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labeling and MazF cleavage†
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N6-Methyladenosine (m6A) is a prevalent modification in eukaryotic mRNAs and is linked to various human

cancers. The fat mass and obesity-associated protein (FTO), a key m6A demethylase, is crucial in m6A

regulation, affecting many biological processes and diseases. Detecting FTO is vital for clinical and

research applications. Our study leverages the specific cleavage properties of the MazF

endoribonuclease to design an electrochemical method with signal amplification guided by streptavidin-

horseradish peroxidase (SA-HRP), intended for FTO detection. Initially, the compound N3-kethoxal is

employed for its reversible tagging ability, selectively attaching to guanine (G) bases. Subsequently,

dibenzocyclooctyne polyethylene glycol biotin (DBCO-PEG4-Biotin), is introduced through a reaction

with N3-kethoxal. HRP is then employed to catalyze the redox system to enhance the current response

further. A promising linear correlation between the peak current and the FTO concentration was

observed within the range of 7.90 × 10−8 to 3.50 × 10−7 M, with a detection limit of 5.80 × 10−8 M.

Moreover, this method assessed the FTO inhibitor FB23's inhibitory effect, revealing a final IC50 value of

54.73 nM. This result aligns with the IC50 value of 60 nM obtained through alternative methods and is

very close to the values reported in the literature. The study provides reference value for research into

obesity, diabetes, cancer, and other FTO-related diseases, as well as for the screening of potential

therapeutic drugs.
1. Introduction

N6-Methyladenosine (m6A) is recognized as one of the most
common epigenetic modications.1,2 Numerous studies have
linked anomalies in m6A methylation to the development of
various cancers.3,4 The fat mass and obesity-associated protein
(FTO), known for its demethylase activity on m6A, can remove
the methyl group fromm6A-modied mRNA, thereby rendering
the m6A modications reversible and dynamic.5,6 This regula-
tory mechanism inuences a wide range of biological processes
and diseases. Evidence has shown that FTO can impact mRNA
metabolism and various cellular processes, contributing to
conditions like obesity7 and cancer.8 Particularly, FTO dysre-
gulation and subsequent m6A modication can lead to
abnormal gene expression, affecting disease outcomes.9

Abnormal expression of FTO oen co-occurs with related
diseases, including type II diabetes,10 arthritis,11 leukemia,12

lung cancer,13 rectal cancer,14 breast cancer,15 liver cancer,16 and
others.17 Moreover, recent ndings indicate that abnormal
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expression of FTO may contribute to a spectrum of mental
illness.18 Consequently, monitoring FTO activity is of para-
mount importance. Furthermore, the identication and
screening of FTO protein inhibitors carry signicant implica-
tions for the diagnosis and treatment of diseases associated
with FTO.

Currently, methods such as liquid chromatography-mass
spectrometry (HPLC-MS),19 uorescence,20 photo-
electrochemistry,21 and CRISPR/Cas techniques22 have been
used to detect FTO and nd potential new treatments for clin-
ically related diseases. Electrochemical methods have gained
prominence in detecting both small molecules and bio-
macromolecules due to their remarkable sensitivity, selectivity,
low energy consumption, simplicity, efficiency, and
convenience.23–30 The ability to easily miniaturize and make
electrochemical sensors portable provides signicant advan-
tages for tumor marker detection in clinical settings.31,32 These
methods are widely used for detecting nucleic acid methylation
modications, offering highly selective and sensitive identi-
cation of methylation sites in DNA or proteins. This capability
facilitates a deeper understanding of methylation's role in
biological processes.33–35 Although electrochemical techniques
can quickly and effectively assess changes in FTO enzyme
activity and its substrate-binding affinity,36,37 highlighting their
vital applications in studying nucleic acid methylation and FTO
activity, there are relatively few reports on related methods.
RSC Adv., 2024, 14, 25561–25570 | 25561
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Our research focuses on developing an innovative electro-
chemical method for detecting FTO enzyme activity. This
method harnesses the specic recognition and cleavage capa-
bilities of Escherichia coli MazF,38 combined with horseradish
peroxidase (HRP) labelling for enhanced signal amplication.
Building on the ground-breaking work of Prof. Weng et al.,39

