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HIGHLIGHTS GRAPHICAL ABSTRACT

e Developed a device that steps of a
traditional ELISA from 1 user step.

e Device detects SARS-CoV-2 nucleo-
capsid protein at similar LOD to an
ELISA.

e Able to visually detect clinically rele-
vant levels of SARS-CoV-2 in 20 min.

e Aspects of the device can be adjusted to
detect other diseases.

ARTICLE INFO ABSTRACT

Over the last few years, the SARS-CoV-2 pandemic has made the need for rapid, affordable diagnostics more

Iég’\‘/";‘]’)rdlsg compelling than ever. While traditional laboratory diagnostics like PCR and well-plate ELISA are sensitive and
SARS C-oV ) specific, they can be costly and take hours to complete. Diagnostic tests that can be used at the point-of-care or at

home, like lateral flow assays (LFAs) are a simple, rapid alternative, but many commercially available LFAs have
been criticized for their lack of sensitivity compared to laboratory methods like well-plate ELISAs. The Capillary-
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Driven Immunoassay (CaDI) device described in this work uses microfluidic channels and capillary action to
passively automate the steps of a traditional well-plate ELISA for visual read out. This work builds on prior

capillary-flow devices by further simplifying operation and use of colorimetric detection. Upon adding sample,
an enzyme-conjugated secondary antibody, wash steps, and substrate are sequentially delivered to test and
control lines on a nitrocellulose strip generating a colorimetric response. The end user can visually detect SARS-
CoV-2 antigen in 15-20 min by naked eye, or results can be quantified using a smartphone and software such as
ImageJ. An analytical detection limit of 83 PFU/mL for SARS-CoV-2 was determined for virus in buffer, and 222
PFU/mL for virus spiked into nasal swabs using image analysis, similar to the LODs determined by traditional
well-plate ELISA. Additionally, a visual detection limit of 100 PFU/mL was determined in contrived nasal swab
samples by polling 20 untrained end-users. While the CaDI device was used for detecting clinically relevant levels
of SARS-CoV-2 in this study, the CaDI device can be easily adapted to other immunoassay applications by
changing the reagents and antibodies.

1. Introduction

SARS-CoV-2, the causative agent of COVID-19, is most infectious
directly before and after the onset of symptoms [1]. Studies have shown
that viral load in the respiratory tract of patients peaks within the first
week of symptom onset [2]; however, because viral shedding can occur
before symptom onset, it has been argued that symptomatic and pre--
symptomatic spread are large contributors to rapid pathogen trans-
mission [3]. For this reason, one of the most important tools to diagnose
COVID-19 and other contagious diseases is readily available, affordable,
and rapid [4]. The ideal diagnostic would be operational outside of a
clinical laboratory, have high clinical specificity and sensitivity (i.e.,
good positive and negative predictive values), be simple enough for
average untrained users to operate, and fast enough to obtain mean-
ingful results (<15 min). Unfortunately, most commercial SARS-CoV-2
diagnostics do not meet one or more of these standards [5-7].

Quantitative polymerase chain reaction (QPCR) is the most common
method used to detect SARS-CoV-2. qPCR methods have been shown to
detect both genomic and subgenomic RNA. While genomic RNA would
be a good indication that viable, transmittable virus is still present in a
patient, subgenomic RNA may be remnants of inactive virus that remain
in the nose or pharynx after a patient is no longer contagious [2,8].
Consequently, work by Alexandersen et al. showed that qPCR can return
a positive result up to 17 days after symptom onset when an individual is
no longer infectious, arguing that PCR targeting subgenomic RNA may
have some crucial faults as a diagnostic method [8]. Furthermore, qPCR
requires expensive instruments, trained technicians, and several hours
to run after the time it takes to transport sample to a laboratory. For
these reasons, frequent, affordable, testing has been advocated for over
infrequent but sensitive qPCR [9-12]. Rapid testing offering qualitative,
yes/no results in less than 30 min would dramatically increase the
number of tests performed while providing actionable results. Assays
that target antigen detection rather than RNA amplification offer a
compromise between sensitivity and practicality and are available in
several formats including laboratory-based enzyme linked immunosor-
bent assays (ELISA) and lateral flow assays (LFAs) [5].

