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In this work, we constructed an exonuclease III cleavage reaction-based isothermal amplification of nucleic acids
with CRISPR/Casl2a-mediated pH-induced regenerative Electrochemiluminescence (ECL) biosensor for ultra-
sensitive and specific detection of SARS-CoV-2 nucleic acids for SARS-CoV-2 diagnosis. The triple-stranded
nucleic acid in this biosensor has an extreme dependence on pH, which makes our constructed biosensor
reproducible. This is essential for effective large-scale screening of SARS-CoV-2 in areas where resources are
currently relatively scarce. Using this pH-induced regenerative biosensor, we detected the SARS-CoV-2 RdRp

gene with a detection limit of 43.70 aM. In addition, the detection system has good stability and reproducibility,
and we expect that this method may provide a potential platform for the diagnosis of COVID-19.

1. Introduction

Because of the highly infectious nature of the SARS-CoV-2 virus, the
COVID-19 outbreak is spreading widely worldwide and is of great global
concern [1]. Researchers are currently developing a variety of tests for
SARS-CoV-2 [2,3]. At the same time, the WHO website provides the
relevant procedures and steps for conducting virus testing used in
several countries such as China, Germany, Japan, and the United States,
all of which are based on real-time reverse transcription PCR detection
techniques that, despite their high efficiency, still require a high level of
technical expertise and expensive [4]. The procedure is based on real-
time reverse transcription PCR, which, despite its efficiency, requires a
high level of expertise and expensive equipment to operate[5]. More-
over, the inactivation of nucleic acid amplification enzymes and the
varying levels of expertise often result in false-positive test results[6]. In
this context, the development of any ultrasensitive diagnostic test
technology for the evaluation of suspected cases of infection might be
helpful for SARS-CoV-2 detection, regardless of the availability of
qualified professionals or sophisticated equipment for virus detection.

In the past few years, CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) technology has sparked not only a gene-editing
boom but also a revolution in molecular diagnostics[7]. Notably, re-
searchers have recently started to use CRISPR for in vitro detection of
nucleic acids, and thus it is expected to be developed as a powerful and
accurate molecular diagnostic tool[8] . With the single-stranded DNA

* Corresponding authors.

Trans-cleavage activity of the Casl2a enzyme, combined with various
isothermal nucleic acid amplification techniques, a series of CRISPR-Cas
molecular diagnostic platforms based on fluorescent signal output have
been developed [9]. Among the CRISPR-Cas effector family, Cas12 is an
RNA-directed DNase that belongs to the class II V-A system, which in-
duces the division of arbitrary single-stranded DNA (ssDNA) upon target
recognition, which leads to the degradation of the ssDNA reporter and
the release of a fluorescent signal at the division site, which can be
detected by a portable method[10-12]. Although optical transduction-
based CRISPR-Cas molecular diagnostics have been widely used for
nucleic acids[13], small molecules[14] and metal ions[15], considering
that these strategies need to be done on expensive and complex devices,
there is a need to extend the CRISPR/Cas system to the field of solid-
load-free electrochemical biosensing.

For the detection of COVID-19, medical personnel often use real-time
reverse transcriptase polymerase chain reaction (RT-PCR) [16] to detect
different regions of the SARS-CoV-2 genome, including the nucleocapsid
protein gene (N gene) [17], envelope protein gene (E gene), spike pro-
tein gene (S gene), and RNA-dependent RNA polymerase gene (RdRp
gene). Detection of different regions of the SARS-CoV-2 genome will
affect the specificity and accuracy of the assay. the N gene may cross-
react with other coronaviruses and its sensitivity is low[17]. The S
gene is the most variable region of the genome[18]. the E gene is a
conserved region throughout the beta-coronavirus and can be distin-
guished from other viruses, but not from homologous viruses, such as
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SARS-CoV-2 from severe acute respiratory syndrome (SARS-CoV), to
distinguish them from each other[19]. Notably, the RARp gene, located
in the ORF1ab region, is highly specific and can distinguish SARS-CoV-2
from other viruses [20,21]. Researchers have widely used the RARp gene
as a detection target, making the screening of COVID-19 with high
specificity and accuracy[22].

