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ediated interfacial cleaving of
hairpin RNA reporter for PEAK1 nucleic acid sensing

Xiwei Zhuang,†a Zhihao Duan, †b Xue Ge,†b Yanling Wang,b Yuan Gao, b

Jianlei Liu,a Shaoxiong Zhou,a Chijia Zeng,*a Feiyun Cui*bc and Qin Zhou*bc

Dysregulation of PEAK1 (pseudopodium-enriched atypical kinase 1) plays a critical role in various cellular

processes, including cell migration, proliferation and survival. Its aberrant expression or activity has been

implicated in the pathogenesis of several diseases, particularly cancer. Early detection allows for the

development and application of targeted therapies that can inhibit PEAK1 activity, potentially improving

treatment outcomes. This study provides a new method for early diagnosis of PEAK1 by utilizing the

specific RNA cleavage ability of Cas13a combined with electrochemical sensing technology. CRISPR/

Cas13 has cis cleavage activity and can specifically recognize and cleave target RNA. Subsequently, its

trans cleavage activity is activated to non-specifically cleave other single stranded RNAs, resulting in

detectable signal changes. In the experiments conducted, high sensitivity for detecting PEAK1 mRNA was

achieved by optimizing the interface cleavage of the hairpin reporter probe (ReRNA) molecule. The linear

detection range is from 1 pg mL−1 to 10 ng mL−1, with a detection limit of 0.45 pg mL−1. In addition, the

results showed that the developed biosensor has good repeatability, reproducibility, and stability, which

provides a novel method for the early screening of PEAK1.
1. Introduce

Pseudopodium-enriched atypical kinase 1 (PEAK1) is an atyp-
ical kinase that plays a broad role in biological processes such
as cellular signaling, cytoskeletal remodeling, and cell migra-
tion.1,2 In recent years, research has revealed that PEAK1 is
critically involved in various medical diseases, particularly in
the initiation, progression, and metastasis of cancer. In colo-
rectal cancer, PEAK1 has been frequently observed to be
downregulated, and its expression levels are signicantly
correlated with tumor size, differentiation status, metastasis,
and clinical stage.2 Studies have also demonstrated that exo-
somal transfer of circular RNA (circRNA) special AT-rich
sequence-binding protein 2 (circSATB2), identied as an onco-
gene in lung cancer, upregulates PEAK1 by acting as a sponge
for miR-330-5p, thereby promoting the malignant progression
of lung cancer.3 Research has demonstrated that PEAK1
signicantly enhances the invasiveness and metastatic poten-
tial of melanoma cells by activating the JAK/STAT3 signaling
pathway.4,5 Specically, the overexpression of PEAK1 can trigger
the JAK/STAT3 signaling pathway, promoting the growth and
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spread of melanoma cells. Conversely, inhibiting PEAK1 can
effectively hinder these processes.4 Therefore, the early predic-
tion of PEAK1 as a biomarker for diseases such as cancer holds
signicant importance in helping to predict tumor aggressive-
ness, metastatic potential, and disease progression rate.6 This
provides critical evidence for clinical decision-making and
optimizes treatment strategies.7

In mRNA research, PEAK1 mRNA refers to the messenger
RNA that encodes the PEAK1 protein.8 mRNA serves as the
direct template for protein biosynthesis, transferring genetic
information from DNA to the ribosome, where it directs the
synthesis of proteins. As an intermediate carrier of gene
expression, mRNA directly reects the transcriptional state and
functional activity of cells.9 By detecting mRNA expression
levels, it is possible to gain in-depth insights into gene regula-
tory mechanisms,10 the molecular basis of disease initiation
and progression,11 as well as cellular responses to changes in
internal and external environments. The most classical strategy
for mRNA detection is reverse transcription polymerase chain
reaction (RT-PCR).12,13 However, this method cannot avoid false-
positive signals, which poses a challenge to the specicity of
mRNA detection.14 Additionally, RT-PCR is costly and requires
specialized bioinformatics tools and personnel support.12

Therefore, there is an urgent need for a new technology to
achieve the detection of PEAK1 mRNA.