who discovered that N3-kethoxal rapidly and efficiently targets
and reacts with guanine residues in single-stranded DNA
(ssDNA) and single-stranded RNA (ssRNA) for effective guanine
labelling, our approach further advances this concept avoiding
the commonly used electrochemical signal probes in nucleic
acid electrochemical sensors such as Ru compounds and
methylene. Our approach further advances this concept by
replacing the commonly used Ru compounds and MB as elec-
trochemical signal probes in nucleic acid electrochemical
sensors. We utilize the copper-free click reaction between azide
groups and dibenzocyclooctyne-R (DBCO-R), a widely-used
technique for introducing molecular probes, enabling us to
apply dibenzocyclooctyne polyethylene glycol biotin (DBCO-
PEG4-Biotin) labeling.40,41 Additionally, our method incorpo-
rates the assessment of the inhibitory effects of FB23 on FTO
activity, determining an IC50 of 54.73 nM, which aligns with
results from other methodologies. These results are crucial as
understanding and inuencing FTO activity is key in tackling
diseases related to this enzyme. Our ndings have signicant
implications for research into conditions like obesity, diabetes,
and cancer that are associated with FTO, and they could aid in
the screening of new therapeutic agents.
2. Materials and methods
2.1 Reagents and apparatus

N3-kethoxal was a gi from Prof. Xiaocheng Weng, College of
Chemistry and Molecular Sciences of Wuhan University. DBCO-
PEG4-Biotin was purchased from Click Chemistry Tools (Bei-
jing, China). Tris(2-carboxyethyl)-phosphine hydrochloride
(TCEP), 6-mercapto-1-hexanol (MCH), NaCl, bovine serum
albumin (BSA), and hydrogen tetrachloroaurate trihydrate
(HAuCl4$3H2O) were purchased from Aladdin (Shanghai,
China). Streptavidin-horseradish peroxidase (SA-HRP) was ob-
tained from Sangon Biotech (Shanghai, China). Recombinant
FTO (ALKBH9) protein was purchased from Active Motif (Cal-
ifornia, CA, USA) and mRNA Interferase-MazF was obtained
from TARAKA Biomedical Technology Co., Ltd (Dalian, China).
All aqueous solutions were prepared with ultrapure water
puried by a Milli-Q water purication system (MA, USA). All
HPLC-puried oligonucleotides were supplied by TAKARA
Biomedical Technology Co., Ltd (Dalian, China), and the
sequences are listed in Table 1.
Table 1 Single-stranded RNA sequences used in the experiment

Name Sequence (50-30)

ssRNA SH-(CH2)6-UUGGUUUUUUUUGGACAUGUAUAUAGU
m6A ssRNA SH-(CH2)6-UUGGUUUUUUUUGGm6ACAUGUAUAUAGU

25562 | RSC Adv., 2024, 14, 25561–25570
RNA was quantied by Nanodrop 2000c (Thermo Scientic,
USA). Gel images were recorded by Pharos FX molecular imager
(Bio-Rad, USA). RNA aer reaction was puried by oligo
concentration clean kits (Zymo Research, USA).

Electrochemical experiments were performed on the
CHI842B electrochemical workstation (Shanghai Chenhua
Instruments, China) accompanied by a conventional three-
electrode system consisting of an AuNPs-modied glassy
carbon electrode (AuNPs/GCE) which served as working elec-
trode, platinum wire and saturated calomel electrode served as
auxiliary electrode and reference electrode, respectively. Elec-
trochemical impedance spectroscopy (EIS) experiments were
performed on the VersaSTAT 3F electrochemical workstation
(Ametek, USA).

2.2 Gold nanoparticles deposition

The bare glassy carbon electrode (GCE, A = 0.071 cm2) was
mechanically polished with polishing micro-cloth containing
0.05 mm Al2O3 slurry to a mirror nish, which was carefully
cleaned in deionized water, ethanol, and deionized water in
turn via ultra-sonication each for 40 seconds. Aer being dried
with N2, GCE was immersed in 3 mM HAuCl4 solution con-
taining 0.1 M KNO3 for AuNPs deposition at −0.2 V for 200 s.
The prepared electrode is denoted as AuNPs/GCE.