In addition, SARS-CoV-2 has recently become more transmissible
than before. Its latest incarnation, the Delta (or B.1.617.2) variant[23],
is the fastest spreading form of the virus to date. Delta was first identified
in India, where it swept through this spring (2021), killing hundreds of
thousands of people, and it has quickly become the predominant coro-
navirus variant worldwide[24]. The major mutations in the Delta vari-
ant’s mutation site on the spike protein are receptor-binding domain
mutations (L452R), there is no mutation in the RdRp gene located in the
ORF1lab region[24]. So testing for the RdRp gene can also screen for
carriers of the Delta variant of the virus.

Electrochemiluminescence (ECL) immunoassay, the most advanced
labeling immunoassay technique, is a new generation of labeling
immunoassay technique after radioimmunoassay, enzyme immuno-
assay, fluorescence immunoassay and chemiluminescence immuno-
assay, which is sensitive, rapid and stable, and is the technological
leader in solid-phase labeling immunoassay[25-27] Electro-
chemiluminescence is a specific chemiluminescence reaction triggered
by electrochemistry on the electrode surface, which is actually a perfect
combination of two processes: electrochemistry and chemiluminescence
[2,28-30] . The main difference between electrochemiluminescence and
ordinary chemiluminescence is that the former is an electrically initiated
luminescence reaction, cyclic and multiple luminescence, while the
latter is a single instantaneous luminescence reaction initiated by a
mixture of compounds[31,32]. The ECL reaction is therefore easily and
precisely controlled and extremely reproducible.

The readout methods for CRISPR/Casl2a systems include the
colorimetric method as well as the fluorescence method. In terms of
sensor design, universally colorimetric detection methods reflect the
content of the target through the mutual reaction between nucleic acid-
modified Au nanoparticles caused by the target-participated CRISPR/
Cas system, inducing naked-eye visible color changes for analysis of
target concentrations[13,33,34]. In contrast, the CRISPR/Cas system
based on fluorescence readout often causes the separation of the fluo-
rescent moiety from the quenched moiety by severing the molecular
probes linking the quenched and fluorescent moieties at each end of
ssDNA, finally generating a signal recovery[35]. However, CRISPR/
Casl2a-based sensors with electrochemiluminescence readout alter the
ECL signal output by introducing a target to cause a change in the energy
transfer of the ECL emitting materials on the electrode surface. Since the
ECL signal is generated without the stimulation of an external light
source, the background signal interference is reduced while possessing a
high sensitivity[36].

In addition, with the development of nanotechnology, the develop-
ment of new ECL materials has become a new hot area[37]. In recent
years, two-dimensional (2D) composites, due to their unique metallic
nature, tunable nanosheet thickness, and high electron density, which in
turn increase the affinity of cations to the surface, have enabled ECL
sensors applying 2D composites to have excellent electron selectivity
and flux, and greatly facilitate the diffusion of electrons|3,8]. Therefore,
the ECL sensors based on two-dimensional composites show up-and-
coming applications.

In this work, we constructed an exonuclease III cleavage reaction-
based isothermal amplification of nucleic acids with a CRISPR/
Casl2a-mediated ECL biosensor for ultrasensitive and specific detec-
tion of SARS-CoV-2 nucleic acids for SARS-CoV-2 diagnosis. The sensor
eliminates the need to immobilize the recognition probe on the electrode
surface, dramatically simplifies the electrode preparation step, and ex-
hibits a signal-enhanced output pattern. Interestingly, the DNA
tetrahedra-based three-stranded nucleic acid in our designed biosensor
has an extreme dependence on pH, making the constructed biosensor
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reproducible[38]. This is crucial for the effective implementation of
SARS-CoV-2 detection in areas where resources are currently relatively
scarce.

2. Experimental section
2.1. Materials and reagent

The oligonucleotides purified by high-performance liquid chroma-
tography (HPLC) used in our detection strategy were purchased from
Genscript Biotech (Nanjing, China). Gold chloride trihydrate
(HAuCly-3H30), sodium citrate, potassium persulfate (K»S;0g), and so-
dium borohydride (NaBH4) were obtained from Aladdin Biochemical
Technology Co. Ltd. (Shanghai, China). g-C3N4 were obtained from
Jiangsu XFNANO Materials Tech, Co. Ltd. (Nanjing, China). Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) and 6-mercaptohexanol
(MCH) were gained from Sigma-Aldrich (St Louis, MO, USA). Exonu-
clease Il and 10 x NEB buffer were obtained from New England Biolabs
(USA). The purified DNA fragments (Table S1) were synthesized by
Genscript Biotechnology Co. Ltd. (Nanjing, China)

