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Accurate and efficient early diagnosis is crucial for the control of COVID-19 pandemic. However, methods that
can balance sensitivity, high throughput, detection speed and automation simultaneously are still scarce. Here,
we report an automatic label-free chemiluminescence immunoassay (CLIA) for rapid SARS-CoV-2 nucleocapsid
protein (NP) detection with high sensitivity and throughput. N-(4-aminobutyl)-N-ethylisoluminol and Co?* dual-

Chemilumi
Ma(;rs;tlilinlirel:jcsence functionalized chemiluminescent magnetic beads (dfCL-MB) were first applied to the detection of protein by a
Automation novel and simple strategy. Sulphydryl polyethylene glycol was coated on the surface of dfCL-MB so as to

assemble dfCL-MB and antibody conjugated gold nanoparticles through Au-S bond. Considering the high-risk
application scenarios, the immunosensor was integrated with an automatic chemiluminescence analyzer so
that the whole testing procedure could be carried out automatically without manual operation. A linear corre-
lation between CL intensities and the logarithm of NP concentration was obtained in the range of 0.1-10,000 pg/
mL with a detection limit of 21 fg/mL. The whole process cost 25 min and the sample compartment can bear 24
samples simultaneously. The spiked human serum samples and serum samples from COVID-19 patients were
determined with satisfactory recoveries of 91.1-109.4%, suggesting that the proposed label-free CLIA is of great
potential for SARS-CoV-2 NP detection in practice.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
that causes coronavirus disease 2019 (COVID-19) [1] has become a
major public health concern all over the world. Until February 2021,
more than 2.49 million people have died of COVID-19 and the number is
still increasing rapidly [2]. Clinical research indicates that most infected
people develop respiratory symptoms in 2-14 days after exposure
(namely, incubation period) [3,4]. To make matters worse, asymptom-
atic carriers and patients in the incubation period still can transmit the
virus effectively [5,6]. The high infectivity and the indefinite incubation

period of SARS-CoV-2 make the pandemic situation even serious.
Therefore, accurate and efficient early diagnosis is crucial for patient
management and outbreak control.

Pathogenic nucleic acid testing based on quantitative real time po-
lymerase chain reaction (QRT-PCR) and serological antibody testing are
the main laboratory methods for clinical diagnosis of COVID-19
currently [7,8]. However, qRT-PCR requires skilled technicians,
expensive reagents and complicated time-consuming amplification
steps. A considerable amount of nucleic acid loss is caused in the com-
plex extraction steps, which may lead to a false negative result. More-
over, the high cost of mass population screening by qRT-PCR has
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resulted in great financial pressure even for well-funded health care
systems. Likewise, antibody testing also has some shortcomings. The
most important one is that the positive rate of the serum virus-specific
IgM and IgG antibody is low when the sampling time is within one
week of symptom onset [3,9], not to mention that of asymptomatic
carriers. This means antibody testing is unsuitable for early screening
and can only be used as a complement to pathogenic testing [9]. The
structural proteins of SARS-CoV-2, such as spike protein (SP) and
nucleocapsid protein (NP), as another component of the pathogen, has
been declared feasible for the diagnosis of COVID-19 by World Health
Organization (WHO) [10]. Both NP and SP have high antigenicities [11,
12]. However, it has been reported that N gene is more conserved and
stable than S gene and has fewer mutations over time [11,13-15].
Therefore, NP is potentially a better target for a stable and effective
SARS-CoV-2 antigen detection method.

Several works for SARS-CoV-2 NP detection have been published.
For example, lateral flow immunoassay (LFA) for SARS-CoV-2 NP
[16-18] has gained much attention due to its low cost and portability.
Hess et.al. [19] developed a parallel reaction monitoring mass spec-
trometry assay for detection of SARS-CoV-2 SP and NP, which provided
a detection limit of ~200 aM. Zhang’s group [20] reported an
aptamer-assisted proximity ligation assay for COVID-19 diagnosis with a
NP detection limit of 37.5 pg/mL. These methods have solved different
problems that we are facing in COVID-19 diagnosis, respectively.
However, there are still some limitations. LFA is semiquantitative
method and the sensitivity is sacrificed, which is an essential trait to
patients in the early stage because of the low viral load [5]. The other
methods have good performance in sensitivity, but they need hours to
complete the whole test and complex manual operation are applied in
various degrees, which makes these methods both labor-intensive and
time-consuming. Methods that can balance sensitivity, high throughput,
detection speed and automation simultaneously for the detection of
SARS-CoV-2 NP are still scarce.

