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mical detection of MiRNA-21
facilitated by the excellent catalytic ability of
Pt@CeO2 nanospheres†

Peiwu Chen,‡a Lan Jiang,‡a Xianjin Xie,‡a Dong Sun, ‡b Jinyao Liu,a Yuefeng Zhao,a

Yuhao Li,a Abel Ibrahim Balb́ın Tamayo,*c Baolin Liu,*d Yuqing Miao*a

and Ruizhuo Ouyang ‡*a

Pt@CeO2 nanospheres (NSs) were first synthesized by simply mixing Ce(NO3)3 and K2PtCl4 under the

protection of pure argon at 70 �C for 1 h, which exhibited excellent catalytic ability toward hydrogen

peroxide (H2O2). An electrochemical biosensor was successfully developed using Pt@CeO2 NSs as

a capture probe for the ultra-sensitive and fast detection of miRNA-21, a new type of biomarker for

disease diagnostics, especially for cancer. During the step-by-step construction process of the RNA

sensor, Pt@CeO2 NSs were functionalized with streptavidin (SA) to obtain SA-Pt@CeO2 NSs through

amide bonds. Gold nanoparticles (Au NPs) were electrodeposited on the surface of the glassy carbon

electrode to improve the transmission capacity of electrons and provided Au atoms for fixing the

thiolated capture probe (SH-CP) with a hairpin structure on the electrode via forming Au–S bonds. The

target miRNA-21 specifically hybridized with SH-CP and opened the hairpin structure to form a rigid

duplex so as to activate the biotin at the end of the capture probe. SA-Pt@CeO2 NSs were thus specially

attached to the electrode surface through the biotin-streptavidin affinity interaction, finally leading to the

significant signal amplification. The ultra-sensitive and rapid detection of miRNA-21 was finally realized

as expected benefiting from the excellent catalytic ability of Pt@CeO2 NSs toward H2O2 in a wide linear

concentration range from 10 fM to 1 nM with the detection limit as low as 1.41 fM. The results achieved

with this new RNA sensor were quite satisfactory during the blood sample analysis.
1. Introduction

MicroRNAs (miRNAs), a type of endogenous non-coding short
RNA molecules containing approximately 19–23 nucleotides,
hinder protein translation or degrade messenger RNA to post-
transcriptionally regulate gene expression in a variety of
animals, plants, and viruses.1,2 The abnormal expression of
miRNAs has been proved to be particularly related to a variety of
cancers, genetic diseases and immune inefficiencies.3 There-
fore, miRNAs have gradually become a new type of clinical
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diagnosis and prognostic biomarker, and potential therapeutic
target for new drug discovery.4 However, due to the unique
characteristics of miRNAs including small size, low abundance,
and similar sequences in homogenous families, the detection of
miRNAs is still quite challenging.5 Conventional miRNA anal-
ysis methods like Northern blotting, microarray and RT-qPCR
usually suffer from different inherent shortcomings, such as
low sensitivity, false positive signals and expensive equip-
ment.6–9 As a result, there is an urgent need for a variety of rapid,
sensitive and reliable miRNA detection strategies to analyze
miRNAs in vitro or in vivo.10,11

The inherent advantages of electrochemical methods like
high sensitivity, simplicity, cost-effectiveness and good
compatibility with micro-fabrication techniques have attracted
widespread attention in nucleic acid analysis.12,13 In order to
amplify the hybridization signal, various electrocatalytic
enzyme labels and electroactive nanoparticles (NPs) have been
utilized to develop electrochemical nucleic acid biosensors.14

Among these methods, the nanomaterial-based electrochemical
signal amplication platform displays a broad application
prospect owing to the large surface area, excellent electrical
conductivity, good biocompatibility, high stability and
advanced catalytic performance.15 For example, by using metal
RSC Adv., 2022, 12, 11867–11876 | 11867
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ion-functionalized titanium phosphate NPs as a kind of tracer,
a highly sensitive miRNA electrochemical biosensor was devel-
oped.16 The noble metal Pt NPs are the most effective mimic
enzyme candidates for a variety of reactions17 and have been
widely used to catalyze CO oxidation, oxygen reduction reac-
tions (ORR) and hydrogen evolution reactions (HER) without
causing damage to normal tissues during the development of
nanomedicines.18–20 Moreover, compared with other electro-
active metal NPs like Cu, Fe and Ni,21 Pt NPs oen display
signicantly higher catalytic activity and more excellent elec-
trical conductivity.

