S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Talanta 236 (2022) 122847

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

Aptamer/antibody sandwich method for digital detection of SARS-CoV2 | e
nucleocapsid protein

Chenchen Ge al, Juan Feng ™' ‘Jiaming Zhang > Kai Hu", Dou Wang ", Ling Zha?,
Xuejuan Hu™ ", Rongsong Li®"

& College of Health Science and Environmental Engineering, Shenzhen Technology University, 3002 Lantian Road, Pingshan District, Shenzhen, Guangdong, 518118, PR
China

Y Sino-German College of Intelligent Manufacturing, Shenzhen Technology University, 3002 Lantian Road, Pingshan District, Shenzhen, Guangdong, 518118, PR China
¢ Shenzhen Key Laboratory of Smart Healthcare Engineering, Department of Biomedical Engineering, Southern University of Science and Technology, No. 1088, Xueyuan
Rd., Xili, Nanshan District, Shenzhen, Guangdong, 518055, PR China

ARTICLE INFO ABSTRACT

Keywords:

Digital detection
Microfluidic chip

COVID-19

SARS-CoV2

Nucleocapsid protein
Aptamer/antibody sandwich

Nucleocapsid protein (N protein) is the most abundant protein in SARS-CoV2 and is highly conserved, and there
are no homologous proteins in the human body, making it an ideal biomarker for the early diagnosis of SARS-
CoV2. However, early detection of clinical specimens for SARS-CoV2 remains a challenge due to false-negative
results with viral RNA and host antibodies based testing. In this manuscript, a microfluidic chip with femtoliter-
sized wells was fabricated for the sensitive digital detection of N protein. Briefly, p-galactosidase ($-Gal)-linked
antibody/N protein/aptamer immunocomplexes were formed on magnetic beads (MBs). Afterwards, the MBs and
B-Gal substrate fluorescein-di-p-p-galactopyranoside (FDG) were injected into the chip together. Each well of the
chip would only hold one MB as confined by the diameter of the wells. The MBs in the wells were sealed by
fluorocarbon oil, which confines the fluorescent (FL) product generated from the reaction between p-Gal and
FDG in the individual femtoliter-sized well and creates a locally high concentration of the FL product. The FL
images of the wells were acquired using a conventional inverted FL microscope. The number of FL wells with
MBs (FL wells number) and the number of wells with MBs (MBs wells number) were counted, respectively. The
percentage of FL wells was calculated by dividing (FL wells number) by (MBs wells number). The higher the
percentage of FL wells, the higher the N protein concentration. The detection limit of this digital method for N
protein was 33.28 pg/mL, which was 300 times lower than traditional double-antibody sandwich based enzyme-
linked immunosorbent assay (ELISA).

effectiveness of the vaccine and the fast mutations of SARS-CoV-2 [3].
At present, the reverse transcription-polymerase chain reaction (RT-
PCR) test is the gold standard for the diagnosis of SARS-CoV-2 [4].

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19) caused a

global health crisis. COVID-19 is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV2), and it has high infectivity and
high lethality [1]. More than 190 million people have been diagnosed
with COVID-19, and millions died from COVID-19 [2]. Although
COVID-19 vaccines have been administered worldwide, early diagnosis
remains an effective way for early isolation of patients with COVID-19
and control the spread of SARS-CoV-2 in the context of the limited
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Nevertheless, there is growing evidence demonstrating that this tech-
nique may generate false-negative results [5]. Direct detection of host
antibodies (IgM) from a small volume of serum or plasma is generally
less sensitive than RT-PCR, and SARS-COV-2 may be detected within the
first week after symptoms onset, while the viral load is typically higher.
When detected 10-14 days after the onset of symptoms, the viral load is
low or undetectable, the performance of these tests decreases
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significantly [6,7].

In addition to viral RNA and host antibodies, viral structural proteins
are also alternative targets for SARS-CoV2 detection, such as nucleo-
capsid protein (N protein), spike protein (S protein), membrane protein,
and envelope protein [8]. N protein is the most abundant protein in
SARS-CoV2 and is highly conserved [9], and there are no homologous
proteins in the human body. Therefore, N protein is an ideal biomarker
for the early diagnosis of SARS-CoV2.

