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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus disease 2019 (COVID-19).
COVID-19 The high human-to-human transmission and rapid evolution of SARS-CoV-2 have resulted in a worldwide
SARS-CoV-2 pandemic. To contain SARS-CoV-2, it is essential to efficiently control the transmission of the virus through the
Orientation . . . T . . . . .
Antibod early diagnosis of infected individuals, including asymptomatic people. Therefore, a rapid and accurate assay is
v vital for the early diagnosis of SARS-CoV-2 in suspected individuals. In this study, we developed a colorimetric
Lateral flow immunoassay . . . . . s . .
Sensitive lateral flow immunoassay (LFIA) in which a CBP31-BC linker was used to immobilize antibodies on a cellulose

membrane in an oriented manner. The developed LFIA enabled sensitive detection of cultured SARS-CoV-2 in 15
min with a detection limit of 5 x 10* copies/mL. The clinical performance of the LFIA for detecting SARS-CoV-2
was evaluated using 19 clinical samples validated by reverse transcription-polymerase chain reaction (RT—PCR).
The LFIA detected all the positive and negative samples accurately, corresponding to 100% accuracy. Impor-
tantly, patient samples with low viral loads were accurately identified. Thus, the proposed method can provide a
useful platform for rapid and accurate point-of-care testing of SARS-CoV-2 in infected individuals to efficiently
control the COVID-19 pandemic.

1. Introduction standard method approved by the US Food and Drug Administration

(FDA) for the early diagnosis of COVID-19 and has a high accuracy and a

A novel highly infectious and pathogenic coronavirus, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), causes coronavirus
disease 2019 (COVID-19), is highly infectious and pathogenic [1]. The
World Health Organization (WHO) has reported over 278 million cases
globally as of 26 December 2021, including approximately 5.4 million
deaths [2]. There are several drugs specific to COVID-19, but none are
universally available. Therefore, rapid testing for SARS-CoV-2 is ur-
gently needed to effectively screen COVID-19 patients in populations
and manage the COVID-19 pandemic.

Reverse transcription-polymerase chain reaction (RT—PCR) is the
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low limit of detection [3]. However, RT—PCR requires expensive re-
agents, specific instruments, professional technicians, and a long
detection time; therefore, this technology has limitations for rapidly
screening confirmed cases in a large population amid the rapid spread of
SARS-CoV-2. In addition, RT—PCR is not suitable for point-of-care
testing for COVID-19 diagnosis.

Lateral flow assays (LFAs) have been developed to detect SARS-CoV-
2 antigens or IgG and IgM antibodies specific to SARS-CoV-2 [4-10].
LFAs may enable the screening of confirmed cases on a population scale
by diagnosing COVID-19 disease quickly and inexpensively. Many LFAs
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for COVID-19 diagnosis are in development. More than 300 LFAs have
been reported to the Foundation for Innovative and New Diagnostics
(FIND), of which approximately 280 are serological tests. Serological
tests detect IgG and IgM in the blood of people exposed to SARS-CoV-2
[11,12]. Patients usually produce antibodies specific to SARS-CoV-2
within 19 days after symptom onset [13]; therefore, LFA antibody
tests may not be useful for COVID-19 diagnosis at the early stage of
infection. Antigen-detecting LFAs for SARS-CoV-2 could be used in
point-of-care testing for the early screening and diagnosis of COVID-19.
Commercialized antigen-detecting LFAs for SARS-CoV-2 have exhibited
a sensitivity of ~30-93.9% and a specificity of 100% compared to
RT—PCR [14-16]. Recently, the WHO reported interim guidelines that
antigen-detecting LFAs should meet minimum performance re-
quirements of > 80% sensitivity and > 97% specificity [17]. Therefore,
considerable effort must be expended to improve the LFA sensitivity.

Most studies have focused on developing signal probes, whereas
antibody immobilization is essential for antigen detection in LFA sys-
tems [18-21]. The orientation of immobilized antibodies significantly
affects the analytical performance of an immunoassay [22-24]. Most
developed antigen-detecting LFAs are based on physical adsorption of
antibodies onto a nitrocellulose membrane, resulting in randomly ori-
ented antibodies and consequently, low sensitivity [18-21]. The protein
adsorption capacity of the nitrocellulose membrane makes it difficult to
control the orientation of immobilized antibodies [25]. In a previous
study, we developed a cellulose membrane-based sensitive lateral flow
immunoassay (LFIA) using a bifunctional fusion linker, CBP31-BC,
composed of cellulose-binding domains (CBDs) and antibody-binding
domains [26]. Due to oriented antibody immobilization on cellulose
by CBP31-BC linker, the cellulose membrane-based LFIA showed a
~10-fold higher sensitivity to prostate-specific antigens than nitrocel-
lulose membrane-based conventional LFIAs.