In recent years, great attention has been paid to chemiluminescence
immunoassays (CLIAs) for disease biomarkers in practical in vitro
diagnosis (IVD) due to inherent advantages such as high sensitivity,
wide linear range, short detection time and simple devices [21-25].
While most of current CLIAs used in IVD are mainly labeling-based
sandwich method [26,27]. Furthermore, CL substrate is usually added
in liquid phase, which is another error-causing factor. Label-free CLIA
[28-30] based on CL intensity change initiated by the specific interac-
tion between recognition element modified on CL functionalized nano-
materials and target have drawn increasing research interests. They are
time-saving, low-cost, and simple, avoiding tedious labeling procedures.
N-(4-aminobutyl)-N-ethylisoluminol (ABEI) and cobalt ion
dual-functionalized chemiluminescent magnetic beads (dfCL-MB) as
powerful interfaces are very attractive for the construction of label-free
CLIA due to their rapid and simple separation from matrix, high feasi-
bility of automation and low energy requirement. However, the appli-
cation of dfCL-MB is restricted to the detection of small molecule [31,
32]. Label-free CLIA for protein biomarkers based on dfCL-MB has rarely
been reported.

In this work, we developed an automatic label-free CLIA with high
sensitivity for the rapid detection of SARS-CoV-2 NP. dfCL-MB were
taken as the carrier of CL reagent ABEI and catalyst Co?" as well as the
interface of the label-free CLIA. As the carboxyl group of MB was
occupied by ABEI and Co?*, it was hard to immobilize antibody directly.
Therefore, citrate reduced gold nanoparticles were used to conjugate NP
antibody (AuNP-Ab) due to its excellent protein affinity and stability.
Moreover, polyethylene glycol with a sulfthydryl group at the end (SH-
PEG) was chosen as the bridging molecule between AuNP-Ab and dfCL-
MB because PEG as a polymer could be modified on dfCL-MB through
non-covalent interactions and AuNP-Ab could be well conjugated via
Au-S bond. Finally, the label-free immunosensor was obtained when the
non-specific sites were blocked by BSA. It was found that NP had a
negative impact on the CL intensity of the as-assembled immunosensor.
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Under these circumstances, a label-free CLIA was established. Consid-
ering the high-risk application scenarios, the label-free CLIA was inte-
grated with an automatic CL analyzer so that the whole testing
procedure could be carried out automatically without manual operation.
The assembly process was characterized by CL, XPS, TEM, STEM, etc.
After the CL measurement conditions were optimized, analytical per-
formance and selectivity of the label-free CLIA were evaluated. Ulti-
mately, the spiked human serum samples with NP and serum samples of
COVID-19 patients were employed to investigate the applicability of the
immunosensor in practical COVID-19 diagnosis.

2. Experimental section
2.1. Chemicals and reagents

Trisodium citrate (NasCit), sodium chloride (NaCl), sodium hy-
droxide (NaOH), disodium hydrogen phosphate dodecahydrate (NayH-
P0O4.12H50), sodium dihydrogen phosphate dehydrate
(NaH2P04.2H50), hydrogen peroxide (HO2, 30.0%), cobalt chloride
hexahydrate (CoCly.6H30) and chloroauric acid tetrahydrate
(HAuCl4.4H50) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Bovine serum albumin (BSA) was obtained from
Solarbio (Beijing, China). 4-(2-hydroxyethyl)—1-piper-
azineethanesulfonic acid (HEPES) and 10 mM PBS were purchased from
Sangon Biotechnology Co., Ltd. (Shanghai, China). Carboxyl MBs were
purchased from Biomag Biotechnology Co., Ltd. (Wuxi, China). Thiol
and carboxyl modified polyethylene glycol (HS-PEG-COOH, Mw =
2000) was purchased from Ziqi Biotechnology Co., Ltd. (Shanghai,
China). 1-(3-(dimethylamino)propyl)—3-ethylcarbodiimidehydrochl
oride (EDC) and N-Hydroxysuccinimide (NHS) were purchased from
Aladdin Reagent (Shanghai, China). 4 mM N-(aminobutyl)-N-(ethyl-
isoluminol) (ABEI, TCI, Japan) was dissolved in pH = 12.0 NaOH so-
lution to prepare ABEI stock solution and stored at 4 °C. A stock solution
of 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) was obtained by
dissolving MES (Sigma, St. Louis, MO) in ultrapure water and adjusting
the pH to 6.0 with 0.5 M NaOH solution. Rabbit-derived nucleocapsid
protein (NP), NP antibody of SARS-CoV-2 and inactivated COVID-19
patient serum samples were provided by Jin’s Group (University of
Science and Technology of China). All chemicals above were analytical-
grade pure. A milli-Q system (Milli-pore, France) was employed to
produce ultrapure water which was used throughout the experiment.