Aptamers are high-affinity single-stranded DNA or RNA molecules to
specific targets and screened using an in vitro selection procedure called
Systematic Evolution of Ligands by EXponential enrichment (SELEX)
discovered by Gold and Szostak in the 1990s [10]. Up till now, many
nucleic acid aptamers have been identified using SELEX, including
aptamers that are specific to pathogenic organisms [11], proteins [12],
cells [13], heavy metal ions [14], and small molecules [15]. Compared
with antibodies widely used in biomedicine, the aptamer is a novel
molecular recognition element. The specificity and affinity of aptamer
binding to target are equal to or even stronger than that of antibody.
Furthermore, aptamer has the advantages of a short screening cycle, low
immunogenicity, simple and rapid synthesis, low cost, easy modifica-
tion, good stability and can be transported at room temperature [16].
After the outbreak of COVID-19, Zhaofeng Luo’s group quickly screened
out the aptamers of N protein [17] and demonstrated that the anti-
body/aptamer sandwich method has a higher sensitivity for N protein
detection than double-antibody or double-aptamer sandwich methods.
The usage of aptamers also reduces the complexity and cost of the
detection system. However, the detection sensitivity still needs to be
improved if applied in early diagnosis.

A digital assay is one in which the sample is partitioned into many
containers so that each partition contains a discrete number of biological
molecules. The digital assays, usually based on microfluidic compart-
mentalized techniques, such as digital enzyme-linked immunosorbent
assay (dELISA) or digital PCR, bring new levels of precision for the
sensitive quantitation of nucleic acids, proteins, and the exploration of
single-cell genotype and phenotype. Absolute quantitative information
can be obtained with qualitative measurements [18,19]. Digital ELISA
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using magnetic beads (MBs) labelled specific antibodies. At a low con-
centration of biomarkers, each MB can capture one or zero target protein
molecules. After an immune reaction, an immune complex is formed,
and an enzyme that produces an FL product is used to report the signal.
A final quantification was performed using FL imaging to detect the FL
signal from the individual microwells by enclosing the single MB in a 50
fL. reaction well [20]. Digital ELISA is about 100-1000 times more
sensitive than traditional ELISA [21] and plays an irreplaceable role in
the detection of protein markers in tumours [22], neurological [23],
cardiovascular [24], infectious diseases [25] and immune inflammation
[26].

To improve the sensitivity for N protein detection, a microfluidic
chip with femtoliter-sized wells was fabricated for the digital detection
of N protein (Fig. 1) in this study. With this method combining aptamer/
antibody, we were able to detect N protein with the limit of 33.28 pg/
mL, 300 times lower than traditional double-antibody sandwich ELISA.

2. Materials and methods
2.1. Reagents

PDMS base and curing agent were purchased from Dow Chemical
Company. N-(3-Dimethylaminopropyl)-N'-ethyl carbodiimide Hydro-
chloride (EDC) was purchased from Sigma-Aldrich. SARS-CoV-2 nucle-
ocapsid monoclonal antibody and biotinylated polyclonal antibody, N
protein and S protein were purchased from Yitaijian (Suzhou) Biotech-
nology Co., Ltd. 96 well plate was purchased from Corning Inc.
Carboxylated MBs, and SA coated MBs were purchased from SuZhou
Nanomicro Technologies Inc. Streptavidin-f-galactosidase (SA-p-Gal)
and biotin-p-galactosidase (bio-p-Gal) were purchased from Millipore.
Fluorescein di-beta-p-galactopyranoside (FDG) was purchased from AAT
Bioquest. Horseradish peroxidase-conjugated streptavidin (SA-HRP),
3,3 /,5,5 '-tetramethylbenzidine (TMB), and stop solution were pur-
chased from Dakewe Biotech Co., Ltd. 4%-12% PAGE precast protein gel
was purchase from Genscript Corporation. HRP conjugated goat anti-
mouse IgG (H + L) was purchased from Proteintech Group, Inc. Ultra-
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Fig. 1. Digital detection of N protein by a microfluidic chip with femtoliter-sized wells. (A) Formation of SA-B-Gal-linked antibody/N protein/aptamer immuno-
complex on MBs. (B) (VI) MBs with p-Gal substrate (FDG) was loaded together into the wells of the microfluidic chip. (IV) After being flushed with FC-40, the FL
product generated from the reaction between p-Gal and FDG into individual femtoliter-sized wells. (C) The representative bright-field image and (D) FL image of the

array. Scale bar: 50 pm.