2.3 Denaturing polyacrylamide gel electrophoresis (PAGE)
analysis

Before proceeding with denaturing PAGE, m6A ssRNAs were
reacted as follows: (1) with 5 mL of 0.3 mg mL−1 FTO; (2) with 5 mL
of 0.3 mg mL−1 FTO followed by 5 mL of 1 UmL−1 MazF; (3) with 5
mL of 10 mM N3-kethoxal (in DMSO); (4) with 5 mL of 10 mM N3-
kethoxal (in DMSO) followed by 5 mL of 10 mM DBCO-PEG4-
Biotin (in DMSO); and (5) with 5 mL of 10 mM DBCO-PEG4-
Biotin (in DMSO), then mixed with deionized formamide to
a nal volume of 15 mL (V/V, 2 : 8). Next, a 20% denaturing PAGE
was prepared according to a previous reference, using 1× TBE
buffer.42 The PAGE process was conducted at a continuous
voltage of 340 V for about 2 hours at room temperature. The
nal PAGE products were stained with GelRed for approxi-
mately 1 hour and then imaged on a Pharos FX molecular
imager operated in uorescence mode (lex = 532 nm).

2.4 Fabrication of the electrochemical biosensor

5 mL of m6A ssRNA (0.1 mM) was dropped on the surface of the
AuNPs/GCE electrode overnight at 37 °C and then the electrode
surface was carefully rinsed with 1 mL of RNase-free water to
remove the unabsorbed m6A RNA. 5 mL of 1 mM MCH solution
and 5 mL of 2.5% BSA solution were successively dropped onto
the electrode surface for blocking of the nonspecic active sites
and incubated for 1 hour in turn. The electrode, labeled as m6A
ssRNA/BSA/MCH/AuNPs/GCE, was incubated with different
concentrations of FTO in FTO reaction buffer at 37 °C for 4
hours. Aer that, 5 mL of 0.1 U mL−1 MazF (including 1× MazF
buffer) was applied onto the electrode surface and le for 30
minutes. Subsequently, 5 mL of 1 mM N3-kethoxal and 1 mM
DBCO-PEG4-Biotin (containing reaction buffer) were added to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the electrode surface and allowed to react for 1.5 hours. Then,
the electrode was marked with 5 mL of 1 U mL−1 SA-HRP and
incubated at 37 °C for 30minutes, aer which it was le to await
testing. Aer each step, the electrode was rinsed and dried with
1 mL of RNase-free water, using a pipette.

2.5 Electrochemical detection

The electrochemical detection was performed at the prepared
electrochemical biosensor in 5 mL of 0.1 M PB buffer solution
(pH 7.4) containing 2.5 mM HQ and 2.5 mM H2O2. The
responses were recorded by differential pulse voltammetry
(DPV) (potential range: +0.3 to −0.3 V; amplitude: 0.05 V; pulse
width: 0.05 s; pulse period: 0.2 s). EIS and cyclic voltammetry
(CV) characterization were carried out in 5 mL of 0.1 M KCl
solution containing 1 mM [Fe (CN)6]

3−/4−.

2.6 The inhibitory effect of FB23 on FTO

At a concentration of 0.06 mg mL−1 for the FTO protein, varying
concentrations of FB23 (20, 40, 60, 80, 100, and 120 nM) were
introduced during the demethylation phase of the FTO enzyme.
Subsequent electrochemical signal readings were recorded and
graphed for further analysis.

3. Results and discussion
3.1 Principle of the electrochemical detection

The electrochemical assay for FTO detection is illustrated in
Scheme 1. Initially, AuNPs are electrodeposited onto a GCE to
enhance the electrode's active surface area and conductivity,
and to provide binding sites for the subsequent nucleic acid
strands. The designed m6A ssRNA is then assembled onto the
AuNPs/GCE via Au–S bonds. The electrode surface is blocked
with 1 mM MCH and 2.5% BSA for 1 hour to close off nonspe-
cic active sites on the AuNPS/GCE respectively. MCH not only
blocks the Au sites that haven't bonded with the m6A ssRNA but
also ensures that the nucleic acid strand is oriented
Scheme 1 Electrochemical detection schematic for FTO based on the s