Recent advances in nanomaterial-based electrochemical
biosensors have further expanded the detection capabilities for
nucleic acids. For instance, Zhang et al..developed a magnetic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe3O4/a-Fe2O3@Au nanocomposite-based sensor for ultrasen-
sitive detection of the TP53 gene, highlighting the role of
nanomaterials in enhancing electron transfer efficiency.15

Similarly, Li et al. proposed a dendritic hybridization chain
reaction (HCR) amplication strategy on an electrochemical
platform for detecting RNA methylation modications,
demonstrating the versatility of nanostructured biosensors in
epigenetic analysis.16 Additionally, Liu et al. introduced a size-
coded DNA probe-based electrochemical multiplexing
approach for mRNA splice variant detection, underscoring the
adaptability of nanoscale biosensors for complex biomolecular
recognition.14 These studies collectively emphasize the critical
role of nanomaterials in improving sensitivity, specicity, and
multiplexing capacity of electrochemical biosensors, which
aligns with the design principles of our CRISPR/Cas13a-based
platform. The unique advantages of electrochemical methods
lie in their speed, cost-effectiveness, and exceptional sensitivity,
which oen surpass those of traditional diagnostic
techniques.15,17,18

To enable direct detection of mRNA, we introduced CRISPR–
Cas13. Cas13a is an RNA-targeting enzyme that utilizes specic
CRISPR RNA (crRNA) to guide the recognition and cleavage of
complementary RNA sequences.19 A unique feature of Cas13a is
its ability to enter an “activated” state aer cutting the target
RNA.20 In this state, it can non-specically cleave other single-
stranded RNA molecules, a phenomenon known as “collateral
cleavage”.21,22 This characteristic has led to the development of
various Cas13a-based nucleic acid detection technologies, such
as SHERLOCK (Specic High Sensitivity Enzymatic Reporter
UnLOCKing) and FIND-IT (Fast Integrated Nuclease Detection
in Tandem).20,23 These technologies leverage the activated state
of Cas13a to generate detectable signals, allowing for high
sensitivity and rapid detection of specic RNA sequences.24–26

In this study, by integrating CRISPR–Cas13 with an electro-
chemical biosensor, we leverage the strengths of both technol-
ogies to achieve highly sensitive, specic, and portable RNA
detection. The electrochemical transduction mechanism relies
on the modulation of electron transfer efficiency at the elec-
trode interface. Specically, the hairpin-structured ReRNA
reporter is terminally labeled with methylene blue (MB),
a redox-active molecule that generates a measurable current
signal through differential pulse voltammetry (DPV). Upon
Cas13a activation, the collateral cleavage of ReRNA results in
the detachment of MB from the electrode surface, leading to
a quantiable decrease in the redox current. This signal-off
mechanism is highly sensitive to the conformational changes
of surface-immobilized RNA probes, as demonstrated by the
signicant signal enhancement observed with hairpin-
structured reporters compared to linear RNA analogs (Fig. 3A
and B). Furthermore, the incorporation of gold nanoparticles
(AuNPs) via electrodeposition increases the effective surface
area for probe immobilization, thereby amplifying the electro-
chemical response. When the target mRNA is present, the
Cas13–crRNA complex binds to and cleaves the target RNA,
simultaneously activating the nonspecic cleavage activity of
Cas13. This nonspecic cleavage further degrades the reporter
RNA immobilized on the surface of the electrochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
biosensor, thereby altering the electrochemical signal at the
electrode interface. By measuring changes in current, quanti-
tative analysis of the target mRNA can be achieved. This plat-
form offers signicant advantages. First, the high specicity of
Cas13 ensures precise recognition of the target mRNA, avoiding
interference from nonspecic signals.27 Second, the nonspecic
cleavage activity of Cas13 provides signal amplication, signif-
icantly enhancing detection sensitivity.28 Additionally, the rapid
response and portability of the electrochemical biosensor make
this platform suitable for on-site testing and point-of-care
testing (POCT).29

2. Experiment section
2.1 Materials and reagents

Normal intestinal epithelial cells (NCM460) and colorectal
cancer cells (DLD-1) were obtained from Prof. Chaoxia Zhou at
department of biochemistry and molecular biology, Harbin
Medical University (HMU). The DMEM culture medium
required for cell culture was obtained from Thermo Fisher-
Gibco™, fetal bovine serum was obtained from Clark Biosci-
ence (Virginia, United States), and penicillin/streptomycin was
obtained from Beyotime (Shanghai, China). Cas13a and 10×
NEBuffer were obtained from Novoprotein (Suzhou, China).
HPLC-puried crRNAs, RNase inhibitors, and RNA Markers
were obtained from Sangon Biotech Co, Ltd (Shanghai, China).
RNase-free water was obtained from Solarbio Science (Beijing,
China). 6-Mercapto-1-hexanol (MCH), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), and polyethylene glycol sor-
bitan monolaurate (Tween-20) were purchased from Aladdin
(Shanghai, China). All RNA oligonucleotides were synthesized
and puried from Sangon Biotech Co, Ltd (Shanghai, China).
All chemicals were used without any further purication and
were prepared by dilution with ultrapure water. Unless other-
wise stated, all experiments were carried out at room tempera-
ture (25 °C).