C. Ge et al.

sensitive ECL substrate was purchased from Thermo Fisher Scientific.
Sodium carbonate and sodium hydrogen carbonate were purchased
from Shanghai Macklin Biochemical Co., Ltd. Bovine serum albumin
(BSA) was purchased from Beyotime Biotechnology. Tween-20 and
MgCl, were purchased from Aladdin Chemical Co., Ltd. Absolute ethyl
alcohol (EtAc) was purchased from Aladdin Company. Phosphate-
buffered saline (PBS) was purchased from Beijing Solar Science &
Technology Co., Ltd. Fluorinert FC-40 was purchased from 3 M. SU-8
2005 was purchased from Microchem. Biotinylated aptamer 58 (Apt
58) and 61(Apt 61) were synthesized by Sangon Biotech (Shanghai,
China). The sequences of Apt 58 and 61 were listed in Table 1.

2.2. Fabrication of the moulds of the channel layer and the array layer

The fabrication of the moulds of the channel layer and the array layer
were referred to the previously reported article [27]. The mould of the
channel layer was manufactured by computer numerical control tech-
nology. The mould of the array layer was manufactured by photoli-
thography. Briefly, the photoresist SU-8 2005 was spin-coated to a
4-inch silicon wafer using a glue homogenizer. The first stage rotation
speed is 500 rpm/min and acceleration is 100 (rpm/min)/s, spin coating
for 10 s. In the second stage, the rotation speed is 4000 rpm/min and the
acceleration is 500 (rpm/min)/s, spin coating for 40 s. The silicon wafer
was baked at 95 °C for 3 min and return to room temperature. Load the
chromium mask and silicon wafer using a SUSS MAG6 lithography ma-
chine and expose them to UV for 19 s. The silicon wafer was baked at
95 °C for 3 min and return to room temperature. The silicon wafer was
immersed in a SU-8 developer solution for 30 s, and rinsed with iso-
propyl alcohol and blow-dried with an air gun. The silicon wafer was
baked at 150 °C for 20 min and return to room temperature. The moulds
of the channel layer and the array layer were kept in dry and clean
conditions before use.

2.3. Fabrication of the microfluidic chip

PDMS pre-polymer was prepared by mixing the base and curing
agent in a ratio of 10:1 (m/m). The PDMS pre-polymer was poured over
the channel layer mould and the array layer mould respectively and
cured for 40 min at 70 °C. The PDMS was then peeled off from the
moulds and cut into appropriate pieces. Before surface modification,
inlet and outlet ports were created in the channel layer using a 0.75 mm
micro punch. Surface modification was performed at 80% power for 30 s
using a vacuum plasma generator (Diener Plasma, ZEPTO). The channel
layer and the array layer were manually aligned immediately and
pressed together to promote bonding. The assembly of the two layers
was further bonded together by baking at 70 °C for 5 min.

2.4. The performance of the microfluidic chip

SA-B-Gal was added to PBST with 1 mM MgCl; and 250 mM FDG to a
final concentration of 147 nM and incubated at room temperature (RT)
for 30 min. The solution was injected into the chip with a flow rate of 8
mL/cm through the inlet port using a peristaltic pump (WH-SP-02,
Suzhou Wenhao). The array’s bright-field images and FL images were
acquired using an inverted FL microscope (ECLIPSE Ti2, Nikon).

Table 1
The sequences of apt 58 and 61.

Name DNA Sequence (5'-3)

Apt58  biotin-GCT GGA TGT CAC CGG ATT GTC GGA CAT CGG ATT GTC TGA
GTC ATA TGA CAC ATC CAG C
Apt 61 biotin-GCT GGA TGT TGA CCT TTA CAG ATC GGA TTC TGT GGG GCG TTA

AAC TGA CAC ATC CAG C

Talanta 236 (2022) 122847
2.5. Digital detection of the activity of f-gal

One pL streptavidin-coated MBs (3 pm) was washed twice with PBS
and suspended in 100 pL PBS. Bio-p-Gal was added to a final concen-
tration of 1 nM. React for 30 min at 25 °C, and wash MBs 5 times with
PBST. The MB-f-Gal complex was resuspended in 50 pL PBST with 1 mM
MgCl, and 250 mM FDG and injected into the microfluidic chip with a
flow rate of 8 mL/cm using the peristaltic pump. Place the chip at RT for
5 min. FC-40 was injected with a flow rate of 12 mL/cm to flush away
MBs on the surface of the array. The chip was incubated at RT for 30
min, the bright-field and FL images of the array were acquired using the
inverted FL microscope.