2.2. Instrumentation

Transmission electron microscopy (TEM) images were acquired from
JEM-2100F, JEOL (Japan). ECL signals were acquired from an ECL-6B
acquisition gifted by the State Key Laboratory of Analytical Chemistry
for Life Sciences, Nanjing University. UV-Vis absorption spectra were
measured by a Microplate Reader (Spectra Max M5e) in the range of 250
nm to 700 nm (Molecular Devices Co. Ltd, USA).

2.3. Preparation of the Au-g-C3Ny4

First, 50 pL of HAuCl4 (0.01 M) solution and 4 mL of g-C3N4 (0.15
mg mL™!) were mixed and sonicated for 10 min and stirred at room
temperature for 1 h. Then, 100 pL of the just-configured NaBH, (0.01 M)
solution was injected into the mixed solution and the reaction was
continued in an ice bath for 20 min. Then 50 pL of sodium citrate so-
lution was added to the above mixed solution and the mixed solution
was stirred continuously for 20 min at 25 °C. Finally, to further remove
the excess AuNPs, sodium citrate and NaBH,4, the above mixed solution
was washed and sonicated three times to obtain pure Au-g-C3N4, which
was redispersed in 1 mL of ddH,0 and stored at 4 °C for the next
experiment.

2.4. Preparation of DNA tetrahedron

The construction of DNA tetrahedron was based on previous litera-
ture with slight modifications[39]. Briefly, four single-stranded DNAs
(T1, T2, T3, T4) of 10 pL each were first dissolved in PBS buffer solution
(10 mM TCEP and 50 mM MgCl,, pH = 7.4). Then, the four single-
stranded DNAs were mixed together, incubated at 95 °C for 5 min,
and slowly cooled to room temperature. In this way, the DNA tetrahe-
dron structure was formed.

2.5. Fabrication of the pH-induced regenerative ECL biosensor

First, the glassy carbon electrode (GCE) was polished with 0.3 and
0.05 pm alumina powder and rinsed with deionized water for the
following experiments. Then 10 pL of Au-g-C3N4 was added dropwise to
the GCE to obtain Au-g-C3N4/GCE and dried at room temperature.
Subsequently, the obtained Au-g-C3N4/GCE was immersed in 100 pL of
DNA tetrahedron (1 pM) solution containing 10 mM TCEP for 8 h,
allowing the DNA tetrahedron to be modified on the electrode surface.
Next, the above-modified GCE was immersed in 60 pL of MCH (100 pM)
solution for 1 h to seal the gold nanoparticle surface to prevent non-
specific adsorption. In this way, the pH-induced regenerative
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Scheme 1. Schematic illustration of the pH-induced regenerative biosensor for
the assay of SARS-CoV-2 RdRp gene based on the CRISPR/Casl2a
Trans-activity.

biosensor was prepared successfully.

2.6. Exo Ill-assisted targeted nucleic acid cycling reaction

To eliminate the digestion of Hla/H2a duplex by exonuclease III,
cleavage of H1/RdRp gene duplex and cleavage of H1/RdRp gene
duplex were performed in different solutions. First, both DNA strands,
H1 and H2, were annealed at 95 °C for 5 min and then gradually cooled
to room temperature over 4 h for the formation of stable hairpin-type
structures in different EP tubes, respectively. Then, RdRp gene at
different concentrations was introduced in H1 and H2 (1 pM, respec-
tively) and incubated for 2 h at 37 °C and exonuclease III (0.5 U/pL) was
added to each tubes for 1 h at 37 °C. After that, the above solutions were
kept at 65 °C for 10 min to stop the enzymatic reaction. Finally, the two
solutions were mixed and heated at 65 °C for 10 min and then cooled
naturally to room temperature to form the Hla/H2a duplex.

For clinical samples assay, voluntary volunteer-donated pharyngeal
swabs (ethically compliant) were used to validate the resistance to
interference and clinical application potential of this biosensor. Volun-
teer pharyngeal swabs were spiked with different concentrations of the
nucleic acid to be tested for the next experiments.