On the other hand, metal oxides have received a wide use in
biosensors because of their low cost, good stability and partic-
ularly the distinctive electrocatalytic capabilities, which makes
metal oxides excellent to produce redox electron pairs for
creating electrochemical sensing platforms.22 For instance,
cerium dioxide (CeO2) plays a vital role in fabricating biosensors
due to its excellent catalytic performance, high surface oxygen
mobility, good anti-inammatory effect, favorable biocompati-
bility as well as high adsorption capacity. More importantly, the
biological characteristics and unique catalytic performance of
CeO2 NPs result from their variable oxidation state and revers-
ible conversion between Ce4+ and Ce3+.23,24 However, the redox
signal of CeO2 NPs detected in the neutral and mild buffer
solution is too weak to serve as a biosensing probe. The inte-
gration of Pt catalyst with CeO2 NPs is regarded as a promising
strategy and can reduce the formation energy of oxygen vacan-
cies, thereby generating additional oxygen vacancies.25–27
Scheme 1 The schematic diagram of (A) the preparation of Pt@CeO2

electrochemical miRNA sensor.

11868 | RSC Adv., 2022, 12, 11867–11876
Therefore, Pt@CeO2 NSs are proposed to exhibit enhanced
catalytic performance and catalytic efficiency toward H2O2

reduction.
Herein, a new electrochemical biosensor was developed for

the highly sensitive detection of miRNA-21 beneting from the
powerful electrocatalysis of Pt@CeO2 NSs toward H2O2 reduc-
tion28. Pt@CeO2 NS were prepared as capture probes through
mixing Ce(NO3)3 with K2PtCl4 protected by pure Ar gas at 70 �C
for 1 h, followed by immobilizing streptavidin (SA) through
amide bond to obtain SA-Pt@CeO2 NSs. The step-by-step
construction process of the proposed RNA sensor was illus-
trated in Scheme 1. Briey, the biotinylated probe SH-CP with
a hairpin structure was rst attached to the surface of glassy
carbon electrode (GCE) covered by Au NPs through Au–S bonds.
Biotin readily binds to biological macromolecules such as
proteins and nucleic acids as marker, forming biotin derivatives
that maintain the original biological activity of the macromol-
ecules and bind the corresponding affinity molecules with four
biotin binding sites.29 The subsequent addition of miRNA-21
would specically hybridize the capture probe marked with
biotin to open the hairpin structure and thus guarantee the
specicity of the sensor. Finally, the SA-Pt@CeO2 NSs bound to
SH-CP through biotin-avidin affinity interaction. As predicted,
Pt@CeO2 NSs displayed extraordinary catalytic activity due their
synergistic effect30 and generated signicantly amplied elec-
trochemical response to H2O2, which dramatically improved the
sensitivity of the designed biosensor. The cumbersome modi-
cation process of the electrode could be simplied to a large
NSs and (B) the detection principle of the proposed Pt@CeO2-based

© 2022 The Author(s). Published by the Royal Society of Chemistry
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extent and endow the biosensor with super high sensitivity
owing to the excellent catalytic activity of Pt@CeO2 NSs.31

Moreover, the hairpin capture probe gave the biosensor good
ability to recognize base mismatches, increased the specicity
of the biosensor, and thus provided a promising detection
platform for clinical applications.32
2. Experimental sections
2.1 Reagents and materials

Potassium tetrachloroplatinate (K2PtCl4) powder was purchased
from Haoxi Nanotechnology Co., Ltd. (Shanghai, China). 6-Mer-
captohexanol (MCH), tris(carboxyethyl)phosphine (TCEP),
potassium chloride (KCl), hydrogen tetrachloroaurate trihydrate
(HAuCl4$3H2O), diethyl pyrocarbonate (DEPC) water, potassium
hexacyanoferrate-III (K3[Fe(CN)6]), potassium hexacyanoferrate-
II (K4[Fe(CN)6]), hydrogen peroxide (H2O2), sodium sulfate
(Na2SO4), ammonia solution (NH4OH), cerium(III) nitrate hexa-
hydrate (Ce(NO3)3$6H2O), phosphate buffer solution (PBS),
streptavidin (SA), N-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC) and mercapto acetic acid (TGA) were all purchased
from Shanghai Titan Technology Co., Ltd. All chemical reagents
were of analytical grade and used as received without any further
purication. All the oligonucleotides were synthesized in Nanj-
ing Kingsray Biotechnology Co., Ltd. (Nanjing, China) and puri-
ed with high-performance liquid chromatography (HPLC).
Table 1 shows the detailed nucleotide sequences.
2.2 Apparatus

