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A B S T R A C T   

The emergence of the COVID-19 epidemic has affected the lives of hundreds of millions of people globally. There 
is no doubt that the development of fast and sensitive detection methods is crucial while the worldwide effective 
vaccination programs are miles away from actualization. In this study, we have reported an electrochemical N 
protein aptamer sensor with complementary oligonucleotide as probe for the specific detection of COVID-19. The 
electrochemical aptasensor was prepared by fixing the double-stranded DNA hybrid obtained by the hybridi
zation of N protein aptamer and its Fc-labeled complementary strand on the surface of a gold electrode. After 
incubation with the target, the aptamer dissociated from the labeled complementary DNA oligonucleotide hybrid 
to preferentially bind with N protein in the solution. The concentration of N protein was measured by detecting 
the changes in electrochemical current signals induced by the conformational transformation of the comple
mentary DNA oligonucleotide left on the electrode surface. The sensor had a linear relationship between the 
logarithm of the N protein concentration from 10 fM to 100 nM (ΔIp = 0.098 log CN protein/fM - 0.08433, R2 =

0.99), and the detection limitation was 1 fM (S/N = 3). The electrochemical aptamer sensor was applied to test 
the spiked concentrations of throat swabs and blood samples from three volunteers, and the obtained results 
proved that the sensor has great potentials for the early detection of COVID-19 in patients.   

1. Introduction 

The Corona Virus Disease 2019 (COVID-19) caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) was reported at the 
end of 2019 (Chen et al., 2020; Guan et al., 2020; Huang et al., 2020a; 
Hui et al., 2020; Li et al., 2020; Lu et al., 2020; Wang et al., 2020a; Zhou 
et al., 2020). Health experts advised that an effective way to deal with 
the epidemic was by ensuring early detection, followed by isolation and 
treatment (Fraser et al., 2004; Hellewell et al., 2020; Kim et al., 2021; 

Tran et al., 2021; Wilder-Smith and Freedman, 2020). Increased survival 
rates and decreased risk of transmission are associated with the detec
tion and treatments of victims during the latency period or the early 
stage of incidence. However, the viral load at this stage is usually too 
small to be detected. At present, the most commonly used detection 
method is qRT-PCR, which shows the technical issues related to high 
false-negative rates (Wang et al., 2020; Yelin et al., 2020; Zu et al., 
2020). Electrochemical immunosensor assays (Eissa and Zourob, 2021; 
Li and Lillehoj, 2021; Tian et al., 2021) and lateral flow immunoassays 
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(LFIAs) (Grant et al., 2020) have been developed for the detection of the 
SARS-CoV-2. However, the limit of detection (LOD) of these methods are 
normally at micromoles per liter, and the detection of virus traces in 
infected victims as early as possible is a critical factor for the epidemic 
prevention and control. Therefore, there is an urgent need for a more 
sensitive method towards COVID-19 detection. 

SARS-CoV-2 has four main structural proteins, namely nucleocapsid 
protein (N protein), spike protein (S protein), membrane protein (M 
protein), and envelope protein (E protein) (Burbelo et al., 2020; Has
sanzadeh et al., 2020; Wu et al., 2020, 2021; Xu et al., 2020; Zeng et al., 
2020). As a major structural protein of coronavirus, the N protein plays 
an important role in packaging the RNA genome into helical ribonu
cleoproteins, modulating host cell metabolism, and regulating viral RNA 
synthesis during replication and transcription (Mu et al., 2020; Nelson 
et al., 2000; Stohlman et al., 1988). The N protein binds to the viral RNA 
genome, forming a long helical nucleocapsid structure or ribonucleo
protein (RNP) complex (Masters and Sturman, 1990). From in situ 
cross-linking and immunological experiments, it has been shown that 
RNP formation is essential for maintaining ordered RNA conformation 
suitable for viral genome replication and transcription (Tang et al., 
2005). Due to the conservation of the N protein sequence and its high 
immunogenicity during infection, it is frequently used as a diagnostic 
and testing tool (Dutta et al., 2020). In the early stage of SARS infection, 
the detection sensitivity of N protein (90%) is higher than that of nucleic 
acid (42.9%), and the N protein in the serum samples of SARS patients 
can be detected as early as day 1 after the disease onset (Che et al., 2004; 
Li et al., 2005). Therefore, targeting the traces of N protein may play a 
critical role in COVID-19. In 2020, Professor Luo successfully screened N 
protein aptamer with a sequence of 5’-GCTGG ATGTC GCTTA CGACA 
ATATT CCTTA GGGGC ACCGC TACAT TGACA CATCC AGC-3’ (Zhang 
et al., 2020a). The Kd value between the aptamer and N protein was 
determined to be 0.49 ± 0.05 nM. Electrochemical methods have the 
advantage of high sensitivity (Dong et al., 2019; Liu et al., 2017; Zhang 
et al., 2022). In our previous studies, electrochemical aptasensor was 
used to detect thrombin (5 pM) in the blood samples of ducks and ATP 
(0.5 nM) in the cerebrospinal fluid of rats (Zhang et al., 2018, 2020b). 
These works suggest that the N protein aptamer could be employed in 
electrochemical sensors for the early stage detection of N protein traces 
in throat swabs and blood samples of COVID-19 patients. 

