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Abstract

Based on a dual signal amplification strategy of novel accordion-like Bi,05-decorated Ti,C, (Ti;C,@Bi,05) nanocomposites
and hybridization chain reaction (HCR), an ultra-sensitive electrochemical biosensor was constructed for miRNA-21 detec-
tion. By etching Ti;AlC, with HF, Ti;C, with an accordion-like structure was first obtained and subsequently covered by
Bi,0; nanoparticles (NPs), forming Ti;C,@Bi,0;. A layer of Au NPs was electrodeposited on the glassy carbon electrode
coated with Ti;C,@Bi,05, which not only significantly improved the electron transport capacity of the electrode but also
greatly increased its surface active area. Upon the immobilization of the thiolated capture probe (SH-CP) on the electrode,
the target miRNA-21 specifically hybridized with SH-CP and thus opened its hairpin structure, triggering HCR to form a long
double strand with the primers H1 and H2. A large number of the electrochemical indicator molecules were thus embedded
inside the long double strands to produce the desirable electrochemical signal at a potential of —0.19 V (vs. Ag/AgCl). Such
dual signal amplification strategy successfully endowed the biosensor with ultra-high sensitivity for miRNA-21 detection
in a wide linear range from 1 fM to 100 pM with a detection limit as low as 0.16 fM. The excellent detection of miRNA-21
in human blood plasma displayed a broad prospect in clinical diagnosis.
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MicroRNAS (miRNAs) are small, non-encoded RNA
sequences and typically consist of 18 to 25 nucleotides
[1, 2], which play a vital role in biological processes and
gene expression [3], such as cellular development, differ-

Baolin Liu entiation, proliferation, and metabolism. As one of target
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miRNAs, whose concentration is of interest [4], miRNA-21

Yuging Miao with 22-23 nucleotides in length is chosen [5]. The dys-
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va regulation of miRNA-21 is essential in various cancer types

such as lung cancer [6], gastric cancer, breast cancer, and
colorectal cancer [7]. However, it is extremely difficult to
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detect miRNAs in real samples due to their short sequences,
low abundance, relatively low expression levels, and highly
similar sequence between family members [8]. Therefore,
there is an urgent need to develop an ultra-sensitive miRNA
detection method for clinical diagnosis [9]. The traditional
analytical techniques, including Northern blot [10], microar-
rays [11], and real-time quantitative polymerase chain reac-
tion (RT-qPCR) [12], have shown satisfactory performance
for the miRNA detection, but their shortcomings like high
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cost, complex operation, and large sample consumption still
hinder their further development. In order to overcome these
limitations, more and more innovative methods have been
developed, like fluorescence [13], electrochemiluminescence
(ECL) [14], colorimetry [15], surface plasmon resonance
[16], and electrochemical sensor. Among them, the elec-
trochemical sensing technique has ignited greater interest
due to its advantages of handy operation, excellent selec-
tivity, rapidness, and low cost [17, 18]. The amplification
of electrochemical signals using various nanomaterials is
extensively utilized to increase the diagnostic sensitivity of
electrochemical biosensors [19-22]

For example, the p-Co-BDC/AuNPs-based multiplex
signal amplification was reported for ultra-sensitive elec-
trochemical determination of miRNAs [23] and a versatile
non-enzymatic electrochemical biosensor was developed by
integrating a molecular beacon-like catalytic hairpin assem-
bly circuit with MOF @ Au @ G-triplex/hemin nanozyme to
ultra-sensitively detect miR-721 [24]. In order to improve
the sensitivity and accuracy for the target miRNA meas-
urement, a number of signal amplification strategies have
been evolved on the basis of nanomaterials and biological
technologies [25, 26]. Nanomaterials usually make major
contribution to improving the electrode’s performance by
providing adequate active sites. MXene is a family of two-
dimensional (2D) transition metal carbide/nitride materials
that have currently being extensively studied and attract an
increasing interest due to their excellent versatile properties
[27]. Titanium carbide (Ti;C,), as a member of the MXene’s
family, is characteristic of simple preparation, unique struc-
ture, and rich active sites and shows great potential in fab-
ricating electrochemical biosensors to detect various bio-
molecules [28]. Ti;C, may obtain a layered structure with
large surface area and active sites through etching with
hydrofluoric acid (HF), which can significantly improves
its electrochemical performance, but both the surface area
and the active sites will be further decreased because of the
formation of hydrogen bonds from the introduced surface
functional groups like -F, —OH, and = O during the prepara-
tion and the van der Waals interactions between layers, caus-
ing re-stacking and aggregation [29].Therefore, it is fairly
necessary to produce Ti;C,-based composites with improved
properties through functionalization so as to enhance the
electrochemical performance of sensor. Bi,0; is quite prom-
ising as electrochemical sensing material due to its good
stability, extremely low toxicity, preferable biocompatibility,
and favorable electrical properties, especially for the detec-
tion of biomolecules [30]. The heterostructures are believed
to combine the advantages of each 2D material and thus
exert better properties to the composite due to the synergistic
effects [31].