In addition, cellulose paper has been widely used in many biosensors
[27-29]. Recently, cellulose membrane-based LFAs have been devel-
oped for detecting SARS-CoV-2 antibodies in human serum [30]. Fusion
of CBDs to SARS-CoV-2 antigens enabled orientation of antigens on the
cellulose membrane and sensitive detection of SARS-CoV-2 antibodies
[30,31]. CBDs were also utilized to develop nanobody-functionalized
cellulose for capturing SARS-CoV-2 [32]. CBDs were demonstrated to
enable the efficient orientation of capture probes (e.g., antigens and
antibodies) on cellulose materials.

In the present study, we developed a colorimetric LFIA platform (a
SARS-CoV-2 Ag LFIA based on a biofunctional linker CBP31-BC) for the
sensitive detection of SARS-CoV-2. We probed the sensitivity and spec-
ificity of the LFIA using the SARS-CoV-2 receptor binding domain (RBD)
and SARS-CoV S1 antigen. In particular, we investigated the clinical
performance of the LFIA on nasopharyngeal samples from COVID-19
patients and healthy samples. Here, we report the practical feasibility
of the developed LFIA platform for the sensitive detection of SARS-CoV-
2.

2. Experimental section
2.1. Materials

Ampicillin, isopropyl p-D-thiogalactopyranoside (IPTG), 40-nm gold
nanoparticles (AuNPs), sodium phosphate monobasic, sodium chloride,
imidazole, sucrose, Tween-20, and Whatman™ Grade 1 qualitative filter
paper were purchased from Sigma—Aldrich (St. Louis, MO, USA). Halt
protease inhibitor cocktail (100x), 10x phosphate buffered saline
(PBS), HisPur nickel-nitrilotriacetic acid (Ni-NTA) resin, and BD Difco
Luria-Bertani (LB) Broth were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Coomassie Brilliant Blue G-250 protein stain
powder, Precision Plus Protein All Blue Prestained Protein Standards,
and Protein Assay Dye Reagent Concentrate were purchased from Bio-
Rad Laboratories (Hercules, CA, USA). Bovine serum albumin (BSA)
and dithiothreitol (DTT) were purchased from VWR Life Science
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(Radnor, PA, USA) and LPS Solution (Daejeon, Korea), respectively. A
30% acrylamide-bis solution was purchased from BiOSESANG (Seong-
nam, Korea). SARS-CoV-2 (2019-nCoV) spike antibodies, chimeric MAb
(40150-D006), SARS-CoV-2 spike neutralizing antibody, mouse MAb
(40591-MM43), and SARS-CoV spike/S1 protein were purchased from
Sino Biological (Wayne, PA, USA). The receptor-binding domain (RBD)
of the SARS-CoV-2 spike S1 protein was purchased from HyTest (Turku,
Finland). Cultured SARS-CoV-2 was purchased from ATCC (Manassas,
VA, USA).

2.2. Expression and purification of the CBP31-BC protein

The recombinant CBP31-BC protein was produced in Escherichia coli
as previously described. [26] Recombinant E. coli BL21 (DE3) containing
pET-CBP31-BC was grown in 400 mL of LB medium (0.5 % yeast extract,
1 % tryptophan, and 1 % NacCl) with 50 pg/mL ampicillin at 37 °C. When
the culture reached an optical density of ~0.8-0.9 at 600 nm (ODgo), 1
mM IPTG was added to induce the expression of CBP31-BC protein. The
recombinant cells were incubated at 25 °C for an additional 12 h. The
culture broth was then harvested by centrifugation at 4000g for 10 min.
The cell pellets were resuspended in 5 mL of lysis buffer (50 mM
NaH3PO4, 300 mM NaCl, and 10 mM imidazole; pH 8.0) containing 1
mM DTT and 1 mM phenylmethanesulfonyl fluoride (PMSF) per gram
wet weight. The resuspended cells were disrupted using a sonic dis-
membrator (Qsonica, Farmingdale, NA, USA) for 10 min at 50 % power
(3-sec pulse on and 2-sec pulse off). The cell lysate was centrifuged at 10,
000g for 20 min at 4 °C. The soluble fraction was then loaded onto a
Ni-NTA column. The CBP31-BC protein was eluted with elution buffer
(50 mM NaH3PO4, 300 mM NacCl, and 250 mM imidazole; pH 8.0) and
dialyzed against 100 mM sodium phosphate buffer (pH 7.0). The puri-
fied CBP31-BC was stored at 4 °C until use. The Bradford assay was used
to quantify the protein concentration. The protein purity was assessed
using a 15 % (w/v) sodium dodecyl sulfate-polyacrylamide gel
(SDS—PAGE). After electrophoresis, the gel was stained with Coomassie
Blue and analyzed using Gel-Pro Analyzer software (Media Cybernetics,
Silver Spring, MD).