All electrochemical measurements were carried out on the
electrochemical workstation (PGSTAT302N, Metrohm China
Co., Ltd.). The conventional three-electrode system was applied
using a GCE, Ag/AgCl electrode and the platinum wire as the
working electrode, the reference electrode and the counter
electrode, respectively. The chemical elements and morphol-
ogies of the composite materials were measured by energy
dispersive spectroscopy (EDS), scanning electron microscope
(SEM) (JSM-6701F, JEOL Co., Ltd.) and transmission electron
microscopic (TEM) images were obtained on HT7800 from
Hitachi High-Technologies Corporation (Japan). The crystal
structures of the materials were analyzed by X-ray diffraction
(XRD, Smartlab-3, Rigaku, USA). X-ray photoelectron spectros-
copies (XPS) were obtained from a Kratos XSAM 800 X-ray
photoelectron spectrometer (Thermo Scientic, USA). Oxygen
Table 1 The detailed oligonucleotide sequences used in this work

Oligonucleotides Sequence (from 50 to 30)

miRNA-21 UAG CUU AUC AGA CUG AUG UUG A
SH-CP SH-AAAAAAAAAATCAACATCAGTCTGATAAGCTAGC

TAGG-biotin
S-RNA UAG CUU AUC GGA CUG AUG UUG A
T-RNA UUG CUU AUC GGA CUG AUC UUG A
N-RNA GUA AGG CAU CUG ACC GAA GGC A
miRNA-155 UUAAUGCUAAUCGUGAUAGGGGU

© 2022 The Author(s). Published by the Royal Society of Chemistry
vacancy was quantied by Electron paramagnetic resonance
(EPR) spectrometer (Bruker EMXplus, Germany).

2.3 Preparation of Pt@CeO2 nanospheres (NSs)

The whole synthesis process was carried out under the protec-
tion of pure Ar gas. 1 mL 0.1 M Ce(NO3)3 was rst added to
10 mL H2O which was bubbled with Ar gas for 10 min. Then,
1 mL 0.2 M NaOH and 1 mL 0.01 M K2PtCl4 were quickly added
to the bubbled mixture to form Pt@CeO2 NSs aer being heated
at 70 �C for 1 h. The prepared Pt@CeO2 NSs were puried by
removing the residual K2PtCl4 remaining in the supernatant
through centrifugation at room temperature and dried over-
night at 80 �C.33

2.4 Functionalization of Pt@CeO2 NSs

Firstly, 1 mg mL�1 Pt@CeO2 NSs and 1 mM TGA were mixed in
water to introduce the carboxyl group to the surface of Pt@CeO2

NSs under sonication, which were mixed with SA in PBS con-
taining 10 mM EDC. TGA with two terminal functional groups
of thiol and carboxylic acid could bind with the surface of
Pt@CeO2 NSs, to further improve its dispersibility and
biocompatibility and facilitate the formation of the carboxyl-
ated Pt@CeO2 NSs.34–36 Then, EDC acted as an activating reagent
to promote the formation of amine bond between SA and the
carboxylated Pt@CeO2 NSs, thereby forming SA-Pt@CeO2 NSs.
The SA-Pt@CeO2 NSs were nally obtained by sonicating the
mixture for 30 min and repeated centrifugation.37

2.5 Construction of the Pt@CeO2-based electrochemical
biosensor

Aer being polished with a 0.3 mmalumina slurry to a mirror-like
surface, the GCE was sequentially washed with water, ethanol
and water, and dried at room temperature. A layer of bright Au
NPs was then formed on GCE surface (Au/GCE) in 1 mM HAuCl4
solution containing Na2SO4 by electrodepositing for 300 s. 6 mL
hairpin capture probe containing solution (50 nM) mixed with 2
mM TCEP was subsequently dripped on the surface of Au/GCE,
where TCEP could activate the thiol group of the DNA probe
through destroying its the disulde bond, and facilitate the
immobilization of hairpin capture probe via Au–S bond. Aer 3 h,
the electrode was thoroughly washed with DEPC water to remove
the non-specically bound oligonucleotides, and immersed in
1mMMCH for 1 h to block non-specic adsorption sites exposed
on the surface. Aerwards, 5 mL of miRNA-21 at different
concentrations was pipetted onto the resultant electrode to
hybridize with SH-CP marked with biotin at room temperature
for 2 h. Here, biotin-labeled SH-CP listed in Table 1 was synthe-
sized and puried by specialized companies. The obtained elec-
trode was rinsed again with DEPC water and incubated with
a solution containing SA/Pt@CeO2 for 1 h at room temperature.
In the pH 7.4 PBS containing 1 mM H2O2, differential pulse
voltammetry (DPV) measurements were carried out with the
corresponding parameters set as follows: from �0.5 to 0.1 V for
the scanning potential range, 0.07 V for the pulse amplitude,
0.05 s for the pulse width and 0.0167 s for the sample width. All
experiments were carried out at room temperature.
RSC Adv., 2022, 12, 11867–11876 | 11869
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3. Results and discussion
3.1 Preparation of the proposed Pt@CeO2-based RNA
biosensor

