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Abstract

Nucleic acid detection technology based on polymerase chain reaction (PCR) and antibody detection based on
immunochromatography still have many problems such as false negatives for the diagnosis of coronavirus disease 2019
(COVID-19). Therefore, it is of great importance to develop new techniques to improve the diagnostic accuracy of COVID-
19. We herein developed an ultrasensitive, rapid, and duplex digital enzyme-linked immunosorbent assay (dELISA) for simul-
taneous detection of spike (S-RBD) and nucleocapsid (N) proteins of SARS-CoV-2 based on a single molecule array. This assay
effectively combines magnetic bead encoding technology and the ultrasensitive detection capability of a single molecule array.
The detection strategies of S-RBD protein and N-protein exhibited wide response ranges of 0.34—-1065 pg/mL and 0.183-338 pg/
mL with detection limits 0f 20.6 fg/mL and 69.8 fg/mL, respectively. It is a highly specific method for the simultaneous detection
of S-RBD protein and N-protein and has minimal interference from other blood proteins. Moreover, the spike assay showed a
satisfactory and reproducible recovery rate for the detection of S-RBD protein and N-protein in serum samples. Overall, this work
provides a highly sensitive method for the simultaneous detection of S-RBD protein and N-protein, which shows ultrasensitivity

and high signal-to-noise ratio and contributes to improve the diagnosis accuracy of COVID-19.
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Introduction

The outbreak of the novel coronavirus disease 2019 (COVID-
19) occurred in late 2019, and now has spread worldwide
resulting in a global pandemic [1]. COVID-19 is caused by
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a novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which has infected more than 164 million
people and resulted in more than 3.4 million deaths. The high
morbidity and mortality of COVID-19 have far exceeded
those of seasonal influenza and other diseases [2—4]. At pres-
ent, SARS-CoV-2 is still spreading globally, causing long-
term effects on human health and normal activities [5]. Since
no specific medicine or treatment for COVID-19 is available,
the accurate diagnosis and a series of prevention and control
measures have become the most effective means to prevent its
spread.