2.6. Aptamer-N protein interaction studies using biolayer interferometry
technology

The aptamer-N protein interaction studies were carried out on the
biolayer interferometry technology-based instrument (FortéBio Octet
K2), using a 96-well plate in kinetics mode. Before loading apt 58 and
apt 61 onto SA sensors, the sensors were hydrated for 10 min in a
biosensor tray inside the Octet instrument set at 30 °C. The kinetics
parameters used in the study were listed in Table 2. The steps were
carried out in different wells in a microplate, baseline: PBS, loading: apt
58 or 61 (100 nM) in PBS, baseline 2: PBST, association: N protein (0.65
nM) in PBST, dissociation: PBST. The wells were filled with 200 pL of the
respective solutions for each step.

2.7. Western blot

Different concentrations of N protein (100 ng and 50 ng) were
separated in 4%-12% SDS-PAGE, electric-transferred to a membrane
and probed with the antibody against N protein (dilution: 1:1000). The
membrane was then incubated with horseradish peroxidase modified
goat anti-mouse IgG antibody (dilution: 1:2000) and the bands on the
PVDF membrane were developed using ECL detection reagents accord-
ing to the manufacturer’s instructions.

2.8. Conjugation of antibody to MBs

Carboxylated MBs (2.7 pm) were functionalized with an anti-N
protein monoclonal antibody using the EDC coupling method. Briefly,
400 pg carboxylated MBs was washed twice with PBS and suspended in
100 pL PBS. 560 pg EDC was added to activated carboxyl groups at 25 °C
for 20 min. Wash MBs twice quickly with pre-cooled PBS. 20 ug
monoclonal antibody against N protein was added to react with acti-
vated carboxyl groups at 25 °C for 60 min. Wash MBs three times with
PBS, add Tris/BSA buffer (50 mM Tris, 0.01% Tween-20, 0.5% BSA, pH
7.4) to block the unreacted activated carboxyl groups at 25 °C for 30
min. Wash antibody functionalized MBs (MBs-Ab) three times with PBS,
and resuspend 400 pL Tris/BSA buffer at 4 °C before use.

2.9. Detection of N protein using ELISA method

SARS-CoV-2 nucleocapsid monoclonal antibody was added into 50
mM carbonate buffer (pH 9.6) to a final concentration of 8 mg/mL. Add
50 pL of the solution to each well and incubate at 4 °C overnight. Wash

Table 2
The kinetics parameters were used in the experiment.

Step Type Time (s) Shake speed (rpm)
1 Baseline 300 1000
2 Loading 300 1000
3 Baseline 2 300 1000
4 Association 300 1000
5 Dissociation 600 1000
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each well three times with PBST, and block with 10% BSA at 37 °C for 2
h. Wash each well three times with PBST, add 50 pL of different con-
centrations of N protein (3.16 mg/mL, 1 mg/mL, 316 ng/mL, 100 ng/
mL, 31.6 ng/mL, 10 ng/mL, 0) and incubate at 37 °C for 1.5 h. Wash
each well three times with PBST, add biotinylated polyclonal antibody
(ELISA dilution: 1: 5000) respectively and incubate at 37 °C for 1 h.
Wash each well three times with PBST, add SA-HRP (ELISA dilution: 1:
500) and incubate at 37 °C for 45min. Wash each well five times with
PBST, add 50 pL of TMB into each well and incubate at 37 °C for 5 min.
Add 50 pL of stop solution into each well, the OD values of each well at
450 nm was acquired using a microplate reader (Synergy H1, BioTek).

2.10. Digital detection of N protein

Ten pL MBs-Ab was washed three times with PBS. The MBs were
resuspended and incubated with different concentrations of N protein
(1000 ng/mL, 100 ng/mL, 10 ng/mL, 1 ng/mL, 100 pg/mL, 0) in PBS at
25 °C for 1 h. The MBs were washed three times with PBS, resuspended
and incubated with biotinylated apt 58 and 61 (each 10 nM) in PBS at
25 °C for 1 h. The MBs were washed three times with PBS, resuspended
and incubated with SA-p-Gal (14.7 nM) in PBS at 25 °C for 1 h. The MBs
were washed six times in PBS, the MBs pellet was resuspended in 50 pL
PBST with 1 mM MgCl, and 250 mM FDG and injected into the micro-
fluidic chip using the peristaltic pump. Place the chip at RT for 5 min.
FC-40 was then injected to flush away MBs on the surface of the array.
The chip was incubated at RT for 30 min, the bright-field and FL images
of the array were acquired using the inverted FL microscope.

