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A B S T R A C T   

Serological antigen testing has emerged as an important diagnostic paradigm in COVID-19, but often suffers from 
potential cross-reactivity. To address this limitation, we herein report a label-free electrochemical aptamer-based 
sensor for the detection of SARS-CoV-2 antigen by integrating aptamer-based specific recognition with CRISPR- 
Cas12a-mediated signal amplification. The sensing principle is based on the competitive binding of antigen and 
the preassembled Cas12a-crRNA complex to the antigen-specific aptamer, resulting in a change in the collateral 
cleavage activity of Cas12a. To further generate an electrochemical signal, a DNA architecture was fabricated by 
in situ rolling circle amplification on a gold electrode, which serves as a novel substrate for Cas12a. Upon 
Cas12a-based collateral DNA cleavage, the DNA architecture was degraded, leading to a significant decrease in 
impedance that can be measured spectroscopically. Using SARS-CoV-2 nucleocapsid antigen as the model, the 
proposed CRISPR-Cas12a-based electrochemical sensor (CRISPR-E) showed excellent analytical performance for 
the quantitative detection of nucleocapsid antigen. Since in vitro selection can obtain aptamers selective for 
many SARS-CoV-2 antigens, the proposed strategy can expand this powerful CRISPR-E system significantly for 
quantitative monitoring of a wide range of COVID-19 biomarkers.   

1. Introduction 

The COVID-19 pandemic has stimulated a growing demand for high- 
performance diagnostic tests, which are essential for the prevention, 
identification, and treatment of virus spread [1]. Currently, diagnosis for 
COVID-19 mainly relies on molecular tests, serological tests for anti-
bodies and antigens, computed tomography (CT), and other clinical 
biomarkers of infected people [2,3]. While RT–qPCR-based nucleic acid 
detection is recommended as the gold standard, serological antigen 
testing has been recognized as an important complementary method to 
improve the accuracy of COVID-19 diagnosis [4]. For example, a recent 
study suggested that severe COVID-19 is associated with elevated serum 
N antigen (400–600 pg mL− 1) [5]. Despite the importance, rapid and 
accurate detection of SARS-CoV-2 antigens is still challenging due to 
their short diagnostic window, relatively low abundance and antibody 
cross-reactivity. Therefore, it is beneficial to develop improved 

strategies for rapid, accurate and sensitive detection of SARS-CoV-2 
antigens. 

Recently, CRISPR-Cas has emerged as a powerful technology that is 
revolutionizing next-generation diagnostic platforms [6,7]. The mech-
anism of CRISPR-Cas systems, which are programmed by CRISPR guide 
RNA (crRNA), has been reported to not only cleave the target nucleic 
acid but also cleave all neighbouring nucleic acids indiscriminately 
[8,9]. This target-triggered collateral activity of CRISPR-Cas systems has 
stimulated the development of CRISPR-based biosensing technologies 
[10,11], which offer unique advantages of simple fabrication, ultrahigh 
sensitivity, high specificity to single-base variation, and good amena-
bility for POC diagnostics [12–14]. On the basis of these advantages, 
CRISPR has been extensively used in designing biosensors for nucleic- 
acid-related COVID-19 diagnostics [15–19]. While promising in 
nucleic acid detection, to the best of our knowledge, few studies re-
ported the use of CRISPR technology in the detection of SARS-CoV-2 
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antigens [20]. Such limited attention is not consistent with the 
remarkable properties and potential merits of CRISPR. 

A major challenge to develop CRISPR-based sensors for SARS-CoV-2 
antigens lies in finding a method to link the antigen recognition event 
with the collateral cleavage activity of Cas effectors, which is typically 
activated by the specific binding of the crRNA to its target DNA/RNA 
[21]. To overcome this limitation, we have recently presented a proof- 
of-concept of a target-responsive CRISPR system by integrating an 
antibody-assisted proximity ligation assay with CRISPR technologies 
[21], and demonstrated its utility for detecting both nucleocapsid and 
spike (S) antigens. Although promising, it still requires multiple reagent 
manipulation steps and synthesis of antibody-DNA conjugates, which is 
time-consuming and labor-intensive. To explore new dimensions in 
CRISPR-based COVID-19 diagnostics, it would be of great interest to 
combine CRISPR–based sensors with new signal transduction strategies 
to create an intelligent sensing system for simple, cost-effective, label- 
free, and sensitive detection of SARS-CoV-2 antigens. 

