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ABSTRACT: In this work, a CRISPR/Cas12a initiated switchable
ternary electrochemiluminescence (ECL) biosensor combined with
a Co3O4@Au nanoemitter is presented for the in vitro monitoring
of miRNA-141. Benefiting from the advantages of high-throughput
cargo payload capability and superconductivity, three-dimensional
reduced graphene oxide (3D-rGO) was designated as an
introductory conducting stratum of a paper working electrode
(PWE). With the collaborative participation of Co3O4@Au NPs,
the transmutation of TPrA in the Ru(bpy)32+/TPrA system can be
riotously expedited into exorbitant free radical ions TPrA•, which
provoked the exaggeration of the ECL signal. Moreover, the
programmable enzyme-free hybrid chain reaction (HCR) amplifier
on the PWE surface accurately anchored the assembly of nucleic
acid tandem and accomplished the secondary recursion of the signal. Impressively, the multifunctional CRISPR/Cas12a with
nonspecific cis/trans-splitting decomposition manipulated the photoswitch of the “on−off” signal state that avoided the false-positive
diagnosis. The presented multistrategy cooperative biosensor demonstrated extraordinary sensitivity and specificity, with a low
detection limit of 3.3 fM (S/N = 3) in the concentration scope from 10 fM to 100 nM, which fully corresponded to the expectation.
Overall, this innovative methodology paved a generous avenue for evaluating multifarious biotransformations and provided a
tremendous impetus to the development of real-time diagnosis and clinical detection of other biomarkers.
KEYWORDS: electrochemiluminescence, CRISPR/Cas12a, hybridization chain reaction, microRNA-141, Co3O4@Au nanoparticles

1. INTRODUCTION
Cancer, malignant tumors, autoimmune deficiency diseases,
and degenerative neurological diseases are all threatening
human life and health all the time, which raises numerous
challenges to the diagnosis and treatment according to the
World Health Organization (WHO).1,2 MicroRNA (miRNA),
as a short nucleic acid sequence, can control the malignant
expression and biological activities of many gene, making it an
innovative approach for the preliminary touch and discharge
and prognosis recovery of these major diseases.3−5 Therefore,
the excavation of rapid, efficient, and ultrasensitive detection
technology of miRNA can not only precipitate the detection
rate of diseases effectively but also retrench the window period
of pathogen detection greatly.6,7 At present, the technologies
that have been explored incorporate surface-enhanced Raman
spectroscopy (SERS),8 fluorescence (FL),9 photoelectrochem-
istry (PEC),10 chemiluminescence, and electrochemilumines-
cence (ECL)11,12 and have shown preeminent practical
implications. Among them, ECL has captivated increasingly
deliberation and brilliance owing to the minimal background
noise, ultrahigh sensitivity, extremely low detection limit, and
admirable electrochemical performance and has become an

indispensable part in the areas of clinical medicine, food
security, environmental monitoring, and so on. In the past few
decades, ECL luminophores have been cultivated from
luminol, Ru(bpy)32+, and other classical reagents to quantum
dots and metal nanoclusters.13 To substantially exaggerate the
transmission electronically intensity of luminophores, penalize
the disadvantages of ambiguous registration, and escape the
quite hazards of co-reaction reagents,14 the competitive co-
reaction projectors (including aniline substances,15 metal
complexes,16 noble metal nanoparticles, and semiconductor
nanomaterials17,18) are familiarized with the conventional
binary ECL system, which can trigger a qualitative leap in
signal enhancement.
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In addition to chemical enhancement factors that can
manipulate the sensitivity of redox reaction, visualize powerful
genetic tools and molecular machines at the biological level can
also exponentially duplicate the concentration of targets at in
trace standard. Nucleic acid amplification technologies
including DNA walker,19,20 catalytic hairpin self-assembly
(CHA),21 rolling circle amplification (RCA),22 and hybrid-
ization chain reaction (HCR)23 play a fundamental role in
bioanalysis. In particular, the isothermal amplification HCR
technology, which is on account of the chain reaction of
recognition and hybridization between a couple of comple-
mentary and dynamically captured hairpins, provides an
incomparable amplification opportunity for short-sequence
oligonucleotides.24,25 For example, based on in situ synthesized
silver nanoclusters (Ag NCs) as a signal probe, a triple
amplification biosensor for ultrasensitive methyltransferase
(Dam-MTase) activity detection and inhibitor screening was
constructed using gold nanoparticles/electrochemically re-
duced graphene oxide (Au nanoparticles (NPs)/ERGO)
composite and HCR amplification current signal-coupling
effect, which was reported by Peng et al.26