Herein, the heterogeneous Ti;C,@Bi,0; nanocom-
posites were produced with an accordion-like structure to
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amplify the signal together with the HCR amplification
strategy for the purpose to construct an ultra-sensitive and
stable electrochemical sensor towards miRNA-21 detec-
tion [32-35]. Methylene blue (MB) was selected as an
electroactive indicator for the differential pulse voltamme-
try (DPV) measurements [36, 37]. As shown in Scheme 1,
taking the advantages of good conductivity and numerous
active sites exposed outside the as-prepared Ti;C,@Bi,0;
composites, the proposed electrochemical sensor received
greatly improved electrochemical properties for miRNA-21
detection. Based on the excellent dual amplification strat-
egy from both Ti;C,@Bi,0; and HCR, admirable analytical
performances were finally achieved including fast response,
ultrahigh sensitivity, superior stability, excellent specific-
ity, and good reproducibility. A promising bismuth-based
electrochemical sensing platform was thus created showing
new insights and great potential for the ultra-sensitive detec-
tion of miRNAs in future clinical diagnosis and treatment
of diseases.

Experimental
Materials and apparatus

Titanium aluminum carbide (Ti;AlC,) powder was pur-
chased from Haoxi Nanotechnology Co., Ltd. (Shanghai,
China). 6-Mercaptohexanol (MCH), tris(carboxyethyl)
phosphine (TCEP), potassium chloride (KCl), Methyl-
ene blue (MB), hydrogen tetrachloroaurate trihydrate
(HAuCl,-3H,0), diethyl pyrocarbonate (DEPC) water,
potassium hexacyanoferrate-III (K;[Fe(CN)4]), potassium
hexacyanoferrate-1I (K,[Fe(CN)¢]), HF, sodium sulfate
(Na,S0O,), ammonia solution (NH,OH), bismuth nitrate pen-
tahydrate (Bi(NO;);-5H,0), and phosphate buffer solution
(PBS) were all purchased from Shanghai Titan Technology
Co., Ltd. All chemical reagents were of analytical grade and
used as received without any further purification. All the
oligonucleotides were synthesized by Nanjing Kingsray Bio-
technology Co., Ltd. (Nanjing, China) and purified by high-
performance liquid chromatography. The detail nucleotides
sequences were summarized in Table S1.

All electrochemical measurements were carried out on the
electrochemical workstation (AUTOLAB-PGSTAT302N,
Metrohm China Co., Ltd.) with the conventional three-
electrode system applied, where the glassy carbon electrode
(GCE), the Ag/AgCl electrode, and the platinum wire were
used as the working electrode, the reference electrode, and
the counter electrode, respectively. The chemical elements
and morphologies of the materials were observed by the
energy dispersive spectroscopy (EDS) and the scanning
electron microscope (SEM) (JSM-6701F, JEOL Co, Ltd.).
The crystal structures of the materials were characterized
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Scheme 1 The schematic preparation of the proposed electrochemical miRNA sensor based on the double amplification strategy of the accor-
dion-like Ti;C, @Bi,0; nanocomposites and HCR, and the working principle for the ultra-sensitive detection of miRNA-21

by X-ray diffraction (XRD, Smartlab-3, Rigaku, USA). The
static water contact angle (CA) measurements were car-
ried out using a DSA25 goniometer (KRUSS GmbH, Ger-
many). Agarose gel electrophoresis was carried out using
the DYCZ-24F electrophoretic device (Beijing Liuyi, China)
and imaged via a Tanon-3500 gelimage system (Shanghai,
China). RT-qPCR was performed and analyzed on a StepOne
instrument (ABI, Foster, CA, USA).