Current diagnostic approaches mainly include two catego-
ries: nucleic acid testing based on RT-PCR technology and
antibody testing based on immunochromatography [6—11].
The RNA test of SARS-CoV-2 pioneered by the Centers for
Disease Control (CDC) has been deemed the “gold standard”
for clinical diagnosis. However, drawbacks such as long hours
to perform, need for specialized reagents, equipment, and
trained operators restrict its application on a large scale [12,
13]. Except for RT-PCR, two isothermal techniques have been
developed by researchers for the rapid and sensitive detection
of viral RNA including loop-mediated isothermal
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amplification (LAMP) and recombinase polymerase amplifi-
cation (RPA) [14—18]. However, previous studies showed that
the positive rate of viral RNA testing is only 30-60%, which
suggests a high false-negative rate of nucleic acid detection for
COVID-19 [12, 19-21]. Several limitations and issues require
further research such as different respiratory samples, inappro-
priate sample collection, transfer, and processing [22, 23]. On
the other hand, degradation of purified RNA, the presence of
RT-PCR inhibitors, or genomic mutations may cause false-
negative results [22, 24, 25]. In addition, the immunoassay has
also been used to detect the antibodies that are created by our
body in response to SARS-CoV-2 infection [12, 22, 26].
Detection of microbe-specific IgM and IgG antibodies in cir-
culating blood serves as a traditional method to identify
whether a person has been infected with the pathogen [27].
In COVID-19, IgM and IgG antibodies can arise nearly simul-
taneously in serum within 2 to 3 weeks after the onset of
illness [9, 28, 29]. Several detection methods for detecting
IgG and IgM have been developed as rapid diagnosis of
COVID-19 such as ELISA and magnetic chemiluminescence
immunoassay [30-34]. Liu et al. used two ELISA kits based
on SARS-CoV-2 spike and nucleocapsid proteins to detect
IgM and IgG antibodies and evaluated their diagnostic feasi-
bility [35]. Chen et al. reported a rapid and sensitive lateral
flow immunoassay that used lanthanide-doped polystyrene
nanoparticles to detect anti-SARV-CoV-2 IgG in human se-
rum [36]. Although antibody testing has also been used in the
auxiliary diagnosis of COVID-19, some tests may cross-react
with other coronaviruses, such as those that cause the common
cold [37]. Therefore, the development of new techniques with
an improved diagnostic accuracy of COVID-19 is in high
demand. The spike (S) and nucleocapsid (N) proteins of
SARS-CoV-2 are two promising antigen biomarkers for the
diagnosis of COVID-19 in human blood as they play key roles
in the receptor recognition, virus replication, and immune re-
sponse [38—40]. Many experts believe that the detection of
viral protein antigens could be helpful for the diagnosis of
COVID-19 in accordance with the SARS-CoV protein anti-
gen detection experience [41-43]. Unlike exponential ampli-
fication of the nucleic acid detection, proteins cannot be di-
rectly amplified, thus the detection of minute amount of pro-
teins demands ultrasensitive detection techniques [12].
Single molecule array (Simoa) is a digital ELISA [44].
Simoa was developed by David Walt’s group for the detection
of proteins with extremely high analytical sensitivity, which
can be 1000 times higher than that of traditional ELISAs. In
digital ELISA, the fluorescence produced by the enzyme—sub-
strate reaction is confined into femtoliter-sized microwells.
Since each microwell can only fit one bead, the presence of
a single-protein molecule can be detected via fluorescence
read-out [45]. Herein, in this work, we have proposed a digital
ELISA method to simultaneously and ultrasensitively detect
S-RBD protein and N-protein via Simoa and the magnetic
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bead encoding technology. This work identifies the most reli-
able antibody pairs to detect two proteins by the selection
process and performs the optimization of the Simoa reagents
for the highest sensitivity and dynamic range using recombi-
nant proteins. Furthermore, the proposed assay has high po-
tential for the diagnosis of COVID-19 and offers opportunities
to monitor the patients by testing S-RBD protein and N-
protein in the blood.

Materials and methods
Materials and instruments

Recombinant S-RBD protein (40592-V08B) with a molecular
weight (MW) of 26.54 kDa and N-protein (40588-V08B) with
a MW of 47.08 kDa, monoclonal antibodies (mAbs) (S-RBD
protein mAbs, SA1(MM43), SA2(D006), SA3(R0013); N-
protein mAbs, NAI1(R001), NA2(R004), NA3(MMO5),
NA4(R040), NA5(R019)), MERS-CoV spike protein and nu-
cleoprotein protein were provided by SinoBiological (Beijing,
China). Two S-RBD protein antibodies (SA4(NBP2-90980),
SA5(NBP2-90979)), carcinoembryonic antigen (CEA), and
angiotensin-converting enzyme 2 (ACE2) were bought from
Bio-Techne China (Shanghai, China). Cyfra21-1 antigen was
purchased from Fitzgerald (USA). Alpha-fetoprotein was pro-
vided from Linc-Bio (China). Procline 300, phosphate buffer
saline (PBS, 10X), Tween20, Ethylenediaminetetraacetic acid
disodium salt (EDTA), and 1l-ethyl-
3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride
(EDC) were purchased from Sigma-Aldrich (MO, USA).
NHS-PEG4-Biotin was bought from ThermoFisher
Scientific (MA, USA). Newborn calf serum was purchased
from Sijiqing (Hangzhou, China). Sample diluent was provid-
ed by Bright Spot Biotechnology (Zhengzhou, China).
Carboxylated paramagnetic beads (MB-COOH), 488-labeled
and 700-labeled beads (d = 2.7 um), disc kit, bead conjugation
buffer, bead wash buffer, bead diluent, biotinylation buffer,
detector diluent, calibrator diluent, wash bufferl, wash buff-
er2, streptavidin-3-galactosidase (SBG), SBG diluent, and
resorufin-(3-D-galactopyranoside (RGP) were obtained from
Quanterix (Lexington, USA).