Well-plate ELISA offers higher sensitivity and specificity than LFAs,
but, like qPCR, requires expensive instrumentation and trained techni-
cians, making rapid, point-of-care and at-home testing difficult to
impossible [13]. LFAs are user-friendly, affordable, and offer results in
~15 min. However, the improvements in ease-of-use relative to labo-
ratory tests come at the cost of performance. Rapid antigen LFAs for
SARS-CoV-2 have shown decent performance in controlled settings and
much poorer in actual clinical validations [14-17]. For example,
Cubas-Atienzar et al. found that only 4/19 rapid antigen tests main-
tained a limit of detection below the World Health Organization’s sug-
gestion of 500 PFU/mL when using dry nasal swabs [16]. Additionally,
many tests meet the sensitivity requirements only when a patient has a
high viral load, but struggle to maintain their sensitivity otherwise
[18-20]. Therefore, an urgent need still exists for a diagnostic with the
analytical performance of a laboratory-based ELISA and the ease-of-use
of an LFA.

Well-plate ELISAs outperform LFAs for several reasons, but their
superior sensitivity stems from the ability to use an enzyme/substrate
reaction as a label instead of a gold nanoparticle. LFAs cannot use
enzyme labels because they lack the ability to sequentially add and wash
reagents from the test zone. Paper-based ELISAs have been developed to
lower some of the barriers imposed by traditional well plate ELISAs.
Many early paper-based ELISAs simply swap a microwell plate with
paper wells, but this alternative still leaves complicated procedures and
inferior detection limits [21-23]. Developments to simplify assay op-
erations have been applied to SARS-CoV-2 antigen and antibody
detection. For example, vertical flow assays have been made for
N-protein and antibodies against N-protein. However, as is the case with
many paper-based ELISAs, background and signal in the blanks are
inevitable without incorporating additional washing steps [24,25].
Microfluidic devices designed to automate the reagent delivery and
washing steps associated with an ELISA exist, but often require multiple
steps, lack simplicity and portability, or are too complicated for mini-
mally trained end-users. Table S1 highlights several of these technolo-
gies [26-31]. Included are devices that perform enzyme-labeled
sandwich immunoassays without the need for a powered instrument,
although some use complicated designs and manufacturing techniques
[32,33]. Capillary-driven devices have been used for decades in tradi-
tional microfluidic systems; however, the most often rely relatively
complicated or expensive manufacturing techniques like photolithog-
raphy or 3D printing [34,35]. Electrowetting-on-dielectric (EWOD) and
centrifugal microfluidic devices have also been developed for sequential
delivery of reagents, however they encounter some of the same draw-
backs as mentioned above: complicated and expensive manufacturing,
reliance on a power source, and complicated assay procedures [36-40].
Sequential steps in capillary driven devices have been previously
demonstrated, but often fail to demonstrate efficient washing between
reagent addition steps [41-45]. Instead, they use gold-enhancement
reagents to improve the signal of traditional nanoparticle-based assays
instead of enzyme/substrate amplification, which requires much more
stringent washing to avoid background noise [41-45].

In this work, we describe the colorimetric and visual detection of
SARS-CoV-2 nucleocapsid protein using a microfluidic device that fully
automates the reagent delivery and washing steps of an ELISA while
retaining the simplicity of an LFA. Using capillary-driven microfluidics
discussed previously [46-50], the capillary-driven immunoassay (CaDI)
device sequentially delivers sample, reagents, and wash buffer to a
nitrocellulose test zone to perform an enzymatic sandwich immunoassay
with a visual readout. Previous published iterations of the CaDI device
use electrochemical detection to quantify signal for clinically relevant
levels of SARS-CoV-2 [51]. While the CaDI device, both in the previous
paper and this work, is made of affordable materials, electrochemical
detection relies on expensive potentiostat to detect signal. While more
portable, affordable potentiostats that rely on smartphones and
near-field communication technologies are being developed to mitigate
this cost [51,52], visual detection remains the simplest and most
user-friendly form of POC or at-home testing for qualitative, positive/-
negative results. These benefits become especially important in
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low-resource or rural areas. Fluorescently labeled antibodies or enzy-
me/substrate products could also be considered as a sensitive alternative
to visual detection, it also relies on imaging equipment and an external
excitation source, reducing its accessibility. In this work, a nitrocellulose
test strip is connected to the outlet of the device, and a waste pad is used
to draw buffer and reagents through the nitrocellulose. The channels in
the CaDI device supply power-free capillary flow, resulting in efficient
washing of the test zone, increased reagent delivery, and 15-20 min
assay times. Results can be read by eye for a positive/negative answer,
or a smart phone image can be analyzed for quantitative results, further
simplifying detection methods compared previous iterations of the
device.