2.3. Conjugation of AuNPs to antibodies

The SARS-CoV-2 (2019-nCoV) spike antibody (40591-MM43) was
added to an AuNP solution (40 nm; suspended in 0.1 M PBS, pH 7.5) to
obtain a final concentration of 10 pg/mL. The antibody solution was
incubated for 1 h of incubation at 20 °C and then 2% (w/v) BSA solution
(0.2 M borate buffer, pH 8.0) was added to the solution to block the
nonspecific interaction of AuNP-conjugated antibodies. The resulting
solution was reacted at 4 °C for an additional 2 h. The reacted solution
was centrifuged at 2500g for 30 min at 4 °C. The pellet was collected and
resuspended in 0.2 M borate buffer (pH 8.5) containing 1% (w/v) su-
crose and 0.1% (w/v) BSA to increase the stability of AuNP-conjugated
antibody and to minimize non-specific adsorption during the assays.

2.4. Preparation of cellulose LFIA strips

A pair of SARS-CoV-2 (2019-nCoV) spike antibodies (40591- MM43
and 40150-D006) were used with the LFIA. A SARS-CoV-2 spike anti-
body (40150-D006) as a capture antibody was incubated with the
CBP31-BC protein for 12 h at 4 °C. CBP31-BC preincubated with the
SARS-CoV-2 spike antibody and CBP31-BC alone were dispensed at the
test line and control line of the cellulose membrane, respectively, at
0.05 pL/mm using an automatic dispenser. The resulting membrane was
incubated for 1 h at 4 °C and cut into 3-4 mm wide strips using an
automatic programmable cutter (GCI-800; Guillotine Cutting; ZETA
Corporation, Gunpo, Korea). The AuNP-conjugated antibody solution
was dispensed onto a conjugating pad. The sample, conjugate, and
absorbent pads were pasted with a 2-mm overlap on the cellulose
membrane and were then all attached to a backing card (Fig. S1). The
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LFIA strip was stored in a desiccator until use.
2.5. Sensitivity and specificity analyses of the LFIA strip

SARS-CoV-2 RBD antigens and cultured SARS-CoV-2 were used to
evaluate the sensitivity of the LFIA. The RBD antigen was serially diluted
in running buffer (1 x PBS (pH 7.4), 0.1% (v/v) Tween-20, and 2% (w/v)
BSA). The final concentrations of the diluted sample ranged from 200 to
0.05 ng/mL. A total of 1 x 107 copies/mL to 1 x 10* copies/mL of a
cultured SARS-CoV-2 sample were prepared by serial dilution in running
buffer. PBS (1x) containing 0.1% (v/v) Tween-20 and 2% (w/v) BSA
was used as a blank. A total of 120 pL of running buffer containing the
RBD antigen or SARS-CoV-2 was loaded onto the sample pad. The
sample was flowed through a conjugate pad, and the antibody-
conjugated AuNPs recognized the antigens to form antigen-antibody
complexes. The dispersion velocity of the AuNP-conjugated antibody
solution was 57.6 s/4 cm, which was calculated by dividing the capillary
flow time by the length of the cellulose membrane. This antigen-
antibody complex was captured by the SARS-CoV-2 spike antibody
with the CBP31-BC immobilized on the cellulose membrane. After 15
min of sample loading, the test and control lines turned red. The strips
were photographed using a smartphone under the same conditions to
minimize the effect of ambient light. After an additional process of the
strip images by adjusting the brightness and contrast in the same way,
the color intensities were quantified using ImageJ (NIH; Bethesda, MD,
USA).