2.2. Apparatus

TEM images were recorded on an electronic microscope (JEM-2010,
Japan). A high resolution electronic microscope (Talos F200X, USA)
were used to collect HAADF images and EDS mapping images. XPS (Al
Ko radiation as the X-ray source) was performed on an electronic
spectrometer (ESCALAB 250Xi, USA). Inductively coupled plasma mass
spectrometry (ICP-MS) measurements were carried out on a mass
spectrometry (PlasmaQuad3, USA). UV-vis absorption spectra were
conducted on an UV-vis spectrophotometer (Agilent 8453, USA).
Magnetization curves were performed on a magnetic measurement
system (MPMS3, USA). The zeta potential was detected using a zeta
potential analyzer (90Plus PALS, USA). The centrifugation process was
carried out on a high-speed refrigerated centrifuge (TGL-16 M, China).
The pH of solutions used in this work was controlled by a pH meter (FE-
28 standard, China). The citrate reduced gold nanoparticles (cit-AuNPs)
were synthesized on a constant temperature heating magnetic stirrer
(DF-101S, China). All shaking processes were performed on a DNA ro-
tary mixer (DH-II, China).

2.3. Assembly of label-free immunosensor

First of all, ABEI and Co?>" dual-functionalized CL magnetic beads
(dfCL-MB) were prepared according to a previous work of our group
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[32] with some modifications as shown in S1. Secondly, 0.2 mL of 8 mM
HS-PEG-COOH (MW = 2000) was added to 1 mL of dfCL-MB under
consecutive shaking for 4 h at room temperature. Afterwards, the ob-
tained PEG/dfCL-MB was washed twice with ultrapure water and
re-dispersed in 1 mL of ultrapure water. Thirdly, AuNP-Ab was prepared
as shown in S2. Subsequently, 1 mL of AuNP-Ab and 1 mL of
PEG/dfCL-MB were mixed and kept shaking for 4 h at room tempera-
ture. Then, 0.5 mL of 5% (w/w) BSA solution was added to block
non-specific binding sites, followed by shaking for 30 min at room
temperature. Finally, the obtained BSA/AuNP-Ab/PEG/dfCL-MB was
washed twice with 10 mM PBS and re-dispersed in 2 mL of 1% (w/w)
BSA solution. The obtained BSA/AuNP-Ab/PEG/dfCL-MB was stored at
4 °C for further experiment.

2.4. CL measurement and NP detection

CL kinetic curves of the stepwise assembled MBs were obtained by
Centro LB 960 microplate luminometer (Berthold, Germany). Typically,
50 pL of MB solution was added into a microwell of 96-well plates, and
then 50 pL of 2 mM H05 and 100 pL of 0.1 M NaOH were injected into
the same well in sequence by the injection pump of Centro LB 960. CL
signals varying with time were recorded as the CL kinetic curve.