As shown in Scheme 1, a layer of AuNPs was rst electrodeposited
on the surface of the bare GCE for the purpose to improve the
transmission capacity of electrons and provide Au elements for
forming Au–S bonds. Subsequently, the hairpin capture probe
(SH-CP) labeled with biotin were immobilized on the surface of
Au/GCE via the Au–S bonds. The unreacted Au sites on the elec-
trode surface were sealed with MCH to avoid the non-specic
adsorption. The hairpin structure capture was in a closed state
without the target miRNA-21 which blocked the electrochemical
tracer from interacting with the biotinylated end because of the
large steric effect, as a result of SA-Pt@CeO2 not being immobi-
lized on the electrode surface to catalyze H2O2.38 However, with
the target present, the hairpin structure of the capture probe
would be hydrolyzed and opened, forming a rigid duplex to
activate the biotin at the end of the probe. Pt@CeO2 NSs was thus
attached to the electrode surface through the affinity interaction
between biotin and avidin. Under the strong catalytic ability of
Pt@CeO2 NSs to reduce H2O2 to H2O, obvious redox electro-
chemical signal could be produced as predicted and the signal
intensity increased with more miRNA-21 present. A preferred
linear relationship was nally achieved within a certain concen-
tration range to realize the qualitative and quantitative analysis of
miRNA-21. The designed electrochemical miRNA sensor dis-
played preferred detection behaviour toward the target miRNA-21
due to the excellent catalytic performance of Pt@CeO2 as the
electrochemical signal probe.

3.2 Characterizations of Pt@CeO2 NSs

A nanosphere shape of the prepared Pt@CeO2 NPs with
uniform size and rough surface was clearly observed in the SEM
image (Fig. 1a), which was conrmed by TEM images as well
(Fig. 1b). The size of the Pt@CeO2 NSs was about 67 nm. The
Fig. 1 Morphology of Pt@CeO2 NSs. (a) SEM and (b) TEM images of Pt
Pt@CeO2 NSs and the corresponding element mappings of O, Ce and P

11870 | RSC Adv., 2022, 12, 11867–11876
EDS map scanning of the Pt@CeO2 NSs shown in Fig. 1c–e
revealed the uniform distribution of the three elements of O, Ce
and Pt and the successful encapsulation of a large number of Pt
NPs inside each nanosphere. Moreover, the presence of
elemental peaks of O, Ce and Pt indicated the formation of
Pt@CeO2 NSs (Fig. 2a).

The formation of Pt@CeO2 NSs was also veried by both XRD
and XPS. The XRD results in Fig. 2b shows that the crystal
planes (111), (220) and (222) of the Pt@CeO2 NSs appearing at
2q of 28.55�, 47.48� and 59.09�, respectively, matched well the
peaks in the standard diffraction card for CeO2 (JCPDS card no.
34-0394),39 and the (111) crystal planes at 38.76� perfectly
matched the standard card for Pt (JCPDS card no. 04-0802).40

The above results veried the high purity and crystallinity of the
synthesized Pt@CeO2 NSs. The presence of O 1s, Ce 3d and Pt 4f
in the XPS full spectrum further conrmed the elemental
chemical states and electronic structure of Pt@CeO2 NSs
(Fig. 2c). In the tted XPS spectrum (Fig. 2d), the four sets of
peaks at 528.57, 529.86, 530.94 and 532.32 eV could be assigned
to CeIV–O, CeIII–O, Pt–O and H–O bonds. In Fig. 2e, the tted
XPS spectrum of Ce 3d, the two peaks at 897.3 and 915.63 eV
corresponded to CeIV 3d5/2 and CeIV 3d3/2, respectively, which
were ascribed to CeO2.41 Meanwhile, the other two peaks at
881.47 and 900 eV could be assigned CeIII 3d5/2 and CeIII 3d3/2,
respectively. The two peaks at 74.55 and 77.89 eV could be
assigned to Pt 4f7/2 and Pt 4f5/2, respectively (Fig. 2f), which were
generally attributed to PtIV. Moreover, the sub-bands at about
75.79 and 72.45 eV belonged to PtII 4f7/2 and PtII 4f5/2, respec-
tively.42 These results proved the highly crystal structure of
Pt@CeO2 NSs with uniform morphology.