Electrochemical biosensors have been recognized as promising 
analytical techniques with burgeoning research attention during the 
COVID-19 pandemic, due to their unique superiorities of easy operation, 
cost effectiveness, rapid response, and high sensitivity [22–24]. In the 
past three years, several electrochemical biosensors have been devel-
oped for detecting SARS-CoV-2 antigens based on diverse modified 
electrodes [25–29]. Despite such successes, the majority of these stra-
tegies either require sophisticated fabrication of an electrochemically 
responsive interface or synthesis of electroactive labels that link to 
bioreceptors [30,31], or suffer from potential cross-reactivity of SARS- 
CoV-2 antibodies with antibodies generated against other coronavi-
ruses due to their high genome similarities [32–35]. These drawbacks 
thereby result in potential tradeoffs in terms of sensitivity, specificity 
and user-friendliness. On the other hand, aptamers, known as “chemical 
antibodies”, have been recommended as a powerful class of bioreceptors 
with several features of high specificity and affinity, reliable and cost- 
effective synthesis, ease of modification, and excellent feasibility to 
combine with many DNA-based reactions for signal amplification 
[36–38]. These advantages enable aptamers to be promising bio-
receptors, with a wide range of applications for biosensors [39–47]. For 
example, Tang et al. developed a smart aptamer-gated mesoporous silica 
nanoplatform for visual fluorescence detection of carcinoembryonic 
antigen (CEA) [45]. Afterward, this group reported a series of elegant 
aptasensors for photoelectrochemical detection of CEA based on up- 
converting nanocrystals [46,47], with the merits of high sensitivity 
and selectivity. More recently, Luo et al. selected a specific aptamer 
targeting N protein of SARS-CoV-2 (N48) with high affinity (association 
rate constant of 8.80 × 105 M− 1 s− 1) [48]. From this perspective, 
interfacing aptamers with CRISPR technologies for the construction of 
electrochemical aptasensors is expected to provide better biosensing 
performance toward precisely quantification of the SARS-CoV-2 antigen. 

Herein, we present a label-free electrochemical aptasensing method 
for SARS-CoV-2 antigen detection by integrating aptamer-based specific 
recognition with CRISPR-Cas12a-mediated signal amplification. The 
sensor is based on the competitive binding of antigen and the preas-
sembled Cas12a-crRNA complex to the antigen-specific aptamer, 
resulting in a change in the collateral cleavage activity of Cas12a. To 
realize the label-free electrochemical detection of antigens, a DNA ar-
chitecture was fabricated by in situ rolling circle amplification (RCA) on 
a gold electrode, which serves as a novel substrate for Cas12a. Upon 
Cas12a-based collateral DNA cleavage, the DNA architecture was 
degraded, leading to a significant decrease in the electrochemical signal 
measured by electrochemical impedance spectroscopy (EIS). Such a 
construct combines key features of aptamers, RCA, and CRISPR tech-
nologies to improve specificity and sensitivity, followed by directly 
quantifying antigens using an EIS readout in a label-free format. Using 
nucleocapsid protein (N protein) as a model antigen, the proposed 
CRISPR–based electrochemical aptamer-based sensor (CRISPR-E) ach-
ieved a high sensitivity of 0.077 ng mL− 1 for the N protein and high 

specificity to accurately discriminate N protein from other coronavi-
ruses. Although the CRISPR-E system was developed in the context of 
SARS-CoV-2 antigens, we anticipate that this new platform can be 
expanded to detect other protein biomarkers of COVID-19 through the 
use of suitable functional aptamers. 

2. Experimental section 

2.1. Materials and apparatus 

All the materials and apparatuses are described in the electronic 
supplementary material (see S1 and S2). 