The CL signals for the immunoassays were measured with Kaeser
1000 automatic CL immunoassay analyzer. Kaeser 1000 is composed of
a reaction cup compartment, a sample compartment, a reagent
compartment, a built-in bottle compartment, and a waste compartment.
The synthetic BSA/AuNP-Ab/PEG/dfCL-MB and different concentra-
tions of NP were put in the reagent compartment and sample compart-
ment, respectively. Substrate A (1 mM H30,, dispersed in 5 mM PBS),
substrate B (pH = 12.0 NaOH) and washing buffer (10 mM PBS) were
placed in the built-in bottle compartment. In a typical assay, Kaeser
1000 automatically took 50 pL of NP into the reaction cup, and then
added 50 pL of BSA/AuNP-Ab/PEG/dfCL-MB. Next, the mixtures were
incubated at 37 °C. The incubation time was set at 20 min for 100-fold
diluted serum samples and 30 min for 20-fold diluted serum samples.
Subsequently, the obtained immunocomplex was washed once with 10
mM PBS, and 100 pL of substrate A was added after removing the su-
pernatant, followed by placing the immune-complex in the cassette.
Finally, the light emission was collected by PMT after injecting 100 pL of
substrate B, and presented in integrated CL intensity (CL intensity was
the sum of the intensity of 10 points near the peak value with a time
interval of 0.1 s). The CL intensity was used for quantitative analysis of
NP. The used reaction cups entered to the waste compartment
ultimately.
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3. Results and discussion
3.1. Assembly strategy of immunosensor

The assembly strategy of the label-free CL immunosensor is shown in
Scheme 1. First of all, ABEI and Co®" dual-functionalized CL magnetic
beads (dfCL-MB) were prepared according to our previous work with
some modifications [32]. Then, PEG with a sulphydryl group were
coated on the surface of dfCL-MB to form PEG/dfCL-MB. Citrate reduced
gold nanoparticles (cit-AuNPs) were taken as the carrier of NP antibody
through Au-S bond due to its excellent stability and biocompatibility.
Subsequently, NP antibody coated gold nanoparticles (AuNP-Ab) were
assembled with PEG/dfCL-MB via Au-S bond to form
AuNP-Ab/PEG/dfCL-MB. After the non-specific binding sites were
blocked by BSA, BSA/AuNP-Ab/PEG/dfCL-MB were obtained as the
immunosensor of the label-free CLIA. Finally, in the presence of NP,
BSA/AuNP-Ab/PEG/dfCL-MB could capture NP by specific immuno-
reaction, thus NP/BSA/AuNP-Ab/PEG/dfCL-MB immunocomplex was
formed. The immunocomplex could produce a CL emission varying with
the concentration of NP when it was mixed with alkaline HO».

3.2. Stepwise characterization of immunosensor

To monitor the assembly process, a series of characterizations were
conducted. Fig. 1A-D display typical TEM images of MB surface during
the assembly process. The commercial MBs were highly uniform mi-
crospheres with an average diameter of 2.17 + 0.05 um (Fig. S1). After
functionalized with ABEI and Co?*, there was no obvious change in
morphology (Fig. 1A). The surface of PEG/dfCL-MB (Fig. 1B) showed no
obvious difference compared with that of dfCL-MB (Fig. 1A) due to the
low contrast of PEG under TEM. The successful coating of PEG was re-
flected in XPS results. As shown in Fig. S4, the percentage of sulfur
element in both MB and dfCL-MB was 0.12%, but that of PEG/dfCL-MB
increased to 0.17%. The interaction between dfCL-MB and PEG was non-
covalent bond, including hydrogen bond and Van der Waals’ force.
There were abundant hydroxyl groups and a carboxyl group in PEG,
which would form hydrogen bonds with carboxyl groups and amide
bonds of dfCL-MB. Moreover, Van der Waals’ force as a universal
intermolecular force also existed between PEG and ABEI/MB. After
AuNP-Ab reacted with PEG/dfCL-MB, number of nanoparticles
appeared on MB (Fig. 1C). Meanwhile, the new peak at around 85 eV in
survey XPS (Fig. 1E) of AuNP-Ab/PEG/dfCL-MB belonged to Au4f,
revealing the successful conjugation of AuNP-Ab. Moreover, the pres-
ence of gold element in STEM EDS mapping of AuNP-Ab/PEG/dfCL-MB
(Fig. S3) was also a conclusive evidence of the successful conjugation of

é
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Scheme 1. Schematic illustration of assembly strategy of the label-free immunosensor.
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Fig. 1. TEM images of dfCL-MB (A), PEG/dfCL-MB (B), AuNP-Ab/PEG/dfCL-MB (C), BSA/AuNP-Ab/PEG/dfCL-MB (D). (E) Survey XPS of AuNP-Ab/PEG/dfCL-MB
(blue) and PEG/dfCL-MB (red). (F) Zeta potential of dfCL-MB (a), PEG/dfCL-MB (b), AuNP-Ab/PEG/dfCL-MB (c), BSA/AuNP-Ab/PEG/dfCL-MB (d) and NP/BSA/

AuNP-Ab/PEG/dfCL-MB (E).