We previously demonstrated similar devices to the CaDI device used
to colorimetrically detect SARs-CoV-2 antibodies from whole human
blood as well as the tuberculosis marker, Lipoarabinomannan (LAM)
[53,54]. While antibody detection gives information on a person’s level
of immunity, it does not diagnose active infections. Likewise, the LAM
detection system used urine samples and required multiple steps for
operation. Here, we demonstrate the CaDI's ability to detect
SARS-CoV-2 nucleocapsid protein (N-protein) from inactivated
SARS-CoV-2 virus spiked in buffer and in nasal swab samples. The device
operates with a single sample addition step, maintaining the simplicity
of a LFA while incorporating enzyme/substrate signal amplification to
produce a visual, colored product. With this device, a detection limit of
83 PFU/mL was obtained for inactivated SARS-CoV-2 in buffer, only one
order of magnitude above the limit of detection (LOD) for a traditional
well-plate ELISA run with the same reagents. Nasal swabs were collected
and spiked with inactivated virus; for these contrived samples, an
analytical detection limit of 222 PFU/mL was determined. To stress the
importance and application of visual detection, a visual LOD study was
also performed. Contrived nasal swab samples were run at varying
concentrations, and the FDA visual LOD protocol was followed to
determine a visual LOD of 100 PFU/mL. Beyond the SARs-CoV-2 assays
demonstrated in this and previous work, the CaDI device can be used for
a multitude of point-of-care immunoassays. Due to its low cost of ma-
terials (roughly $1.66/device, Table S2) and simplicity the device rep-
resents a major step forward in providing high quality diagnostics in
at-home and resource limited settings. The CaDI device bridges the
gap between the easy-to-operate LFA and the high-performing labora-
tory standard ELISA.

2. Materials and methods

Device assembly: The CaDI device was made of alternating layers of
transparency film (3M™ 9984, Saint Paul, MN, USA) and double-sided
adhesive (3M™ 467 MP, Saint Paul, MN, USA). The channels in each
layer were cut under a flow of nitrogen gas with a CO5 laser cutter
(Epilog Zing, Golden, CO, USA) and laminated together using a tem-
perature controlled TruLam laminator at room temperature. The chan-
nel designs and dimensions are shown in Figure S1. The first four layers
were stacked and laminated. The reagent pads were then added to the
channels, followed by the final layer of patterned 9984 film. Finally, the
nitrocellulose test strip (FF8OHP Plus, Cytiva, Marlborough, MA, USA)
was inserted to the outlet of the device and an absorbent material
(CFSP223000, MilliporeSigma Burlington, MA, USA) was placed on the
end of the nitrocellulose and secured with adhesive (3M™ 468 MP, Saint
Paul, MN, USA). To demonstrate sequential delivery and washing in the
device (Fig. 2A), tartrazine (yellow dye, 1870 pM) and erioglaucine
(blue dye, 800 pM) were dried onto reagent pads [47].

Reagent pad preparation: The reagent pads were made from a glass
fiber conjugate release pad (GFDX203000, MilliporeSigma Burlington,
MA, USA) pretreated by immersing in a blocking solution of 10 mM PBS
(Thermo Scientific, Rockford, IL, USA), 3% sucrose, 0.5% Tween-20,
and 0.1% thimerosal (MilliporeSigma) for 15 min. The pads were
removed from the blocking solution, dried overnight at 37 °C, and cut
into 3 x 5 mm? rectangles by hand with a razor blade. The reagent pads
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containing the enzyme-conjugated secondary antibody were further
blocked with 15 pL of 0.57% casein (MilliporeSigma) dissolved in 50
mM borate buffer per pad and dried for 30-45 min at 37 °C. After drying,
5 pL of detection antibody labeled with horseradish peroxidase (2°Ab-
HRP) was pipetted onto the casein-blocked pad (40,143-MMO05-H, Sino
Biological, Beijing, China) and dried for 30 min at 37 °C. The 2°Ab-HRP
was diluted in a stabilizing, long-term storage buffer consisting of 0.01
M ethylenediaminetetraacetic acid, 0.01 M FeSOg4, 4% trehalose, and
0.1% BSA in PBS, before adding to the pad [55]. 3,3,5,5-tetrame-
thylbenzidine solution (TMBM-0100-01, Surmodics Inc., Eden Prairie,
MN, USA) was pipetted onto the second reagent pad in 3 separate 7.5 pL
aliquots, allowing the pad to dry for 5-7 min at 37 °C between additions.
After the final TMB addition both reagent pads were dried for 120 min at
37 °C before added to the CaDI device. Devices were used immediately
after assembling or briefly stored in mylar bags with desiccant pouches.