2.2. Preparation of a circular DNA template 

The circular DNA template (c-DNA) was synthesized by mixing 10 µL 
of Padlock DNA (pL-DNA, 10 µM), 10 µL of linker DNA (L-DNA, 10 µM), 
10 µL of 10 × T4 DNA ligase buffer and 67.5 µL of Millipore water. After 
annealing at 90 ◦C for 5 min, the resulting solutions were slowly cooled 
to room temperature. After that, 2.5 µL of 40,000 units/mL T4 DNA 
ligase was added and incubated at 16 ◦C for 1 h to activate the ligation 
reaction. Finally, the obtained c-DNA product was separated and puri-
fied using denatured polyacrylamide gel electrophoresis (PAGE, 10%), 
suspended in Millipore water and ready to serve as the template for 
further rolling circle amplification. 

2.3. Fabrication of the DNA-modified electrode through in-situ rolling 
circle amplification 

First, a gold electrode was polished using 0.05 μm alumina slurry 
(Beuhler) followed by rinsing thoroughly with water. After successive 
sonication in ethanol and water, the electrode was scanned in 0.5 M 
H2SO4 between − 0.2 and 1.6 V at 100 mV s− 1 until a reproducible cyclic 
voltammogram was obtained. Before modification, thiolated primer 
DNA (SH-DNA) was activated with 10 mM TCEP in pH 7.4 Tris-HCI 
buffer for 2 h. Afterwards, 6 μL of 200 nM SH-DNA was spread on the 
precleaned Au electrode surface for 1 h at 37 ◦C in 100% humidity, 
followed by washing using PBS buffer to remove nonspecific adsorption. 
Subsequently, 6 μL of RCA solution consisting of c-DNA (0.2 µM), dNTPs 
(1 mM), and phi29 in 1 × phi29 DNA polymerase buffer was added onto 
the electrode surface to trigger the in situ RCA reaction. After incubating 
at 37 ◦C for 1 h, the obtained RCA-Au electrode was washed with PBS 
buffer, and used immediately for the following CRISPR-Cas12a assay. 

2.4. Preparation of the CRISPR-based sensor and electrochemical/optical 
analysis 

The CRISPR-based sensor for nucleocapsid antigen detection was 
based on the competitive binding of antigen and the preassembled 
Cas12a-crRNA complex to the antigen-specific aptamer. In a typical 
experiment, 2 μL of N48 aptamer (1.0 nM) was preincubated with 2 μL of 
different concentrations of nucleocapsid antigen for 20 min at 25 ◦C. 
Afterwards, 10 μL of preassembled Cas12a-crRNA complex (100 nM) 
was added and incubated for another 20 min to activate the collateral 
cleavage activity of Cas12a. 

For electrochemical analysis, 6 μL of the above activated Cas12a 
solution was dropped onto the RCA-Au electrode surface, and reacted for 
60 min. Finally, the electrode was washed thoroughly with pH 7.4 PBS 
buffer to remove nonspecifically bound biomolecules to minimize the 
background response. Electrochemical measurements including EIS and 
cyclic voltammetry (CV) were performed with a conventional three- 
electrode system as described in S1.2. 

For optical analysis, 48 μL of the above activated Cas12a solution 
was mixed with 2 μL of 10 μM ssDNA fluorescence reporter (F-Q re-
porter), and incubated at 37 ◦C for 1 h. After that, the fluorescent signal 
of the resulting solution was measured using an F-320 
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spectrophotometer. The excitation wavelength was 488 nm, and the 
fluorescence spectra were collected from 500 nm to 650 nm. Control 
experiments either without crRNA or N48 were performed under the 
same conditions. 