Indeed, under the premise of adequate signal amplification,
ultrasensitive and fast-forward conversion of the signal is still
required. As an adaptive immune system for invading nucleic
acid phages in archaea, the clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas system has been
extensively applied to the fields of gene editing and biomedical
engineering since it was first disinterred in Escherichia coli.27,28

In fact, it not only punctures the barrier of sodium bisulfite
genomic sequencing but also dominates the biological activities
of nuclease precisely, bursting out a forceful influence of
species iteration. The relatively mature Cas proteins such as

Cas9,29 DETECTR of Cas12a,30 HOLMES,31 and SHER-
LOCK32 of Cas13a endow CRISPR/Cas with a particular
mission of their unique double-cutting performance and hew
out a prospective path for rapid molecular diagnosis. Especially
in the competition of micro-biomarker investigation, Cas12a
technique possesses higher sensitivity, lower material con-
sumption, and commendable accurate specificity,33−35 profit-
ing from the precise attribute manipulation of DNase and the
perspicacious excision of oligonucleotide, effecors can
apprehend reporters instantaneously and further trigger
nonspecific trans-splitting occupation. As the most qualified
low-energy consumption burgeoning technique, lab-on-paper
device (LPD) has raised the wave of efficient minimalism in
the construction of biosensors owing to the extremely low-cost,
microflow channel programmability, no external pumping
system, 3D permeability characteristics, and immediate visual
diagnosis.
In this study, based on the photoswitchable trans-splitting of

CRISPR/Cas12a, a ternary ECL paper-based biosensor guided
by HCR for ultrasensitive detection of miRNA-141 to realize
real-time diagnosis of diseases was presented. As shown in
Scheme 1A, the Co3O4@Au NP composite36 was synthesized
by a hydrothermal method, while three-dimensional reduced
graphene oxide (3D-rGO) was delaminated from chunky by
ultrasonic crushing (Scheme 1B). And then, they were
embellished on the paper working electrode (PWE)37−40 to
formulate an exceptional conductive layer and a co-reaction
catalytic layer. As shown in Scheme 1C, H1 + H2 hairpins
were grafted onto the Au NPs surface via the sulfhydryl group
(−SH)41 and incubated on the PWE. After the introduction of
the S1 primer, the hairpin structure of H1 could be
automatically opened and paired with a double-chain base.

Scheme 1. (A) Synthesis Scheme of Co3O4@Au NPs. (B) Stripping Preparation of 3D-rGO. (C) Schematic Illustration of the
CRISPR/Cas12a-Based ECL Biosensor
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At this time, the arrival of 6-mercapto-1-hexanol (MCH)
would shelter the remaining active sites at the PWE interface
and prevent the grafting from subsequent nucleotide chains.
After P1 + P2 hairpins were introduced, the HCR reaction
process could be touched off and long DNA double-stranded
structures could be constituted through the principle of specific
recognition sites and Watson−Crick base complementary
pairing. Subsequently, the Ru(bpy)32+ labeled spherical nucleic
acid (SNA)42 was incubated to the electrode surface and
reached the “signal on” state through the combination of the
support probe and the bifurcation part of the long DNA
strands. The specific cleavage of DNase and the circulation of
the target were implemented by the arrival of miRNA-141 and
exonuclease III (ExoIII). However, with the involvement of
Cas12a protein, the loop region of H2 could be captured by
CRISPR/Cas12a + crRNA to forge a diploid, which
completely activated the trans-flanking cleavage performance
and nonspecifically digested all single-stranded DNAs on the
surface of PWE. After a period of cutting, S2-Ru(bpy)32+ were
completely cut off and the state converted to “signal off”.