Preparation of accordion-like Ti;C,@Bi,0,
hanocomposites

Ti;AIC, was first etched by HF to obtain the accordion-
like Ti;C,. Briefly, 1.0 g of Ti;AlC, powder was placed
in 30 mL HF solution (49 wt%) which was mixed thor-
oughly followed by continuous stirring for 48 h at 35 °C.
Then, the mixed solution was repeatedly washed with

deionized water until the pH was close to neutral value,
forming theTi;C, with accordion-like structure. The
product was finally collected and dried at 80 °C under
vacuum for 8 h.

The heterogeneous Ti;C,@Bi,O; nanocomposites
were prepared by the hydrothermal method. First, 150 mg
of Ti;C, powder was added into 20 mL deionized water
which was stirred for 30 min until the powder uniformly
dispersed. Then, 90 mg Bi(NO;);-5H,0 was dissolved
in the above solution followed by a 30-min stirring. The
mixture was then transferred to a 50 mL polytetrafluoro-
ethylene-lined stainless-steel autoclave after its pH was
adjusted to 8.0 with NH,OH. The reaction was kept at
180 °C for 12 h. Finally, the Ti;C,@Bi,0; nanocompos-
ites with the desired heterostructure were obtained by
successively centrifuging with ultrapure water and abso-
lute ethanol, and dried under vacuum at 80 °C for 8 h.
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Fabrication of the Ti;C,@Bi,0;-based
electrochemical biosensor

Before the electrode modification, the bare GCE was well
polished with 0.3 and 0.05 um alumina slurry, respectively.
Then, 6 pL Ti,C,@Bi,0; suspension (1.0 mg/mL) was first
dropped onto the pretreated GCE (Ti;C,@Bi,0;/GCE)
which was dried at 35 °C. Afterwards, the Ti;C,@Bi,05/
GCE was immersed into 1.0 mM HAuCl, solution contain-
ing 0.01 M Na,SO, so as to allow Au nanoparticles (NPs)
being electrodeposited on the electrode surface (Au/Ti;C,@
Bi,0,/GCE) under —0.2 V for 300 s via the chronoamper-
ometry, where Au NPs were extensively used to immobi-
lize biomolecules through forming stable bonds between
Au and S or N [38]. Then, 6 pL of 1 pM thiolated capture
probes (SH-CP) was directly pipetted onto the surface of Au/
Ti;C,@Bi,0;/GCE on which the incubation lasted for 6 h at
room temperature to form Au-S bond. The above electrode
was subsequently sealed with 1 mM MCH solution for 1 h
and incubated with 6 pL. miRNA-21 solutions of different
concentrations for 2 h at room temperature. 6 pL of a mixed
solution containing H1 (0.5 pM) and H2 (0.5 pM) was then
dropped on the surface of the obtained electrode followed by
the incubation at room temperature for 2 h. Finally, 6 uL of
1 mM MB solution was incubated with the above obtained
electrode at room temperature for 1 h to serve as an electron
mediator, producing the detectable electrochemical signal
for the miRNA-21 detection.

DPV measurements of miRNA-21

DPV measurements of miRNA-21 was examined with the
proposed miRNA biosensor in 0.1 M PBS (pH 7.4), where
the scanning potential ranged from — 0.5 to 0.1 V with the
pulse amplitude and the pulse set as 0.07 V and 0.05 s,
respectively. The peak responses to MB were recorded
at—0.19 V (vs. Ag/AgCl) to quantify the target miRNA-21
at different concentrations. The measurements were gener-
ally repeated under the same experimental conditions for
three times.

Analysis of human blood samples

Firstly, 1 mL healthy human serum provided by Chang-
hai Hospital, Naval Medical University (Shanghai, China)
was first diluted by tenfold with 0.01 M PBS (pH 7.4) and
standard addition of miRNA-21 was applied to obtain blood
samples containing different levels of miRNA-21 (10 fM,
10 pM, and 100 pM). Here, the blood samples were stabi-
lized with elhylene diamine tetraacetic acid (EDTA). 6 pL
of the diluted healthy human serum containing various con-
centrations of miRNA-21 were separately incubated with
the proposed biosensor. Afterwards, the DPV responses to
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MB at—0.19 V (vs. Ag/AgCl) were recorded to quantify
miRNA-21 in the blood samples. In general, the measure-
ments were repeated under the same experimental conditions
for three times to ensure the accuracy and precision of the
detection.

