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Amidst infectious disease outbreaks, a practical tool that can quantitatively monitor individuals’ anti-
bodies to pathogens is vital for disease control. The currently used serological lateral flow immunoassays
(LFIAs) can only detect the presence of antibodies for a single antigen. Here, we fabricated a multiplexed
circular flow immunoassay (CFIA) test strip with YOLO v4-based object recognition that can quickly
quantify and differentiate antibodies that bind membrane glycoprotein of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) or hemagglutinin of influenza A (H1N1) virus in the sera of
immunized mice in one assay using one sample. Spot intensities were found to be indicative of antibody
titers to membrane glycoprotein of SARS-CoV-2 and were, thus, quantified relative to spots from
immunoglobulin G (IgG) reaction in a CFIA to account for image heterogeneity. Quantitative intensities
can be displayed in real time alongside an image of CFIA that was captured by a built-in camera. We
demonstrate for the first time that CFIA is a specific, multi-target, and quantitative tool that holds po-
tential for digital and simultaneous monitoring of antibodies recognizing various pathogens including
SARS-CoV-2.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), causing coronavirus disease 2019
(COVID-19), has had pronounced global impacts, affecting inter-
national travel, social interactions and world economy. Real time
reverse transcription-polymerase chain reaction (RT-PCR), one of
the fastest and most accurate methods of amplifying viral ribonu-
cleic acid (RNA), has been used to identify and track the SARS-CoV-
2 virus [1]. However, detection of antibodies induced by natural
infection and vaccination may be needed for suspected false-
negative RT-PCR results [2], identification of previous, resolved
infection, and calculation of protective immunity. At present, first-
generation mRNA vaccines against COVID-19 by Pfizer and Mod-
erna companies are approved the United States Food and Drug
Administration (FDA) as a possible means of providing herd
. Huang), dherr@sdsu.edu
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immunity providing herd immunity [3]. Although promising, these
first-generation COVID-19 vaccines may not be the ultimate
panacea for people to travel during the pandemic, as the hetero-
geneity in vaccine response have yet to be investigated. As such, a
mediatory solution that can track those who have antibody-elicited
protective immunity bymeasuring individual antibody titerswould
be an invaluable tool for disease control in present and future
outbreaks.

Currently, personal Immunization Cards used in the United
States of America (USA) are the only antibody tracking method,
wherein previous vaccinations are listed since the injection of the
first vaccine. However, antibody titers are not quantitative, and
individual antibody fluctuations following vaccinations are not
considered. It has been documented that antibodies remain stable
for only five months in mild-to-moderate COVID-19 patients [4],
indicating that antibody-based immunity may fade in as little as
few months after infection. Furthermore, the stability and duration
of antibody titers for COVID-19 vaccines have not yet been deter-
mined. SARS-CoV-2 expresses nonstructural replicase polyproteins
and structural proteins, namely spike, envelope, membrane glyco-
protein, and nucleocapsid [5]. While the spike protein has been
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Detection of antibodies to SARS-CoV-2 membrane glycoprotein by LFIA. Linear
LFIA are shown, where recombinant GFP, a control protein, or SARS-CoV-2 membrane
glycoprotein (M) (3 mg) were spotted on the test line of an NC membrane. The anti-
mouse IgG (H þ L) (3 mg) was spotted on the control line of the NC membrane.
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used as the leading target antigen in vaccine development, viral
mutations on spike protein, such as the N501Y strain with a N501Y
amino acid substitution in the receptor-binding domain (RBD) of
the spike protein, may diminish the efficacy of first-generation
vaccines targeting spike protein [6]. In contrast, other SARS-CoV-
2 proteins may be relatively conserved [7] and have been selected
for diagnostic kits for COVID-19 [8].