Nitrocellulose: The nitrocellulose test strip (FFS8OHP Plus, Cytiva,
Marlborough, MA, USA) was striped with a control and test line using a
BioSpot reagent printer (BioFluidix, Breisgau, Germany). The control
line was striped with a SARS-CoV-2 N-protein at 0.25 mg/mL (40,143-
V08B, Sino Biological) in a solution of 20 mM Tris, 500 mM NaCl, 10%
glycerol, pH 7.4, 5%-8% trehalose, mannitol and 0.01% Tween 80. The
test line was striped with a monoclonal anti-SARS-CoV-2 N-protein at
0.88 mg/mL (40,143-MMO08, Sino Biological). The test line striping so-
lution contained trehalose (Calbiochem, San Diego, CA USA) and glyc-
erol (Mallinckrodt, Dublin, Ireland) with final concentration of 45 mM
and 4.5% respectively to increase stability of the protein during drying.
After striping, the nitrocellulose was dried overnight in a desiccator and
blocked with Stabilguard™ (SG01-1000, Surmodics Inc.) by allowing it
to wick through the membrane from bottom to top until the membrane
was fully saturated. The nitrocellulose was then dried again for 5 h at
37 °C before cutting into 3 x 15 mm? strips with the laser cutter and
stored at 4 °C with desiccant pouches until use.

Assay operation: The extraction/running buffer was made of a 1.5x
stable peroxide buffer (Thermo Fisher, 34,062) buffered to pH 6.5 with
sodium hydroxide. 150 mM sodium chloride was added as well as 0.1%
Igepal CA630 (Fisher Scientific) and 0.1% Tween-20 to lyse/inactivate
the virus and reduce non-specific adsorption in the device. Inactivated
SARS-CoV-2 virus (USA-WA1/2020) was prepared and quantified by
plaque assay as previously described [56]. Inactivated virus was spiked
into extraction buffer at the desired concentration before 100 pL of
sample was added to the sample inlet on the CaDI device to begin the
assay. For experiments requiring nasal swab samples, an anterior nares
swab (FoamTec Medical, MP1301AST) was collected under approval of
the IRB board of Colorado State University by swabbing the inside of the
nostril with three rotations of the swab in each nostril. For spiked swab
samples, 50 pL of inactivated virus sample was added to the swab after
collection. The swabs were submerged in 300 pL of extraction buffer,
swirled for 15 s, pulled into a syringe and filtered with a 0.2 pm PTFE
syringe filter (Fisher, 13-1001-14), and 100 pL of the filtered sample was
added to the device to begin the assay. The workflow for nasal swab
samples can be seen in Fig. 1.

The 100 pL of extraction buffer provides the washing buffer, target
analyte, and Hp05, while the CaDI device supplies all other reagents, so
no further end user input is required. The assay is finished once the
channel above the substrate reagent pad is emptied, which takes 15-20
min (Videos S1). The nitrocellulose strip was then allowed to dry at
room temperature for 5 min before imaging for analysis.