AuNP-Ab. The TEM image of BSA/AuNP-Ab/PEG/dfCL-MB (Fig. 1D)
showed distinct proteins coated on the surface after BSA was introduced
to AuNP-Ab/PEG/dfCL-MB, indicating the non-specific binding sites
were blocked by BSA.

CL kinetic curves obtained by Centro LB 960 luminometer and
normalized CL intensities obtained by Kaeser 1000 of MBs in every as-
sembly step are shown in Fig. 2. All these MBs displayed a flash type
emission (Fig. 2 A). However, the kinetic curves changed in various
degrees during the assembly process. The peak of dfCL-MB and PEG/
dfCL-MB appeared within 0.1 s after the injection of HyO5. The CL in-
tensity decreased by over 1/5 after dfCL-MB was assembled with SH-

PEG owing to the existence of lots of sulphydryl groups in PEG/dfCL-
MB, which competed with ABEI for O3~ [33]. AuNP-Ab had negative
impact on the CL intensity of AuNP-Ab/PEG/dfCL-MB. To investigate
the reason of this negative impact, cit-AuNPs and NP antibody were
added in the liquid phase of PEG/dfCL-MB solution, respectively. The
results (Fig. S7) showed that both cit-AuNPs and NP antibody could
decrease the CL intensity of PEG/dfCL-MB. Two reasons were possibly
responsible for the CL intensity decrease of AuNP-Ab/PEG/dfCL-MB.
First, the maximum emission wavelength of ABEI is 450 nm where
cit-AuNPs has a strong absorption, thus CL resonance energy transfer
(CRET) may occur between PEG/dfCL-MB and cit-AuNPs, resulting in a
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Fig. 2. (A) CL kinetic curves obtained by Centro LB 960. (B) Normalized CL intensity obtained by Kaeser 1000 of dfCL-MB (a), PEG/dfCL-MB (b), AuNP-Ab/PEG/
dfCL-MB (c), BSA/AuNP-Ab/PEG/dfCL-MB (d) and NP/BSA/AuNP-Ab/PEG/dfCL-MB (e, Cyp = 107 '° g/mL).

decrease in CL intensity [34]. Furthermore, sulphydryl group as a
common group in antibodies may also exist in NP antibody, leading to a
decrease in CL intensity. Moreover, the peak drop of
AuNP-Ab/PEG/dfCL-MB showed a delay of 0.1 s, which was due to a
slower diffusion rate of H,O, when AuNP-Ab was assembled onto
PEG/dfCL-MB. After the non-specific binding sites were blocked by BSA,
the CL intensity of BSA/AuNP-Ab/PEG/dfCL-MB was only about 1/6 of
that of AuNP-Ab/PEG/dfCL-MB and the peak appeared at 0.2 s after the
injection of Hy05. Two reasons may lead to these: (1) After
AuNP-Ab/PEG/dfCL-MB was blocked by BSA, the diffusion rate of HyOy
decreases, leading to a decrease in CL intensity and the delayed peak; (2)
BSA contains 17 disulfide bonds and 1 sulphydryl group, which may
compete with ABEI for Oy to quench CL. Similarly, the CL intensity of
NP/BSA/AuNP-Ab/PEG/dfCL-MB further decreased due to 8 methio-
nine residues in NP and a slower diffusion rate of HyO5. As shown in
Fig. 2B, the CL intensities obtained by Kaeser 1000 showed the consis-
tent regulation with that obtained by Centro LB 960, indicating the high
feasibility of integrating the as-assembled immunosensor with Kaeser
1000.

To investigate the impact of the assembly process on the magnetic
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Fig. 3. Magnetization curves of MB and BSA/AuNP-Ab/PEG/dfCL-MB, insert:
photograph of BSA/AuNP-Ab/PEG/dfCL-MB with (right) and without (left) an
external magnet.