Assays, such as Immuno-COV (jointly developed by Vyriad and
Regeneron Inc.) and NeuCOVIX (Axim Biotechnologies, Inc.), have
developed serologic tests for detection of the neutralizing anti-
bodies to the SARS-CoV-2 spike protein. However, both Immuno-
COV and NeuCOVIX tests are cell-based in vitro assays, which
require trained laboratorians and specialized instruments.
Designing Immunity Passports, companies, including Sienna (T&D
Diagnostics Canada) and Cellex (North Carolina, USA), are devel-
oping serological lateral flow immunoassays (LFIAs) to detect hu-
man anti-SARS-CoV-2 immunoglobulin G/M (IgM/IgG) by binarily
identifying those with antibodies as seropositive, while those
without as seronegative [9,10]. However, the application of LFIAs as
Immunity Passports faces many problems including 1) antibody
titers are not usually quantified nor digitally transformed to
portable devices like smartphones for travelers; and 2) “linearly-
shaped LFIAs are not able to detect multiple antibody titers in one
reaction nor differentiate distinct antibodies such as SARS-CoV-2
from influenza viruses.

The advantage of LFIAs lies in quick detection by reducing turn-
around time to receive results. However, most reactions in LFIAs for
antibody detection only allow for the analysis of antibodies toward a
single antigen. Moreover, the use of separate LFIA reactions to
compare different antibodies may increase the inaccuracy of results
due to variations in sample amounts and reaction time. Although
integration of LFIA and antibody microarrays [11] can achieve multi-
antigen detection in one assay, quantifying this type of LFIA is similar
to fluorescence LFIA [12] which requires data readers comprised of
image analysis computer software and specialized equipment to
detect signals on the test strips. Here, a circular flow immunoassay
(CFIA), or “All-In-One” assay, was fabricated by optimizing the
components from the LFIAs into a circular array, allowing to simul-
taneously capture circulating antibodies from blood samples, syn-
chronously detectingmultiple antibodies using just a fewmicroliters
of sample. Most importantly, quantitative CFIAs can be displayed in
real time by a camera without expressive equipment and highly
trained professional personnel.

2. Materials and methods

2.1. Recombinant proteins and sera

A plasmid carrying a gene encoding membrane glycoprotein
(YP_009724393.1) of SARS-CoV-2 (Genebank accession:
NC_045512.2) or hemagglutinin (Accession number: ACP41105) of
swine origin influenza A (H1N1) virus (S-OIV) San Diego/01/09 (SD/
H1N1-S-OIV) was transformed into Escherichia coli (E. coli) BL21
(DE3) competent cells (Invitrogen, Carlsbad, CA, USA). Proteins
were purified using a ProBond Purification System (Invitrogen).
Spike protein (YP_009724390.1) (approximately 600 kDa) of SARS-
CoV-2 was expressed in human embryonic kidney (HEK) 293 cells
and contained the whole extracellular domains of S1 (with RBD)
and S2 from residue 14 to 1209 [13]. Methods for determination of
antibody titer were described in Supplementary material.

2.2. Antibody detection using LFIA

A LFIA, which consisted of three pads (sample, conjugate, and
absorbent pads), and one nitrocellulose (NC) membrane
9

(Membrane Technologies Inc., Harrisburg, PA, USA), with test and
control zones was created. For preparation of staphylococcal pro-
tein A (SPA)-conjugated gold nanoparticles (AuNPs), 1 mM HAuCl4
(Sigma, St. Louis, MO, USA) in double-distilled water was boiled at
200 �C. The trisodium citrate dihydrate (1%) was added to the
boiling solution before gradually cooling down at the room tem-
perature. Protein A of Staphylococcus aureus (20 mg) (Sigma) was
mixed with the AuNPs in 1 mL borax buffer containing boric acid
and sodium borax, pH 5e6 for conjugation. After 30 min of incu-
bation at room temperature, 1% bovine serum albumin (BSA) in
phosphate buffered saline (PBS) was pipetted into the conjugate
solution for blocking for 30 min. After centrifugation at 12,000�g
for 20 min, the supernatant was removed and the pellet with SPA-
conjugated AuNPs was resuspended in 3 mL of conjugate washing
buffer (1% BSA in 2 mM borax, pH 9.0) before measurement of
optical density (OD) by spectrophotometer at 525 nm absorbance.
The SPA-conjugated AuNPs (100 mL) was dropped onto the conju-
gate pad. Proteins and rabbit anti-mouse IgG (Hþ L) (ThermoFisher
Scientific, Waltham, MA USA) were pipetted onto NC membranes.
The mouse sera (200 mL) were added onto the sample pad to start
reaction.
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2.3. Fabrication of CFIA