Image/Data Analysis: After an assay was complete, the nitrocellulose
was removed, dried, and placed on a white background in a light box
containing 16 LEDs for consistent lighting [57,58]. Images were
captured using a Motorola One smartphone. NIH ImageJ software was
used for analysis. Images were inverted, converted to 8-bit greyscale,
and the area around the test line was surrounded using the polygon tool.
The mean gray value was taken for the selected area at the test line and
directly below the test line. The ratio of the two values (test line/-
background) is the “mean gray ratio,” and helps account for slight
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Fig. 1. The workflow for nasal swab samples is shown above. After a swab is collected, it is submerged in extraction buffer to lyse any virus present. The buffer/

sample is then pushed through a syringe filter before adding to the device.

differences in lighting/background between images. The mean gray
ratio was used as the signal to quantify the color change at the test line.

2.1. Visual LOD

For the visual limit of detection, a variation of methods from FDA
emergency use authorization approved devices was used [59]. CaDI
devices were run (n = 1) at varying concentrations (0, 50, 100, 200, 300,
400, 500 PFU/mL) of inactivated virus following the nasal swab assay
operation as previously described. First, an anterior nasal swab was
collected by swabbing inside both nostrils, 3 rotations in each. 50 pL of
inactivated virus sample was then added to the swab after collection.
The swabs were submerged in 300 pL of extraction buffer, swirled for 15
s, filtered with a 0.2 mm PTFE syringe filter (Fisher, 13-1001-14), and
100 pL of the filtered sample was added to the device to begin the assay.
The nitrocellulose test strip was removed from the device, placed into a

A Protein
> Secondary
HRP Labeled
Antibody
Molecular- }6 Competlng
level Prott_elns -and
Schematic Antibodies

small Petri dish, and randomly assigned a letter between A and G.

Twenty untrained volunteers were recruited and informed that two
lines present on the nitrocellulose membrane indicated a positive test,
while a single line indicated a negative test. They were instructed to look
at each of seven nitrocellulose test strips and to identify each strip as
positive or negative. Responses for each nitrocellulose test strip were
recorded.

2.2. Well-plate ELISA

50 pL of 40,143-MMO08 (1 pg/mL diluted in 10 mM PBS, pH 7.2,
along with 45 mM trehalose and 4.5% glycerol) was added to each well
in a Corning™ Costar® 96-well assay plate and allowed to adsorb
overnight at 4 °C while shaking. Each well in the plate was then washed
three times with 200 pL of wash buffer (10 mM PBS containing 0.1%
Tween-20). After washing, wells were blocked with 200 pL

J Capture
Substrate . Nucleocapsid

Assay
Simulation
with Dye

2ndAb
Addition

Pre-Assay

Sample/Buffer
Addition

2nd Ab Wash

Pad1 ¢
(2°Ab-HRP)

Pad 2
(TMB)

Nitrocellulose

Substrate
Addition

Fig. 2. (A) Molecular level representation of the immunoassay steps at the test line of the nitrocellulose membrane using an HRP-labeled antibody. The steps shown
here occur at the test line on the nitrocellulose and correspond to the steps simulated with dye in B (B) Simulation of reagent addition and washing steps using yellow
food dye to represent the HRP-antibody and blue food dye to represent the TMB substrate. (C) 3D rendering of the CaDI device channels that show how each plug of
buffer in the channels is used in the assay. To see the assay and sequential delivery, refer to video S1 and video S2. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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StabilGuard™ Immunoassay Stabilizer for 1 h at 37 °C while shaking.
After an additional 3 washes, 50 pL of varying concentrations of inac-
tivated SARS-CoV-2 virus (diluted in extraction buffer with varying
conditions described in the supplemental section) was added to the wells
and allowed to incubate for 1 h at ambient temperature while shaking.
Each well was washed three times, and 50 pL of 40,143-MMO5 (0.5 pg/
mL diluted in drying buffer described above) was then added to each
well and incubated for 1 h at ambient temperature while shaking. After a
final three washes, 50 pL of 1-Step™ Ultra TMB-ELISA was added to
each well and allowed to react for 2.5 min. This reaction was then
stopped by adding 50 pL of 1 M H3SO4 to each well and read at OD 450
nm with a PerkinElmer VICTOR™ x5 2030 Multilabel plate reader.

3. Results/discussion

Sequential delivery and washing: The sequential flow and reagent de-
livery in the CaDI device has been described in previous work with
electrochemical detection [51]. The gray arrows in Fig. 2B show the
direction in which the channels fill from after sample is added to the
sample inlet. The nitrocellulose is wetted by the sample, after which all
fluid in the CaDI device flows into the waste pad through the nitrocel-
lulose via capillary action.