SARS-CoV S1, MERS-CoV S1, and human coronavirus (HCoV-229E)
S1 were used as negative controls to validate the specificity of the LFIA
for SARS-CoV-2. The antigens were prepared at three concentrations
(50, 5, and 0.5 ng/mL) by diluting them in a running buffer. A 120 pL
running buffer containing SARS-CoV S1, MERS-CoV S1, or HCoV-229E
S1 antigens was loaded onto the sample pad. The strips were photo-
graphed using a smartphone under the same conditions to minimize the
effect of ambient light. After an additional process of the strip images by
adjusting the brightness and contrast in the same way, the color in-
tensities on test and control lines were quantified using ImageJ.

2.6. Clinical performance of the LFIA strip

The clinical samples used in this study were collected from subjects
using registered protocols approved by the Institutional Review Board
(IRB) of the Catholic Medical Center (IRB registration number:
XC21TIDI0134K). Nasopharyngeal swabs from COVID-19 patients and
healthy subjects were stored in viral transport medium (VTM) (Noble
Biosciences, Hwaseong, Korea). The clinical samples were inactivated
by heating at 100 °C for 10 min and stored at — 80 °C for further use. All
samples were tested by real-time RT—qPCR. RNA extraction from the
clinical sample was performed using the QIAamp viral RNA kit (Qiagen;
Hilden, NRW, Germany) by the manufacturer’s manuscript. Two RdRp
(IP2 & IP4) and E genes were amplified with the primers and probes
(Table S1) using a superscript III platinum one-step quantitative
RT—PCR kit (Thermo Fisher Scientific). The amplification was per-
formed with 50 cycles of 95 °C for 15 s and 58 °C for 30 s on the
Lightcycler 480 II real-time PCR system (Roche Diagnostics; Basel, BS,
Switzerland). Nasopharyngeal swab samples from COVID-19 patients
and healthy subjects were mixed with running buffer in a 1:9 (v/v) ratio
and loaded onto LFIA strips. After 15 min, the strips were photographed
using a smartphone under the same conditions to minimize the effect of
ambient light. After an additional process of the strip images by
adjusting the brightness and contrast in the same way, the color in-
tensities on test and control lines were quantified using ImageJ.

2.7. Determination of the limit of detection

The limit of detection (LOD) of the SARS-CoV-2 RBD was calculated
from a four-parameter logistic curve using a method reported by
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Holstein et al [33]. The variance in the mean was determined for all data
points performed in replicates (N > 3) for twelve different SARS-CoV-2
RBD concentrations, including the blank, and the LOD was calculated
using the following equation:

Lp=Lc+t[1 — B, m(n — 1)]Cest

where Gt is the pooled standard deviation of n test replicates and t[1 —
B, m(n — 1)] is the 1 — B percentile of the t distribution for m(n — 1)
degrees of freedom. We set both a and f to 0.05. The LOD for cultured
SARS-CoV-2 was determined as the mean value of the blank plus three
times the standard deviation.

2.8. Statistical methods

The Student’s t test was performed to compare data from two
different groups. All statistical analyses were performed using SigmaPlot
ver 10.0. * p < 0.05, ** p < 0.01, and *** p < 0.001 were considered
significant.

3. Results and discussion
3.1. Development of the CBP31-BC-based SARS-CoV-2 Ag LFIA

As the BC domains of CBP31-BC interact with any IgG molecules
based on different binding affinities [34], the CBP31-BC-based LFIA is
generally suitable for application to samples that do not contain anti-
bodies. However, SARS-CoV-2-specific IgG and IgA appear in nasopha-
ryngeal samples within 2-8 weeks after symptom onset, but not before
one week after symptom onset [35,36]. Considering that a diagnosis is
made early after the appearance of symptoms, we speculated that the
developed LFIA could detect SARS-CoV-2 in nasopharyngeal samples
without competition between the capture antibody used and other
human antibodies on the BC domains. The CBP31-BC protein was pro-
duced in Escherichia coli as previously described [26] and purified using
one-step affinity chromatography (Fig. S2). We used a chimeric mono-
clonal antibody with mouse variable and human kappa IgG1 constant
regions as a capture antibody because BC domains strongly interact with
the Fc region of human IgGs [37]. A mouse monoclonal antibody was
used as the detection antibody to minimize competition between the
capture and detection antibodies against CBP31-BC. The detection
antibody was conjugated with AuNPs through electrostatic and physical
adsorption (Fig. S3). Dot-blotting analysis was performed to determine
whether the capture antibody has cross-reactivity with the detection
antibody (Fig. S4). We did not observe color development of the mem-
brane even after 1 h of incubation, indicating that the capture antibody
is not cross-reactive with the detection antibody. In addition, we
confirmed that the BC domains of CBP31-BC bind to the capture and
detection antibodies (Fig. S5).