2.11. Image analysis

The bright-field and FL images were analyzed using self-programmed
software. The number of FL wells with MBs (FL wells number) and the
number of wells with MBs (MBs wells number) were counted. The per-
centage of FL wells was calculated by dividing (FL wells number) by
(MBs wells number). The concentration of N protein can be calculated
by substituting the percentage of FL wells into the standard curve
equation.

3. Results and discussion
3.1. The principle of this assay for digital detection of N protein

Briefly, SA-p-Gal-linked antibody/N protein/aptamer immunocom-
plexes were formed on MBs (Fig. 1A). The MBs and fluorescein-di-B-p-
galactopyranoside (FDG) were injected into the chip together. FDG is
one of the most sensitive fluorogenic substrates of -Gal that has no
fluorescence unless hydrolyzed by p-Gal. The hydrolysis processes of the
two glycosidic bonds of FDG by p-Gal were showed in Fig. S1. FDG is
sequentially hydrolyzed by p-gal, first to fluorescein-mono-p-p-gal-
actopyranoside (FMG) and then to highly fluorescent fluorescein for
detection [28,29].

The chip was fabricated with polydimethylsiloxane (PDMS) using
well-developed moulding techniques. There are a million femtoliter-
sized wells on the chip, which form an array, and each well would
only hold one MB as confined by the diameter of wells. The working
process of the MBs separated into the wells of the developed microfluidic
chip is as follows. Briefly, the MBs and FDG mixture was aspirated into a
1 mL syringe, the syringe needle was inserted into a narrow pipe that
connected to the inlet port of the chip (Fig. S2A). The top and side views
of the chip are shown in Fig. S2B. The piston of the syringe was driven by
the pump to push the MBs into the chip chamber. The MBs slowly sank to
the bottom of the well due to gravity. After 5 min, FC-40 was injected,
and the excess MBs on the surface of the array were flushed away
(Fig. S2C) through the outlet port of the chip. Finally, the MBs was
separated into the well of the developed microfluidic chip, and each well
of the chip only hold one MB by confining the diameter of the wells. The
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MBs in the wells were sealed by FC-40, which confines the FL product
generated from the reaction between f-Gal and FDG in the individual
femtoliter-sized well and creates a locally high concentration of the FL
product (Fig. 1B). The bright-field and FL images of the wells were ac-
quired using a conventional inverted FL microscope (Fig. 1C and D). The
number of FL wells with MBs (FL wells number) and the number of wells
with MBs (MBs wells number) were counted, respectively. The per-
centage of FL wells was calculated by dividing (FL wells number) by
(MBs wells number). MBs wells with fluorescence were defined as “1”,
and MBs wells with no fluorescence were defined as “0”. That is distinct
from but analogous to the use of the word “digital” in computing, where
it refers to the binary code of Os and 1s on which computers operate.
That is why it was called digital detection.

3.2. The performance of the manufactured microfluidic chip

The PDMS polymer microfluidic chip consists of the channel layer
and the array layer. The array layer contains 200 arrays, and each array
contains 5000 wells, the width and height of each well was 4.5 pm and
3.5 pm, respectively. The central distance between the two wells was 10
pm (Fig. 2A). The FL solution of the SA-B-Gal and FDG mixture was
injected into the chip to verify its performance. The wells were filled
with the FL solution under 488 nm laser radiation using the inverted FL
microscope (Fig. 2B), which confirmed that the wells have good hy-
drophilicity. Afterwards, carboxylated MBs with a diameter of 2.7 ym
and SA-coated MBs with a diameter of 3 pm were injected into the chip,
respectively. The beads were seeded into the wells under the action of
gravity, and one single well only holds one MB (Fig. 2C and E). More-
over, the two kinds of MBs did not have any background fluorescence
under 488 nm laser radiation (Fig. 2D and F), which avoids the difficulty
of distinguishing background fluorescence from weak positive
fluorescence.