© 2024 The Author(s). Published by the Royal Society of Chemistry
perpendicularly to the electrode surface, facilitating subsequent
reactions. To avoid protein adsorption and prevent false posi-
tives from SA-HRP adsorption, BSA is employed for additional
blocking. BSA can adsorb to the AuNPS/GCE surface through
nonspecic adsorption and mechanical accumulation, further
shielding more nonspecic sites. The free thiol groups in BSA
can also enhance their bond with the electrode through Au–S,
thus extensively covering the nonspecic active sites and
minimizing errors in subsequent protein adsorption.

Aer the blocking process, the electrode surface was exposed
to FTO protein, followed by treatment with MazF. MazF is an
endoribonuclease that specically recognizes and cleaves the
ACA sequence, which is exposed following the demethylation of
m6ACA by FTO, resulting in the truncation of the RNA strand
containing G. In contrast, the RNA in the control group, which
was not treated with FTO, retains its original length and G
content due to the absence of the ACA cleavage site necessary
for MazF recognition and action. Following this, reactions with
N3-kethoxal and DBCO-PEG4-Biotin occurred. Aer labeling
with SA-HRP, the strands that were not subjected to FTO
demethylation and subsequent MazF cleavage retained a higher
G content, which, in turn, provided more binding sites for HRP,
resulting in increased labeling. Contrarily, RNA strands that
experienced FTO demethylation and MazF cleavage displayed
reduced G content, leading to fewer binding sites and conse-
quently less HRP labelling. The reaction mechanism of the
electrochemical biosensor can be summarized as follows:
Initially, hydrogen peroxide in the solution is reduced by the
immobilized Horseradish Peroxidase (HRP) in its reduced state
HRP(Red), forming water and oxidizing the HRP to its oxidized
state HRP(Ox) according to the reaction: H2O2 + HRP(Red) /H2O
+ HRP(Ox). Subsequently, the oxidized HRP (HRP(Ox)) is regen-
erated with the assistance of a mediator, which itself is oxidized
from its reduced state (HQ(Red)) to its oxidized state (HQ(Ox))
during this enzymatic reaction: HRP(Ox) + HQ(Red) / HRP(Red) +
HQ(Ox) + H2O. Finally, the produced HQ(Ox) is electrochemically
pecific cleavage action of MazF and signal amplification of HRP.

RSC Adv., 2024, 14, 25561–25570 | 25563
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Fig. 1 Gel electrophoresis analysis of the different incubation steps.
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reduced on the electrode, regenerating HQ(Red) and resulting in
a signicant increase in the reduction current: HQ(Ox) + 2H+ +
2e− / HQ(Red).43,44 To conclude, an amplication of the elec-
trochemical signal was achieved using HRP's catalysis involving
the HQ and H2O2 redox system. By evaluating the disparities in
the electrochemical signals, the precise quantity of FTO protein
present was ascertainable.
3.2 PAGE analysis

PAGE is utilized to corroborate the demethylation effectuated by
MazF, MazF's specic recognition and cleavage, as well as the
reactions involving N3-kethoxal, guanine (G), and DBCO-PEG4-
Biotin on the ssRNA, as depicted in Fig. 1. Bands on the gel
are positioned relative to their molecular weights. The larger the
molecular weight post-treatment, the slower the movement
through the gel and the higher its position. Bands 1 to 3
represent different stages of m6A ssRNA treatment: untreated,
treated withMazF, and treated with FTO andMazF, respectively.
The results elucidate that m6A ssRNA, treated with both FTO
andMazF, migrates faster compared to untreatedm6A ssRNA or
m6A ssRNA solely treated with MazF, indicating successful
oxidation of m6A by FTO and subsequent recognition and
cleavage by MazF. This results in a reduced molecular weight
due to shorter RNA strands, facilitating faster electrophoresis.
Bands 4 to 7 delineate the progression post various treatments.
Fig. 2 Differential pulse voltammograms for electrodes treated (a)
without FTO and (b) with FTO.