2.7. Polyacrylamide gel electrophoresis (PAGE) analysis

First, freshly prepared 20% polyacrylamide gels were run at 80 V for
40 min. Next, 10 pL of various DNA samples (1 pM) and loading buffer
were mixed and injected into the gel sample bath and run at 110 V for
2.5 h. Immediately thereafter, the gel electrophoresis was immersed in
Gel-Red dilution for 30 min. Finally, the stained gels were photographed
with a ChemiDoc MP Imager instrument.
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2.8. CRISPR/Cas12a cleavage reaction and ECL signal obtain

Next, 50 pL of the above reaction solution was added to lysis buffer
(20 mM Tris HCl, 100 mM KCl, 5 mM MgCly, 5% glycerol and 1 mM
DTT) containing 100 nM CRISPR/Cas12a-gRNA and 1 pM DNA1. The
above solutions were then mixed and reacted for 30 min, allowing DNA1
to be sufficiently cleaved. Then, the prepared pH-induced regenerative
ECL biosensor was submerged in the above solution for 30 min, and then
the ECL signal was measured.

The above-mentioned electrodes forming triple-stranded DNA were
immersed in 5 mL of PBS (pH = 7.4) containing 32082" (0.1 M) for
measurements with a scan range of 0-1.5 V. The tests were performed
using a three-electrode system with a 3 mm diameter GCE as the
working electrode, a platinum wire electrode as the counter electrode
and Ag/AgCl as the reference electrode.

3. Results and discussion
3.1. The working principle

An isothermal amplification reaction based on the targeting
molecule-Exo III assisted with tandem CRISPR/Cas12a controlled signal
amplification was used to construct an electrochemiluminescent (ECL)
sensor for the specific and ultrasensitive detection of RdRp gene nucleic
acid fragments. The commonly attributed detection method for
commercially available COVID-19 is the conversion of SARS-CoV-2 RNA
gene into complementary DNA (cDNA) using RT-qPCR amplification
and subsequent signal output by fluorescence method. In this study, a
CRISPR/Cas-based signal amplification reaction design using SARS-
CoV-2 RNA gene converted cDNA sequences (RdRp gene)[3,40] were
used as a study object for investigating the feasibility of pH-induced
regenerative ECL biosensor. Scheme 1 demonstrates the corresponding
principle and construction process of the biosensor. The ECL biosensor
employs a DNA tetrahedron structure modified on the electrode surface,
and the DNA tetrahedron prongs can form DNA triple-stranded com-
plexes with DNAL. In the initial state of the nucleic acid amplification
reaction, two hairpin DNAs (H1 and H2) are introduced, and in the
presence of exonuclease III (Exo III), different parts of the target are cut
synchronously to release the two output DNAs (H1a and H2a). The Hla/
H2a duplex can only be formed if both output Hla and H2a are present
at the same time, which activates the activity of CRISPR/Cas12a and
allows CRISPR/Casl2a to cut DNA1 (Scheme 1B). If there is no target
substance present in the system, the Hla/H2a duplex cannot be formed,
which in turn cannot activate the activity of CRISPR/Cas12a and cleave
DNA1. DNA1 in the system can bind to the DNA tetrahedra on the
electrode surface, thus causing a change in the ECL signal. Notably, the
biosensor can be regenerated at pH = 10.0 (Scheme 1A), enabling
continuous long-term use of this sensing platform for accurate moni-
toring of the concentration of nucleic acids to be measured and
providing a new reference for the design of regenerative DNA tetrahe-
dron ECL biosensors.

In comparison with previous strategies of Electrochemical or Elec-
trochemiluminescence biosensor based on CRISPR technology[8,10],
the previous CRISPR/Cas 12a for single-stranded nucleic acid cleavage
needs to be performed on the electrode surface, which will induce a s
steric effect of the interface on CRISPR/Cas 12a. In this pH-induced
regenerative ECL biosensor, the conventional CRISPR/Cas 12a-based
Electrochemical or Electrochemiluminescence biosensor target detec-
tion system is cleverly transferred to a homogeneous reaction system
with less steric effect and more complete reaction. The method ensures
the accuracy of the assay. This method is a novel attempt to ensure the
accuracy and high sensitivity of the assay, but also has the flexibility of
design.