3. Results and discussion 

3.1. Detection strategy and workflow of the aptamer-based 
electrochemical sensor for nucleocapsid antigen 

Herein, we present the first report of integrating aptamer-based 
specific recognition of SARS-CoV-2 antigen with CRISPR-Cas12a- 
mediated signal amplification, and demonstrate a label-free platform 
for a CRISPR–based electrochemical sensor (CRISPR-E) responsive to the 
antigen. Our CRISPR-E system is mainly composed of three components 
(Scheme 1): competitive binding of antigen and the preassembled 
Cas12a-crRNA complex to the antigen-specific aptamer, which estab-
lishes the relationship between target antigen concentration and the 
collateral cleavage activity of Cas12a; a DNA RCA-Au electrode fabri-
cated by in situ rolling circle amplification, which acts as the substrate of 
Cas12a for signal amplification; and an electrochemical workstation, 
which is used as a downstream transducer for electrochemical signal 
output. In the absence of the antigen target, the preassembled Cas12a- 
crRNA complex could recognize and hybridize with a fixed concentra-
tion of aptamer, thereby resulting in high collateral DNA cleavage ac-
tivity of Cas12a. In contrast, in the presence of the antigen target, 
antigen and Cas12a-crRNA complex will compete for binding to the 
aptamer. As a result, less aptamer would be available to hybridize with 
the Cas12a-crRNA complex, leading to low collateral DNA cleavage 
activity of Cas12a. In this case, when the RCA-Au electrode was applied 
as the substrate of Cas12a, active Cas12a cleaved the RCA-DNA archi-
tecture, resulting in a decrease in electron-transfer resistance measured 
by electrochemical impedance spectroscopy (EIS). The EIS signal is 
directly related to the presence and integrity of the RCA-DNA archi-
tecture, which in turn depends on the collateral DNA cleavage activity of 
Cas12a that was regulated by target-induced competition. Conse-
quently, the antigen target can be determined by monitoring the 
CRISPR-RCA-amplified EIS signal. 

3.2. Feasibility of the aptamer-CRISPR-Cas12a assay for nucleocapsid 
antigen 

To demonstrate the proof of principle, we first designed and syn-
thesized a circular DNA template (c-DNA) based on the intramolecular 
ligation of padlock DNA (pL-DNA) in the presence of linker DNA (L- 
DNA) and T4 DNA ligase (Fig. S1A). The ligation process was confirmed 
by denatured polyacrylamide gel electrophoresis (PAGE). As shown in 
Fig. S1B, c-DNA displays a much slower were excess DNA electropho-
retic mobility (lane 3) than the basic building units of L-DNA (lane 1) 
and linear pL-DNA (lane 2). This result illustrated the successful 

accomplishment of intramolecular ligation. Afterwards, an RCA reaction 
was designed using c-DNA as the template and primer DNA (SH-DNA) as 
the trigger (Fig. 1A). The RCA process was further characterized by 
PAGE. As displayed in Fig. 1B, from lane 1 to lane 4, the bands indicate 
the individual SH-DNA, L-DNA, pL-DNA, and c-DNA, respectively. After 
the RCA reaction, a band with slower migration corresponding to the 
RCA product was observed (lane 5), indicating that SH-DNA could 
initiate the RCA reaction with the high-displacement activity of phi29 
DNA polymerase for producing a long DNA architecture. 

Next, we explored whether the antigen-specific aptamer could 
trigger the activation of Cas12a. To this aim, N protein, which is the 
most abundant and relatively conserved structural protein in SARS-CoV- 
2, was first chosen as a model antigen target, while the ssDNA aptamer 
(N48) was chosen as the recognition element [48]. As shown in Fig. 1B, 
when RCA-DNA was treated with a mixture solution of the N48 aptamer 
and the preassembled Cas12a-crRNA complex, multiple bright bands 
with lower molecular weights were observed (lane 6), indicating the 
enzymatic digestion of RCA products. In contrast, in the presence of N 
protein, fewer bands with slower migration were observed (lane 7). In 
addition, the presence of non-specific protein (spike S1) didn’t produce 
significant difference referring to the bands compared to the control 
samples (lane 6). These results indicate the successful aptamer-triggered 
activation of Cas12a and the antigen-dependent inhibition of Cas12a. 
The morphology of the proposed CRISPR-RCA process initiated by the 
N48 aptamer was further investigated by atomic force microscopy 
(AFM). As expected, compared with the SH-DNA that displays some 
small spots (Fig. 1C), long and linear DNA nanowires were observed 
after the RCA reaction with a height of 1 nm (Fig. 1D). Moreover, 
treating the RCA-DNA architecture with active Cas12a results in linear 
but much shorter DNA nanowires with a height of 1 nm (Fig. 1E). 
Furthermore, introducing N protein to the above Cas12a-RCA reaction 
results in partially cutting of the DNA nanowires into small fragments 
(Fig. 1F). These results indicate that the N48 aptamer could trigger the 
CRISPR-RCA reaction with high efficiency that generates a significant 
amount of DNA fragments, while the introduction of N protein could 
partially inhibit the collateral DNA cleavage activity of Cas12a, which is 
consistent with the results obtained by PAGE (Fig. 1B). 