In conventional methods, the redox moiety labeled aptamers were 
often modified on the surfaces of electrodes and employed as probes (Liu 
et al., 2010; Yin et al., 2019). When targets induced aptamers are 
transformed from their relaxed conformations to hairpin or G-quad
ruplex, etc., the electrochemical current signals are also changed to 
indicate the concentration of targets. However, the N protein aptamer 
owns nine pairs of the complementary bases at both ends which could 
switch the aptamer to undergo a hairpin conformation without 
target-combination. Wang et al. confirmed that aflatoxin B1 aptamers 
with six pairs of complementary bases at both ends could not detect 
aflatoxin B1 through current signal change caused by conformational 
transition because it exhibits strong background signal at room tem
perature (Wang et al., 2020b). The actual conformation of the aptamer 
was possibly the hairpin structure as its melting temperature (Tm) was 
calculated to be 73.3 ◦C. In this work, we applied the redox moiety 
labeled N protein aptamer’s complementary DNA oligonucleotide as 
probe. The ferrocene (Fc)-labeled single stranded DNA chain was 
modified on the electrode surface and hybridized with the unlabeled N 
protein binding aptamer. The rigid structure of the double-stranded 
DNA (ds-DNA) supported Fc away from the electrode surface, causing 
weak signal before detection. After target incubation, the aptamer was 
bound to the N protein target in the solution and dissociated from the 
complementary DNA oligonucleotide which transformed to a hairpin 
structure, hence the detection of the N protein was achieved by 
recording the changes in electrochemical current signal induced by the 
reduced distance between Fc and the electrode surface. In general, the 
findings of this work may be valuable in improving the delayed 
treatment-induced fatality rate of infections by providing a sensitive 
strategy for the early detection of COVID-19. 

2. Experimental section 

2.1. Chemicals and materials 

Amylase (AMY), immunoglobulin G (IgG), hemoglobin (HGB), 
fibrinogen (FIB), cytochrome C, and thrombin were purchased from 
Beijing Soleibo Technology Co., Ltd. Sialomucin was provided by 
Shanghai yuanye Bio-Technology Co., Ltd. Myeloperoxidase (MPO), 
Azurocidin (AZU1), Neutrophil Elastase (ELANE), Myeloblastin 

Scheme 1. Schematic diagram of the electrochemical 
aptasensor based on N protein-binding aptamer and 
Fc labeled complementary DNA oligonucleotide as 
probe. (A) Fc-labeled N protein aptamer conforma
tion switching to a hairpin loop structure (before 
target incubation) and the change in conformation 
(after incubation with target). The change in the 
current signal is related to the Fc-electrode surface 
distance. (B) Incubation of ds-DNA hybrid (aptamer 
+ Fc labeled complementary DNA oligonucleotide) 
with N protein. High affinity aptamer dissociated 
from the complementary DNA oligonucleotide to bind 
to the N protein, resulting in a stronger current signal 
change (related to the Fc-complementary DNA 
oligonucleotide structure switching to a hairpin loop) 
than strategy A.   
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(PRTN3), and T4 polynucleotide kinase (T4 PNK) were purchased from 
Sangon Biotech (Shanghai, China) Co., Ltd. Bovine serum albumin (BSA) 
was supplied by Shandong sikejie Biotechnology Co., Ltd. Alkaline 
phosphatase (AKP) was provided by Shanghai Biyuntian Biological Co., 
Ltd. N protein was offered by Sino Biological Inc. All the DNA sequences 
were synthesized and purified by Sangon Biotech (Shanghai, China). The 
specific DNA sequences are shown in Table S1. All the solutions were 
prepared with ultra-pure water obtained from a Millipore water purifi
cation system (>18.2 MΩ⋅cm). All other chemicals used in this study 
were of analytical grade. 