The 96-well plate and the constant temperature incubator
shakers were purchased from IKA (Germany) and Eppendorf
(Germany) for antibody pair selection and bead conjugation,
respectively. NanoDrop One Spectrophotometer
(ThermoFisher Scientific, USA) was used to measure the con-
centration of the antibodies and evaluated bead coupling effi-
ciency. Microplate reader (Tecan, Switzerland) measured
fluorescent intensity of 96-well plate when antibody pairs
were selected by ELISA. Simoa HD-X analyzer (Quanterix,
USA) was used to conduct the detection assay.
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Bioconjugation of MB-COOH with S and N protein
mAbs

MB-mAbs conjugates were prepared following the protocol in
a previous report [46]. In the duplex assay, 488-labeled MB
and 700-labeled MB were chosen to conjugate S-RBD protein
mAbs and N-protein mAbs, respectively. In brief, 285 uL of
the MB-COOH (1.5 x 10° beads/mL) and 15 uL of the EDC
(10 mg/mL) were added to a 1.7-mL microcentrifuge tube,
and then the mixture was stirred for 30 min at 4 °C in a
shaking incubator. Next, 80 uL of the mAbs (1.0 mg/mL) in
bead conjugation buffer was added into the reaction. The mix-
ture was allowed to react for another 4 h at 4 °C in a shaking
incubator. Afterward, MB-mAbs were blocked in bead block
buffer for 30 min at room temperature. The conjugated com-
pounds were washed by bead wash buffer and bead diluent.
The final MB-mAbs were transferred into a new
microcentrifugation tube and stored in bead diluent at 4 °C
for further use.

Biotinylation of detection antibody

To enable the detection antibody to bind specifically to SBG
tightly, the detection antibody needs to be labeled with biotin.
In brief, 50 ug of detection antibody was reconstituted with
PBS. Then, 1.5 pL of NHS-PEG4-Biotin (8.9 mM) was added
to the detection antibody solution and reacted at room temper-
ature for 30 min. The biotin-labeled detection antibody was
prepared by the coupling reaction between the N-
hydroxysuccinimide ester (NHS) group of NHS-PEG4-
Biotin and the amino group of antibodies. The concentration
of the purified detection antibodies was determined by a
NanoDrop One spectrophotometer. The final antibody was
aliquoted and stored at —20 °C.

MB-based ELISA for the selection of antibody pairs

To select the optimal antibody pairs for the ultrasensitive de-
tection of S and N proteins, a traditional ELISA based on
magnetic beads was performed. The 100 uL of MB-capture
mAbs (500,000 beads) was added into a 96-well plate. After
MB were magnetically separated and washed, 100 uL of the
different concentrations (0, 1, 10, 100 ng/mL) of recombinant
S-RBD protein or N-protein was added into the corresponding
well. The mixture was incubated at room temperature under
gentle shaking for 1 h. Then the mixture was placed on a
magnetic rack, separated, and washed three times.
Afterward, the detection antibodies (0.3 pg/mL) and SBG
(150 pM) were added to the reaction system in order for 1 h
and 0.5 h incubation, followed by separation and washing
procedures. The isolated immunocomplex was washed three
times with wash bufferl. The isolated immunocomplex was
re-dispersed in 100 uL of 100 uM RGP solution and

incubated at room temperature for 15 min. The fluorescence
intensity of the well was measured by a microwell reader with
an excitation and emission wavelength of 555 nm and 595 nm.