Having demonstrated the successful CRISPR-RCA process, we then 
investigated the feasibility of our aptamer-CRISPR-Cas12a system for 
the detection of SARS-CoV-2 antigens. We first performed a fluorescence 
assay by introducing a 5 nt ssDNA reporter (TTATT) as the substrate for 
Cas12a–crRNA (Fig. 2A), with a fluorophore (FAM) and quencher (BHQ- 
1) conjugated at the 5′ and 3′ ends, respectively (denoted as ssDNA-FQ). 
As shown in Fig. 2B, in the absence of either aptamer or crRNA, a 
minimal fluorescence signal was observed when ssDNA-FQ was incu-
bated with Cas12a–crRNA, while a considerable fluorescent signal was 
observed in the presence of 1 nM N48 aptamer. Furthermore, upon the 
addition of 25 ng mL− 1 of N protein, a dramatic decrease in the fluo-
rescent signal was obtained, and the fluorescence intensity further 
decreased with 100 ng mL− 1 of N protein. These results were due to the 

Scheme 1. Detection strategy and workflow of our CRISPR–based electrochemical sensor for SARS-CoV-2 antigen detection.  
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dose-dependent competitive binding of N protein and the preassembled 
Cas12a-crRNA complex to the N48 aptamer, resulting in the inhibition 
of collateral DNA cleavage activity of Cas12a. In addition, the non- 
specific protein (Spike S1) has a negligible effect to the fluorescence 
signal, compared with the control groups. Taken together, the above 
experimental results indicated the successful conversion of aptamer- 
based antigen recognition to the cleavage of RCA-DNA through the 
CRISPR-RCA process, forming the basis for subsequent electrochemical 
detection of the N protein. 

3.3. Electrochemical characterization of the electrode 

Encouraged by the above successful fluorescence assay for the N 
protein, we further developed a label-free CRISPR-based electro-
chemical sensor (CRISPR-E) by introducing an RCA-DNA-modified 
electrode as the substrate for Cas12a–crRNA. The programmable as-
sembly of the RCA-DNA architecture, as illustrated in Fig. S2 (the DNA 
sequences are shown in Table S1 in the ESI†), includes two steps. First, 

thiolated primer DNA (SH-DNA) was immobilized on the gold electrode 
(GE) through Au-S bonds. Then, the aforementioned c-DNA was applied 
and served as the template to initiate the in situ RCA, producing a large 
amount of RCA-DNA product-immobilized on the gold electrode surface 
(RCA/GE). We first employed cyclic voltammetry to evaluate the suc-
cessful assembly of these DNA-RCA products. As shown in Fig. 3A, 
compared with the bare gold electrode, the SH-DNA modified electrode 
exhibited a decrease in peak current but an increase in potential peak 
separation (ΔEp). Additionally, ΔEp further increased significantly for 
the RCA-DNA gold electrode (RCA/GE), indicating a much slower 
electron-transfer due to the large steric hindrance of the RCA-DNA ar-
chitecture. Notably, when the RCA/GE was further treated with Cas12a 
RNP and N48 aptamer, an increase in peak current but a decrease in ΔEp 
was observed, which was due to the disassembly of RCA-DNA archi-
tecture on the GE through collateral cleavage by Cas12a. Fig. 3B displays 
the CVs of the RCA-DNA gold electrode with varying scan rates from 
0.04 to 0.25 V/s. The cathodic and anodic peak currents both increased 
with increasing scan rates, and the corresponding peak potentials 

Fig. 1. Design and validation of the proposed CRISPR-RCA process. (A) Schematic illustration of the rolling-circle amplification (RCA) reaction. (B) Native PAGE 
(10%) characterization of the aptamer-regulated CRISPR-RCA process. AFM characterization of SH-DNA (C), RCA-DNA (D), and RCA-DNA treated with aptamer- 
activated Cas12a in the absence (E) and presence of 100 ng mL− 1N protein (F), with cross sectional profiles of the white lines in each panel. 