3.3 Electrochemical behavior of the prepared biosensing
platform

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) techniques could be used to qualitatively prove
the successful construction of biosensors.43–45 In the solution of
@CeO2 NSs at the magnitude of 200 nm; (c–f) EDS map scanning of
t at the magnitude of 250 nm under an acceleration voltage of 15 kV.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterizations of Pt@CeO2 NSs. (a) EDS spectrum; (b) XRD patterns of Pt@CeO2 NSs, Pt (JCPDS card no. 04-0802) and CeO2 (JCPDS
card no. 34-0394) at 2qwith from 5� to 80� and the scanning speedwith 2� min�1; (c) survey XPS spectrumof Pt@CeO2 NSs in the binding energy
region from 0 to 1200 eV; fitted XPS spectra of (d) O 1s, (e) Ce 3d, and (f) Pt 4f.
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5.0 mM [Fe(CN)6]
3�/4� containing 0.1 M KCl, CV was selected to

investigate the surface properties of electrodes in different
modication processes at a scan rate of 0.1 V s�1 from 0.7 V to
�0.2 V. Fig. 3a shows that a good reversible redox peak was
clearly observed with the bare GCE (curve A). Aer Au NPs were
electrodeposited on the electrode surface (curve B), the redox
peak current increased signicantly, indicating the good elec-
trical conductivity and a larger specic surface area of Au/GCE.
Aer the hairpin capture probe was subsequently xed on the
surface of Au/GCE, the peak current was found to greatly
decrease (curve C) because of the mutual repulsion between the
negatively charged phosphate group on the capture probe and
[Fe(CN)6]

3�/4� which prevented [Fe(CN)6]
3�/4� from reaching

the electrode surface. As a consequence, the peak current was
reduced. Similarly, the sequential modication of MCH and
miRNA-21 on the electrode surface further increased the steric
hindrance of the electrode surface and accordingly hindered
[Fe(CN)6]

3�/4� from reaching the electrode surface. The peak
current was, therefore, continuously reduced (curves D and E).

EIS is also an effective tool to characterize the electro-
chemical properties of the modied electrodes.44 EIS measure-
ments were obtained with different modied electrodes in
5.0 mM [Fe(CN)6]

3�/4� solution containing 0.1 M KCl (Fig. 3b).
The tted EIS equivalent circuit diagram was inset in the upper
right corner of Fig. 3b, where Rs is mainly the resistance of the
electrolyte solution, Rp the interface reaction resistance, W the
Warburg impedance related to ion diffusion in the main elec-
trode, and CPE the interface capacitance. The values of Rp

varied signicantly for the differently modied electrodes.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Clearly, the bare GCE showed a lower value of Rp reecting on
a small semicircle (curve A). However, the layer of Au NPs on
GCE decreased the semicircle diameter (curve B), indicating
that the electron transfer over the electrode surface was
promoted to a certain extent due to the good conductivity of Au
NPs. While the diameter of the semicircle greatly increased aer
the SH-CP was xed on the Au/GCE surface (curve C). The
reason might be that the SH-CP hindered the electron exchange
of the redox probe [Fe(CN)6]

3�/4� on the electrode surface,
leading to the increase of Rp value. Similarly, the presence of
MCH and miRNA-21 on the electrode surface in sequence
further enlarged the semicircle diameter of EIS (curves D and E).
These results were indicative of the effective construction of the
proposed sensor, which was in good consistence with the CV
analysis.
3.4 The catalytic behavior of Pt@CeO2 NSs