2.2. Apparatus and measurements 

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) 
were measured by an electrochemical workstation (model CHI 660E, 
CHI Instruments, Shanghai, China). The three-electrode system con
sisted of an Au electrode (1.6 mm in diameter) which was modified with 
ds-DNA hybrid as the working electrode, Ag/AgCl (KCl-sat.) electrode as 
the reference electrode, and platinum wire as the auxiliary electrode. All 
measurements were performed in 20 mM Tris buffer containing 140 mM 
NaCl and 5 mM MgCl2 at pH 7.6 (the optimization of the pH value of the 
Tris buffer is shown in Fig. S1 of SI). 

3. Results and discussion 

3.1. Principle of electrochemical detection 

The schematic depiction of the designed electrochemical aptasensor 
in the current study is shown in Scheme 1 (A and B). The N protein 
aptamer was labeled with a redox moiety at one end, and modified on 
the electrode surface at the other end (SI, Table S1). By target incuba
tion, the conformation of the aptamer switched and resulted to the 
electrochemical signal of redox moiety change. However, the aptamer of 
N protein had 9 pairs of complementary bases at both ends, which might 
form a hairpin structure before target detection. After incubation with 
the N protein target, the aptamer conformation changed in the resultant 
aptamer-target complex. As shown in Scheme 1A, the DPV value of only 
the electrode-modified aptamer was unsuitable for electrochemical 
sensor fabrication. We speculate that this may have been due to the 
distance between the electrode surface and the labeled redox group in 
the aptamer-target complex which did not change significantly 
compared to the distance in the hairpin loop structure. 

In Scheme 1B we employed ferrocene (Fc)-labeled complementary 
DNA oligonucleotide of the N protein aptamer as probe (the cyclic 
voltammetry curves characterizing the Fc-labeled complementary DNA 
oligonucleotide are the adsorption control through different scanning 
rates are shown in Fig. S2 of SI). The label-free N protein-binding 

aptamer was hybridized with the labeled complementary DNA oligo
nucleotide to form ds-DNA hybrid, which was modified on the electrode 
surface by the addition of a thiol group at the other end of the com
plementary DNA oligonucleotide (SI, Table S1). When the N protein was 
incubated with the modified ds-DNA hybrid, the high affinity N protein- 
binding aptamer dissociated from the complementary DNA oligonucle
otide to form an aptamer-target complex, while the conformation of the 
complementary DNA oligonucleotide single chain on the electrode sur
face changed to a hairpin structure in the presence of Mg2+. Also, the 
distance between the Fc and the electrode surface was reduced, which 
induced changes in current signals. The measurement of the N protein 
concentration was achieved by recording the intensity of change in 
current signal. After target detection, the electrode was incubated with 
the label-free aptamer and heated to 95 ◦C. When the temperature was 
reduced to 20 ◦C at a speed of 1 ◦C/min, the aptasensor was regenerated 
with the formation of a ds-DNA hybrid on the electrode surface (the 
regeneration of the aptasensor is shown in Fig. S3 of SI). 