2. EXPERIMENTAL SECTION
2.1. Reagents and Instruments. The reagents and instruments

are described in the Supporting Information.
2.2. Synthesis of Co3O4@Au NPs. In the light of the reported

work, the Co3O4 polyhedron derived from ZIF-67 was synthesized
with minor modifications.43 In detail, 0.2910 g of Co(NO3)2·6H2O
was dissolved in 20 mL of methanol, while 0.6568 g of 2-
methylimidazole was dissolved in 20 mL of methanol. After sufficient
stirring, the latter was mixed into the former. The precipitate of the
product ZIF-67 octahedron, which was statically aged at room
temperature for 24 h, was washed three times with methanol and

dried in a vacuum at 60 °C for 12 h. Then, the obtained intermediate
product purple powder was calcined in a tubular furnace under an
argon atmosphere at 350 °C for 30 min to maintain the morphology
of the ZIF-67 regular octahedron, followed by oxidative calcination at
this temperature for 30 min in the air (the color changes from bright
purple to gray-black). Finally, the Co3O4 polyhedron transformed
from the ZIF-67 octahedron could be successfully prepared.
Immediately, 50 mg of Co3O4 polyhedron and 20 mL of HAuCl4
(1 mM) were mixed into a 50 mL round-bottom flask and stirred
constantly. While the above mixture was continuously heated to
boiling, 5 mL of Na3C6H5O7 (38.8 mM) was rapidly introduced and
the mixture was stirred vigorously for 15 min. Ultimately, the
Co3O4@Au NP aqueous suspension (1 mg·mL−1) was obtained after
washing with ultrapure water four to five times.
2.3. Fabrication of the Ru(bpy)32+-Labeled SNA. The

fabrication of the Ru(bpy)32+-labeled SNA was as follows. First, Au
NPs were prepared on the basis of the traditional Turkevich method44

(see the Supporting Information). Then, the Ru(bpy)32+-labeled S2
(the report probe) (200 μL, 1 μM) and support probe (100 μL, 1
μM) were added to 500 μL of the Au NP solution and placed on a
shaker for multibranched DNA assembly reaction at 25 °C for 12 h.
Finally, the culture medium was centrifuged at 10000 rpm for 5 min
and washed three times with enzyme-free water and the obtained
Ru(bpy)32+-labeled SNA was resuspended in 10 M Tris−HCl (pH =
7.4) for further use.
2.4. Construction of the CRISPR/Cas12a-Derived ECL

Sensing Interface. According to relevant reports, prior to the
procedure, all PWEs were treated by wax and screen printing
technology (see the Supporting Information). DNA strands including
H1, H2, P1, and P2 were annealed at 95 °C for 5 min and then
gradually cooled to room temperature for more than 2 h to form a
stable hairpin structure.

Specifically, 20 μL of 3D-rGO (2 mM) was modified on the PWE
surface using a spin coater to form a conductive substrate and was