2.2 Instrumentation

Electrochemical measurements were conducted using the
CHI660E electrochemical workstation from Shanghai Chenhua
Instrument Co, Ltd. The gel electrophoresis experiment was
conducted with DYY-10C electrophoresis apparatus (China
Liuyi Instrument Company). Imaging using Azure c300 chem-
iluminescence imaging system from Azure Biosystems. Atomic
force microscopy (Suzhou Feishman Precision Instrument
Company) is used to characterize AuNPs on electrode surfaces.

2.3 Conguration probe

The synthesized ReRNA-MB was delivered in lyophilized powder
form. Upon receipt, the sample was centrifuged at 5000 rpm for
1 minute, followed by the addition of an appropriate volume of
DEPC-treated water to achieve the desired concentration. The
solution was then thoroughly mixed using a vortex mixer and
briey centrifuged. Aer allowing it to stand at 4 °C for 16
hours, the prepared ReDNA-MB was stored at 4 °C for short-
term frequent use or at −20 °C for long-term storage.
RSC Adv., 2025, 15, 36514–36524 | 36515
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For further preparation, 5 mL of 1 mmol L−1 TCEP (tris(2-
carboxyethyl)phosphine) was mixed with 20 mL of thiol-
modied ReRNA-MB (10 mmol L−1) and incubated at room
temperature for 30 minutes to reduce disulde bonds. Subse-
quently, the two prepared reporter probes were heated at 95 °C
for 5 minutes and then gradually cooled to room temperature to
facilitate the formation of stable hairpin structures through
annealing.

2.4 Preparation of the ReRNA-Modied biosensing electrode

Electrochemical measurements were performed using
a CHI660E electrochemical analyzer and a three-electrode
system, with a platinum wire as the counter electrode, a satu-
rated calomel electrode (SCE) as the reference electrode, and
a gold electrode as the working electrode. Cyclic voltammetry
(CV) at −0.2–0.6 V was obtained in a 0.5 mM [Fe(CN)6]

3−/4−

solution containing 0.1 M KCl, and differential pulse voltam-
metry (DPV) was obtained in a PBS solution.

The bare GE was freshly polished by using 0.05 mm alumina
powder to obtain mirror-like smoothness followed by soni-
cating with ethanol and deionized water in an ultrasonic bath.
The electrode was then immersed into piranha solution (H2SO4/
H2O2 = 3 : 1) for 30 min to remove the residue and washed
thoroughly with deionized water. Then, electroplating was
carried out in a 1% AuCl4 solution at a voltage of −0.8 V for 100
seconds. Aer allowing the electrode to air-dry naturally, 8 mL of
ReRNA-MB were separately applied to the electrode surface,
followed by incubation at 4 °C for 16 hours. Following this, the
electrode was immersed into 6 mL of 1 mM MCH solution for
30 min to block the nonspecic sites and obtain a well-aligned
DNA monolayer. Finally, aer being thoroughly rinsed with the
washing buffer, the electrode was allowed to be used for the
following operation.

2.5 Cell culture and RNA extraction

(1) Aer discarding the culture medium, the cells were washed
twice with PBS and then digested with 1 mL of trypsin for 3
minutes. The suspension status of the cells was observed under
a microscope. Subsequently, 2 mL of culture medium was
added to resuspend the cells, and themixture was transferred to
a 15 mL centrifuge tube, followed by centrifugation at 15
000 rpm for 5 minutes. Finally, the supernatant was discarded,
and the cells were resuspended in 2mL of fresh culture medium
before being transferred to a new culture ask.