It is worth noting that the cost of the 2D composite used in the
biosensor is within $0.2, the cost of the nucleic acid is within $0.01, the
price of the amplification enzymes used (Exo III and CRISPR/Cas12a) is
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Fig. 1. (A) TEM image of Au-g-C3N,4 and (B) UV-vis absorption spectra to illustrate the synthesis of Au-g-C3N4. (C) EDX elemental mapping to show the elemental
composites and distribution of the Au-g-C3Ny4. (D) Elemental mapping data of the Au-g-C3N4. (E) Polyacrylamide gel electrophoresis analysis of DNA tetrahedron:
Lane 1 (T1), Lane 2 (T2), Lane 3 (T3), Lane 4 (T4), Lane 5 (T1 + T2 + T3), Lane 6 (T1 + T3 + T4), Lane 7 (T1 + T2 + T4), and Lane 8 (T1 + T2 + T3 + T4).
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Fig. 2. Characterize the construction of the biosensor by using cyclic voltammetry (A) and EIS (B). Bare GCE electrode (curve a), Au-g-C3N4 modified GCE (curve b),
GCE modified with Au-g-C3Ny4, DNA tetrahedrons and MCH (curve c¢). GCE modified with Au-g-C3N4, DNA tetrahedrons, MCH and DNA1 (curve d). Optimization of
the Exo III-aided amplification reaction time (C) and triple-strand formation at pH = 7.0 based on Hoogsteen.

approximately $4.00, the cost of additional chemical reagents for sensor
pretreatment is approximately $0.2. Thus, the cost of the sensor is
approximately $4.41. It is worth noting that the biosensor can be recy-
cled, thus making the pH-induced regenerative ECL biosensor more
affordable.

3.2. Characterization of Au-g-C3N4 and DNA tetrahedron

We first characterize the morphology of Au-g-C3N4 as shown in
Fig. 1A, where we can see that gold nanoparticles are dispersed on the
surface of C3N4 nanosheets and provide a wide surface area for the
linkage of nucleic acid probes. Moreover, the particle size of gold
nanoparticles is very uniform, with a diameter of about 17 nm. UV-Vis
absorption spectra were also made to characterize the synthesis of Au-g-
C3Ny, as shown in Fig. 1B, where g-C3N4 has a unique peak at 360 nm
and AuNPs has a characteristic peak at 520 nm. If Au-g-C3Ny is suc-
cessfully synthesized, it should have characteristic peaks at 360 nm and
520 nm. The above results demonstrate the successful synthesis of Au-g-
C3Ny4. Next, we further performed elemental analysis using energy
dispersive X-rays (EDX) as depicted in Fig. 1C. The results showed that
elemental peaks of C, N and Au were present in the EDX spectrum of Au-
g-C3Ny4. Besides, the elemental mapping data (as shown in Fig. 1D)
successfully characterize the elemental distribution of Au-g-C3Ng4. All
these morphological, spectroscopic, and elemental characterizations
together verify the successful synthesis of Au-g-C3Ny.

Polyacrylamide gel electrophoresis (PAGE) was used to characterize
the fabrication of DNA tetrahedron. In Fig. 1E, the bands of T1, T2, T3,
and T4 were shown in Lane 1, Lane 2, Lane 3 and Lane 4, respectivity.

Also, the construction step of DNA tetrahedron were also shown in
Fig. 1E: Lane 5 (T1 + T2 + T3), Lane 6 (T1 + T3 + T4), Lane 7 (T1 + T2
+ T4), and Lane 8 (T1 + T2 + T3 + T4, namely DNA tetrahedron).

3.3. Possible ECL mechanism about pH-induced regenerative biosensor

In this study, the luminescence signal is initially derived from g-
C3N., whose luminescence mechanism in PBS solution of 0.1 M S30g%
enters with a scanning voltage from 0 to —1.5 V. The possible lumi-
nescence mechanism of g-C3Ny is as follows Egs. (1)-(4). First, g-C3N4
acquires an electron under the applied voltage and transforms into g-
C3Ny4 (Eqg. 1). At the same time, S,0g% gains one electron under the
applied voltage and is reduced to S042 and SO4 (Equation 2). Further,
an electron transfer occurs between SO4 and g-C3Ny4, and g-C3N4™ be-
comes g-C3N4* in the excited state (Equation 3). Eventually, the excited
state of g-C3N4* completes the electronic leap and transforms into the
ground state g-C3N4 while producing light out at 460 nm.