Figure 1. SEM images of (A) bare paper, (B) 3D-rGO/PWE, (C) magnified 3D-rGO/PWE, (D) ZIF-67, (E) Co3O4 polyhedron, and (F)
Co3O4@Au NPs. TEM images of (G) Co3O4 and (H) Co3O4@Au NPs. (I) XRD analysis of ZIF-67 and Co3O4.
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repeatedly dried and spin-coated at room temperature several times to
obtain a gray-black hydrophilic region. After diluting the solution
three times, the prepared 20 μL of Co3O4@Au NPs (1 mg·mL−1) was
modified on the PWE to construct an excellent conductive catalytic
substrate. Next, 20 μL of the mixture of H1 and H2 hairpin (10−6 M)
was incubated at 25 °C for 2 h and firmly bonded to PWE through
the combination of the Au−S bond. After further incubating with 20
μL of a S1 primer probe (10−6 M) for 2 h, it could be specifically
recognized and captured by H1 for complete matching of base pairs
so as to open the H1 hairpin structure. Then, the remaining active
sites on the PWE were blocked by 20 μL of MCH (1 mM) for 1 h and
rinsed with phosphate buffer solution (PBS, 10 mM, pH = 7.4). Next,
20 μL of P1 and P2 hairpins (10−6 M) was introduced, which could
be immediately distinguished by incomplete paired double-stranded
DNA and grafted onto the PWE surface. After 3 h of constant-
temperature incubation at 25 °C, the HCR amplification process was
activated to form a large number of long double-stranded DNA
structures. Immediately, the PWE interface with signal maximization
was achieved by incubation at 25 °C for 4 h of 20 μL Ru(bpy)32+-
labeled SNA (10−6 M). Ultimately, after 20 μL of the mixture ExoIII
and different concentrations of target miRNA-141 were incubated for
2 h, CRISPR/Cas12a (100 nM) and the incidental crRNA (120 nM)
were incubated instantly for 1 h, which could enable H2 hairpin to be
digested and motivated the flanking cleavage behavior of the
CRISPR/Cas protein.
2.5. ECL Measurement Procedure. The ECL measurement was

implemented in 100 μL of working solution, which contained 0.1 M
TPrA and 10 mM PBS, and the scan potential range was 0−1.25 V
and the scan rate was 100 mV/s. During the measurement operation,
the voltage of the photomultiplier tube (PMT) was set at 800 V.

3. RESULTS AND DISCUSSION
3.1. Characterizations of the Prepared Nanomateri-

als. As shown in Figure 1A, the bare PWE substrate was
distributed with crisscross fiber strips, and the scanning
electron microscopy field of view was still dark after gold
spraying due to the poor conductivity. As shown in Figure 1B,
the 3D-rGO layer was densely and evenly coated on the fiber
surface of the PWE substrate, which greatly improved the
electron transmission rate and specific surface area. Through
the magnified Figure 1C, each fiber was observed to be
wrapped with folded 3D-rGO, which proved that the
preparation and modification were successful. Moreover, the
morphology, dimension, and crystal form of ZIF-67, Co3O4
polyhedron, and Co3O4@Au NP complex were revealed by

SEM, transmission electron microscopy (TEM), and X-ray
diffraction (XRD). As exhibited in Figure 1D, the ZIF-67
polyhedron calcined in the argon atmosphere of the tubular
furnace was a regular dodecahedron structure, with an average
size of about 300 nm. The MOF intermediate calcined in the
oxygen atmosphere had an irregular dodecahedral structure
with a rough and wrinkled surface, which produced dense
active sites, stimulated the catalytic performance of Co3O4 as a
co-reaction promoter, and reduced the particle size (Figure
1E). When Au NPs were fixed on the surface of Co3O4 by the
original growth method, it could be observed that the outer
layer of Co3O4 was coated with dense particles, which proved
superior conductivity with a bright visual field (Figure 1F).
Compared with the TEM image of the single Co3O4, the
wrapped Co3O4 structure was more sparse and loose in the
presence of Au NPs (Figure 1G,H). More evidence could be
attributed to the characterization of XDR diffraction patterns.
Several characteristic peaks of ZIF-67 were accurately
consistent with previous reports. After further calcination, the
characteristic peaks completely disappeared. Then, new
characteristic peaks appeared at 31.3, 36.9, 44.8, 59.3, and
65.5°, which coincided with card JCPDS No. 42-1467 (Figure
1I).
In addition, the chemical composition and electronic valence