(2) Aer discarding the culture medium, 1 mL of PBS was
added to each well for washing. This washing step was repeated
twice, followed by the addition of 1 mL of Trizol to each well for
homogenization. The mixture was then transferred to a 1.5 mL
EP tube and allowed to stand at room temperature for 5
minutes. Subsequently, 200 mL of chloroform was added to each
tube, vortexed until the solution turned pink, and le to stand
for another 5 minutes. The samples were then centrifuged at 13
000 rpm for 10 minutes at 4 °C. Aer centrifugation, 400 mL of
the clear supernatant was carefully transferred to a new EP tube,
mixed with 400 mL of isopropanol by gentle inversion, and
allowed to stand for 10 minutes before being centrifuged for
36516 | RSC Adv., 2025, 15, 36514–36524
another 10 minutes. The supernatant was discarded, and the
pellet was washed twice with 1 mL of 75% ethanol, followed by
centrifugation for 5 minutes each time. Aer air-drying to
remove residual ethanol, the RNA pellet was nally dissolved in
RNase-free water.

2.6 Target RNA detection protocol

Before the testing, the modied biosensing platform was
further rinsed with the washing buffer. Subsequently, the
Cas13a-mediated cleavage assay was carried out by adding 10 mL
of mixture solution (1 mL 50 nM Cas13a, 1 mL 1 mM crRNA,2 mL
10×NEBuffer, and 1 mL of target RNA) and incubated for 10 min
at room temperature. Aerward, the solution was dropped onto
the biosensor surface and incubated at 37 °C for 30 min and
washed with the washing buffer. The electrochemical differen-
tial pulse voltammetry (DPV) measurements were performed in
4 mL of 10 mM PBS (pH 7.4) containing 0.5 M NaCl and 5 mM
MgCl2 with a modulation time of 0.05 s, an interval time of
0.017 s, a step potential of 5 mV, a modulation amplitude of
50 mV, and a potential scan from −0.5 to 0.0 V.

2.7 Gel electrophoresis analysis

Prepare a 3% agarose gel to verify the ssRNA enzyme activity of
Cas13a. Perform electrophoresis in 0.5× TBE buffer (2 mM
EDTA and 89 mM Tris-borate, pH 8.3) at a constant voltage of
100 V for 30 minutes. Finally, visualize the gel using a gel
imaging system.

3. Results and discussion
3.1 Sample acquisition and design of Cas13a-
electrochemical biosensing system

The specic procedure is illustrated in Fig. 1. Fig. 1A showed the
sample detection process, where total RNA was extracted from
normal intestinal epithelial cells and intestinal cancer cells
using the Trizol method, followed by its addition to the
CRISPR–Cas13a reaction system. Upon target-RNA recognition,
Cas13a unleashes potent trans-cleavage activity that indiscrim-
inately scissions the electrode-anchored hairpin RNA probes
tagged with methylene blue (MB). Probe detachment strips the
surface of redox reporters, precipitating a sharp drop in faradaic
current whose amplitude scales linearly with the target-RNA
concentration. This mechanism translates minute quantities
of analyte into pronounced electrochemical signals, affording
exceptional sensitivity in biosensing applications. Fig. 1B
illustrates the electrode preparation process, in which gold
nanoparticles (AuNPs) were ated on the GE surface via electro-
deposition. The spherical AuNPs increased the specic surface
area of the electrode, which facilitated the binding of thiol-
modied reporter probes to the electrode surface. Subse-
quently, thiol-modied hairpin reporter probes with the
electrochemical label methylene blue (MB) were attached to the
electrode surface through Au–S bonds.30,31 Mercaptohexanol
(MCH) was used as a blocking agent to bind any remaining non-
specic sites on the surface. Aer the biosensor was prepared,
the solution obtained from Fig. 1A was dropped onto the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Sample acquisition and detection; (B) design of Cas13a-electrochemical biosensing system.
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electrode surface and incubated at 37 °C for 30 minutes. The
preparation process of the biosensor was monitored using
differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy (EIS), ensuring the successful imple-
mentation of our approach.

3.2 AFM characterization of AuNPs on electrode surface and
verication of Cas13a mediated sensing interface cleavage
activity

Atomic force microscopy (AFM) is a high-resolution, label-free
tool for revealing the three-dimensional topography of elec-
trode surfaces. In this study, AFM was used to track the evolu-
tion of the electrode surface aer gold plating and the
introduction of hairpin probes. The scanning image in Fig. 2A
clearly shows signicant height contrast, conrming that the
hairpin probes have been successfully anchored to the gold
electrode surface. The three-dimensional reconstruction in
Fig. 2B further displays the stereo conformation of the hairpin
probes. Quantitative analysis (Fig. 2C) indicates that the gold
plating process increases the surface roughness to 15.3 nm, and
the overall height increases to approximately 38.15 nm aer the
introduction of the probes. The details of the modication
process are shown on line 1 of page 2 of the supplementary
information.