QRT-PCR analysis

RNA samples were converted to cDNA using the Revert Aid
Premium Reverse Transcriptase Reverse Transcription Kit
(Thermo) according to the manufacturer's instructions. The
minimum amount of the extracted total RAN required to
detect the target RNA is approximately 46 ng. The reaction
conditions were set as follows: the reaction was successively
kept for 10 min at 20 °C and 30 min at 50 °C for reverse
transcription, and continued at 85 °C for 5 min before being
ended. Finally, the cDNA samples were stored at —20 °C for
further analysis by qRT-PCR. PCR assays were performed
on a StepOnePlus RT-PCR instrument using the Fast gPCR
Master Mix kit. The reaction system was first incubated at
95 °C for 3 min, followed by 40 cycles at 95 °C for 5 s and
60 °C for 30 s, respectively.

Results and discussion
Working principle of the proposed miRNA sensor

As illustrated in Scheme 1, the proposed electrochemical
miRNA sensor was prepared based on the double amplifica-
tion strategy of the accordion-like Ti;C,@Bi,O; nanocom-
posites and HCR for the ultra-sensitive miRNA-21 detection.
Firstly, the Ti;C,@Bi,05; composites were immobilized on
the surface of a bare GCE through electrostatic interaction
and van der Waals force (Ti;C,@Bi,0;/GCE), which was
advantageous of higher specific surface area, better con-
ductivity, and more active sites due to unique accordion-
like structure Ti;C, of and the modification of Bi,O; NPs.
Secondly, Au/Ti,C,@Bi,0,/GCE was obtained by forming
Au NPs on the surface of Ti;C,@Bi,0;/GCE via electro-
deposition at —0.2 V for 300 s in order to improve the elec-
trochemical signal, reduce the Rp, and provide Au atoms to
form Au-S bonds with -SH inside the capture probe. After
the immobilization of the stem-loop structure SH-CP on the
surface of Au/Ti;C,@Bi,0;/GCE, MCH was used to cover
the unreacted Au sites and eliminate the nonspecific adsorp-
tion on the electrode surface. Apparently, in route a, without
target miRNA-21, the HCR process will not be further trig-
gered by H1 and H2 because the hairpin structure of SH-CP
cannot be opened. MB can be embedded in dsDNA through
n—r stacking interactions; thus, only a small amount of MB
can be embedded in the hairpin structure of SH-CP without
miRNA-21, resulting in a rather weak DPV signal. In route
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b, while in the absence of the target miRNA-21, the hairpin
structure can be opened due to specific hybridization with
SH-CP, leading to the opening of H1. Similarly, the opened
H1 as an elicitor subsequently opens H2, and the open H2
initiates the opening of H1 in turn. As a result, the HCR
process is triggered, forming the long double strand used
to capture MB.

An appropriate electrochemical signal indicator is very
important to develop an electrochemical sensing platform
with ultra-sensitivity. MB as a signal indicator can be stably
bound to the double-stranded nucleic acid sequences through
the interaction of n-n conjugated electrons and hydrogen
bonds, while shows relatively poorer binding ability with the
single-stranded DNA, as the enhanced binding of double-
stranded DNA intercalation exerts double-stranded DNA
better affinity with MB. As a result, MB would accumulate
in large quantities on the electrode surface via hydrogen
bonding and static electricity. Here, SH-CP highly matched
the target miRNA-21 sequence, in contrast, the presence of

Scheme 2 The redox reaction N
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low concentrations of miRNA-21 or sequence mismatched
RNA could reduce the amount of MB bound to the dsDNA
through intercalation, resulting in effectively improved spec-
ificity of the biosensor. In the potential range from—0.5 V to
0.1 V, MB showed significant and amplified DPV signal cor-
related to the concentration of the target miRNA-21 based
on the following redox reaction (Scheme 2).

Compared with traditional methods without any sig-
nal amplification strategy [17, 39], the sensitivity of the
designed electrochemical miRNA sensor could be signifi-
cantly improved based on the dual signal amplification strat-
egy by combining the accordion-like Ti;C,@Bi,0; compos-
ites with HCR.