N-protein in the sample binds to a capture antibody at the test line of
the nitrocellulose. Dried reagents (represented by blue and yellow dye in
Fig. 2B) are rehydrated and sequentially flow through the nitrocellulose
and across the test and control lines. 2°Ab-HRP (represented by the
yellow dye in Fig. 2B) to the test line where it binds to the target, fol-
lowed by as plug of buffer to wash excess 2°Ab-HRP from the nitrocel-
lulose. Lastly, substrate (represented with blue dye in Fig. 2B) passes
through the nitrocellulose, reacting with enzyme present at the test and
control lines. There is N-protein in the buffer that will bind to 2°Ab-HRP
in the conjugate release pad; however, in this study this did not lead to a
noticeable hook effect. The order of flow is determined depending on the
channel height and geometry. For example, the channel directly under
the substrate pad (blue pad in Fig. 2B) is created with a single layer of
double-sided adhesive removed to create depth (~60 pm). The channel
above the substrate pad is made by removing two layers of double-sided
adhesive and one layer of transparency film (~220 pm). The channel
dimensions and depths can be seen more clearly in Figure S1.

In traditional ELISAs, washing the well several times with 200-500
pL of buffer is required before adding the substrate to minimize back-
ground and/or false positives. These washing steps help improve
sensitivity and specificity but add time and complexity [60,61]. Thor-
ough washing is difficult in LFAs because the buffer flows linearly
through the LFA without any separation of steps by flow. The washing
step in a CaDI device is performed using the buffer occupying the
channel between pad 2 and the nitrocellulose membrane. This wash step
is critical for removing any excess 2°Ab-HRP from the test line, pre-
venting false positives, and is especially important for visual readouts
where untrained end-users may be asked to interpret results. The
serpentine pattern in the left-most channel was added to ensure that the
buffer from both channels meet at the TMB pad at similar times, pre-
venting air bubbles from stopping flow. The pinched channel near the
nitrocellulose was implemented in an attempt to enhance passive mixing
[62], ensuring that the 2°Ab-HRP and TMB cover the nitrocellulose
evenly as they flow through.

Engyme-substrate system. The next consideration for the CaDI antigen
assay was the choice of enzyme and substrate. With a single sample
addition step, all washing, binding, and enzymatic reaction steps must
occur under the same conditions. Each of these steps has its own optimal
operating conditions, so determining assay parameters that can work for
the entire assay was critical. Horseradish peroxidase (HRP) was chosen
for this application because it is stable and active at physiological pH
and has several colorimetric substrates that can be used for naked-eye
detection. Of these substrates, 3,3,5,5-tetramethylbenzidine (TMB)
was chosen. Oxidized TMB is soluble and would be washed through the
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nitrocellulose after reacting with HRP and H»0, under normal condi-
tions. However, the commercially available TMB blotting solution used
in our device contains additives that form an insoluble product, leaving
a dark blue precipitate and requiring no “stop solution” for the reaction.

Immunoassay optimization. Immunoassays are highly dependent on
the specificity and binding efficiency of the antibodies. An extensive
report on commercially available antibodies for SARS-CoV-2 N-protein
detection was published in 2021, and the results from that study were
used to guide the antibody selection in this work [63]. Five Sino Bio-
logical antibodies were chosen for screening in the CaDI devices
(Figure S3 and S4), and 40,413-MMO5 and 40,413-MMO08 were chosen
as the detection and capture antibodies respectively as a result. In pre-
vious work with electrochemical detection of SARS-CoV-2, this antibody
pair was also used and tested against a range of interferents, resulting in
excellent specificity [51]. To determine optimal buffer conditions, a
traditional well-plate ELISA was performed under different buffer con-
ditions as described in the methods section (Figure S5). The extraction
buffer at pH 6.5 and 150 mM NaCl was comparable to buffer at pH 7.4
and 225 mM NaCl. However, the optimal pH for antibody binding is
~7.2, and the optimal pH for HRP activity is ~5.5. Since it lies in be-
tween that pH range, buffer containing 150 mM NaCl at pH 6.5 was
chosen as the extraction buffer. The surfactants in the extraction buffer,
serve to both lyse the virus if any is present and help reduce non-specific
binding of proteins and secondary antibodies to the test line. Addition-
ally, all components of extraction buffer are diluted in 1.5x peroxide
buffer, which provides peroxide to HRP to facilitate the enzymatic re-
action. The volume of TMB dried on the conjugate release pads was
determined by holding all other conditions constant and adjusting the
TMB volume. Volume was used for optimization instead of concentra-
tion as the concentration is proprietary information from the supplier.
The buffer conditions described above were used, and the MM05-HRP
concentration was 20 pg/mL. Devices were then run at 0 and 550
PFU/mL for each TMB volume. A volume of 22.5 pL was chosen as the
condition that gave the greatest signal before increasing signal in the
blanks (Fig. 3A). The concentration of MMO5-HRP was determined in a
similar fashion. All other conditions were held constant, and the con-
centration of the 2°Ab-HRP was varied. For the 2°Ab-HRP, 5 pL of 20
pg/mL was chosen similar reasons as the TMB optimization. Despite the
large error in the positives, 20 pg/mL MMO5-HRP is the concentration
that had the greatest average signal before increasing the error (caused
by false positives) in the blank (Fig. 3A and B).