state of Co3O4@Au NPs was determined by X-ray photo-
electron spectroscopy (XPS) scanning. As shown in Figure 2A,
in the high-resolution spectrum of Co 2p, two distinct
characteristic peaks of Co 2p1/2 appeared at 796 eV, which
belonged to Co 2p1/2 Co3+ (795.58 eV) and Co2+ (797.33 eV),
respectively. Equivalently, two apparent characteristic peaks of
Co 2p3/2 also emerged at 781 eV, which belonged to Co 2p3/2
Co3+ (780.52 eV) and CO2+ (782.67 eV), respectively. The
characteristic of the high-resolution O 1s spectrum is shown in
Figure 2B. The two fitting peaks with binding energies of about
530.8 and 529.6 eV were attributed to surface-adsorbed oxygen
(Oads) and lattice oxygen species (Olat) in Co3O4, respectively.
As for high-resolution Au 4f, an obvious characteristic peak
appeared at 87.7 eV of Au 4f5/2, and the value was in
accordance with the previous report that proved the reliable
content of Au (Figure 2C). The UV−vis absorption spectrum
of Co3O4@Au NPs showed an obvious red-shift of Au
absorption peak at 520 nm (Figure 2D). According to Fourier

Figure 2. XPS analysis of (A) Co 2p, (B) O 1s, and (C) Au 4f. (D) UV−vis absorption spectrum of Co3O4 and Co3O4@Au NPs. (E) FTIR
spectrum of Ru(bpy)32+ and Au@ Ru(bpy)32+. (F) fluorescence analysis of Co3O4@Au NPs, Ru(bpy)32+, and Co3O4@Au NPs-Ru(bpy)32+.
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transform infrared (FTIR) analysis (Figure 2E), in the
presence of Ru(bpy)32+ alone, the characteristic peak exposed
at 1627−1458 and 1437−1373 cm−1 might be owing to the
skeletal vibration of bipyridine/benzene and the symmetric
and asymmetric vibration of carboxylate anions, respectively.
Two new fluctuates centered at 1600 and 1328 cm−1 in Au-
Ru(bpy)32+, which were distributed to the tensile vibration of
C−O metal complexes, verifying the presence of the Au−O
compounds. Moreover, the catalytic performance of Co3O4@
Au NPs to Ru(bpy)32+ fluorescence (FL) was studied under a
488 nm laser (Figure 2F). Although the FL intensity of
Ru(bpy)32+ was general, the FL effect of Ru(bpy)32+ could be
tremendously promoted when the nonfluorescence Co3O4@
Au NPs were involved, which also proved that the catalytic
effect of Co3O4@Au NPs as a co-reaction promoter was
conspicuous.

3.2. Electrochemical Characterization of the Bio-
sensor. To prove that biosensor was reasonable and feasible,
CV scanning and electrochemical impedance spectroscopy
(EIS) spectrum were implemented. As shown in Figure 3A
(curve a), the fluctuation with a large distance between two
peaks appeared on the surface of the bare PWE, indicating that
the conductivity of the paper was poor. The current curve of
the electrode interface modified by 3D-rGO expressed an
upward trend, which was attributed to its excellent
conductivity (curve b). When Co3O4@Au NPs were arranged
in the 3D-rGO wrinkles intimately, the redox peak discrepancy
reached the minimum, indicating that the modification of the
PWE reached the maximum (curve c). Due to the nonelectrical
conductivity of biological macromolecules, the peak separation
was enlarged after the binding of H1 + H2 hairpins to the
PWE surface through the Au−S bond (curve d). The
sequential incubation of S1, MCH, and P1 + P2 not only