Simoa assay for the detection of S-RBD protein and N-
protein

Singleplex and duplex Simoa assays were performed for the
ultrasensitive detection of S-RBD protein and N-protein on
Simoa HD-X Analyzer. The assay operation procedures of
the two modes were similar. The beads with capture mAbs
were diluted in calibrator diluent and about 500,000 per test.
The detection antibodies of S-RBD protein and N-protein
were diluted to 0.5 pg/mL in detector diluent, respectively.
SBG was diluted to 400 pM in SBG diluent. Recombinant S-
RBD protein and N-protein were serially diluted and served as
standards. The singleplex and duplex protocols of “2-step as-
say neat with 50 uL RGP” were set up, respectively.
Differently, the bead type of the singleplex assay was set to
488L0. The bead types of S-RBD protein and N-protein in the
duplex assay were set to 488L1 and 700L1, respectively. (LO
and L1 represent a specification of magnetic beads, which
match the parameters on the Analyzer.) In the first step of this
assay, the capture mAbs-coated magnetic beads, the biotinyl-
ated detection antibody, and the calibrators or the samples
were mixed and reacted for 35 min in cuvette. After the wash-
ing process, the SBG solution was added to the cuvette and
incubated for 5 min to form an immunocomplex. Then, the
RGP solution was mixed with the immunocomplex in cuvette
and loaded into the disc microarray. Finally, the AEB (average
enzymes per bead) value was recorded as signal.

Specificity investigation

To assess the response of other blood proteins, different inter-
fering blood proteins, including CEA (R&D), Cyfra21-1
(Fitzgerald), ACE2 (R&D), and AFP (Linc-Bio), were tested
by two proposed singleplex Simoa assays. The detection pro-
cess was the same as the previous part.

The spike and recovery assay

In order to verify the detection ability of the proposed assay in
serum and saliva samples, the spike and recovery assay was
performed. Firstly, the healthy human blood samples were
collected in plain tube. Serum sample was obtained by centri-
fugation at 4000xg for 5 min. Serum and saliva sample was
diluted 4-fold and 8-fold using sample diluent and was spiked
with different concentrations of S-RBD protein and N-protein.
The detection procedure was the same as the previous part.

@ Springer



4648

CaiQ.etal.

Results and discussion

Singleplex and duplex Simoa assays for the detection
of S-RBD protein and N-protein

This work uses double-antibody sandwich structure and single
molecule array technology to develop a duplex assay for the
ultrasensitive detection of the SARS-CoV-2 S-RBD protein
and N-protein. First of all, the capture mAbs-coated magnetic
beads were prepared by EDC coupling. After coupling, the
capture antibody and the carboxyl group of the MBs form
an amide bond. Thus, the capture antibodies of S-RBD protein
and N-protein can be strongly bound to the surface of the MBs
by the covalent bonds. Then, the detection antibodies, which
contain an available recognition site different from the capture
antibody, can bind to other parts of the S-RBD protein and N-
protein to form a sandwich-type structure. To achieve the
binding of detection antibody and SBG, the detection antibod-
ies are labeled using the biotinylated reagent. Due to biotin
and streptavidin having a strong binding affinity, the MBs and
SBG form a stable immunocomplex. RGP is the fluorescent
substrate of SBG and has good water solubility. When SBG is
present, the ether bond between [3-galactose and resorufin can
be broken, so that resorufin produces a strong fluorescence
signal. The above is the conventional process of the classic
enzyme-linked immunosorbent assay. However, the change
of fluorescence signal which can be detected by microplate
reader normally requires very high concentrations of enzymes
in 100-300 uL of reaction volume. This mode limits the de-
tection sensitivity because the weak signal intensity is difficult
to detect at low concentrations of the target. When the enzy-
matic reaction is transferred to a microwell with about 46 fL,
the signal generated by the catalytic substrate of a single en-
zyme molecule can be easily detected (Fig. 1a). In the Simoa
assay, capture antibody-coated beads are added far more than
the low concentrations of target protein molecules. On the
basis of Poisson statistics, either one or zero target protein
molecules will bind to each bead [45]. That is, one bead with
a protein will capture an enzyme molecule. Since the diameter
of the microwells in the array is about 4.25 pum, the microwell
can accommodate only one magnetic bead with 2.7 um diam-
eter. After the magnetic bead immunocomplex was loaded
into the microwell, the perfluorinated oil seals the microwell
while removing the magnetic beads on the surface of the array.
Then, a fluorescence microscope performs dark field imaging
on the microwell array chip to determine the position and
number of magnetic beads. The microwells containing the
enzyme-labeled protein were fluorescently imaged and count-
ed. According to this principle, magnetic bead ELISA com-
bined with microwell imaging technology could greatly im-
prove the detection sensitivity of the target. In addition, the
high sensitivity of this method for the S-RBD protein and N-
protein determination is also attributed to the Poisson