25564 | RSC Adv., 2024, 14, 25561–25570
Comparing the bands illustrates that the N3-kethoxal treated
m6A ssRNA (band 5) migrates slower than the untreated m6A
ssRNA (band 4), and when treated with both N3-kethoxal and
DBCO-PEG4-Biotin (band 7), it moves even slower compared to
band 5. However, m6A ssRNA treated solely with DBCO-PEG4-
Biotin (band 6) exhibits a similar migration pattern to the
untreated sample (band 4). These observations signify that N3-
kethoxal effectively reacts with G on the m6A ssRNA, increasing
the molecular weight and subsequently reducing the electro-
phoresis speed. Conversely, DBCO-PEG4-Biotin, when used
alone, doesn't react signicantly with the m6A ssRNA, main-
taining the original molecular weight and electrophoresis
speed. Band 7, post its exposure to a copper-free click chemistry
reaction involving azide groups and DBCO-PEG4-Biotin, expe-
rienced an introduction of biotin, incrementing its molecular
weight further, thereby slowing its electrophoretic speed rela-
tive to band 4.
3.3 Feasibility of the electrochemical detection

The differential pulse voltammograms were captured, as
depicted in Fig. 2, at FTO concentrations of 0 and 0.08 mg mL−1,
respectively. Curve a demonstrates that without FTO's deme-
thylation, MazF is unable to interact with the m6ACA sequence.
This leads to a substantial number of SA-HRP labels on the
ssRNA present on the sensor, catalyzing the HQ-H2O2 redox
reaction and consequently producing a prominent peak
current. On the contrary, curve b reveals that in the presence of
the FTO protein, there is a notable decline in the peak current.
This indicates that FTO facilitates the conversion of m6ACA into
ACA, enabling MazF to recognize and cleave it. During the
rinsing process, the G residues on the cleaved RNA strands are
removed by RNase free water. This results in a diminished
residue containing G, reduced HRP labeling, and subsequently,
a decrease in the electrochemical signals observed. Such
observations underscore that the peak current exhibited by this
method correlates with the FTO concentration to a certain
degree. This provides a foundation for further research and
analysis to be conducted on this relationship.

Cyclic voltammetry is employed to characterize each phase of
the modied electrode's assembly process, as illustrated in
Fig. 3A. Initially, one pair of well-dened redox peaks for
[Fe(CN)6]

3−/4− are observed at the AuNPs/GCE (curve a).
However, upon affixing the m6A ssRNA onto the AuNPs/GCE,
a decline in the peak current (Ip) of [Fe(CN)6]

3−/4− is found
(curve b), coupled with an increase in peak potential differences
(DEp). The m6A ssRNA, possessing a negatively charged phos-
phate backbone, assembles on the electrode, creating electro-
static repulsion with similarly negatively charged [Fe(CN)6]

3−/4−

ions. This effectively impedes the electron transfer of
[Fe(CN)6]

3−/4− on the AuNPs/GCE surface. MCH is subsequently
utilized for initial blocking to eliminate non-specic active sites
and to orient the m6A ssRNA upright on the electrode. When
m6A RNA/AuNPs/GCE is immersed in MCH, a signicant drop
in the Ip of [Fe(CN)6]

3−/4− is noted (curve c). A multitude of MCH
molecules occupies the active sites on the AuNPs/GCE through
Au–S bonds, reducing the chance of interaction between
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CVs (A) and Nyquist plot (B) for different modified electrodes: (a) AuNPs/GCE; (b) m6A ssRNA/AuNPs/GCE; (c) MCH/m6A ssRNA/AuNPs/
GCE; (d) BSA/MCH/m6A ssRNA/AuNPs/GCE; (e) FTO/BSA/MCH/m6A ssRNA/AuNPs/GCE; (f) MazF/FTO/BSA/MCH/m6A ssRNA/AuNPs/GCE; (g)
N3-kethoxal + DBCO-PEG4-Biotin/MazF/FTO/BSA/MCH/m6A ssRNA/AuNPs/GCE; (h) SA-HRP/N3-kethoxal + DBCO-PEG4-Biotin/MazF/FTO/
BSA/MCH/m6A ssRNA/AuNPs/GCE in 0.1 M KCl solution containing 1 mM [Fe(CN)6]