Figure 3. CV curve (A) and EIS spectrum (B) of the biosensor modification (in 5.0 mM [Fe(CN)6]3−/4− including 0.1 M KCl): (a) bare PWE,
(b) 3D-rGO/PWE, (c) Co3O4@Au NPs/3D-rGO/PWE, (d) H1 + H2/Co3O4@Au NPs/3D-rGO/PWE, (e) S1/H1 + H2/Co3O4@Au NPs/3D-
rGO/PWE, (f) MCH/S1/H1 + H2/Co3O4@Au NPs/3D-rGO/PWE, (g) P1 + P2/MCH/S1/H1 + H2/Co3O4@Au NPs/3D-rGO/PWE, (h) S2-
Ru(bpy)32+/P1 + P2/MCH/S1/H1 + H2/Co3O4@Au NPs/3D-rGO/PWE, (i) miRNA-141 + ExoIII/S2-Ru(bpy)32+/P1 + P2/MCH/S1/H1 +
H2/Co3O4@Au NPs/3D-rGO/PWE, and (j) CRISPR/Cas12a + crRNA/miRNA-141 + ExoIII/S2-Ru(bpy)32+/P1 + P2/MCH/S1/H1 + H2/
Co3O4@Au NPs/3D-rGO/PWE.

Figure 4. (A) PAGE image of flanking cleavage performance of CRISPR/Cas12a. M: DNA marker; lane 1: H2; lane 2: H2 + miRNA-141 + ExoIII;
lane 3: H2 + miRNA-141 + ExoIII + CRISPR/Cas12a + crRNA; lane 4: S2-Ru(bpy)32+; lane 5: H2 + miRNA-141 + ExoIII + CRISPR/Cas12a +
crRNA + S2-Ru(bpy)32+. (B) CRISPR/Cas12a trans-splitting schematic of base coding.
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activated the HCR reaction process and formed sufficient
double-chain structures on the PWE surface rapidly but also
increased the peak spacing (curve e−g). When Ru(bpy)32+-
labeled SNA was paired with the specific recognition of the 5′-
end of P1 + P2, the ECL intensity of the PWE interface
reached the peak and the conductivity reached a valley (curve
h). Right after, when the target miRNA-141 and ExoIII were
incubated on the electrode, they paired with H2 accurately and
digested the 3′-end of the stem region, realizing the target
circulation and reducing the PWE capacity (curve i).
Eventually, the advent of CRISPR/Cas12a and crRNA could
capture the circular region of H2 automatically to trigger the
cleavage performance of Cas12a protein, which not only
digested the single strand of all SNA nonspecifically but also
led to explosive growth in conductivity (curve j).
As another method to characterize the feasibility of layer-by-

layer modification steps, EIS was scanned in the frequency
range of 0.1 Hz to 10 kHz. In the typical impedance spectrum,
the efficiency and ability of the redox reaction process of the
system were represented by the return electron transfer (RET)
rate. As shown in Figure 3B, the bare paper displayed a large
RET value (curve a), which may be due to the high resistance.
To reduce the resistance of electron transfer, after modifying
3D-rGO and Co3O4@Au NPs, the RET value on the PWE
surface reached a valley (curves b and c). However, with the
introduction of H1 + H2, the RET value surged significantly
(curve d). After the incubation of biomolecule S1 and blocking
reagent MCH, the RET value increased further due to the
enlargement of the steric hindrance (curves e and f). The
incubation of P1 + P2 and the grafting of the Ru(bpy)32+-
labeled SNA resulted in the peak steric hindrance of the
electrode and the maximum RET (curves g and h).
Subsequently, the thorough incubation of target miRNA-141
and ExoIII could replace and digest the H2 on the electrode,
and the RET produced a slightly declining trend (curve i).
Finally, the participation of CRISPR/Cas12a + crRNA
captured the replaced ring region of H2, which did not
specifically cut all single strand structures on the electrode
surface. The participation of CRISPR/Cas12a + crRNA

captured the replaced ring region of H2, triggered the
nonspecific cleavage property, and removed all luminescent
substances were removed from the electrode interface, which
caused a remarkable downward fluctuation of RET (curve j).
The EIS spectrum was consistent with the conclusion of CV
scanning, which demonstrated the successful construction of a
biosensor.
To verify the feasibility of CRISPR/Cas12a-mediated flank