3.3. The feasibility of this assay

The activity of p-Gal was detected as a proof-of-concept study. Bio-
B-Gal was labelled on the surface of SA coated MBs and formed the MB-
B-Gal complex. MB-p-Gal and p-Gal’s substrate FDG were injected into
the microfluidic chip together. Fig. 3A and B shows the representative FL
images of the array in the presence of 10 nM bio-$-Gal and without bio-
B-Gal. The percentage of FL wells is 97.18% in the presence of 10 nM bio-
B-Gal, and the percentage of FL wells is 0.011% without-bio-p-Gal
(Fig. 3C). The results proved that the principle for digital detection is
feasible.

3.4. The sensitivity and specificity of this assay for N protein detection

As reported, the order of the interaction force between molecules is
covalent bond > electrostatic attraction > hydrogen bond > hydro-
phobic action > van der Waals force. The interaction forces between
antigen and antibody are mainly van der Waals force and hydrogen
bond. The interaction forces between antigen and DNA are mainly
electrostatic attraction, hydrogen bond and van der Waals force. When
DNA molecules with negative polarity bind to proteins, they can provide
more oxygen atoms, enabling more electron pairs to generate more
hydrogen bonds, increasing the bond energy of interaction, and main-
taining a more stable structure. That is also the reason why aptamers
have great potential in the field of scientific research. Therefore, an
antibody/aptamer sandwich assay was used for the digital detection of N
protein. Firstly, the interaction between N protein and apt 58 or 61 was
verified by biolayer interferometry technology, and the interaction be-
tween N protein and anti-N protein antibody was verified by Western
blot (Fig. S3). The percentage of FL wells (y-axis) presented a dose-
dependent increase with the concentration of N protein (Fig. 4A).
Calibration curve (Fig. 4B) shows that y-axis value is proportional to the
concentration of N protein in the range of 100 pg/mL to 100 ng/mL with
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Fig. 2. Manufactured microfluidic chips with an array of wells. (A) The representative light-field image of the array. (B) The representative FL image of the array
after injection of an FL solution of SA-B-Gal and FDG mixture. (C) The representative light-field image of the array after injection of carboxylated MBs and (E) SA

coated MBs. (D) The background fluorescence of carboxylated MBs and (F) SA coated MBs. Scale bar: 25 pm.
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Fig. 3. Performance verification of the manufactured microfluidic chip for digital detection. (A) The representative FL images of the array in the presence of 10 nM
bio-p-Gal and (B) without-bio-p-Gal. (C) The percentage of FL wells in the presence of 10 nM bio-p-Gal and without bio-p-Gal. The error bars represent the standard

deviation of three independent measurements. Scale bar: 50 pm.
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Fig. 4. Application of microfluidic chip with
aptamer/antibody sandwich for N protein detection.
(A) Plots of the percentage of FL wells vs different
concentrations of N protein (1000 ng/mL, 100 ng/
mL, 10 ng/mL, 1 ng/mL, 100 pg/mL, 0). (B) Cali-
bration curve of the percentage of FL wells vs N
protein concentration. The error bars represent the
standard deviation of three independent measure-
ments. (C-F) Representative FL images with different
concentrations of N protein. Scale bar: 50 pm.
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a linear equation of y = —0.0031 + 0.0088x (R2 = 0.995). The limit of
detection (LOD) of 33.28 pg/mL was calculated using this equation,
based on triple standard deviation plus the mean of blanks. While the
detection limit of conventional antibody sandwich ELISA for N protein is
10 ng/mL (Fig. S4), which is about 300 times higher than the digital
detection assay used in this manuscript. The usage of aptamer reduces
the complexity and cost of the digital detection system. The represen-
tative original light-field and fluorescent images with different concen-
trations of N protein ranging from 100 pg/mL, 1 ng/mL, 10 ng/mL, to
100 ng/mL were displayed in Fig. SSA-5H. The FL images in the dashed
box of Fig. S5 was selected and exhibited in Fig. 4C-F. To verify the
specificity of the assay, SARS-CoV-2 S protein was used as a control. The
percentage of FL wells was only 0.62% with 100 ng/mL S protein under
this assay setting, while the percentage was 76.71% with 100 ng/mL N
protein (Fig. 5A-C), which confirmed the excellent specificity of this
assay.