g—CiNy+e —»g—C3N, (@)
g—C3N, — + 8,05 —>g — C3Ns + SO, +SO;~ 2
g— C3N; +5S0; —g — C3N, +SO3~ 3)
g — C3N, —>g — C3Ny + hv(460nm) (&)
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3.4. Characterization of the pH-induced regenerative biosensor stepwise
modification process

The electrochemical response of the pH-induced regenerative
biosensor stepwise modification process is described by cyclic voltam-
metry (CV). The CV curve of the bare GCE electrode (curve a) shows the
maximum current peak. When Au-g-CsNy (curve b) is deposited on the
electrode surface, the current peak decreases significantly. When further
modification of DNA tetrahedrons and MCH (curve c) continued on the
electrode surface, the current peak continued to decrease, indicating
that poorly conductive substances were adsorbed on the electrode sur-
face, which is consistent with the insulating properties of DNA tetra-
hedrons and MCH. After DNA1 continued to adsorb on the electrode
surface through the tetrahedrons, the current continued to decrease
(curve d), resulting in a similar decrease in the current peak.

Meanwhile, the stepwise construction process of the pH-induced
regenerative biosensor was characterized by the Electrochemical
impedance spectroscopy (EIS) shown in Fig. 2B. The impedance value of
the bare GCE electrode (curve a) is the smallest. Continued modification
of Au-g- C3N4 (curve b), DNA tetrahedrons and MCH (curve c), and
DNA1 (curve d) gradually increases the impedance value. Thus, both
electrochemical CV and EIS characterization demonstrated the suc-
cessful synthesis of a pH-induced regenerative biosensor.

In order to verify the successful construction of this pH-induced
regenerative biosensor, we performed ECL characterization for the
construction process of this biosensor. Figure S1 shows the ECL signal
changes during the stepwise modification of the pH-induced regenera-
tive biosensor. pH = 7.0, a strong ECL signal, which is the ECL emission
peak of Au-g-C3Ny at this position, appears at 460 nm when the DNA
tetrahedron/Au-g-C3N4-modified GCE is incubated with DNA1 before,
and no ECL signal at 620 nm. This experimental phenomenon indicates
that the pH-induced regenerative biosensor was successfully synthe-
sized. In contrast, when the pH-induced regenerative biosensor was
incubated with 1500 aM target DNA, the ECL signal at 460 nm
decreased, while a strong ECL signal appeared at 620 nm. This phe-
nomenon indicates that DNA1 forms a three-stranded DNA structure
with DNA tetrahedron and that ECL-phenomenon occurs. The experi-
mental results further indicate that the ECL-RET process between Au-g-
C3N4 donor and DNA-Ru acceptor occurs successfully.

3.5. Optimization of experimental conditions

The experimental conditions of the Exo IIl-aided amplification

reaction time may affect the detection efficiency and the detection
performance of the ECL sensor. Therefore, we optimized the Exo III-
aided amplification reaction time. As shown in Fig. 2C, the ECL (620
nm) signal intensity gradually increased and ECL (460 nm) signal
gradually decreased stabilized both at 1 h with the increase of time,
indicating that the Exo Ill-aided amplification reaction could be
completed within 1 h and 1 h was the optimal reaction time. Also, the
ratio of ECL (620 nm)/ECL (460 nm) increased simultaneously with the
increase in reaction time and reached stability at 60 min. So the Exo III-
aided amplification reaction time of 60 min was selected as the optimal
condition in this study.

Since the accuracy and sensitivity of this pH-induced regenerative
biosensor sensing platform depends heavily on the ability to form triple-
stranded nucleic acids via Hoogsteen with tetrahedra modified on the
electrode surface, we further optimized the reaction time for triple-
strand formation at pH = 7.0 (Fig. 2D). As the reaction time for
nucleic acid triple-strand formation increased, the ECL signal at 460 nm
decreased, and the ECL signal at 620 nm increased. At 90 min, the ECL
signals at both 460 nm and 620 nm stabilized, and the ratio of ECL (620
nm)/ECL (460 nm) increased simultaneously with the increase in reac-
tion time and reached stability at 90 min. Therefore, the reaction time
for the formation of triple-stranded nucleic acids was chosen as 90 min.