The CBP31-BC-based LFIA strips consisted of a sample pad, conju-
gate pad, cellulose membrane, and an absorbent pad (Fig. 1). The test
zone of a strip was composed of CBP31-BC preincubated with an anti-
SARS-CoV-2 RBD antibody (the capture antibody) at the test line and
CBP31-BC alone at the control line on a cellulose membrane. Previously
observed diffusion of the test and control lines was minimized by
decreasing the volume of the sample loaded on the cellulose membrane
[26]. To prevent nonspecific binding of CBP31-BC at the test line to the
detection antibody in the absence of SARS-CoV-2 RBD, the quantity of
CBP31-BC was optimized under fixed quantities of the capture antibody.
A solution of CBP31-BC pre-incubated with the capture antibody at a
specific ratio was dot-blotted on cellulose membrane, followed by
reacting with AuNP-conjugated detection antibody in the absence of the
SARS-CoV-2 RBD. The theoretical molar ratio of CBP31-BC to the cap-
ture antibody is 1 to 2. However, a test dot composed of CBP31-BC and
the capture antibody in a molar ratio of 1 to 20 did not appear red when
the detection antibody was added in the absence of SARS-CoV-2 RBD
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Fig. 1. Schematic of the CBP31-BC-based LFIA for the detection of SARS-CoV-2. The LFIA strips consist of a sample pad, conjugate pad, cellulose membrane, and
absorbent pad. The test line placed on the cellulose membrane contains a capture antibody with immobilized CBP31-BC to detect the SARS-CoV-2 spike antigen.
CBP31-BC alone is used for the control line. The developed LFIA can sensitively detect the SARS-CoV-2 spike antigen within 15 min.

(Fig. S6). Similarly to previously reported results [26], the experimental
molar ratio might result from inaccurate quantification of the antibody
and CBP3-BC. Therefore, CBP31-BC preincubated with a capture anti-
body in a molar ratio of 1 to 20 was applied to the test line.

3.2. Analytical performance of the CBP31-BC-based SARS-CoV-2 Ag
LFIA

To evaluate the capability of the developed LFIA for detecting SARS-
CoV-2, we analyzed the LFIA sensitivity using SARS-CoV-2 RBD with
concentrations ranging from 0.05 to 200 ng/mL (Fig. 2). The cellulose
membrane was photographed using a smartphone at 15 min after sam-
ple loading, and the color intensities of the test and control lines were
analyzed. However, photographic images with weak intensities may
result from inconsistencies in the surface of the cellulose paper and
uneven background reflectance [38]. To overcome this problem, we are
working on further studies to prepare nanocellulose membranes with
even surfaces and controlled porosity using cellulose nanofibers or cel-
lulose nanocrystals.

Each sample was assayed at least three times using the CBP31-BC-
based LFIA (Fig. S7). The color intensity of the test line in the LFIA
increased with the SARS-CoV-2 RBD concentration. A logistic sigmoidal
calibration curve with a correlation coefficient of 0.9914 was obtained
for the LFIA. A LOD of 0.63 ng/mL was calculated using a method re-
ported in the literature [33]. This LOD was comparable with that of the
SARS-CoV-2 nucleocapsid-specific LFIA based on antibody immobiliza-
tion via the streptavidin-biotin interaction [39]. The relative standard
deviation (RSD) in the detection results of the CBP31-BC-based LFIA was
~5 % at all SARS-CoV-2 RBD concentrations, indicating high
reproducibility.