3.1. Assay performance

Fig. 4 shows the comparison between the CaDI device and a well-
plate ELISA using inactivated SARS-CoV-2 spiked into extraction
buffer. Here, analytical LODs (Egs. S2 and S3) of 8 and 84 PFU/mL were
determined for the well plate ELISA and CaDI device, respectively.
Although this is a 10-fold difference in LOD, the four parameter logistic
fits for these curves align closely, but the biggest contribution affecting
the LOD is the standard deviation of the blank. The higher LOD and
greater standard deviation is due in part to the difference in the
instrumentation used for quantification: A UV-Vis spectrophotometer
with a 0.5 cm path length for the well-plate ELISA versus a cell phone
image inside a homemade light box for the CaDI. Additionally, the TMB
solution used here is supposed to make an insoluble product that will
remain at the test line; however, some oxidized TMB is observed flowing
into the waste pad. In the well-plate ELISA, all the product is contained
in the well, ensuring all colored product is detected by the plate reader.
Importantly, the CaDI device achieved similar performance to the ELISA
in a much simpler format. The well-plate ELISA requires 18 pipetting
steps, over 5 h of analysis time, and an expensive instrument for quan-
tification. The CaDI only requires one pipetting step, 15 min from
sample addition to result, and results can be quantified from smartphone
images. Despite these differences in equipment, LOD, and standard de-
viation, the results in Fig. 4 demonstrate the CaDI device’s ability to
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2°Ab-HRP Optimization
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Fig. 3. (A) Buffer conditions and 2°Ab-HRP concentrations were held constant (20 pg/mL) while the volume of TMB dried on the conjugate release pad was varied.
(B) Buffer conditions and TMB volume were held constant (22.5 pL) while the concentration of 2°Ab-HRP was varied. Each condition was run with 0 and 550 PFU/
mL of inactivated virus to determine the condition that would give the greatest signal without increasing the signal of the blank.
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Fig. 4. Inactivated virus diluted in extraction buffer comparing the CaDI de-
vices (blue triangles and dashed trace) to a well-plate ELISA (red circles and
solid trace). The limits of detection were 86 PFU/mL and 8 PFU/mL for the
CaDI and ELISA respectively. Each point for the well-plate ELISA and CaDI
devices were run as n = 3 for standard deviation, except for the blank in the
CaDI devices which was run as n = 5. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

provide similar performance of a complex, laboratory-based ELISA with
the simplicity of a standard LFA. Previous work using electrochemical
detection for SARS-CoV-2 obtained a LOD of 68 PFU/mL, on the same
order of magnitude of the results obtained in this work [51]. Further
optimization can be done to improve the LOD and standard deviation
further, but because the most likely use-case of the CaDI device in its
current form would be a qualitative, positive/negative readout for an
end user, the error at higher virus concentrations is acceptable.