Characterizations of the Ti;C,@Bi,0; composites
The accordion-like structures of both Ti;C, and Ti;C,@

Bi,0; were confirmed by SEM images (Fig. 1A and B).
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Fig. 1 SEM images of (A) Ti;C, and (B) Ti;C,@Bi,0; and (C) XRD of Ti;AlC,, Ti;C,, and Ti;C,@Bi,0;. EDS of (D) Ti;AlC,, (E) Ti;C,, and

(F) Ti;C,@Bi,0,
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on the surface of the layered Ti;C, (Fig. 1A) without chang-
ing the layer structure obviously, forming the accordion-like
Ti;C,@Bi,05 nanocomposites, which endowed the struc-
ture larger specific surface area and Ti,C,@Bi,0; better
conductivity than each single material, developing a unique
micro-nano heterostructure to increase the electron migra-
tion rate. Thus, the interwoven and interconnected Bi,O;
NPs grew evenly onto exterior of Ti;C,, maintaining the
original layered structure of Ti;C,, increasing the reac-
tive area, and confining the probes and targets together to
increase the chance of collision and improve the efficiency
of hybridization. Such an accordion-like micro-nano hetero-
structure is fairly preferred to develop sensor with improved
sensitivity. As shown in Fig. 1C, the strong XRD peak of
Ti;AlC, at 38° was obviously weakened (green) since a large
amount of Al was etched away. Several additional strong
peaks clearly observed in the XRD spectrum of the Ti;C,@
Bi,0; composites verified the presence of Bi,O; (blue),
further providing evidence that the Ti;C,@Bi,05; compos-
ites was successfully synthesized. Moreover, the significant
reduction in the proportion of Al from 15.30 (Fig. 1D) to
1.74% (Fig. 1E) revealed the successful etching away of Al
from Ti3;AlC,, and the presence of O and Bi by 6.83% and
17.16% in Fig. 1F further proved the successful synthesis of
the Ti;C,@Bi,0; composites.

In order to explore the biocompatibility of the Ti;C,@
Bi,0; composites, the 4T1 breast cancer cells were selected
to evaluate their toxicity using the CCKS assay (Fig. 2A).
Clearly, in the concentration range of Ti;C,@Bi,0; from
6.25 to 200 pg/mL, the cells maintained a good survival rate
with a slight decrease, even at the concentration as high as
200 p g/mL, 90% of the cells were still capable of surviv-
ing, revealing the extremely low toxicity of the as-prepared
Ti;C,@Bi,0; nanocomposites. The favorable hydrophily
of Ti;C,@Bi,05 was confirmed by their significantly lower
contact angle (Fig. 2B, b) than that of the bare electrode
(Fig. 2B, a). The electrodeposition of Au NPs on the sur-
face of Ti;C,@Bi,05/GCE further improved the better

hydrophilicity of Au/Ti;C,@Bi,0,/GCE by reducing con-
tact angle to 34° (Fig. 2B, c¢). While the immobilization of
biomolecules to the electrode did not significantly change
the contact angle (Fig. 2B, d). All the results indicate that the
as-prepared Ti;C,@Bi,05; nanocomposites were character-
istic of low toxicity and good hydrophilicity, which provide
desirable support for the application of the biosensor in the
analysis of actual samples.

Electrochemical properties of the biosensing
platform

The interface properties of the stepwise modified elec-
trode were analyzed by both CV and EIS, respectively.
A pair of clearly defined quasi-reversible redox peaks of
[Fe(CN)6]3'/4' were observed for the bare GCE (Fig. 3A,
curve a), which remarkably increased when the Ti;C,@
Bi,05 composites were modified (Fig. 3A, curve b), much
higher than that of either Ti;C, (Fig. 3A, curve h) or Bi,0;
(Fig. 3A, curve i), confirming the effectively promoted elec-
tron transfer over the electrode surface by Ti;C,@Bi,05. The
continuously increasing redox peaks were obtained with Au/
Ti;C,@Bi,05/GCE (Fig. 3A, curve c), resulting from the
excellent electrical conductivity of Au NPs and the large
active surface of Ti;C,@Bi,0; which allowed more Au NPs
deposited on. As expected, the sequential immobilization
of biomolecules of SH-CP, MCH, and miRNA-21 on Au/
Ti;C,@Bi,0,/GCE (Fig. 3A, curves d—f) caused continu-
ous decrease of peak currents due to the electrostatic repul-
sion interaction, the filling of the unreacted Au sites and
the specific hybridization with SH-CP which hindered the
transfer of electrons on the electrode surface. Although the
occurrence of HCR and the formation of longer dsDNA on
the electrode surface further inhibited the diffusion of fer-
ricyanide to the electrode surface when the mixture of H1
and H2 was added, the peak current was still high enough
for the target detection (Fig. 3A, curve g).