3.2. Characterization of the aptasensor 

To confirm the yield of the ds-DNA hybrid synthesis, we compared 
the agarose gel electrophoresis of the aptamer, complementary DNA 
oligonucleotide, and ds-DNA hybrid (The cyclic voltammetry charac
terization of the aptasensor is shown in Fig. S4). As shown in Fig. 1A, 
lane 1 shows a single-stranded aptamer, lane 2 represents single- 
stranded complementary DNA oligonucleotide, while lane 3 was ob
tained by annealing both single strand together. The analysis of the 
differences between the three lanes indicates that a double helical 
structure was formed with a yield of almost 100%. Fig. 1B shows the CD 
spectra of aptamer, ds-DNA hybrid, and the ds-DNA hybrid after incu
bation with the target for 60 min at 25 ◦C (the CD spectra of aptamer, ds- 
DNA hybrid, and ds-DNA hybrid after the incubation with the target at 
40 ◦C and 80 ◦C are presented in Fig. S5 and Fig. S6, respectively). It can 
be seen from Fig. 1B that the peak of the ds-DNA hybrid (red curve) at 
280 nm was significantly higher than that of the single stranded aptamer 
(black curve), and the peak value of the ds-DNA hybrid after target in
cubation (blue curve) was roughly equal to that of the single-stranded 
aptamer. N protein did not affect the results (inset in Fig. 1B). The 
changes in the peak values suggest that the ds-DNA hybrid was suc
cessfully dissociated into single-stranded after target incubation (the CD 
spectra of the aptamer at different temperatures are shown in Fig. S7; the 
CD of aptamer and complementary DNA oligonucleotide mixture before 
and after annealing process is shown in Fig. S8). 

Fig. 1. (A) Agarose gel electrophoresis showing aptamer (lane 1), complementary DNA oligonucleotide (lane 2), and ds-DNA hybrid (lane 3). (B) CD spectra of 
aptamer (black curve), ds-DNA hybrid before (red curve) and after incubation with the target (blue curve) for 60 min at 25 ◦C. Inset: CD spectrum of N protein alone. 
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3.3. Analytical performance of the electrochemical aptasensor to N 
protein 

To detect the concentration of the N protein by the aptasensor, the 
DPV signals were obtained by incubating the sensor with different 
concentrations of the N protein for 60 min (the optimizations of the 
reaction time of N protein, concentration of ds-DNA hybrid, and modi
fication time of ds-DNA are shown in Fig. S9, Fig. S10, and Fig. S11; the 
cyclic voltammogram for the oxidative desorption of the ds-DNA 
monolayer from the Au surface is shown in Fig. S12). As shown in 
Fig. 2A, the dotted line represents the DPV response signal of the bare Au 
electrode, and the solid lines show the DPV signals after incubation with 
the N protein for 60 min. The concentrations of the N protein from 
bottom to top were 0, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 
nM, 100 nM, and 1 μM respectively. It is obvious that the DPV signals 
were enhanced by the increasing concentration of N protein target. 
Fig. 2B shows that ΔIp (ΔIp = Ip - Ip0) had a linear relationship with the 
logarithm of the N protein concentration in the range of 10 fM to 100 nM 
(ΔIp = 0.098 log CN protein/fM - 0.08433, R2 = 0.99), and the LOD was 1 
fM (S/N = 3). The signal value at 1 μM was almost equal to that at 100 
nM, implying that the sensor reached its maximum detection limit at 
100 nM. Therefore, the concentration of the N protein can be calculated 
within the range of the linear relationship. The shelf-life of the sensor is 
tested to be about 96 h. 

3.4. The selectivity of the aptasensor 

Seven proteins commonly found in saliva were used as interferences 
to evaluate the selectivity of the aptamer sensor for N protein. Fig. 3A 
shows the ΔIp values recorded in Tris buffer after the ds-DNA modified 
electrode was incubated with 1 μM AMY, 1 μM Sialomucin, 1 μM IgG, 1 
μM MPO, 1 μM AZU1, 1 μM ELANE, 1 μM PRTN3 and 1 μM N protein for 
60 min respectively. Compared with the N protein at a concentration of 
1 μM, the ΔIp signals of 1 μM AMY, 1 μM Sialomucin, 1 μM IgG, 1 μM 
MPO, 1 μM AZU1, 1 μM ELANE and 1 μM PRTN3 on the electrode 
accounted for 4.55%, 6.41%, 5.61%, 4.52%, 4.74%, 3.97%, and 5.03% 
respectively. 