3.6. Detection of SARS-CoV-2 RdRp gene with the ratiometric biosensor

The constructed ratiometric ECL biosensor was used to detect SARS-
CoV-2 RdRp gene under optimized conditions. Fig. 3A depicts the
change of ECL signal with increasing concentration of SARS-CoV-2 RdRp
gene. As the concentration of SARS-CoV-2 RdRp in the reaction system
increases from 10 aM to 10 pM, the ECL signal intensity gradually de-
creases at 460 nm (Points in green) and increases at 620 nm (Points in
red). The decrease of ECL signal intensity at 460 nm is depicted in
Fig. 3A. The ECL signal intensity shows an excellent linear relationship
with the concentration of SARS-COV-2 RdRp gene: Y = -2.53X +
11798.38, R? = 0.9956. Similarly, the increase of ECL signal intensity at
620 nm also indicates a good linear relationship with the concentration
of SARS-COV-2 RdRp: Y = 4.39X + 275.02, R? = 0.9887. To further
obtain the reliability of the calculated results, we evaluated the corre-
lation between SARS-COV-2 RdRp concentration and ECL (620 nm)/ECL
(460 nm) as the concentration of SARS-COV-2 RdRp increased, and the
intrinsic correlation. The experimental results are shown in Fig. 3B. It
can be clearly found that the variation values of ECL(620 nm)/ECL(420
nm) also showed a linear relationship with ECL(620 nm)/ECL(420 nm):
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Fig. 4. Stability and selectivity of the pH-induced regenerative biosensor. (A) The ECL signal at 460 nm and (B) the ECL signal at 620 nm by scanning 10 times after
treating 1 pM SARS-CoV-2 RdRp gene. (C) Selectivity of the pH-induced regenerative biosensor. (D) Reproducibility of the pH-induced regenerative biosensor.

Y = 6.466 x 10*X-0.034, R = 0.9950, where Y is the ratio of ECL(620
nm)/ECL(420 nm) and X is the concentration of RARp gene. According
to the formula of limit of detection (LOD) = 3o0/k, the LOD of the
biosensor was 43.70 aM. The reason for the lower detection limit is that
we designed the biosensor with a dual amplification effect and used the
ratio method to calculate the detection limit.

Using this biosensor, the SARS-CoV-2 E gene and N gene were
similarly detected after a small change in the nucleic acid sequences of
H1 and H2 (The sequences are shown in Table S1, H1E and H2E for E
gene assay and HIN and H2N for N gene assay), which recognize the
target nucleic acid, and the results were as shown in Figure S2 and
Figure S3. By comparing with other SARS-CoV-2 amplification methods,
as shown in Table S2, our designed biosensor has comparable or more
sensitive detection limits, thus our detection platform has potential
applications for highly sensitive detection of SARS-CoV-2, other viruses
and even other pathogens by changing the nucleic acid sequences of H1
and H2.

3.7. Stability and selectivity of the pH-induced regenerative biosensor

Next, the stability of the biosensor was further evaluated. The
modified electrode was immersed in PBS containing 1 pM SARS-CoV-2

RdRp gene and scanned continuously without interruption for 10 cy-
cles. The ECL signal remained stable at 460 nm (Fig. 4A) with a relative
standard deviation (RSD) of 1.7%, and the ECL signal also remained
stable at 620 nm (Fig. 4B) with an RSD of 2.5%. These experimental
phenomena demonstrate the excellent stability of the biosensor.

To further evaluate the selectivity of the pH-induced regenerative
biosensor, we introduced some interfering factors to treat the biosensor.
When the biosensor was immersed in 1 pM SARS-CoV-2 RdRp gene
(Target DNA), 100 pM SARS-CoV RdRp gene (COV), 100 pM random
mutant DNA (M1 and M2), 100 pM Bat SARS-related CoV isolate bat-SL-
CoVZC45 RdRp gene (BR), 100 pM Frankfurt 1 RdRp gene (FR), 100 pM
BM48-31/BGR/2008 RdRp gene (BM48) and blank solution, different
ECL signal changes were induced. The ECL (620 nm)/ECL (460 nm)
values induced by various analytes are listed in Fig. 4C. It can be seen
from the figure that the ECL signal ratio of the SARS-CoV-2-treated
biosensor RARp gene has a significant change compared to the other
interferent-treated biosensors, while the other nucleic acids to be tested
do not show a strong signal change as a result. The results of this
experiment may be due to the fact that only SARS-CoV-2 RdRp can
promote the isothermal amplification effect based on EXO III. Therefore,
the constructed biosensor has excellent selectivity.
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Table 1
Recovery results for the assay of SARS-CoV-2 RdRp in pharyngeal swabs.