Next, the specificity of CBP31-BC-based LFIA was evaluated using
the S1 antigens from coronavirus SARS-CoV, MERS-CoV, and CoV-
H229E (Fig. 3). Three different concentrations (50, 5, and 0.5 ng/mL)
of SARS-CoV-2 RBD, SARS-CoV S1, MERS-CoV S1, and CoV-H229E S1
were prepared and loaded onto the LFIA strips (Figs. S7 & S8). After
15 min, the intensity of the test lines was analyzed. The SARS-CoV-2
RBD was detected at a low concentration (0.5 ng/mL), whereas the
SARS-CoV S1, MERS-CoV S1, and CoV-229E S1 antigens were not
detected. Even at a high 50 ng/mL concentration, the SARS-CoV S1,
MERS-CoV S1, and CoV-229E S1 antigens were detected at almost the
same level as the blank. According to the manufacturer’s information,
the antibodies used in the CBP31-BC-based LFIA have cross-reactivity
with the SARS-CoV S1 antigen. Thus, we speculate that the specificity
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Fig. 2. Sensitivity analysis of the CBP31-BC-based LFIA. a) Photographic im-
ages showing the results of the LFIA strip for different SARS-CoV-2 RBD con-
centrations. The cellulose membrane was photographed using a smartphone at
15 min after sample loading, and the test line intensity was analyzed using
ImageJ. b) The normalized test line intensity of the LFIA for different SARS-
CoV-2 RBD concentrations. The data were fitted to a logistic four-parameter
curve with a high correlation coefficient of 0.9914. All the data are presented
as the mean of at least three independent measurements, and the error bars
represent the standard deviation from the mean. The LOD was calculated as
previously described by Holstein et al [33].

of the LFIA might result from the antibodies binding more strongly to
SARS-CoV-2 RBD than to the SARS-CoV S1 antigen. Considering all the
results, the developed CBP31-BC-based LFIA has high sensitivity and
specificity for SARS-CoV-2 antigen detection without significant cross-
reactivity with the coronavirus antigens.
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Fig. 3. Specificity analysis of the CBP31-BC-based LFIA. a) Photographic im-
ages for the cross-reactivity of the LFIA against SARS-CoV-2 RBD, SARS-CoV S1,
MERS-CoV S1, and CoV-H229E S1 antigens. The cellulose membrane was
photographed using a smartphone at 15 min after sample loading, and the test
line intensity was analyzed using ImageJ. b) The normalized test line intensity
of the LFIA for SARS-CoV-2 RBD, SARS-CoV S1, MERS-CoV S1, and CoV-H229E
S1 antigens. The dotted line indicates no sample. All the data are represented as
the mean of at least three independent measurements, and the error bars
represent the standard deviation from the mean. P-values: *P < 0.05,
**p < 0.01, * **P < 0.001.

3.3. Laboratory confirmation of the CBP31-BC-based LFIA using clinical
samples

We evaluated the practical capability of the CBP31-BC-based LFIA
using cultured SARS-CoV-2 virus samples. The cultured virus from ATCC
was serially diluted from 1 x 107 copies/mL to 1 x 10* copies/mL in
running buffer. The virus samples were loaded onto the LFIA strips, and
the test zone was photographed using a smartphone after 15 min. Each
sample was assayed at least three times using the LFIA (Fig. S9). Almost
the same intensities were observed for the control lines of all the strips,
when the strips were working normally. The intensity of the test line
increased with the virus concentration. The visual sensitivity of the LFIA
to the cultured virus was 5 x 10° copies/mL (Fig. 4a). Considering the
LOD (the mean value of negative controls + 3 x standard deviation)
determined by the IUPAC standard method, the CBP31-BC-based LFIA
could detect SARS-CoV-2 at levels as low as 5 x 10 copies/mL (Fig. 4c),
which is comparable to that of an LFIA based on a colorimetric-and-
fluorescent dual signal probe [18]. The sensitivity of the developed
LFIA was compared with those of previously developed LFIA strips for
SARS-CoV-2 detection (Table 1).