B
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The interface reaction resistance (Rp) is attributed to the
semicircular part of the typical EIS at the higher frequency
which represents the electron transfer from the electroac-
tive probe to the electrode surface. The increase in the
diameter of the semicircular part indicates an increase in
the Rp value of the interface. The fitted EIS equivalent
circuit was shown in the upper right of Fig. 3B, where Rs
is mainly the resistance of the electrolyte solution, Rp the
interface reaction resistance, W the Warburg impedance
related to the diffusion of ions in the bulk electrode, and
CPE the interface capacitance. Using [Fe(CN)6]3_/4_ as
redox probe, the bare GCE showed a very small semicircle
(Fig. 3B, curve a), while the semicircle diameter gradually
decreased for Ti;C,@Bi,0; and Au/Ti;C,@Bi,05;/GCE.
(Fig. 3B, curves b and c¢). After SH-CP, MCH, miRNA-
21, H1, and H2 were assembled on the electrode surface

in sequence, the diameter of the semicircle gradually
increased (Fig. 3B, curves d—g) owing to the continuous
accumulation of biomolecules on the electrode surface.
The obtained EIS results were in good accordance with
that of CV, indicating the successful construction of the
electrochemical miRNA-21 biosensor.

The electrochemical behavior of the electrode modified
with H1, H2/miRNA-21/MCH/SH-CP/Au/Ti;C,@Bi,0,
was further evaluated by recording the CV curves at scan
rates (v) ranging from 0.01 to 0.25 V/s (Fig. 3C). The redox
peak current of [Fe(CN)6]3_/ 4= increased with the increas-
ing scan rate. Both the oxidation peak current (/,,) and the
reduction peak current (I,.) were linearly related with the
scan rate (Fig. 3D). Two fitted linear equations were obtained
as Ipa (pA)=0.2655+0.0072 v (V/s) with a correlation coef-
ficient (R%) of 0.9933) and I, (pA)= —0.2553-0.0098 v
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(V/s) (R*=0.9932), respectively, indicative of a typical
adsorption control process over the electrode surface.

The feasibility of the proposed miRNA biosensor was
examined by DPV in 0.1 M PBS, as shown in Fig. 3E, where
the scanning potential ranged from — 0.5 to 0.1 V with the
pulse amplitude and the pulse set as 0.07 V and 0.05 s,
respectively. When the electrode was modified with Au/
Ti;C,@Bi,0;, almost no current signal was generated with
the DPV curve close to a horizontal line (curve a, Fig. 3E),
indicating the failure to immobilize MB onto the electrode
surface. While the subsequent modification of SH-CP on
Au/Ti;C,@Bi,05/GCE led to the production of a weak peak
current at -0.19 V (vs Ag/AgCl) as a small amount of MB
was bound to the SH-CP (curve b, Fig. 3E). In the presence
of miRNA-21, the DPV signal of MB kept increasing since
more MB molecules were attached to the dsSDNA resulting
from the hybridization of miRNA-21 with SH-CP (curve c,
Fig. 3E). Finally, the DPV signal increased significantly to
the highest in the presence of H1 and H2, which was attrib-
uted to the embedment of large amount of MB inside the
longer dsDNA as a result of the occurrence of HCR (curve
d, Fig. 3E). These results demonstrates that the developed
electrochemical sensor could be an ideal platform for the
miRNA-21 detection. Furthermore, agarose gel electropho-
resis analysis was performed on the molecular recognition
events to confirm the feasibility of the constructed biosensor.
In Fig. 3F, lanes 1-4 represented SH-CP, miRNA-21, H1,
and H2, respectively. A clearly low molecular weight band
could be observed. Lane 5 referred to the mixture of SH-CP,
H1, and H2, which showed no new bands except for one
band same as lanes 14, indicating the good metastability of
the SH-CP, H1, and H2. No reaction occurred among their
mixtures without miRNA-21. Lane 6 represented a mixture
of miRNA-21, H1, and H2, in which a new band observed,
revealing the successful hybridization of miRNA-21 with
the SH-CP. The mixture of SH-CP, miRNA-21, and H1, H2
produced a band with significantly different electrophoretic
mobilities (lane 7), which corresponded to the HCR products
with various sizes. This proves that the HCR was success-
fully triggered in the presence of H1 and H2. These results
further verified the good feasibility of the as-proposed
method to detect miRNA-21.