Sample number Added Found Recovery (%) RSD (%, n = 3)
1 50 aM 49.63 aM 99.26 1.29
2 100 aM 99.85 aM 99.85 3.50
3 1M 1.07 M 107.0 2.07
4 10 fM 10.07 fM 100.7 1.65
5 100 fM 102.86 fM 102.86 4.68
6 1 pM 0.98 pM 98.00 4.49
7 10 pM 10.19 pM 101.90 2.70

3.8. pH-induced regenerative biosensor validation

We also investigated the pH-induced regenerative of the constructed
biosensing platform at different pH values. When the biosensor was
incubated in TAE buffer (pH = 10.0), the biosensor forming triple-
stranded DNA could be regenerated by nucleic acid dissociation on the
electrode surface at that pH value. As shown in Fig. 4D, after the for-
mation of triple-stranded nucleic acids at pH = 7.0, a significant ECL
signal change can be observed compared to the initial blank current
response of the independent DNA tetrahedra. However, after immersion
in TAE buffer at pH = 10.0, the ECL response of the electrode decreases
by approximately 98% and reverses to an insignificant ECL response
ratio similar to the initial state of the biosensor, indicating successful
regeneration of the biosensor. Notably, the pH-induced regenerable
biosensor was evaluated five times and still exhibited effective regen-
erability with regeneration rates ranging from 97.8%, which further
demonstrates the good pH-induced regenerability of the biosensor and
suggests that the biosensor can be reused many times over.

3.9. Applicability of the biosensor in real samples

To further investigate the resistance of the designed pH-induced
regenerative biosensor for SARS-CoV-2 RdRp gene detection to com-
plex environments, we applied the biosensor to detect SARS-CoV-2
RdRp gene in pharyngeal swabs. First, we used the incorporation
method to add a graded dose of SARS-CoV-2 RdRp gene in pharyngeal
swabs, and then replaced the standard sample with the prepared
pharyngeal swabs samples. Then, the concentration of SARS-CoV-2
RdRp gene in different pharyngeal swabs samples was detected by a
pH-induced regenerative biosensor and the recovery results for the assay
of SARS-CoV-2 RdRp gene were shown in Table 1. This result indicates
that our designed pH-induced regenerative biosensor can be applied to
detect the SARS-CoV-2 RdRp gene in human pharyngeal swabs. There-
fore, this pH-induced regenerative assay strategy we proposed has the
potential to be widely used in the clinic to detect COVID-19-related
nucleic acid markers in complex biological samples.

4. Conclusions

In summary, we present the first CRISPR/Cas12a-based pH-induced
regenerative biosensor for the diagnosis of the SARS-CoV-2 RdRp gene.
We carefully designed two segments of hairpin DNA for binding to the
nucleic acid of the test subject and cleaved them into two DNA segments
in the presence of exonuclease III. The two DNA segments (H1a and H2a)
can activate CRISPR/Cas12a after hybridization. If the test subject is not
present in the system, the Hla/H2a double strand cannot be formed and
thus cannot activate the activity of CRISPR/Cas12a and cleave DNAL.
The DNAL in the system can bind to the DNA tetrahedra on the electrode
surface, thus causing a change in the ECL signal. Notably, the biosensor
can be regenerated at pH = 10.0, enabling continuous long-term use of
this sensing platform for accurate monitoring of the concentration of
nucleic acids to be measured and providing a new reference for the
design of regenerative DNA tetrahedron ECL biosensors. Our pH-
induced regenerative biosensor was used for the detection of SARS-
CoV-2 RdRp gene with a detection limit of 43.70 aM, and the pH-

Chemical Engineering Journal 429 (2022) 132472

induced regenerative biosensor is extremely regenerative as well as
resistant to interference. Therefore, it has potential clinical application
in the mass screening of the SARS-CoV-2 RdRp gene.
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