To verify the cleavage activity mediated by Cas13a on the
sensing interface, we used 3% agarose gel electrophoresis to
detect different reaction products. As shown in Fig. 2D, in the
presence of target RNA, the ReRNA can be specically recog-
nized and cleaved by the Cas13a–crRNA complex. Lane 1 is
ReRNA, lane 2 is the target gene, lane 3 has no target gene but
includes the probe and Cas system, and lane 4 is the Cas13a–
crRNA-target RNA ternary complex. Comparing lanes 3 and 4, it
is evident that in the presence of Cas13a and target RNA, the
reporter probe is successfully cleaved. Fig. 2E is the grayscale
value statistics of Fig. 2D.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3 Electrochemical signal amplication strategy validation
and electrochemical characterization of the biosensor

To systematically investigate the differences in the trans-
cleavage activity of Cas13a towards hairpin ReRNA and linear
RNA on the electrode surface, differential pulse voltammetry
(DPV) was used to compare their electrochemical responses in
parallel under exactly the same experimental conditions, with
the detection principle shown in Fig. 3A. When the probes are
immobilized on the electrode surface in a linear conguration,
methylene blue (MB) is far from the electrode, and electron
transfer is hindered, resulting in weak signals. In contrast,
when the probes fold into a hairpin structure, MB is brought
closer to the electrode surface, signicantly enhancing the
efficiency of electron coupling and greatly strengthening the
signals. As shown in Fig. 3B and C, in the system coexisting with
target RNA and the Cas13–crRNA complex, the peak current
change (DI) of the hairpin ReRNA reporter probe is approxi-
mately 1.93 mA. However, when linear RNA was used as the
assembled reporter, the initial background peak current was
signicantly lower, and the subsequent peak current aer
cleavage remained notable. The DI% obtained from the linear
RNA reporter was only about 1.36 mA, similar to established
results and signicantly lower than that of the hairpin ReRNA.
The higher initial background peak current of the hairpin
ReRNA is attributed to its higher electron transfer rate constant
and the closer proximity of the redox label to the electrode
surface compared to the linear RNA reporter. Additionally, due
to its distinct interfacial properties, the activated Cas13a,
oriented toward the exposed loop region of the ReRNA on the
surface, demonstrated exceptionally high cleavage efficiency.

To conrm the feasibility and ensure the performance of the
electrochemical aptamer biosensor, the biosensor was charac-
terized using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), with the results shown in Fig. 3D and E.
Thiolated ReRNA-MB was self-assembled onto the surface of the
RSC Adv., 2025, 15, 36514–36524 | 36517
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Fig. 2 Characterization of AuNPs (A) AFM scan image; (B) AFM three-dimensional image; (C) AFM cross-sectional height map; (D) agarose gel
electrophoresis for the verification of CRISPR/Cas cleavage products; (E) grayscale value statistics of agarose gel electrophoresis bands. (Error
bars represent the standard deviation of three independent measurements.)
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gold electrode aer electroplating via Au–S bonds. Due to the
hindrance of electron transfer, the CV current decreased.
Simultaneously, the peak current of MB, which serves as an
36518 | RSC Adv., 2025, 15, 36514–36524
electrochemical reporter, could be detected at −0.35 V (blue).
Aer immobilizing MCH on the gold electrode surface, the CV
and DPV currents further decreased (green) due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic diagram of detection principles for linear probes and hairpin probes; (B) DPV curves of ReRNA and ssRNA as reporter
probes; (C) peak current statistics chart for ReRNA and ssRNA; (D) the construction process of the biosensing interface was detected using cyclic
voltammetry in a solution containing 0.1 M KCl and 5 mM [Fe(CN)6]

3−/4−; (E) the construction process of the biosensing interface was detected
using differential pulse voltammetry in a PBS solution at pH 7. Bare gold electrode (black), gold-plated (red), hpRNA immobilization (blue), MCH
blocking (green), and addition of Cas 13a-crRNA-target RNA ternary complex (purple). (Error bars represent the standard deviation of three
independent measurements.)
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additional hindrance of electron transfer. Finally, upon the
addition of the Cas13–crRNA-target RNA ternary complex, the
activated cis-cleavage activity also triggered the trans-cleavage
activity. The nonspecic ReRNA-MB on the electrode surface
was digested by the Cas13–crRNA-target RNA ternary complex,
shortening the ReRNA on the electrode surface and reducing
the hindrance to electron transfer, resulting in an increase in
the CV current. Meanwhile, the detachment of MB from the
electrode surface led to a decrease in the DPV peak current
(purple). Both CV and DPV data conrmed the successful
construction of the electrochemical CRISPR/Cas sensing
platform.