3−/4−.
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[Fe(CN)6]
3−/4− and the sensing interface, which signies the

successful assembly of MCH on the electrode. In a further step
to avoid non-specic adsorption of the macromolecular protein
complex, SA-HRP, BSA as an inert protein is employed for
additional electrode blocking. Post-BSA incubation, a contin-
uous and signicant reduction in Ip and a rise in DEp are
apparent (curve d), indicating the successful integration of BSA
onto the electrode. Cyclic voltammograms (CVs) show that the
curve post-treatment with the FTO protein (curve e) exhibits
a signicant deviation from the pre-treatment (curve d),
attributable to the adsorption of FTO on the electrode surface.
This adsorption hindered electron transfer, leading to a reduc-
tion in the peak current (Ip) and an increase in the peak-to-peak
separation (DEp). FollowingMazF protein treatment, the CV plot
(curve f) reveals a marginal Ip enhancement without any
signicant alteration in DEp. MazF cleavage reduces the steric
hindrance of the modied m6A ssRNA on the electrode, subtly
amplifying the peak potential. Subsequent reactions with N3-
kethoxal and DBCO-PEG4-Biotin and CV scanning of the
modied electrodes showcase a rise in DEp and a fall in Ip (curve
g). The introduction of biotin, which has a larger molecular
Fig. 4 Effect of (A) incubation time of N3-kethoxal and DBCO-PEG4-Biot
and DBCO-PEG-Biotin (cN3-kethoxal : cDBCO-PEG-Biotin = 1 : 1); (C) incubatio

© 2024 The Author(s). Published by the Royal Society of Chemistry
weight, further amplies the impedance of electron ow on the
electrode surface, indicating successful modication of the
target strand with N3-kethoxal and DBCO-PEG4-Biotin. Lastly,
SA-HRP is integrated into the electrode surface via efficient and
specic biotin-streptavidin binding. A continued dip in Ip and
elevation in DEp (curve h) are observed due to the substantial
molecular weight of SA-HRP, conrming its successful assembly
on the electrode. Besides CV, serves as another instrumental
technique in characterizing the process of electrode surface
modication. The relevant Nyquist curve is shown in Fig. 3B. In
EIS analysis, the semicircle diameter of the Nyquist plot repre-
sents the electron transfer resistance (Ret). The larger the value,
the greater the impedance of the electrode sensing interface. In
the plot, curves a–h represent sequential steps of electrode
assembly and modication. Initial observations reveal a subtle
increase in impedance following the assembly of the target
strand on the AuNPs/GCE surface (curve a). As molecular enti-
ties like MCH and BSA are incrementally assembled onto the
m6A ssRNA/AuNPs/GCE surface (curve b–d), a pronounced and
gradual augmentation in the electrode surface's impedance can
be found. It is notable that the impedance continues to increase
in (cN3-kethoxal : cDBCO-PEG-Biotin= 1 : 1); (B) concentration of N3-kethoxal
n time of FTO on DPV responses.
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even aer the FTO treatment (curve e). Conversely, a minor
reduction in impedance is detected following MazF treatment
(curve f), an implication of FTO's successful oxidation of m6A.
Owing to its ACA sequence, the oxidized ssRNA undergoes
MazF-induced cleavage. Concludingly, the impedance gradually
increased with the successive modications of N3-kethoxal,
DBCO-PEG4-Biotin (curve g), and SA-HRP (curve h), and the
results demonstrated by the EIS for each step are in consistent
with the CV. This coherence substantiates the achievement of
each articulated phase in the electrode assembly and modi-
cation process.
3.4 Condition optimization

To enhance the efficacy of the novel electrochemical detection
method presented in this study, we strategically selected several
pivotal factors that could substantially inuence the outcomes.
These factors include the reaction time of N3-kethoxal and DBCO-
PEG4-Biotin on the electrode, the combined reaction concentra-
tion of N3-kethoxal and DBCO-PEG4-Biotin (1 : 1) on the electrode,
and the incubation duration of FTO on the electrode. By metic-
ulously analyzing these variables, we aim to rene and optimize
the detection performance of the designed electrochemical
method to ensure it yields accurate and reliable results.