@ Springer

distribution, where either one or zero target protein molecules
will bind to each bead. According to the principle of Poisson
distribution, when the number of proteins is far less than the
total number of magnetic beads, the number of magnetic
beads with more than one protein can be ignored. Within a
certain concentration range, the signal value will increase with
the concentration of S-RBD protein and N-protein. Finally,
the quantitative detection of S-RBD protein and N-protein
can be achieved this way.

To achieve the purpose of the simultaneous detection, two
kinds of capture antibodies are coupled to the surface of mag-
netic beads with different fluorescent dyes in duplex Simoa
assay (Fig. 1b). Other procedures are similar to the singleplex
assay. The difference is that the magnetic beads of S-RBD
protein (488 dye-labeled) and N-protein (700 dye-labeled)
are respectively imaged and positioned under the correspond-
ing excitation/emission filter. Finally, RGP fluorescence-
based microwell array imaging can distinguish the respective
targets via the previous beads’ positioning. Therefore, the si-
multaneous and ultrasensitive detection of S-RBD protein and
N-protein can be achieved based on the above procedure.

Selection of the antibody pairs

In order to achieve the excellent detection performance, this
assay paired the five antibodies with each other and screened
the best combination for further test. The screening was per-
formed by using the traditional MB-ELISA, and the detailed
process was described in the experiment section. According to
the design, a total of 20 antibody pair combinations for each
protein were used to determine the different concentrations of
S-RBD protein and N-protein. The best combinations were
selected by comparing their fluorescence intensity at 0, 1,
10, and 100 ng/mL of S-RBD protein and N-protein. As
shown in Supplementary information (ESM) Figs. S1 and
S2, the SA2-SA1 and NA3-NA1 antibody pair combination
shows the highest signal-to-noise ratio for the detection of S-
RBD protein and N-protein, respectively. The results also
proved that the selected antibodies could recognize different
sites of the target proteins and exhibit high affinity to S-RBD
protein and N-protein respectively. The selected antibody pair
combinations were tested on Simoa HD-X Analyzer for fur-
ther study.

Feasibility of the strategy

To verify the feasibility of simultaneous detection of S-RBD
protein and N-protein, AEB values of S-RBD protein and N-
protein at different concentrations on the chip and the position
images of the magnetic beads were obtained (Fig. 2) [47, 48].
The images are processed by ImagelJ software in this assay. As
shown in Fig. 2a, the positions of the magnetic beads corre-
sponding to the S-RBD protein and N-protein are located
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assay. a Schematic illustration of singleplex Simoa assay for the ultrasen-
sitive detection of the S-RBD protein or N-protein. b Schematic

through the labeled fluorescent molecules and filters. Since
each microwell can only fit one magnetic bead, the two mag-
netic beads do not overlap in Fig. 2a. In addition, the emission
wavelength of the RGP substrate was observed with no inter-
ference caused by the two dyes. When performing concentra-
tion counting and quantification, two target proteins can be
detected at the same time. As the concentration of S-RBD
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illustration of duplex Simoa assay for the simultaneous ultrasensitive
detection of the S-RBD protein and N-protein

protein and N-protein increases, the number of bright dots
increases significantly. At the same time, through statistical
bright dots and simulation calculations, the corresponding
AEB value at each concentration was obtained, as shown in
Fig. 2b. The results indicate that the developed method was
feasible for simultaneous detection of S-RBD protein and N-
protein.
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Fig. 2 a S-RBD protein and N-protein correspond to local images of 488 dye- and 700 dye-labeled magnetic beads, respectively. b AEB values
corresponding to S-RBD protein and N-protein at different concentrations (for replicates, n = 3)
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Quantitative detection based on singleplex assay