Fig. 2. Graphical illustration (A) and fluorescence monitoring (B) of the aptamer-regulated CRISPR-RCA system for the detection of SARS-CoV-2 antigens using a 
single-stranded DNA fluorescent reporter. The symbols “+” and “-”, indicate the presence and absence of the corresponding molecules, respectively. 
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showed a slight shift with an increase in the peak-to-peak separation. 
Moreover, both the cathodic and anodic peak currents increased linearly 
with scan rates from 0.04 to 0.25 V/s (Fig. 3B, inset) with a slope value 
of approximately 0.1, indicating a surface-controlled electrochemical 
process. Taken together, these results demonstrate the successful fabri-
cation of DNA architecture on the electrode surface through the RCA 
process, forming the basis for the preparation of Cas12a-responsive 
substrates for subsequent electrochemical detection. 

The fabrication process of the electrode was also characterized by 
electrochemical impedance spectroscopy (EIS) using [Fe(CN)6]3–/4– as 
the redox probe. The semicircle at the higher-frequency range of the 
impedance spectra reveals an electron-transfer-limited process that 
could reflect the value of electron-transfer resistance (Ret). As shown in 
Fig. 3C, the bare gold electrode shows a very small semicircular domain 
(a), implying a relatively small Ret. With the immobilization of SH-DNA 
(b), the Ret increased because of the large steric hindrance of DNA. In 
addition, after the RCA reaction, the RCA gold electrode displays a 
significant increase in Ret, demonstrating the formation of an RCA-DNA 
architecture on the electrode. However, the Ret decreased dramatically 
after further incubation with the Cas12a-crRNA-aptamer complex, 
indicating the degradation of the RCA-DNA architecture due to collat-
eral cleavage by aptamer-activated Cas12a. Finally, when the RCA-DNA- 
Au electrode was treated with the Cas12a-crRNA-aptamer complex in 
the presence of 50 pM N protein, a much smaller decrease in Ret was 
observed due to the competitive inhibition of Cas12a-crRNA with the N 
protein. These results were consistent with the fact that the CRISPR-E 
system was fabricated as expected. 

To verify that the RCA-DNA architecture achieves a dramatically 
improved electrochemical signal compared with the small p-DNA, we 
compared the EIS response of the prepared CRISPR-E sensor to that of 
the sensor with the same concentration of N protein. As exhibited in 
Fig. 3D, when compared with the Ret change of the CRISPR-E sensor for 
500 pM of N protein using SH-DNA-modified electrode as the substrate 
of Cas12a, the corresponding Ret change with the RCA-DNA gold elec-
trode was approximately 3.5 times higher. These results suggest a good 
signal amplification capability of CRISPR-E because a small amount of 
the antigen target could be converted to a significant change in the 
collateral cleavage activity of Cas12a, achieving CRISPR-RCA-mediated 

signal amplification. 

3.4. Analytical performance of the CRISPR-E sensor 

To obtain the high performance of the CRISPR-E sensor, the effects of 
various experimental parameters, including the concentrations of 
Cas12a-crRNA complex and N48, RCA reaction time, and Cas12a 
cleavage time, were first investigated. Specifically, the concentrations of 
Cas12a-crRNA complex and N48 aptamer were optimized using a fluo-
rescence assay. As shown in Fig. S3A and S3B, with increasing concen-
trations of Cas12a-crRNA complex or N48 aptamer, the normalized 
fluorescence signal increased in a dose-dependent manner. Considering 
the real application, the optimal concentration of Cas12a-crRNA com-
plex and N48 aptamer was chosen as 50 nM and 1.0 nM, respectively. 
Moreover, we also varied the RCA reaction time from 30 to 120 min, 
followed by a typical Cas12a-based cleavage assay using EIS. As shown 
in Fig. S3C, the lowest Ret value was obtained for 60 min RCA reaction. 
Therefore, 60 min RCA reaction was chosen for the subsequent elec-
trochemical experiments. Finally, to evaluate the Cas12a activity to-
wards the RCA DNA, we further conducted a cleavage assay by 
incubating RCA/GE with activated Cas12a for different times, followed 
by the EIS measurement. As shown in Fig. S3D, Ret value of RCA/GE 
decreased in a time-dependent fashion and reached a plateau at 60 min. 
Therefore, 60 min was chosen as the optimized Cas12a cleavage time 
hereafter. 

