.pdf
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Results with adaptive thresholding 
Assays were repeated for the norovirus capsids dissolved in DI water, this time utilizing adaptive 
thresholding technique (Step 8C). No on-chip concentration was used. Smartphone images were 
deliberately collected with varying lighting conditions and exposure (i.e., under direct indoor lighting, 
in a dark room, outside in direct sun, and in the shade). Despite such variations comparable results were 
obtained in all settings, as shown in Fig. 9.  Similar to the results shown in Fig. 8, the curve shows an 
initial increasing slope followed by a decrease at 1 fg/μL, and then another increase from 100 fg/μL  to 
1 ng/μL. The high concentration data shown in Fig. 9 was collected using an extended incubation time 
(10 minutes in Step 2) to make the standard curve to cover a wider linear range. If an extremely low 
LOD is needed, shorter incubation time (5 minutes in Step 2) can be used. If quantification over a wide 
range of concentration is needed, longer incubation time (10 minutes in Step 2) can be used.   

 
The use of adaptive, automatic local thresholding lowered sensitivity from 95.8% (with global 
thresholding; calculated from data in Figure 8 without on-chip concentration) to 78.9% (calculated from 
data in Figure 9). These sensitivity values were evaluated for all concentrations tested, regardless of 
their statistical significance. Nonetheless, adaptive thresholding requires less manual input on the user’s 
side. Moving forward this has been our preferred procedure as it eliminates the biases caused by varying 
levels of exposure and paper quality in troubleshooting different global thresholds. The auto local 
thresholding has limited accuracy on images that exhibit oversaturation of fluorescence, resulting in 
inaccurate particle segmentation. When these inferior results occur, it is obvious due to the extremely 
large particle area counts (e.g. pixel counts in 10,000’s versus in the < 1,000’s range) and the post-
processed images look clumpy, instead of small circular particles. In this circumstance, the users have 
a couple options, with the ideal approach being to quickly retake a photo making sure that the white 
balance and ISO values are consistent25. If that is not an option then the users can adjust the thresholding 
procedure, decreasing the image’s brightness range by one standard deviation. Changing the brightness 
of an image does affect the results and therefore this step should only be used if needed.  
 

 
Fig. 9 | Expected results with adaptive thresholding. a) results with low concentrations. b) results with 
higher concentrations with extended incubation time (10 minutes in Step 2). No on-chip concentration was 
used. Norovirus capsids were spiked into DI water. Adaptive thresholding was used, averages of three to 
six different experiments are shown, each time using a different paper microfluidic chip. Error bars represent 
standard errors. * indicates a significant difference from the negative control with p < 0.05. These results 
can be compared to the results with global thresholding (Figs. 6 and 8), showing similar trends but with 
slightly bigger error bars. Supplementary Figure 5 shows individual data points for Fig. 9. 

 
Reporting summary 
Further information on research design is available in the Nature Research Reporting Summary linked 
to this article. 
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Data availability 
The data that support the findings of this study were either previously published in ref. 3 (Figs. 6 and 
7, with source data provided in Supplementary Data 3) or are available upon reasonable request from 
the corresponding author (Figs. 8 and 9, with source data is provided in Supplementary Data 4 and 5). 
The video clip demonstrating the enclosure assembly is available in the Supplementary Video 1. The 
video clip demonstrating the assay procedure is available in the Supplementary Video 2. 
 
Code availability 
The SolidWorks designs of paper microfluidic chip and microscope enclosure are available in the 
Supplementary Data 1. MATLAB Mobile, MATLAB, and ImageJ macro codes are available in the 
Supplementary Data 2, along with raw sample images. These codes are also deposited and publicly 
available at https://github.com/jeongyeolyoon/yoon-lab. 
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