The CFIA, namely an “All-In-One” assay, was composed of a
circle-shaped conjugate, a ring-shaped NCmembrane, and a square
absorbent pad with an open circle in the center. The conjugate pad
and NCmembrane were stacked from top to bottom. The absorbent
pad was glued around the border of a NCmembrane. The conjugate
pad and NC membrane partially overlapped to allow antibodies
captured SPA-conjugated AuNPs flow through to interact with
proteins or anti-mouse IgG (H þ L) on NC membrane.
2.4. Spots as objects for detection

For detecting spots formed by interaction of proteins with an-
tibodies captured SPA-conjugated AuNPs, YOLO v4, a one stage
detector with the ability to make rapid, real-time predictions [14],
was used. The YOLO v4 network architecture was comprised of four
parts: input, backbone, neck, and dense prediction. During execu-
tion, the object detector received an image as an input, and the
essential features were extracted by a Cross Partial Network
(CSPNet) strategy through a convolutional neural network back-
bone called CSPDarknet53. Consequently, in the neck layer, YOLO
v4 employed a modified Path Aggregation Network (PAN), a
modified Spatial Attention Module (SAM), and Spatial Pyramid
Pooling (SPP) to add extra layers. The final dense prediction layer
predicted both class probabilities and bounding box coordinates by
dividing the image into a S x S grid, wherein each grid cell predicted
bounding boxes and confidence scores. Bounding box coordinates
(x, y, w, h) were parameterized and confidence scores were derived
from the product of the probability of an object and its intersection
over union (IOU). To distinguish different class of objects, the
conditional class probabilities were calculated [15,16]. The archi-
tecture of YOLO v4 was based on mathematical operations. Dense
prediction used a linear activation function while other layers used
the leaky rectified linear activation [15,17]. Method for training the
detection software for spot quantification was described in Sup-
plementary material.
Fig. 2. Differentiation of antibodies to SARS-CoV-2 membrane protein from antibodies to SD
LFIAs with a shared sample pad. Recombinant membrane glycoprotein (M) of SARS-CoV-2
mouse IgG (H þ L) (3 mg) was spotted on the control line of the NC membrane. 5% sera (2
agglutinin (C) were inserted into the sample pad. (D) Sera frommice immunized with memb
the sample pad. Antibodies to membrane glycoprotein (red circles) or hemagglutinin (blue
legend, the reader is referred to the Web version of this article.)
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2.5. Statistical analysis

The unpaired t-test for data analysis was conducted using
GraphPad Prism software (GraphPad Software, San Diego, CA, USA).
The statistical significance was determined by P-values as follows:
P-values of <0.05 (*), <0.01 (**), and <0.001 (***). The
mean ± standard deviation (SD) was obtained from at least three
separate experiments.

3. Results

3.1. Detection of antibodies to SARS-CoV-2 membrane glycoprotein
in mouse sera using LFIA

A linear LFIA (Fig.1), consisting of three pads (sample, conjugate,
and absorbent pads) and one NCmembrane, was constructed using
SPA-conjugated AuNPs to detect the antibodies to the target pro-
tein. The target protein and rabbit anti-mouse IgG (H þ L) were
spotted on the surface of an NC membrane as the test and control
zones, respectively. Fc regions of antibodies in the sera were
captured by SPA coated on the surface of AuNPs. Antibodies
captured by SPA-conjugated AuNPs bound to the protein in the test
zone, while the rest interacted with anti-mouse IgG (H þ L). A
positive result was confirmed visually by the presence of an intense
purple spot that developed on the LFIAwithin 15 min. After adding
5% sera of mice immunized with SARS-CoV-2 membrane glyco-
protein onto sample pads, the purple spots derived from interaction
of antibodies with SPA-conjugated AuNPs appeared on NC mem-
branes spotted with 3 mg SARS-CoV-2 membrane glycoprotein, but
not control green fluorescent protein (GFP) (Fig. 1), demonstrating
the feasibility of using LFIA to detect the specific antibodies to
SARS-CoV-2 membrane glycoprotein in sera of immunized mice.