In order to confirm that the developed method can achieve the
ultrasensitive quantitative detection of S-RBD protein and N-
protein, we first developed a singleplex Simoa assay to inves-
tigate the signal changes with more S-RBD protein and N-
protein concentration gradients. Figure 3 showed the calibra-
tion curve when S-RBD protein and N-protein are detected
separately based on a singleplex Simoa assay. There is a cer-
tain functional relationship between the concentration of S-
RBD protein or N-protein and the AEB value. Through func-
tion fitting, it is found that the two conform to a four-
parameter function equation [47]:

A-D

Y(x):D—i—W

(1)

In the equation, A, B, C, and D represent the fitting con-
stant (Table 1), Y represents the AEB value, and x represents
the concentration of S-RBD protein and N-protein. In addi-
tion, according to the principle of blank+2.5 times the stan-
dard deviation, the lower detection limits (LODs) of S-RBD
protein and N-protein in the developed singleplex assay
reached 34.2 fg/mL and 76.4 fg/mL, and their linear ranges
were 0.217-269 pg/mL and 1.15-1438 pg/mL, respectively.
This result laid the foundation for the development of the
duplex Simoa assay.

Selectivity investigation and duplex Simoa assay

The selectivity of developed assay is of great significance for
further use in complex media. In order to avoid false positive
signals that may be caused by other diseases, we investigated
several serum high-level proteins (ACE2, CEA, Cyfra21-1,
AFP) and the MERS-related proteins that coexist in
biosystems and may act as potential interferents. As shown

AEB

0.01 y "

0.1 1 10 100
Concentration of S-RBD (pg/mL)

CaiQ. etal.

Table 1 Fitting constant -
of the S-RBD protein S-RBD protein N-
and N-protein singleplex protein
Simoa assay

A 0.0214 0.0286

B 0.991 0.956

C 1967 7271

D 122 85.4

in Fig. 4, the AEB value corresponding to 50 pg/mL S-RBD
protein and 500 pg/mL N-protein is higher than that of other
serum protein markers ACE2, CEA, Cyfra21-1, and AFP
(5 ng/mL). This result indicated that two singleplex assays
had good selectivity for the S-RBD protein and N-protein
detection. In order to achieve the simultaneous detection of
S-RBD protein and N-protein, the mutual interference be-
tween the two proteins is also investigated. The results con-
firmed that there were no obvious interference and cross-
reaction between the two proteins in the detection of each
other.

On the basis of the above results, we developed a duplex
Simoa assay for the simultaneous and ultrasensitive detection
of S-RBD protein and N-protein. Figure 5 shows the calibra-
tion curve of the simultaneous detection of S-RBD protein and
N-protein. The LODs of S-RBD protein and N-protein were
estimated to be 20.6 fg/mL and 69.8 fg/mL with a wide re-
sponse range of 0.34—1065 pg/mL and 0.183-338 pg/mL,
respectively. The results demonstrate that there is no signifi-
cant difference between the duplex and the singleplex assays
in sensitivity and detection range, but it meets the require-
ments of blood SARS-CoV-2 antigen detection [39, 43].
Therefore, the duplex Simoa assay is developed for the simul-
taneous detection of S-RBD protein and N-protein, which
facilitate accurate diagnosis of COVID-19. Compared to the
singleplex assay, the duplex assay exhibits better application
potential and value.

N-protein
R*=0.999

1 10 100 1000

Concentration of N-protein (pg/mL)

Fig. 3 Calibration plots of a S-RBD protein and b N-protein based on the singleplex Simoa assay
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Duplex assay validation

To evaluate the detection performance of the S-RBD protein
and N-protein duplex Simoa assay in complex serum samples,
a certain concentration of proteins and serum samples were
mixed in a ratio of 1:1 and serially diluted. As shown in Fig. 6,
a good linear relationship between the serum dilution factor
and the S-RBD protein and N-protein concentrations was ob-
served. This result indicates that the duplex Simoa can effec-
tively measure the concentration of S-RBD protein and N-
protein in serum samples.