Most rapid antigen tests for SARS-CoV-2 detect SARS-CoV-2 from the
nasopharynx in an extraction buffer [7,9,14-16]. Nasopharyngeal swab
samples from COVID-19 patients (n = 16) and healthy subjects (n = 3)
were used for the laboratory confirmation of the CBP31-BC-based LFIA.
Clinical swab samples were validated by RT—qPCR. All the clinical
samples were mixed with a running buffer in a 1:9 (v/v) ratio to mini-
mize the negative effect of the viral transport medium. Unlike the results
obtained for the detection of the RBD (Fig. 2), a background signal was
not detected in the test line for the cultured virus (Fig. 4a) and clinical
specimens (Fig. 4b). The test and control lines in the presence of the
SARS-CoV-2 virus could be observed with the naked eye. However, the
band intensity of the photographic images was weak due to the inherent
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Fig. 4. Laboratory confirmation of the CBP31-BC-based LFIA using clinical
samples. a) Photographic images showing the results of the LFIA strip for
different cultured SARS-CoV-2 concentrations. b) Photographic images showing
the results of the LFIA strips for samples from clinical COVID-19 patients. The
cellulose membrane was photographed using a smartphone at 15 min after
sample loading, and the test line intensity was analyzed using ImageJ. c¢) The
normalized test line intensity of the LFIA for different cultured SARS-CoV-2
concentrations. The black dotted line indicates the cutoff value (the mean of
3 blank samples + 3 standard deviations). All the data are represented as the
mean of at least three independent measurements, and the error bars represent
the standard deviation from the mean. d) Confusion matrices for evaluating the
performance of the LFIA using nasophyngeal swab samples from COVID-19
patients. P-values: ns > 0.05, *P < 0.05, * *P < 0.01, * **P < 0.001.

characteristics of the cellulose paper mentioned above. Sixteen positive
results were obtained using the CBP31-BC-based LFIA for
RT—qPCR-validated swab samples, and no positive signals were
observed for samples from healthy subjects (Fig. 4b & 4d). Importantly,
COVID-19 patient samples with low virus loads (high Ct values) were
identified accurately (Fig. 4d & Table S1). The CBP31-BC-based LFIA
exhibited a total accuracy of 100% for detecting SARS-CoV-2 in clinical
samples. Hence, the results of the CBP31-BC-based LFIA exhibited
significantly high concordance with the RT—qPCR results. Therefore,
we conclude that the CBP31-BC-based LFIA is highly sensitive and ac-
curate for the practical detection of SARS-CoV-2.

Rapid and accurate testing of SARS-CoV-2 is vital for early diagnosis
and treatment to efficiently control the COVID-19 pandemic. Compared
to the many LFIA platforms for SARS-CoV-2 diagnosis that have been
developed, our CBP31-BC-based LFIA approach provides an alternative
for accurate diagnosis using CBP31-BC-mediated oriented antibody
immobilization. Compared to conventional LFIA platforms that rely on
random antibody orientation by physical adsorption [40], our
CBP31-BC-based LFIA platform can detect low virus loads with a Ct
value above 30, resulting in a lower false-negative rate.

4. Conclusion

In this study, we developed a CBP31-BC-based LFIA platform for the
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Table 1
Comparison of the analytical performance of LFIA strips for SARS-CoV-2
detection.

Ab Signal probe Target Limit of Reference
immobilization sample detection
Physical Magnetic S1 protein 1 pg/mL [20]
adsorption quantum dots NP protein 0.5 pg/mL
with triple QD
shells
Physical Si02 @Au/QD S1 protein 33 pg/mL [18]
adsorption Inactivated 1.02 x 10*
SARS-CoV-2 copies/mL
Physical Co-Fe@heme S1 protein 0.1 ng/mL [19]
adsorption nanocomposite Inactivated 360
SARS-CoV-2  TCIDso/mL
Physical Cellulose NP protein 20 ng/mL [6]
adsorption nanobead Inactivated 2.5 x 10°
SAR-CoV-2 pfu/mL
Oriented AuNPs NP protein 0.65 ng/mL [39]
immobilization
via
streptavidin-
biotin
interaction
Oriented AuNPs RBD 0.63 ng/mL This work
immobilization Inactivated 5 x 10*
using CBP31- SARS-CoV-2 copies/mL
BC

rapid and accurate detection of SARS-CoV-2. Our approach has the ad-
vantages of high sensitivity and specificity for SARS-CoV-2, which en-
ables accurate detection of SARS-CoV-2 and overcomes the
disadvantage of high false-negative results obtained using conventional
LFIAs. Furthermore, the developed LFIA can detect low virus loads in
biological media and is therefore practicable for the early diagnosis of
SARS-CoV-2 in infected people. In addition, the assay did not exhibit
measurable cross-reactivity with the SARS-CoV S1 antigen. Thus, the
proposed method could facilitate efficient control of the COVID-19
pandemic by enabling early detection of SARS-CoV-2.
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