Subsequently, a Two-In-One LFIA was fabricated by connecting
the ends of two LFIAs (Fig. 2), where the membrane glycoprotein of
SARS-CoV-2 or hemagglutinin of SD/H1N1-S-OIV [18] was spotted
on NC membranes, establishing that bidirectional flow can allow
for the synchronic detection of two antibodies in one sample. Sera
from mice immunized with GFP, SARS-CoV-2 membrane
/H1N1-S-OIV hemagglutinin. The “Two-In-One” LFIA was fabricated by connecting two
or hemagglutinin (HA) of SD/H1N1-S-OIV (3 mg) were spotted on each LFIA. The anti-
00 mL) from ICR mice immunized with GFP (A), membrane glycoprotein (B), or hem-
rane glycoprotein or hemagglutinin were mixed in a 1:1 (v/v) ratio before inserting into
circles) were differentiated. (For interpretation of the references to color in this figure
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glycoprotein or SD/H1N1-S-OIV hemagglutinin were added onto
the sample pads of Two-In-One LFIAs. Sera from mice immunized
with GFP did not react to the membrane glycoprotein or hemag-
glutinin antigen. Purple spots on Two-In-One LFIA indicated that
antibodies to SARS-CoV-2 membrane glycoprotein in sera of
immunizedmice can bind the SARS-CoV-2membrane glycoprotein,
not SD/H1N1-S-OIV hemagglutinin. Antibodies to SD/H1N1-S-OIV
hemagglutinin exclusively bind the hemagglutinin antigen. Purple
spots derived from the reaction of antibodies to membrane glyco-
protein and hemagglutinin were concurrently detected only when
mixed sera from mice immunized with membrane glycoprotein or
hemagglutinin were added onto a sample pad. The result indicated
that there was no antigenic cross-reactivity between antibodies to
membrane glycoprotein and hemagglutinin.

3.2. CFIA for simultaneous detection of antibodies, object detection
and background subtraction

The CFIA, also named as All-In-One assay, was assembled for
detecting multiple antibodies by allowing multidirectional, radial
flow using just one sample. Multiple positions on an NC membrane
were created for spotting numerous proteins which can be recog-
nized by their specific antibodies in sera. Commonly, color intensity
quantifications rely on imaging software, such as National In-
stitutes of Health (NIH) ImageJ, which requires the user to draw and
denote area region of interest to quantify intensities in an image
[19]. As a result, quantifications cannot be instantaneously deter-
mined and are often subjective to human error due to the ambi-
guity of the spot areas. The use of deep learning to help create well-
defined spot areas is a solution for an accurate quantification [20].
Here, identifications of spot areas on CFIAs were performed by
YOLO v4 object detection software [14]. YOLO v4 divided the image
into a S x S grid and predicted bounding boxes, individual confi-
dence score, and class probabilities for each grid cell. With high
confidence scores in a defined class, an object, or target area in a
bounding box, the target spot can be identified and extracted for
color intensity measurement.

To illustrate the process, one representative CFIA was shown,
spotted with membrane glycoprotein, spike protein of SARS-CoV-2,
SD/H1N1-S-OIV hemagglutinin and anti-mouse IgG (H þ L)
(Fig. 3A). Sera (5% sera with a titer at 1:51,200 in PBS) of mice
immunized with SARS-CoV-2 membrane glycoprotein were added
onto a sample pad. When analyzing the image using only ImageJ,
the purple residues remained, resulting in process pollution of the
color intensities. However, when paired with YOLO v4 deep
learning, the two spots derived from interaction of antibodies with
membrane glycoprotein and anti-mouse IgG (H þ L), respectively,
were clearly identified, and the background residues were sub-
tracted from analysis (Fig. 3B and C).