3.4 Optimization of detection conditions for an
electrochemical CRISPR/Cas sensing platform

The DPV detection method was used to optimize the experi-
mental conditions to achieve the best analytical performance.
First, the effect of ReRNA immobilization density was
© 2025 The Author(s). Published by the Royal Society of Chemistry
investigated. As shown in Fig. 4A and B, the peak current tended
to stabilize as the concentration increased from 10 mM to 50 mM.
Therefore, 10 mM ReRNA was selected as the optimal concen-
tration for subsequent experiments. Fig. 4C shows the optimi-
zation results for the amount of Cas13a enzyme required in the
CRISPR reaction system. It can be observed that 1 mL of Cas13a
provided the optimal enzymatic activity. Fig. 4D illustrates the
optimization of the Cas13a enzyme reaction time. The change
in current increased with the extension of the cleavage reaction
time, indicating that the trans-cleavage mechanism is a contin-
uous process, and the amount of ReRNA cleavage is time-
dependent. Considering the time efficiency of the method, 30
minutes was chosen as the appropriate reaction time.

3.5 Electrochemical CRISPR/Cas sensing platform
performance evaluation

To ensure the biosensor's capability for effective detection of
target mRNA, the dynamic detection range and sensitivity of the
RSC Adv., 2025, 15, 36514–36524 | 36519

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05024c


Fig. 4 (A) and (B)The effect of ReRNA concentration on electrochemical signal; (C) and (D) are the effects of Cas enzyme content and reaction
time on electrochemical signal, respectively. (Error bars represent the standard deviation of three independent measurements.)
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electrochemical CRISPR sensing platform were evaluated under
optimal experimental conditions. As shown in Fig. 5, the
sensing platform was used to detect samples containing varying
concentrations of target mRNA, and the DPV peak current
changes increased with the rising concentration of target
mRNA. Within the dynamic range of 1 pg mL−1 to 10 ng mL−1,
Fig. 5 Calibration curve corresponding to different target mRNA
concentrations. (Error bars represent the standard deviation of three
independent measurements.)

36520 | RSC Adv., 2025, 15, 36514–36524
the DPV response exhibited a strong linear relationship with the
logarithm of the target mRNA concentration. The correlation
equation was Y = 0.23521 + 0.13448 lg(C), with a correlation
coefficient (R2) of 0.98, where C represents the concentration of
target mRNA. Based on the average value of the blank signal and
three times the standard deviation, the limit of detection (LOD)
was calculated to be 0.45 pg mL−1. As shown in Table 1, our
biosensor exhibits excellent performance.32,33
3.6 Stability and reproducibility of electrochemical CRISPR/
Cas sensing platforms

We evaluated the prepared biosensor over seven consecutive
days to investigate the stability of our proposed electrochemical
biosensor. The biosensors were prepared under optimal
conditions, with three biosensors pretreated under these
conditions. Three pretreated biosensors were not incubated
with target mRNA and were directly subjected to DPV detection.
Aer each measurement, the biosensors were stored at 4 °C. As
shown in Fig. 6A, the change was less than 25% during the rst
seven days of storage. Aer seven days, it retained 76.05% of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of biosensor performance

Ref. Sensing strategy Target Detection method LOD (pg mL−1) Linear range (pg mL−1)

Zhang et al.32 Cas12a-SS DNA SARS-CoV-2 delta spike RNA Electrochemical (SWV) 18.9 1–104

Lee et al.33 Cas9 HPV-16 DNA + HPV-18 DNA Electrochemical (LSV) 013/0.16 1–104

Our work Cas13a-HP RNA PEAK1 mRNA Electrochemical (DPV) 0.45 1–104
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initial current response, indicating that the proposed DNA
biosensor exhibits excellent stability.