To determine whether the CRISPR-E sensor could detect N protein 
quantitatively, we first measured the EIS of different concentrations of N 
protein added to NEB buffer. As shown in Fig. 4A, the Ret value increased 
with increasing N protein concentrations from 0 to 125 ng mL− 1, 
showing an increasing diameter of the semicircle on the Nyquist dia-
gram. In addition, a good linear relationship was observed between the 
Ret value and the logarithm of the N protein concentration in the range 
of 0.05 ng mL− 1 to 125 ng mL− 1 (Fig. 4B), and a limit of detection (LOD) 
of 0.077 ng mL− 1 was obtained based on a 3σb/slope, where σb is the 
standard deviation of three blank samples and the slope is obtained from 
Ret-C curve. Furthermore, to investigate the amplification factor of our 
CRISPR-E sensor, SH-DNA/GE was also applied as the substrate of 
Cas12a and measured using EIS. As shown in Fig. S4, a LOD of 1.2 ng 

Fig. 3. Electrochemical characterization of the 
CRISPR-based electrochemical sensor. (A) CV re-
sponses of (a) bare gold electrode (GE), (b) SH- 
DNA/GE, (c) RCA/GE, RCA/GE with Cas12a 
RNP and aptamer in the absence (d) and presence 
(e) of N protein, respectively. (B) CVs of RCA- 
DNA gold electrode (RCA/GE) in 5 mM with 
different scan rates (40–250 mV s− 1). (C) Nyquist 
diagrams of electrochemical impedance spectra 
recorded from 0.01 to 106 Hz during the CRISPR- 
RCA process. Curves from a to e represent the 
same electrodes as CV measurements in Fig. 3A. 
(D) Comparison of EIS amplification capability 
for the detection of N protein by the CRISPR-E 
sensor with (+RCA) and without (− RCA) ampli-
fication. All electrochemical measurements were 
performed in 5 mM [Fe(CN)6]3− /[Fe(CN)6]4− / 
0.1 M KCl soultion. Error bars represent the 
standard deviations of three independent 
measurements.   
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mL− 1 was obtained for CRISPR-E without RCA amplification, and the 
amplification factor is calculated to be about 15-fold. Of note, when 
compared with other analytical methods, as illustrated in Table S2, the 
developed CRISPR-E aptamer-based sensor exhibited a remarkably 
wider linear range and a significantly improved sensitivity and selec-
tivity, which could be attributed to the advantages of integrating 
aptamer-based specific recognition with CRISPR-RCA-mediated signal 
amplification. 

To demonstrate the selectivity of the CRISPR-E sensor, we performed 
a CRISPR-E assay using different competing proteins and the Ret value of 
EIS was recorded (Fig. 4C), including the N protein of SARS-CoV, spike 
S1, interferon-gamma (IFN-γ), bovine serum albumin (BSA), and a 
mixture of N protein with the above four competing proteins. Compared 
with competing proteins at the indicated concentrations related to their 
respective diagnostic criteria [49], the Ret value in response to N protein 
of SARS-CoV-2 showed a significant increase (p < 0.0001). However, 
there was a minimum change in Ret value for all the tested competing 
proteins compared with the blank sample. In addition, we mixed N 
protein with these competing proteins together as mix samples, then 
performed selectivity test again. As shown in Fig. 4C, these competing 
proteins had a minimum affect to the N protein sensing. Together, these 
results suggested that the good selectivity of the N48 aptamer was 
maintained for the CRISPR-E sensor, which was consistent with previous 
reports [48,50]. 