3.2. Nasal swab samples

To demonstrate the CaDI device’s ability to perform in complex
sample matrices, spiked nasal swab samples were also run in the device.
Unfortunately, due to cellular debris and mucins from nasal samples, the

pores of the nitrocellulose clog in the current design of the device, so a
filtering step was implemented for nasal swab samples. This filtering
step is necessary for the current device format, but future work will
incorporate on-device filtering to maintain simplicity for POC testing.
Anterior nares nasal swab samples were collected from individuals who
had recently tested negative for SARS-CoV-2, andvarying inactivated
virus concentrations was added to the swab. Swabs were submerged in
extraction buffer, filtered, and sample was added to the CaDI device
sample inlet. After filtering, the nasal sample assays completed in a
similar amount of time as the assays run with buffer (15-20 min). Two
types of detection limit were determined using contrived nasal swab
samples. First, an analytical LOD of 222 PFU/mL of the solution spiked
on the nasal swab was determined (Fig. 5) using smartphone images and
image processing described above. This LOD is slightly more than
double that of the virus diluted in extraction buffer. This increased LOD
can be accounted for considering that 50 pL of virus sample initially
spiked onto a swab is diluted in 300 pL of buffer. It is possible that the
sample matrix complexity and loss to the swab and filter also
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Fig. 5. 50 pL of varying virus concentrations was added to nasal swabs after
collected (n = 3 for each concentration). The swabs were submerged in
extraction buffer, filtered, and added to the device. The LOD from this study
was 222 PFU/mL.



J.S. Link et al.

contributed to the higher LOD.

Although the image collection and data processing are relatively
simple for the nasal swab sample LOD above, an end-user would not be
expected to perform that quantitative analysis. Therefore, the most
likely use case for a colorimetric detection for at-home, low-resource, or
POC diagnostics would be a qualitative, yes/no visual determination. To
this end, a visual LOD was determined following the FDA’s protocol
[59]. Anterior nares swab samples were collected and spiked with six
varying inactivated virus concentrations. The same swab sample pro-
cedure described above was used, and sample was added to CaDI de-
vices. The resulting nitrocellulose strips were shown in random order to
20 untrained end-users who were blinded to the virus concentration.
Individuals were asked to identify which strips were positive, e.g., which
strips showed both test and control lines. Of the individuals polled,
100% identified 100 PFU/mL as positive, and 0% identified the blank as
positive (Table 1). The FDA suggests that a visual LOD is the concen-
tration at which 19/20 untrained end users can correctly identify a
positive result (95% sensitivity) [59], meaning the visual LOD for the
CaDI is 100 PFU/mL from this study. This LOD is significantly below
commercial tests on the market today [16].

4. Conclusion

Current antigen LFA devices, while easy to use and relatively cost
effective, are limited in specificity and sensitivity due to the lack of
signal amplification and washing steps. An ideal replacement would
maintain the operational simplicity of LFAs while adding these functions
found in more sophisticated ELISA assays. The CaDI device in this work
addresses the shortcomings of current LFA technologies by adding a
microfluidic front end to provide complicated fluid handling in line with
a nitrocellulose membrane. While previous versions of this assay use
electrochemical detection and expensive potentiostats to quantify re-
sults, the assay performed in this work can be read visually or with a
smartphone, making it affordable and accessible to potential end users.
Using the CaDI device, we were able to quantify clinically relevant levels
of SARS-CoV-2 N-protein from nasal swabs in under 20 min with
smartphone images. Furthermore, we were able to show detection limits
of 100 PFU/mL for contrived nasal swab samples using naked eye
detection by untrained users. This represents a significant improvement
over existing COVID-19 LFA systems. In the future, we plan on testing
the robustness of the system out of the lab, including tolerance testing
for climate, sample volume variations, and manufacturing errors.
Finally, while the CaDI device has been used to detect SARS-CoV-2, by
changing the antibodies and antigens used in the device, we can detect
any biomarker(s) associated with other disease states. Due to its low cost
and ease of use, we believe the CaDI device will be a valuable platform
for rapid diagnostics in the future.
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Table 1

Visual limit of detection study. Twenty individuals were asked to identify pos-
itive results on nitrocellulose that was run from nasal swabs with the virus
concentrations listed below.

Virus 0 50 100" 200 300 400 500
Concentration
(PFU/mL)

Individuals who 0 7 20 20 20 20 20
marked
“positive”

Total individuals 20 20 20 20 20 20 20
polled

Percent correctly 100%  35% 100%  100%  100%  100%  100%
identified

# Visual LOD.
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