We tested ve electrochemical biosensors at three concen-
trations (1 mg mL−1, 50 ng mL−1, and 1 ng mL−1) to evaluate the
reproducibility among different electrodes. Five independent
biosensors were created by modifying ve GE electrodes with
1% HAuCl4 solution, hairpin ReRNA, and MCH, respectively.
Subsequently, these ve biosensors were used to detect the
target mRNA at the selected three concentrations. Fig. 6B shows
the bar graph of the DPV peak currents obtained from the ve
biosensors for detecting the target mRNA at the three concen-
trations. As can be seen from the gure, the differences in the
DPV peak currents among the ve biosensors were relatively
small. The relative standard deviations (RSDs) of the current
response values for the ve biosensors were calculated to be
6.9% at 1 mg mL−1, 14.2% at 50 ng mL−1, and 6.4% at 1 ng mL−1.
This observation demonstrates good reproducibility within an
acceptable range, highlighting the consistency and accuracy of
the method.
Fig. 6 Stability and reproducibility of the electrochemical CRISPR/Cas s
biosensor; (C) target gene and random sequences and PEAK1 protein
represent the standard deviation of three independent measurements, *

© 2025 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 6C, we used a random sequence and PEAK1
protein as negative controls, both with a detection concentra-
tion of 1000 ng mL−1, which is 100 times the concentration of
the target gene. Neither group produced a signicant signal,
which fully validated the high specicity of the PEAK1 detection
system. To ensure the reliability of a single test, Fig. 6D further
evaluated the signal uniformity of the biosensor: 10 sets of peak
currents were randomly collected, and the coefficient of varia-
tion (CV) was only 1.44%, indicating excellent repeatability. The
above results collectively demonstrate that the self-calibrated
PEAK1 biosensor can output stable and reliable electro-
chemical signals, suitable for the precise quantitative analysis
of PEAK1.

3.7 Detection specicity of electrochemical CRISPR/Cas
sensing platforms

The detection specicity of the electrochemical CRISPR/Cas
sensing platform is of paramount importance. To evaluate its
specicity, we detected PEAK1 mRNA in two different types of
ensing platform (A) stability of the biosensor; (B) reproducibility of the
for detection; (D) the signal uniformity of the biosensor. (Error bars
p < 0.05, **p < 0.01, ***p < 0.001.)

RSC Adv., 2025, 15, 36514–36524 | 36521
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Fig. 7 Detection specificity of the electrochemical CRISPR/Cas sensing platform (A) electrochemical detection results; (B) qPCR results. (Error
bars represent the standard deviation of three independent measurements.)
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intestinal cells: normal intestinal epithelial cells (NCM460) and
colorectal cancer cells (DLD-1). The results are shown in Fig. 7A.
Compared to DLD-1, NCM460 exhibited the highest DPV signal
difference. Furthermore, we compared the results obtained
from the constructed biosensor with those from the gold stan-
dard qPCR. As shown in Fig. 7B, the qPCR results were
consistent with those detected by our CRISPR–Cas13a-based
electrochemical biosensor.

4. Conclusion

PEAK1 promotes cancer cell invasion and metastasis by regu-
lating cytoskeletal dynamics and cell migration, and is closely
associated with the progression of various cancers, such as
breast cancer and colorectal cancer. Additionally, PEAK1 inte-
grates growth factor signaling (e.g., EGFR, TGF-b) to activate
downstream oncogenic pathways, supporting tumor cell
proliferation and survival. Its aberrant expression makes it
a potential therapeutic target for cancer. Since PEAK1 exhibits
abnormal expression in the early stages of cancer, its detection
can provide critical insights for early cancer diagnosis. There-
fore, the development of highly sensitive methods for PEAK1
detection is of great signicance for early cancer screening and
precision therapy. In this study, a novel electrochemical
biosensor platform was established based on Cas13a-mediated
interfacial cleavage of ReRNA-MB for rapid and sensitive nucleic
acid detection. The use of hairpin ReRNA enabled higher
current signal values, while the incorporation of AuNPs
increased the specic surface area, allowing more ReRNA to
bind to the electrode surface. The biosensor developed in this
study exhibited a broader linear detection range (1 pg mL−1 to 10
ng mL−1) and a lower detection limit (0.45 pg mL−1). Addition-
ally, the biosensor demonstrated high stability, reproducibility,
and specicity. Compared with the gold standard qPCR, the
biosensor we constructed demonstrated high practical utility.
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