To confirm the reproducibility of the CRISPR-E sensor, the EIS re-
sponses of eight different CRISPR-E sensors with 0.5 ng mL− 1N protein 
prepared in the same batch were investigated. As displayed in Fig. S5, a 
relative standard deviation (RSD) of 7.8% was achieved, indicating good 
reproducibility. Moreover, the stability, which was critical to its prac-
tical application especially in the complicated biological samples, was 
evaluated using an RCA-DNA-modified gold electrode. The electrode 
was tested by EIS every day. When not in use, it was stored at 4 ◦C. The 
RCA-DNA-modified electrode retained ~ 80% of its original EIS 
response after 10 days of storage (Fig. S6), indicating that the fabricated 

RCA-DNA-modified electrode could serve as a stable substrate for the 
Cas12a-based sensor. 

To assess the effectiveness of the proposed CRISPR-E sensor in 
practical applications, we first tested it in human serum. N protein 
spiked serum samples were prepared by diluting the N protein standard 
into undiluted human serum, and tested according to the typical 
CRISPR-E experiment (Section 2.4). As shown in Fig. 4D (inset), we 
observed an increasing diameter of the semicircle on the Nyquist dia-
gram with increasing concentrations of N protein added. In addition, a 
dose-dependent Ret response to N protein in the range of 0.05–5.0 ng 
mL− 1 was obtained (Fig. 4D). Moreover, a LOD of 0.16 ng mL− 1 was 
calculated based on a 3σb/slope, where σb is the standard deviation of 
three blank serum samples. Finally, to confirm the reliability of the 
CRISPR-E sensor, a recovery test with added N protein standards in 
serum samples was conducted. According to the calibration curve in 
Fig. 4D, the recovery rate of N protein from the serum samples was 
obtained. As shown in Table S3, the recovery rates were between 98.0 % 
and 105.0 %, which showed that the proposed method has no systematic 
error. For comparison, a reverse transcription-qPCR (RT-qPCR) experi-
ment was further designed by using N gene as a model (Table S1). Three 
concentrations of N gene (0.05, 0.5, 5.0 ng mL− 1) spiked in serum 
samples were evaluated. Fig. S7A showed qPCR curves of different 
concentrations of N gene, and the obtained Ct value decreased with 
increasing N gene concentrations from 0 to 5.0 ng mL− 1 (Fig. S7B), 
which was consistent with the recovery results obtained using CRISPR-E 
sensor (Table S3). Taken together, these results indicated that our 
CRISPR-E aptamer-based sensor could provide an accurate and reliable 
approach for analyzing real biological samples. 

4. Conclusions 

In summary, this work demonstrated a proof of principle for the first 
attempt to integrate the CRISPR technique with an aptamer-based 
electrochemical sensor for label-free and ultrasensitive detection of 

Fig. 4. Analytical performance of the CRISPR-E 
sensor. (A) Nyquist diagrams of EIS of the 
CRISPR-E sensor with different concentrations of 
N protein from 0.05 to 125 ng mL− 1. (B) Linear 
relationship between electron transfer resistance 
and logarithm of N protein concentration. Error 
bars represent the standard deviations of three 
independent measurements. (C) Selectivity of N 
protein detection. N protein: 0.5 ng mL− 1; BSA: 
50 mg mL− 1; SARS-CoV N protein: 500 ng mL− 1; 
spike S1: 5.0 ng mL− 1; IFN-γ: 0.5 ng mL− 1. **** 
indicated P < 0.0001. Error bars represent the 
standard deviations of three independent mea-
surements. (D) EIS signal of the CRISPR-E sensor 
in response to N protein. Inset: Nyquist diagrams 
of EIS of the CRISPR-E sensor with different 
concentrations of N protein spiked in serum.   
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SARS-CoV-2 antigens. By combing the advantages of aptamer-based 
specific recognition with CRISPR-Cas12a-mediated rolling circle 
amplification, the proposed CRISPR-E showed a wide linear range and 
low detection limit for the detection of N protein. Moreover, this method 
showed good selectivity, acceptable reproducibility and stability, and 
could be used for the detection of N protein in real samples. Since in 
vitro selection can obtain aptamers selective for many SARS-CoV-2 
associated antigens, the method demonstrated could provide an effec-
tive avenue for the diagnosis of COVID-19. 
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