All the experimental conditions were well optimized
to achieve the best detection performance of the proposed
electrochemical sensing platform (Fig. S1), whose analyti-
cal behavior was assessed toward different concentrations
of miRNA-21 ranging from 1 fM to 100 pM. As shown in
Fig. 4A, the peak current at—0.19 V (vs. Ag/AgCl) gradu-
ally increased with the increase of miRNA-21 concentra-
tion because of the continuous accumulation of MB on the
electrode surface. No current response was observed to the
solution without miRNA-21, where the weak peak was likely
caused by the non-specifically adsorbed MB. A good linear
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relationship was achieved between the peak current value
(1,) and the logarithm of miRNA-21 concentration (logc)
with a correlation equation of /,= —3.6951ogc —65.691
where the correlation coefficient of R* equaled 0.9977
(Fig. 4B), and the limit of detection (LOD) was calculated to
be as low as 0.16 M (S/N =3), significantly lower than that
of some previously reported sensors listed in Table 1. Here,
LOD, expressed as the concentration, C;, was derived from
the smallest measure and X;, X; =nX,,; +nS,; (n=3), where
X, and Sy, refer to blank measures and standard deviation of
the blank measures, respectively (more details were provided
in the supporting materials).

RT-qPCR, as a classic nucleic acid detection method,
has been widely applied in the fields of biomedical research
and clinical analysis, where fluorescent groups are added
to the PCR reaction system to monitor the entire PCR pro-
cess in real time through the accumulation of fluorescent
signals, and finally achieve the quantitative analysis of the
unknown samples through the standard curve. Here, the RT-
gPCR was employed to detect miRNA-21 for comparison
(Fig. 4C). The cycle threshold (CT) value reaching the fluo-
rescence threshold of 0.04 showed a good linearly grow-
ing trend within the concentration range from 100 fM to
100 nM. However, the fluorescence intensity did not reach
the fluorescence threshold of 0.04 at the miRNA-21concen-
tration higher than 100 nM, while the CT value only slightly
increased as the concentration was less than 100 fM, reveal-
ing that both RT-qPCR and the developed sensor exhibited
the same linear ranges. Moreover, the LOD in this work was
significantly lower with a higher sensitivity. Besides, the
other existing types of electrochemical miRNA sensors were
also compared with the newly proposed sensor. As shown
in Table 1, obvious advantages of superior detection limit
and wider linear range were obtained for the miRNA-21
detection using this newly developed biosensor which was
likely attributed to the excellent conductivity and extensively
exposed active sites of Ti;C,@Bi,05 as well as the stable
and high amplification ability of HCR.

Selectivity, reproducibility, and stability

The analytical performance of the new biosensor was fur-
ther evaluated with selectivity, stability and reproducibility
as well. To assess the selectivity of the sensor, we selected
three small nucleic acid molecules with different sequences
from miRNA-21 as interferents. As can be seen in Fig. 4,
the proposed sensor highly responded to the target miRNA-
21 without interferents; however, no obvious response was
observed with this sensor towards each of the interferents in
the absence of the target miRNA-21. In the contrast, com-
pared to the current response to single miRNA-21, the pres-
ence of each interferent, especially the S-RNA and T-RNA
with 1 and 3 mismatched bases in sequences showing the
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Fig.4 (A) DPV responses of the newly developed electrochemical
biosensor incubated with different concentrations of target miRNA-21
(a—g: 0 tM, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, and 100 pM). Poten-
tial range: —0.5 V to+0.1 V; amplitude, 0.07 V; pulse width, 0.05 s;
pulse period, 0.2 s. (B) The calibration plot of /, vs. logc obtained
based on the DPV responses in the miRNA-21 concentration range

from 1 fM to 100 pM. (C) The RT-qPCR curves obtained at differ-
ent concentrations of miRNA-21. (D) The selectivity of the biosensor
towards miRNA-21 in the coexistence of other miRNAs, where the
error bars are standard deviations of three duplicate measurements.
(E) The reproducibility and (F) stability of the biosensor for detection
of miRNA-21 in pH 7.4 PBS. Error bar=RSD (n=3)

Table 1 The analytical performances between the proposed biosensors and the previously reported ones for the detection of miRNAs