We also selected seven proteins commonly found in blood as in
terferences for selective experiments. Fig. 3B shows the ΔIp values of ds- 
DNA modified electrode incubated with Tris buffer containing 1 μM 
HGB, 1 μM FIB, 1 μM BSA, 1 μM Cytochrome C, 10 U⋅mL− 1 AKP, 10 
U⋅mL− 1 T4 PNK, and 1 μM thrombin, and 1 μM N protein respectively. 
Compared with 1 μM N protein, the ΔIp signals of 1 μM HGB, 1 μM FIB, 1 
μM BSA, 1 μM cytochrome C, 10 U⋅mL− 1 AKP, 10 U⋅mL− 1 T4 PNK and 1 
μM Thrombin accounted for 5.63%, 6.5%, 5.88%, 6.25%, 4.0%, 5.01%, 
and 3.63% respectively. These results further confirm that the sensor can 
be used to specifically detect N protein in throat swabs and human blood 
samples. 

Fig. 2. (A) Differential pulse voltammetry (DPV) response signals recorded in Tris buffer. (B) The relationship between the logarithm of N protein concentration and 
ΔIp value. The error bars indicate the standard deviations after three measurements. 

Fig. 3. Differential pulse voltammetry signals of several interferents in throat swabs (A) and human blood samples (B).  
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3.5. Complex sample analysis of the aptasensor 

The sample preparation processes are detailed in SI. We tried to test 
our electrochemical aptasensor’s target detection efficiency with real 
samples. Three volunteers were randomly examined and their basic 
clinical features are displayed in Table S2 of SI. The throat swabs and 
blood samples of the three volunteers were taken an hour after break
fast, lunch, and dinner. The throat swabs were soaked in Tris buffer 
while the blood samples were not pretreated before detection. As shown 
in Fig. 4A and B, the blank samples and different concentration such as 
10 fM, 1 pM, 100 pM, 10 nM and 1 μM of the N protein-added samples 
were tested. It can be seen that as the concentration of the added N 
protein target increased, the intensity of the electrochemical current 
signals also increased gradually. Therefore, the novel electrochemical 
aptasensor in the current study is expected to be effective for the early 
detection of COVID-19 in human bodies. 

We used statistical method to obtain the average recoveries of the N 
protein from the throat swabs and blood samples. The recovery exper
iments were performed with N protein spiked at 10 fM, 1 pM, 100 pM, 
10 nM, and 1 μM in throat swabs and blood samples. As shown in 
Table 1, the obtained recoveries of the throat swabs ranged from 98.0% 
to 108.0% and the RSD range was 4.6%–30.0%, while the recovery of 
the blood samples were in the range of 99.5%–109.9% with RSD from 
4.8% to 27.0%. These results indicate that the reproducibility of the 
fabrication procedure of the sensor is remarkable, and the proposed 
method could be applicable for the measurement of N protein in real 
sample analysis. 

4. Conclusion 

In conclusion, we have constructed an electrochemical sensor based 
on the complementary DNA oligonucleotide of N protein binding 
aptamer as probe, which is expected to be ultra-sensitive for the detec
tion of COVID-19 in real samples. In the concentration range of 10 fM to 
100 nM, the electrochemical signal (ΔIp) exhibited a linear relationship 
with the logarithm of the N protein concentration. The aptasensor 
exhibited a significant selectivity against N protein target among four
teen kinds of interference. This electrochemical aptamer sensor was 

applied to test the spiked N protein concentrations of throat swabs and 
blood samples from three volunteers. We look forward to obtaining 
permissions to test patients samples. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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Fig. 4. (A) DPV values at different concentrations of N protein added to the throat swabs. (B) Determination of different concentrations N protein in blood samples.  

Table 1 
Recovery results of N protein in throat swabs and human blood samples.(n = 3).  

Spiked (fM) Throat swabs Blood samples 

Recovery (%) RSD (%) Recovery (%) RSD (%) 

A B C Average (%) A B C Average (%) 

10 94.1 96.3 103.7 98.0 30.0 98.3 103.0 97.3 99.5 27.0 
1 × 103 109.9 105.8 108.2 108.0 9.0 108.2 116.0 105.5 109.9 10.6 
1 × 105 105.2 107.9 107.3 106.8 7.1 108.6 111.7 106.4 108.9 7.2 
1 × 107 99.8 104.3 101.8 102.0 5.7 101.3 102.2 105.1 102.9 4.8 
1 × 109 102.9 105.0 106.6 104.8 4.6 99.9 102.7 102.2 101.6 4.8  
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