3.3. Concurrent detection of different antibodies in CFIA

Since CFIA allows the immobilization of multiple proteins, it can
fully differentiate the detected antibodies from others. The mem-
brane glycoprotein of SARS-CoV-2, hemagglutinin of SD/H1N1-S-
OIV, and anti-mouse IgG (H þ L) were spotted on an NC membrane
of a CFIA. Sera with different antibodies were created by mixing
sera from Institute of Cancer Research (ICR) mice immunized with
membrane glycoprotein of SARS-CoV-2 and hemagglutinin of SD/
H1N1-S-OIV in a 1:1 ratio. After application of mixed sera (200 mL)
onto a SPA-conjugated AuNPs pre-loaded conjugate pad, three
purple spots appeared concurrently on a NC membrane of a CFIA
(Fig. 3D). The intensities of purple spots derived from the interac-
tion of antibodies to membrane glycoprotein and hemagglutinin,
respectively, were quantified relative to those of antibodies
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captured by anti-mouse IgG (H þ L) (Fig. 3E). The result demon-
strated the capability of CFIA to distinguish different antibodies in
sera through a single assay.

4. Discussion

Several mutations in SARS-CoV-2 spike protein and nucleo-
capsid protein have been reported across the globe [21]. In contrast,
the membrane glycoprotein is conserved across the b-coronavi-
ruses. According to the prediction of the transmembrane helix to-
pology in a three-dimensional (3-D) model [22], the N- and C-
terminal portions of the membrane glycoprotein were exposed
outside and inside the particle of SARS-CoV-2, respectively. Both B-
cell and T-cell epitopes within a highly conserved region of mem-
brane protein have been revealed [23,24]. Results from a recent
study demonstrated that membrane glycoprotein inhibited the
type I and III interferon production by targeting the signaling
mediated by retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA-5) [25]. The phosphory-
lated interferon regulatory factor 3 (IRF3), a transcription factor, can
be translocated to the nucleus, leading to the induction of genes
encoding interferon and other proinflammatory cytokines [26]. The
SARS-CoV-2 membrane glycoprotein can interact with RIG-I,
mitochondrial antiviral signaling (MAVS), and TANK-binding ki-
nase 1 (TBK1), impeding the phosphorylation, nuclear trans-
location, and activation of IRF3. Since membrane glycoprotein is
relatively conserved and has fewer mutations, the protein is
selected for detection of its antibodies on CFIAs. Neutralizing an-
tibodies play a chief role in protective immunity [27]. The whole
recombinant membrane glycoprotein, which includes non-
neutralizing domains was spotted on either LFIA (Fig. 1) or CFIA
(Fig. 3). Although results in Fig. 1 indicated that recombinant
membrane glycoprotein can bind to antibodies in sera of mice
immunized with membrane glycoprotein, not GFP, future work will
include determining which epitopes in the membrane glycoprotein
can generate neutralizing antibodies that can block the formation
of a multi-protein complex formed by the interaction of membrane
glycoprotein with RIG-1, MAVS, and TBK-1. Spotting a fragment of
membrane glycoprotein containing neutralizing epitopes, rather
than a whole protein, will allow CFIAs to detect the levels of
neutralizing antibodies in samples.

The FDA recommendations in support of a pre Emergency Use
Authorization (EUA)/EUA for SARS-CoV-2 antibody tests have been
announced [28]. For approval, validation studies, including cross-
reactivity, class specificity, linearity, and limit of quantitation
(LoQ) for SARS-CoV-2 antibody tests, are required. In our study,
recombinant membrane glycoprotein of SARS-CoV-2 and hemag-
glutinin of influenza A virus H1N1 were spotted on a Two-In-One
LFIA (Fig. 2). Results from this Two-In-One LFIA assay identified
antibodies generated by mice immunized with membrane glyco-
protein that did not cross-react to the hemagglutinin of SD/H1N1-
S-OIV. However, since the amino acid sequence of membrane
glycoprotein of SARS-CoV-2 shares high identity to other strains of
the b-coronaviruses, false positive results [29] may appear on CFIAs
due to previous exposure to closely-related b-coronaviruses.
Spotting membrane glycoproteins from various b-coronaviruses on
a CFIA may improve the viral specificity of detecting antibodies to
SARS-CoV-2. Currently, most COVID-19 vaccines target SARS-CoV-2
spike protein. However, when CFIA was immobilized both mem-
brane glycoprotein and spike protein, it will be able to distinguish
between immunization and previous exposure to SRAS-CoV-2.