10000

property of MB, magnetization curves were obtained. As shown in Fig. 3,
the commercial carboxyl MB displayed no hysteresis, which indicated
that MB possessed good superparamagnetism. The saturation magneti-
zation of MB and BSA/AuNP-Ab/PEG/dfCL-MB were 18.5 emu/g and
17.1 emu/g, respectively. Compared with MB, the saturation magneti-
zation of BSA/AuNP-Ab/PEG/dfCL-MB decreased by 1.4 emu/g, which
was ascribed to the introduction of nonmagnetic reagents and materials
including ABEI, C02+, SH-PEG, AuNP-Ab and BSA. The insert picture of
Fig. 3 showed that BSA/AuNP-Ab/PEG/dfCL-MB was of good dis-
persivity without an external magnet and it could be separated from
matrix rapidly (within 10 s) under an external magnet. Therefore, the as-
assembled immunosensor displayed good magnetic separation property
though some nonmagnetic reagents were introduced to MB.

3.3. Analytical performance of label-free CLIA

On account of the good magnetic property, an automatic CL analyzer
with a magnetic separation system (Kaeser 1000) was employed to carry
out the whole testing process. First of all, to acquire the best analytical
performance, the concentration of PEG and MB, MB size, CL reaction
conditions and incubation time were optimized by Kaeser 1000. Optimal
conditions were 8 mM for PEG concentration, 1 mg/mL for MB con-
centration, 2.8 um for MB size, 20 min for incubation time, pH = 12.0
and 1 mM H30- for the CL reaction, respectively (Fig. S8-10). Subse-
quently, we studied the analytical performance of the proposed label-
free CLIA under these optimized conditions. The CL intensity was
negatively correlated with the logarithm of NP concentration. A good
linear relationship was observed in the NP concentration range of
0.1-10,000 pg/mL (Fig. 4B). The linear regressive equation with a
correlation coefficient of 0.992 was I =-0.03316logC +0.54027 (I:
Normalized CL intensity; C: concentration of NP). Furthermore, I — 3SD,
namely the average normalized CL intensity of blank minus three times
the standard deviation, was defined as the detection limit and the cor-
responding concentration of NP was calculated to be 21 fg/mL. When
the concentration of NP was 100 pg/mL, the relative standard derivation
(RSD) of CL intensity was 2.20% within a day (n = 8) and 5.70% within
15 days (n = 8), respectively, revealing the good reproducibility of the
proposed label-free CLIA (Fig. S11).

Afterwards, the selectivity of the CLIA was studied. hIgG, hIgM and
other proteins including RBD and SP in SARS-CoV-2 were selected as the
interferents instead of NP. As shown in the insert picture of Fig. 4B, only
CL signals of NP and mixture containing NP decreased obviously and the
others were similar to that of blank when the interferents were 10 and
100 times as much as NP. Therefore, the immunosensor could recognize
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Fig. 4. (A) Schematic illustration of the detection process. (B) Linear relationship between normalized CL intensity and logarithm of NP concentration. Insert: A
comparison of CL responses of NP (100 pg/mL) with those of different interferents. 1:10, 1000 pg/mL of higM, hIgG, RBD and SP, respectively; 1:100, 10,000 pg/mL

of higM, hIgG, RBD and SP, respectively.

NP specifically and remain unresponsive to other proteins that might
coexist in samples even when the concentration of interferents were
100-fold higher than that of NP. In other words, our label-free CLIA
showed excellent selectivity to SARS-CoV-2 NP.

A comparison of the proposed label-free CLIA with other previously
reported methods for SARS-CoV-2 NP detection is displayed in Table 1.
We can see that both linear range and detection limit of the proposed
label-free CLIA are superior to other immunoassays. Moreover, our
label-free immunosensor is fabricated with only one antibody in the
whole process, which make it simple, time-saving and low-cost. Besides,
the proposed CLIA can be carried out by Kaeser 1000 analyzer auto-
matically without manual operation, which will greatly reduce the
infection risk of health care workers from virus-contained samples in
practical applications. Additionally, the proposed label-free CLIA also
possesses a competitive detection speed compared with other methods.