cutting, a 12% polyacrylamide gel electrophoresis (PAGE) was
used to detect the digestive effect of the support probe in an
S2-labled SNA. The experimental results in Figure 4A
certificated that there was no difference between the H2
probe (lane 1) and the H2 probe incubated with Cas12a +
crRNA (lane 2), except for a new bright band of crRNA with
low base content. After miRNA-141 and ExoIII were further
involved, the dimeric structure captured by Cas12a appeared
and the hairpin H2 structure was gradually digested (lane 3).
Due to the strong steric hindrance effect, the migration rate of
SNA loaded with high-molecular-weight nucleotides was slow
in the electrophoresis process, leading to a higher bright band
in lane 4. Surprisingly, with the disappearance of the
characteristic bands of SNA in lane 5, a large number of
fragmented DNA nanodevices appeared, indicating that the
flanking cutting performance of CRISPR/Cas12a was thor-
oughly triggered for nonspecific digestion of the reported
probes in SNA. The coding model of the base sequence was
demonstrated in Figure 4B.
3.3. Characterization of the Effect of Co-Reaction

Promoter on Signal Intensity. Since the luminescent
Ru(bpy)32+ expressed anode ECL activity with secure and
steady, the effect of Co3O4@Au NPs on the luminescence
intensity of Ru(bpy)32+ was investigated. As shown in Figure
5A, when Co3O4@Au NPs were scanned to the positive
potential individually, the changes in the ECL signal and cyclic
voltammetry (CV) curve were faint, which verified its
nonluminescence features. The ECL peak at 7500 au could
be attributed to the autoluminescence signal caused by the
redox reaction between Ru(bpy)32+ and the co-reactant TPrA
to produce a large amount of TPrA•+ (Figure 5B). However,

Figure 5. ECL potential distribution diagram (red line) and peak current of CV curve (green line) of (A) Co3O4@Au NPs, (B) Au NPs-
Ru(bpy)32+, and (C) Co3O4@Au NPs-Ru(bpy)32+. (D, E) Schematic illustration of the ECL mechanism with or without Co3O4@Au NP.
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when the co-reaction promoter Co3O4@Au NPs participated
in the system, the co-reactant was quickly catalyzed to produce
more intermediate free radicals, which produced more excited
state luminescence and exponentially enhanced the signal. At
the same time, the peak current of the reduction peak
increased, the voltage shifted in the negative direction (about
0.21 V), and the peak area expanded, which also successfully
proved that Co3O4 can participate in the system and accelerate
the reduction of TPrA•+ to more TPrA• (Figure 5C).
3.4. Possible Mechanism of the Proposed ECL

Biosensor. Owing to the powerful catalytic function and
preeminent stability, Co3O4@Au NPs were selected as co-
reaction promoters of Ru(bpy)32+ anode ECL emission, and
the possible reaction mechanism of the system was deduced.
As shown in Figure 5D,E, with the excellent electronic
transmission characteristics, Co3O4@Au NPs mediated ex-
cessive electron injection, which promoted the half-lived TPrA
free radical cationic (TPrA•+) was forced to lose more protons
from an α-carbon to produce vigorously reducing intermediate
TPrA•. The emergence of a great quantity of such free radicals
could transfer electrons to the π* orbital of Ru(bpy)32+ ligand
and promote the reduction of Ru(bpy)33+ to Ru(bpy)32+*. As
Ru(bpy)32+* decayed into the ground state, the energy was
released in the form of an optical signal. The concrete
enhanced principle was described by equations as follows

TPrA e TPrA
Co O @Au NPs3 4 •+ (1)

TPrA H TPrA•+ + • (2)

Ru(bpy) e Ru(bpy)3
2

3
3+ +

(3)

TPrA Ru(bpy) Ru(bpy)3
3

3
2+• + +*

(4)

hvRu(bpy) Ru(bpy)3
2

3
2 ++* +

(5)