Protein A, which can bind Fc regions of immunoglobulins, was
used to prepare SPA-conjugated AuNPs for localization and capture
of various antibodies from sera. It has been documented that pro-
tein A exerts distinct affinity to various classes of immunoglobulins



Fig. 3. Spot quantification and simultaneous detection of SARS-CoV-2 membrane
glycoprotein and SD/H1N1-S-OIV hemagglutinin on a CFIA. (A) A CFIA was spotted
with 3 mg of SARS-CoV-2 membrane glycoprotein (M) (Spot [1]), anti-mouse IgG
(H þ L) (Spot [2]), SARS-CoV-2 spike protein (S) and SD/H1N1-S-OIV hemagglutinin
(HA). Purple background residues were found and denoted with blue arrows shown
above. (B) Using only ImageJ, the input CFIA was converted into grayscale with purple
background remaining. A 3-D surface plot was generated, highlighting the color in-
tensities of unnecessary components with blue arrows. (C) With the same CFIA input,
ImageJ was used in conjunction with YOLO v4. Once the image was converted to
grayscale and spots ([1,2]) were detected, all unnecessary background components
were subtracted. The subtraction was confirmed using a 3-D surface plot, which dis-
played no presence of purple residue. (D) A CFIA was spotted with three proteins
which were 3 mg of SARS-CoV-2 membrane glycoprotein (M), SD/H1N1-S-OIV hem-
agglutinin (HA) and anti-mouse IgG (H þ L). Sera (200 mL) from mice immunized with
membrane glycoprotein or hemagglutinin were mixed in a 1:1 (v/v) ratio and dropped
onto a conjugate pad. The appearance of purple spots indicated the binding of anti-
bodies in the mixed sera to their specific proteins. (E) Relative intensities of purple
spots of membrane glycoprotein (M/IgG) or hemagglutinin (HA/IgG) to those of anti-
mouse IgG (H þ L) were quantified by ImageJ with YOLO v4. A representative image
was shown. Results as mean ± SD were obtained from three independent experiments.
(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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(IgG, IgM and IgA) in different species [30]. Protein A from Staph-
ylococcus aureus has a higher affinity for human IgG (IgG1 and IgG2)
than IgM and IgA. Although antibodies to membrane glycoprotein
quantified by CFIAs in this study may be predominately IgG,
detection of IgG and/or IgA that is normally generated during the
early phase of infection [31] could be achieved by replacing protein
A with protein L [32], a Peptostreptococcus magnus protein that
binds to representatives of most antibody classes. Although mixed
sera from immunized mice were used (Figs. 2 and 3D, E), future
work includes examining the feasibility of CFIA to differentiate
various antibodies in COVID-19 patients.

The multiplex format of CFIAs make it possible to simulta-
neously detect multiple antibodies from blood samples in one
12
assay. Spotting IgG (H þ L) as a control was conducted to normalize
the reaction of detected proteins. Normalization of readings of the
spot intensities by IgG (H þ L) can minimize the variation due to
differing amounts of blood samples loaded onto conjugate pads by
different individuals when CFIA are used in the field. In summary,
unlike LFIAs, CFIAs were constructed to allow for concurrent
measurements of multiple antibodies in a single reaction using only
one sample. Antibodies in sera of immunized mice that bound to
the membrane glycoprotein of SARS-CoV-2 exhibit an intense
purple spot that was normalized with spotting of anti-mouse IgG
(H þ L). Intensities of purple spots corresponding to antibody titers
on CFIAs were quantified by pre-trained YOLO v4 in conjunction
with ImageJ. Antibodies to membrane glycoprotein of SARS-CoV-2
can be differentiated from those to hemagglutinin of SD/H1N1-S-
OIV, revealing the capability of CFIA to distinguish different anti-
bodies in sera through a single assay. CFIAs can be performed for
on-site detection of antibodies to SARS-CoV-2 membrane glyco-
protein and differentiation of other antibodies.
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