Fig. 4A illustrates that the DPV response intensies in
correspondence with the reaction time of N3-kethoxal and
DBCO-PEG4-Biotin on the electrode. However, the enhance-
ment is marginal, and the trend begins to plateau aer 1.5
hours. It is hypothesized that beyond 1.5 hours, owing to the
conned volume of uid on the electrode and the reversible
nature of the reaction between N3-kethoxal and guanine (G), the
signal ceases to escalate. In contemplation of the sensor's
overarching stability and sensitivity, 1.5 hours has been deci-
sively identied as the optimum reaction time.

Fig. 4B demonstrates that the DPV response amplies with
the increasing reaction concentration of N3-kethoxal and
DBCO-PEG4-Biotin on the electrode, levelling off beyond 1 mM.
This plateau arises due to the nite quantity of RNA initially
bonded to the electrode via the Au–S linkage. Despite the
escalating concentrations of N3-kethoxal and DBCO-PEG4-
Biotin, the reaction involving N3-kethoxal and guanine (G) on
Fig. 5 (A) The linear relationship between current variation value and FT

25566 | RSC Adv., 2024, 14, 25561–25570
the ssRNA reaches a saturation point, preventing further
enhancement of the electrochemical signal in response to
increased N3-kethoxal concentration. Consequently, 1 mM has
been determined as the optimal reaction concentration for
subsequent experiments.

At an FTO concentration of 1.58 × 10−7 M, the impact of
varying FTO incubation times was examined. Fig. 4C illustrates
that the DPV response diminishes as FTO incubation time
extends, signifying an increased action of FTO on the target
methylated RNA strands over time, resulting in a higher quan-
tity of demethylated RNA. Subsequently, MazF truncates these
strands, reducing the number of N3-kethoxal labels on the
strands and decreasing the subsequent introduction of SA-HRP.
This increases the electrochemical signal difference between
the control and experimental groups. However, beyond an
incubation period of 4 hours, the diminishing signal becomes
marginal and tends to stabilize. To optimize time efficiency and
ensuremaximum sensor stability, an incubation time of 4 hours
was deemed optimal for the FTO protein on the electrode.
3.5 Analysis of FTO enzyme activity

To assess the detection efficiency of the method proposed in
this study for FTO protein, we employed this approach to
analyze standard FTO protein samples across varying concen-
trations. The outcomes are delineated in Fig. 5A. Under the
optimized experimental conditions, a discernible decrement in
the current signal of the HQ-H2O2 redox system is observed
commensurate with the escalating concentration of FTO
protein. The results show that there is a good linear correlation
between peak current and FTO protein concentration within the
concentration range of 7.90 × 10−8 to 3.50 × 10−7 M (Fig. S1†).
This relationship is meticulously characterized by the tting
equation y = −32.88x + 17.24, boasting an R2 value of 0.94. The
method exhibits a detection limit of 5.80 × 10−8 M, under-
scoring its sensitivity and precision in the quantication of FTO
protein.
3.6 Verication of inhibitor screening by this method

The FTO protein plays a signicant role in the onset and
progression of certain diseases within the body. Thus,
O concentration. (B) Inhibition effect of FB23 on FTO in vitro.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) The effects of five proteins on FTO detection. (B) DPVs (a) before and (b) after storage at 4 °C for 5 days with the FTO concentration of
7.90 × 10−8 M.

Table 2 Performance comparison of different methods for FTO detection

Methods Linear LOD Reference

Quantum dots (QDs) 5.52 × 10−9 to 6.62 × 10−7 M 1.14 × 10−9 M 47
CRISPR/Cas 1.00 × 10−12 to 1.00 × 10−6 M 1.20 × 10−13 M 48
Electrochemical biosensor 7.90 × 10−8 to 3.50 × 10−7 M 5.80 × 10−8 M This work
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inhibiting its functions opens a potential pathway for treating
related diseases. Our research introduces a novel electro-
chemical method, allowing for a detailed investigation of the
inhibitory actions against the FTO protein. In our experiments,
we selected FB23, a recognized inhibitor, to evaluate the effec-
tiveness of our proposed method. We exposed the FTO protein
to varying concentrations of FB23 and monitored the electro-
chemical DPV responses. The results, depicted in Fig. 5B,
conrm the capability of our method to validate the inhibitory
effects of FB23 on the FTO protein. Based on the data, it can be
calculated that the IC50 of FB23 for FTO protein inhibition using
our method is 54.73 nM, which is close to the reported value of
60 nM,45 substantiating the reliability of our method for
screening potential inhibitors of the FTO enzyme. Our approach
holds promise as a useful tool in the ongoing exploration of
treatments for diseases associated with the FTO protein.
3.7 Stability and selectivity