Finally, the validity of the proposed label-free CLIA in complex
matrix was investigated. Earlier studies showed that NP was detectable
in serum samples of patients and serum NP was a sensitive and specific
early diagnostic marker for COVID-19 [36-38]. Compared with swab
and saliva samples, serum samples tend to have less variations and be
better at eliminating sampling errors. Therefore, serum was chosen as
the sample matrix. Serum samples were diluted 100 times and 20 times
with 10 mM PBS without any other pretreatment. Four concentrations
(1, 5, 10, 50 pg/mL) of NP were added to the diluted healthy human
serum samples, respectively. As shown in Table 2, the detected con-
centrations of NP were approximately consistent with the corresponding
added concentration in both 100-fold and 20-fold diluted serum samples
and the recovery were between 97.4% and 109.4%, demonstrating that

Table 2
Determination of NP in diluted human serum samples.
Serum Sample Initial (pg/ Added Found (pg/ Recovery
mL) (pg/mL) mL) (%)
Healthy 1* - 1 1.04 £ 0.03 103.9
2% - 5 4.87 £0.22 97.4
3* - 10 10.81 + 0.69 108.1
4* - 50 49.25 + 1.72 98.4
5# - 1 1.06 + 0.06 106.3
6# - 5 5.11 £0.18 102.3
7# - 10 10.94 + 0.55 109.4
8# - 50 52.35 + 1.26 104.7
COVID-19 1* 5.15 + 0.34 10 14.47 £ 0.34 95.5
Patient 2% 1.85 £ 0.12 10 12.37 £ 0.44 104.5
3* 27.59 + 1.42 10 40.07 + 2.53 106.6
4* 5.28 £ 0.33 10 16.42 £+ 0.46 107.5
S5# 37.05 + 0.96 10 42.85 +1.34 91.1
6# 129.8 + 4.04 10 146.5 + 3.72 104.8
“-”: undetectable

«“*”: 100-fold diluted; “#”: 20-fold diluted

the complex serum matrix did not have obvious influence on NP
detection. Furthermore, serum samples from COVID-19 patient were
also determined to estimate the practicability in real COVID-19 samples.
As shown in Table 2, the detected concentrations of NP in diluted patient
serum were in agreement with previous reports [36,39,40]. Accord-
ingly, the proposed label-free CLIA is of great application potential for
the detection of SARS-CoV-2 NP in practical blood samples.

Table 1

A comparison of the proposed label-free CLIA with other reported methods for SARS-CoV-2 NP detection.
Analytical Method for SARS-CoV-2 NP Labeled or Label-free Linear Range LOD Manual Operation Test Time
LFA [16] Labeled Semiquantitative 2ng + 20 min
Half-Strip LFA [17] Labeled Semiquantitative 0.65 ng mL~! + 20 min
Immunochromatography [18] Labeled Semiquantitative 100 ng mL~? + >15 min
Aptamer-assisted Proximity Ligation Assay [20] Labeled 50-5000 pg/mL 37.5 pg/mL + 2h
Mass Spectrometry [19] Label-free 3 aM to 12.5 fMx 200 aM + >4h
Electrochemical Immunosensor [35] Label-free 1 pg/mL to 1000 ng mL~! 0.8 pg/mL + >20 min
This work Label-free 0.1 pg/mL to 10,000 pg/mL 21 fg mL ™! - 25 min

“+”: need manual operation; “—”: automatic method without manual operation.

IR

: the limit of quantitation was 390 aM.
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4. Conclusion

In this work, we have successfully developed an automatic label-free
CL immunoassay for SARS-CoV-2 nucleocapsid protein detection for the
first time. The immunosensor was assembled by dfCL-MB and NP anti-
body coated AuNPs by virtue of PEG with a sulphydryl group via Au-S
bond. It was found that NP could decrease the CL signal of the as-
assembled immunosensor. A linear correlation between the CL in-
tensities and the logarithm of NP concentration was obtained in the
range of 0.1-10,000 pg/mL. An automatic CL analyzer Kaeser 1000 was
employed to carry out the detection procedure, which was a labor-
saving and relatively safe way to these potential users, mainly front-
line healthcare workers. The proposed label-free CLIA were highly
sensitive with a LOD of 21 fg/mL and excellent capacity of resisting
disturbance. The spiked human serum with NP and COVID-19 patient
serum samples were determined with satisfactory recoveries of
91.1-109.4%. Moreover, the sample compartment of Kaeser 1000 can
bear 24 samples simultaneously, which means that the results of 24
samples can be read out simultaneously within 25 min in practical ap-
plications, indicating the relatively high throughput of this method.
Although this method was not as portable as semiquantitative LFA, it
also has its own vital applications since quantitative analysis of SARS-
CoV-2 is of great significance for the research of pathology and prog-
nosis, especially with high sensitivity and wide linear range.
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