Sensors MiRNA Tech Preparation ~ Response Application Linear range DOL Refs
(time/h)* time/s (time/min)*
Au@MoS, miRNA-210 DPV 182 / / 0.1 pM-10 nM 0.03 pM [40]
HCR/EIM miRNA-21 ASV 65 / 55 2.5 fM-25 nM 0.12fM [41]
Au/PPy-rGO, miRNA-16 DPV 30 / 155 10 fM-5 nM 1.57 tM [42]
EATR/FC60 miRNA-141 DPV 46 / / 0.1 pM-100 nM 7.78 tM [43]
Tetrahedral miRNA-21 DPV 25 / 70 0.1fM to 0.1 pM 0.04 fM [44]
DNA/G-Quadru-
plex —Hemin
Fe;0,/Ce0,@Au miRNA-21 DPV 64 / / 1 fM-1 nM 0.33 ftM [24]
Cu-NMOF@Pt/HRP ~ miRNA-155 Swv 25 / / 0.5 fM-0.1 nM 0.13 pM [45]
Ti;C,@Bi,0;/HCR miRNA-21 DPV 61 90 30 1 fM-100 pM 0.16 ftM This work

EIM, enzyme-induced metallization; PPy-rGO, polypyrrole-reduced graphene oxide; FeCN, iron-embedded nitrogen-rich carbon nanotubes;
EATR, enzyme-assisted target recycling; FC60, fullerene NPs; Cu-NMOF@PtNPs/HRP, copper-based metal organic framework assembled by Pt

NPs and horseradish peroxidase

“The time shown in the table were roughly assessed

@ Springer



52 Page 100f 12

Microchim Acta (2023) 190:52

high homology between members of the same miRNA fam-
ily, did not clearly affect the current value of this sensor
towards miRNA-21 indicating that the proposed sensing
strategy is highly selective to miRNA-21. The sensor’s good
reproducibility was evidenced by detecting 1 pM miRNA-21
using six electrodes prepared separately (Fig. 4E), where a
relative standard deviation (RSD) of 4.6% was achieved. The
long-term storage stability was studied based on the daily
measurements of the sensor stored at 4 °C within 8 days.
The signal intensity still remained 85.3% of its initial current
after 8 days (Fig. 4F), indicating the sensor’s satisfactory
stability.

Serum sample analysis

To assess the application potential of the newly developed
biosensing platform, human serum samples were analyzed
after being diluted tenfold with 0.01 M pH 7.4 PBS. More-
over, the standard addition of miRNA-21 was applied to
detect the human serum samples, forming different miRNA-
21concentrations of 10 fM, 10 pM, and 100 pM. Specifi-
cally, 6 pL of diluted serum containing various concentra-
tions of miRNA-21 were incubated with the sensor, and
the DPV responses at —(0.23 V were recorded. As shown in
Table 2, the recoveries of these measurements ranged from
98.3% to 101.9% with RSD less than 5%, suggesting the high
practicability in analyzing the real samples.

Conclusion

In this work, a novel electrochemical biosensor was designed
for the sensitive detection of miRNA-21 based on a dual
signal amplification strategy from both Bi,0;@Ti;C, hetero-
structure and HCR. Although the HCR amplification strat-
egy used to detect miRNA-21 is a relatively well-established
method, it remains dynamic when used in conjunction with
the exclusive structures such as Bi,0;@Ti;C,. The highly

Table 2 Determination of miRNA-21 added in normal human serum
with the proposed biosensor (n=3)

Sample Added Found Recovery (%) RSD (%)
1 0 / / /
2 100 pM 101.06 pM 98.7 1.79
98.43 pM
96.77 pM
3 1 pM 0.98 pM 98.3 4.57
0.93 pM
1.04 pM
4 10 fM 9.82 fM 101.9 2.58
10.34 ftM
10.41 fM

@ Springer

folded structure and superior active area of Bi,0;@Ti;C,
confer the ability to improve the molecular hybridization
efficiency through collisions. The introduction of Au NPs
further speeded up the electron transfer and biocompat-
ibility of the Bi,0;@Ti;C, nanocomposites. Most impor-
tantly, the detection of miRNA-21 in normal human serum
verified the preferable practicability of the new sensor. The
results achieved demonstrated that the proposed sensing
platform shows great potential in early cancer diagnosis.
In the coming work, synchronous multi-channel sensing of
various miRNAs will be carried out based on such strategy
to resolve the bottle-neck problem in synchronously sens-
ing different miRNAs which are predicted to be comparable
to other strategies for the detection of multiple targets in a
single run of one serum sample.
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tary material available at https://doi.org/10.1007/s00604-022-05624-8.
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