The selectivity of this method was thoroughly examined. In this
section, DPV was utilized to assess the selectivity of the elec-
trochemical sensor. We studied the potential interference of
various substances such as rabbit IgG (Immunoglobulin G),
human IgM (Immunoglobulin M), TET1 (Ten-Eleven Trans-
location), Ab (Albumin from chicken egg white), and UDG
(Uracil DNA Glycosylase) on the detection of FTO. As depicted in
Fig. 6(A) and S2,† the results indicate that under the utilized
method, these common proteins did not inuence the experi-
mental outcomes. Furthermore, to enhance the practicality of
the electrochemical sensor, the stability of the sensor during
storage was meticulously evaluated, which is crucial for its
© 2024 The Author(s). Published by the Royal Society of Chemistry
reliability and consistency. With an FTO concentration of 0.02
mg mL−1, the detection outcomes are illustrated in Fig. 6(B).
Curve a represents the detection outcomes on the initial day,
while curve b displays the results aer ve days. It was observed
that the Ip detected aer ve days exhibited a slight reduction of
about 0.5% compared to the Ip detected on the initial day. This
indicates that the constructed sensor possesses commendable
stability over a brief storage period. However, due to factors
such as RNA instability at the electrodes, it is advisable to avoid
using the pre-prepared sensor for extended testing periods to
ensure the accuracy and reliability of the results.
3.8 FTO detection methods

The culmination of our method was realized following
a comprehensive series of optimization and research endeavors.
A notable linear correlation has been observed between the
peak current and the FTO protein concentration, particularly
within a concentration spectrum of 7.90 × 10−8 to 3.50 ×

10−7 M. Impressively, this method achieves a detection limit as
profound as 5.80 × 10−8 M. Unfortunately, compared to other
methods, our approach exhibits somewhat limited detection
sensitivity and range.22,36,46 Efforts to enhance signal ampli-
cation could signicantly address this issue. Nonetheless, the
innovative improvements and solid research behind our
method continue to bolster its practicality and effectiveness in
real-world applications (Table 2).

Based on the comparative results, our method has signi-
cant potential for further improvement. Our future efforts will
concentrate on enhancing the sensor's performance. Notably,
the incorporation of the N3-kethoxal small molecule introduces
RSC Adv., 2024, 14, 25561–25570 | 25567
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a novel electrochemical probe that can precisely interact with
guanine in single-stranded nucleic acids. This interaction
generates electrochemical signals, providing an innovative
approach for electrochemical sensors.

4. Conclusions

Our novel approach combines the RNA-specic cleavage protein
MazF with the unique binding of N3-kethoxal to guanine (G),
creating an effective platform for FTO detection, without using
conventional direct electrochemical signal molecular probes.
We successfully demonstrated this method's ability to detect
the inhibitory effects of FB23 on FTO, offering a new way to
screen for inhibitors of the FTO enzyme. The comparative
analysis indicates substantial potential for advancing our
method. Future endeavours will focus on optimizing the
sensor's performance. Signicantly, the integration of the N3-
kethoxal small molecule introduces an advanced electro-
chemical probe capable of specic interaction with guanine
residues in single-stranded nucleic acids. This interaction
facilitates the generation of electrochemical signals, presenting
a novel and innovative approach for electrochemical sensor
development. Looking forward, we envision integrating our
method with advanced microelectrode systems, such as laser-
induced graphene electrodes, to meet specic user require-
ments. Furthermore, the potential applications extend to the
identication of new FTO inhibitors, a crucial step in address-
ing diseases associated with FTO. This underscores the
importance and impact of our approach in the broader context
of biomedical research and therapeutic development.
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