As far as we know, there are several pre-existing technologies for N
protein detection, such as lateral flow biosensor [17], gold nanoparticles
(AuNPs)-based ELISA assay [30], and chemiluminescence enzyme
immunoassay method (CL-ELISA) [31]. Lateral flow biosensor is an
easy-to-use platform and is often used as a preliminary screening
method for viruses, the LOD for N protein is 1 ng/mL. The AuNPs-based

0.0 2x10* 4x10% 6x10* 8x10* 1x10°
N protein concentration (pg/mL)

ELISA used AuNPs coated monoclonal antibody to enhance HRP con-
centration, which can improve the detection limit of N protein compared
with conventional ELISA, and the LOD for N protein is 0.9 pg/mL.
CL-ELISA was capable of detecting N protein at 1.56 pg/mL. Although
the LOD of the AuNPs-based ELISA method and CL-ELISA methods is
lower than that of our method, these optimized ELISA methods are the
relative quantitative method rather than absolute quantitative methods.
The biggest advantage of absolute quantification over relative quanti-
fication is that absolute abundance of the analytes can be obtained. The
parallel reaction monitoring (PRM) quantitation of mass spectrometry
assay is an absolute quantitative method with a lower detection limit for
N protein [32]. Nonetheless, it requires complex instrumentation and
laboratory operations which are more suitable to be used in scientific
research. In this manuscript, the aptamer/antibody sandwich method
for digital detection of N protein is also an absolute quantitative method.
The absolute quantitative information can be obtained with qualitative
measurements. The operation process is much simpler than that of mass
spectrometry, and only a fluorescence detection device is needed to
observe the detection results which is more suitable for practical
applications.
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Fig. 5. The specificity and recovery experiments for
digital detection of N protein. (A) The representative
FL images for digital detection of N protein and (B) S
protein. (C) The difference in the percentage of FL
wells for digital detection of N protein and S protein.
(D) Distribution of the recovery with different con-
centrations of spiked N protein (1 ng/mL, 10 ng/mL,
and 100 ng/mL) in 20% human serum. The error bars
represent the standard deviation of three independent
measurements. Scale bar: 50 pm.
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3.5. The recovery experiments for digital detection of N protein in real
sample

To verify this assay for practical application without the risk of pa-
tient samples, we performed recovery experiments by spiking different
concentrations of N protein (the final concentrations are 1 ng/mL, 10
ng/mL, and 100 ng/mL) into diluted serum from a healthy volunteer

©00000000000000000000

3

(F)

(The SARS-CoV2 nucleic acid test was negative.). Meanwhile, the native
N protein cannot be detected in the serum using this method. Acceptable
recovery rates (85.9%-103.7%) for N protein were obtained (Fig. 5D),
which confirmed that this assay detected N protein in human serum
samples with little interference.
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Fig. 6. The reusability of the microfluidic chip. (A) The bright-field image of the used chip without washing. (B) The bright-field images of the used chip were
washed once with absolute EtAc, (C) twice and (D) three times with ddH»O. (E) The FL images for detection of 100 ng/mL N protein using the reused chip and (F) the
new chip. (G) The difference in the percentage of FL wells (%) for detection of 100 ng/mL N protein using the reused and the new chip. The error bars represent the

standard deviation of three independent measurements. Scale bar: 50 pm.
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3.6. The reusability of the microfluidic chip

We also investigated the reusability of the microfluidic chip. Abso-
lute EtAc was injected into the used chip, and the chip was vibrated in an
ultrasonic bath for 120 s to make the MBs out of the wells. The MBs enter
the chip chamber from the wells were immediately flushed away by
absolute EtAc. Repeat the process twice, except to replace the absolute
EtAc with double distilled water (ddH50). Finally, the chips were baked
in an oven at 37 °C for 2 h to dry any excess ddH50 in the wells. After
three times of ultrasound and washing, almost all the MBs in the wells of
the chip were all washed away (Fig. 6A-D). And there is almost no
difference between the percentage of FL wells when detection of N
protein using the new and the cleaned chip (Fig. 6E-G). These results
demonstrated the reusability of the PDMS-based chip, and would greatly
reduce the experimental time.

4. Conclusion

In this assay, the wells of the microfluidic chip were used to isolate a
single MB that carrying target molecules. To ensure MBs can capture all
the molecules, the number of beads was largely excessive over that of the
target molecules. However, only about 3%-5% of the total number of
MBs could be entered into the wells, and the majority of targets cannot
be detected and analyzed. The major limitation of this assay for
detecting rare molecules is the low efficiency of beads loading. Mean-
while, the sensitivity of this assay for N protein detection was directly
related to the affinity of the antibody and aptamer. The higher the af-
finity, the lower the sensitivity. Future work will focus on screening
better antibodies and aptamers.
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