In addition, the recovery experiments were carried out to
further verify the reliability of the method for simultaneous
detection of S-RBD protein and N-protein in serum. Different
concentrations of S-RBD protein and N-protein standards
were added to the 4-fold diluted serum. As shown in
Table 2, the 4-fold diluted serum was added with 0 pg/mL,

—S-RBD
—— N-protein
S-RBD:R?=0.992
N:R?=0.995

10 4

AEB

0.1

0.01

—rrry T vy —rT
1 10 100 1000

Concentration of proteins (pg/mL)

Fig. 5 Calibration plots of S-RBD protein (blue line) and N-protein (red
line) based on the duplex Simoa assay
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carcinoembryonic antigen; Cyfra21-1, the fragment of cytokeratin 19;
AFP, alpha fetoprotein; MERS-N, MERS nucleocapsid protein; MERS-
S, MERS spike protein

5 pg/mL, 20 pg/mL, and 80 pg/mL S-RBD protein and 0 pg/
mL, 8 pg/mL, 80 pg/mL, and 800 pg/mL N-protein standards
and the corresponding S-RBD protein and N-protein concen-
trations calculated according to the standard curve. The results
showed that the recovery rates of S-RBD protein were 90.4%,
82.8%, and 88.3%, and the recovery rates of N-protein were
83.1%, 77.6%, and 98.7%, respectively. Furthermore, we also
carried out spike recovery assays in saliva samples and
achieved good results (ESM Table S1). The good recovery
rate indicates that the developed duplex Simoa assay has high
reliability, and it is promising to be used for the further detec-
tion of S-RBD protein and N-protein in the serum of COVID-
19 patients. Although this method exhibited sufficient sensi-
tivity, practical experiments with COVID-19 samples were
not carried out in this study due to the shortage of COVID-
19 samples in China.

40 500

354
S-RBD:R*=0.991
N:R?=0.994

400
30

254 - 300

20 4

1 - 200
154

N-protein (pg/mL)

- 100

S-RBD protein (pg/mL)

Dilution

Fig. 6 Linear relationship between different serum dilution factors and
detected S-RBD protein (blue line) and N-protein (red line) concentra-
tions based on duplex Simoa assay
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Table 2 Recovery for serum

samples spiked with 5-80 pg/mL ~ Assay Cspike (pg/mL) Cper (pg/mL) Recovery (%) RSD (%)
S-RBD protein and 8-800 pg/mL
N-protein S-RBD protein SO NA NA NA
S1 4.52 90.4 6.5
S2 20 16.6 82.8 42
S3 80 70.6 88.3 1.8
N-protein NO NA NA NA
N1 6.65 83.1 4.7
N2 80 62.1 77.6 33
N3 800 790 98.7 52
Conclusion Nat Rev Immunol. 2020;10:615-32. https://doi.org/10.1038/

In summary, the developed duplex single molecule assay
demonstrates to be efficient for the simultaneous and ultrasen-
sitive detection of S-RBD protein and N-protein from SARS-
CoV-2. Furthermore, this assay shows the advantages of rap-
idness, high sensitivity, and excellent specificity, and the
limits of detection for simultaneous detection of S-RBD pro-
tein and N-protein were estimated to be 20.6 fg/mL and
69.8 fg/mL with wide detection ranges of 0.34-1065 pg/mL
and 0.183-338 pg/mL, respectively. This assay could not only
successfully monitor S-RBD protein and N-protein in aqueous
solution but also exhibit reliable responses toward the spiked
proteins in human serum and saliva samples. This duplex
assay provides a promising tool for detecting S-RBD protein
and N-protein and has great potential for supplementary diag-
nosis of COVID-19. We hope that the global COVID-19 ep-
idemic will be brought under control as soon as possible.
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