3.5. Analytical Performance of the ECL Biosensor. To
evaluate the sensitivity of the biosensor, different concen-
trations of target miRNA-141 were detected. As shown in
Figure 6A, in the concentration range of 10 fM to 100 nM, the
ECL signal intensity gradually decreased with the increment of
miRNA-141 concentration, indicating that more vitality
CRISPR/Cas12a flanking cleavage effect led to more
illuminants being stripped from the electrode surface. Under
the optimal conditions (see the Supporting Information), there
was a desirable linear relationship between the ECL intensity
and the logarithm of miRNA-141 concentration (Figure 6B).
The standard curve of the corresponding functional relation-
ship fitting regression equation could be expressed as I =
−2211.90 lg cmiRNA + 5055.31 (R2 = 0.996), and the minimum
detection limit was 3.3 fM. The experimental results testified
that the designed biosensor equipped with a wide working
range and a low detection limit could realize the efficient and
ultrasensitive detection of miRNA-141.
The accuracy of biosensor detection was largely influenced

by anti-interference. Therefore, under optimal conditions, let-
7a, miRNA-155, and miRNA-21 were selected as possible
interference factors to replace miRNA-141 to evaluate the
selectivity of the proposed biosensor. As displayed in Figure
6C, when 100 nM let-7a, miRNA-155, and miRNA-21 were
interpolated separately, the signal responses were almost in
accordance with that of the blank group, proving the fact that
the trigger signal conversion failed. On the contrary, when only
1 nM target miRNA-141 participated in the mixed-solution
reaction, the ECL signal of the system decreased significantly,
which indicated that the presence of the target could accurately
trigger the switch of signal conversion and proved that the
biosensor possessed superior sensitivity and accurate selectiv-
ity.

Figure 6. (A) ECL intensity−potential curves of the prepared biosensor incubated with miRNA-141 concentrations of 10 fM, 100 fM, 1 pM, 10
pM, 100 pM, 1 nM, 10 nM, and 100 nM. (B) Corresponding calibration for the relationship between the logarithm of miRNA-141 concentration
and ECL intensity. (C) Selectivity of the biosensor with various interfering substrates: blank, 100 nM let-7a, 100 nM miRNA-155, 100 nM miRNA-
21, 1 nM miRNA-141, and the mixture. (D) Stability of the biosensor (1 nM miRNA-141) at (a) room temperature and (b) in the refrigerator.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c08823
ACS Appl. Mater. Interfaces 2022, 14, 32960−32969

32966

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c08823/suppl_file/am2c08823_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08823?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c08823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Since stability was one of the critical factors to characterize
the biosensor, the transformation of the ECL signal of the
biosensor was performed in different biological environments.
Six groups of biosensor platforms were placed in the
environment of 25 and 4 °C, respectively, for 4 weeks, and
the numerical fluctuation of the ECL signal was detected every
week (Figure 6D). The experimental results certificated that
the designed ECL biosensor was provided with good stability
both at room temperature and in the refrigerator, which also
proved that it could be operated stably for a long time.
Moreover, the reproducibility and the analysis in real human
serum samples of the biosensor were also discussed (see the
Supporting Information).

4. CONCLUSIONS
In summary, the multistrategy cooperative ECL sensing
platform on the basis of CRISPR/Cas12a flanking cleavage
triumphantly accomplished the detection of miRNA-141. The
platform accommodated the improvements of nanoemitter,
response implementer, and sensing method that dominated the
sensitivity, selectivity, and stability meaningfully. The Co3O4@
Au NP polyhedron is not only equipped with high
conductivity, which provides a suitable active site for
biomolecular loading, but also is represented as a signal
transmitter to improve the anode emission efficiency of
Ru(bpy)32+ dramatically. Furthermore, the nucleic acid nano-
orbital was designed to trigger the HCR to realize the rapid in
situ signal accumulation of luminescent Ru(bpy)32+. Addition-
ally, the CRISPR/Cas12a system with cis and trans cutting
properties motivated the implementation of S2-Ru(bpy)32+
shedding that further avoided the problem of interference
factor pollution. Therefore, this method contributed to the
construction of a highly sensitive biosensor based on
isothermal amplification and fast signal conversion and
promised an attractive potential for the combination of
CRISPR/Cas12a with clinical molecular diagnostic and
biochemical research.
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