Signal amplication has been regarded as a very important
strategy to improve the sensitivity of the electrochemical
biosensors. In ordeiesy of both Pt and CeO2 were examined as
well in 0.01 M pH 7.4 PBS containing 1 mM H2O2 for compar-
ison. Fig. 3c shows that Pt exhibited lowest DPV peak current
among the three signal probes, slightly lower than that of the
signal probe CeO2, while the highest peak current was gener-
ated using the Pt@CeO2 NSs as signal probe. The greatly
enhanced catalytic ability of Pt@CeO2 NSs toward H2O2 reduc-
tion was thus veried by the much higher current response than
that of Pt and CeO2. Moreover, a sharp and strong paramagnetic
signal was obviously seen at g¼ 2.003 from the EPR spectrum of
RSC Adv., 2022, 12, 11867–11876 | 11871
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Fig. 3 (a) CV scanned from �0.2 V to 0.7 V with a scan rate of 0.1 V s�1 and (b) EIS (inset: the equivalent electrical circuit) recorded from 0.1 to
105 Hz in 5.0 mM [Fe(CN)6]

3�/4� solution containing 0.1 M KCl obtained with (A) bare GCE, (B) Au/GCE, (C) SH-CP/Au/GCE, (D) MCH/SH-CP/Au/
GCE, (E) miRNA-21/MCH/SH-CP/Au/GCE; (c) the comparison of the catalytic ability of Pt, CeO2 and Pt@CeO2NSs in 0.01 M PBS containing 1mM
H2O2 (pH 7.4); (d) EPR measurement of Pt@CeO2 NSs.
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Pt@CeO2 NS in Fig. 3d, indicative of the appearance of oxygen
vacancies as a result of doping Pt inside the lattice of CeO2.46

Therefore, the increasing oxygen vacancies might majorly
contribute to the excellent catalytic ability of Pt@CeO2 NSs.
3.5 Optimization of experimental conditions

Some experimental parameters used to construct a sensor will
signicantly affect the detection performance of the designed
biosensor, which here included the concentration of the
capture probe SH-CP, the incubation time of miRNA-21, the pH
of PBS and the concentration of Pt@CeO2 NSs. For the purpose
to achieve the best detection performance, the above inu-
encing factors need to be well optimized.

The concentrations of SH-CP inuenced the DPV signal of
the proposed sensor. As shown in Fig. 4a, the current response
increased with more capture probe used in the concentration
range from 0.1 to 1.0 mM, and reached the highest value at 1.0
mM. The higher the concentration of SH-CP was, the more the
target chains could be captured until the concentration
increased to 1.0 mM. Aerwards, the current decreased slightly
owing to the steric hindrance on the electrode surface produced
by the lower efficiency of DNA hybridization. Therefore, 1.0 mM
SH-CP was selected for the subsequent experiments. The
amount of the signal probe immobilized majorly depended on
the reaction time between the target miRNA-21 and the capture
probe. As seen in Fig. 4b, longer incubation time of miRNA-21
led to higher current signal. When the reaction lasted
11872 | RSC Adv., 2022, 12, 11867–11876
120 min, the current tended to be saturated without changing
signicantly aerwards. Therefore, miRNA-21 was incubated
with the capture probe for 120 min during the fabrication of the
sensor. At the same time, the increasing pH value was found to
be able to strengthen the current signal which reached the top
at pH 7.4 and sharply decreased at higher pH values (Fig. 4c). All
subsequent experiments would be carried out in pH 7.4 PBS.
Furthermore, the current response gradually rose up with more
Pt@CeO2 NSs applied and kept constant aer 2.0 mM (Fig. 4d)
which was used as the optimal concentration to construct the
miRNA-21 biosensor.
3.6 Detection of miRNA-21

The DPV measurements of miRNA-21 at various concentrations
were carried out under the optimal experimental conditions in
the presence of 1 mM H2O2. As expected, the response current
was found to proportionally go higher with the increasing
miRNA-21 concentration from 10 fM to 1 nM (Fig. 5a), where
a preferable linear relationship was achieved between response
current I and the logarithm of miRNA-21 concentration (lg c)
with a linear equation tted as I ¼ 8.765 lg c + 152.314 (R2 ¼
0.997) shown in Fig. 5b. The limit of detection (LOD) was
calculated to be 1.41 fM for miRNA-21 analysis at a signal-to-
noise ratio of 3 (S/N) (see the calculation details in the ESI†).
Most importantly, the detection limit was much lower than that
of some previously reported biosensors listed in Table 2. A wider
detection range and ultra-low detection limit were thus
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effects of the experimental conditions on DPV response of the proposed sensor to miRNA-21 in 0.01 M PBS containing 1 mM H2O2 (pH
7.4): (a) SH-CP concentration, (b) incubation time of miRNA-21, (c) pH of PBS and (d) concentration of Pt@CeO2 NSs. Error bar ¼ RSD (n ¼ 3).
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provided with the constructed biosensor for miRNA-21 detec-
tion, further conrming the advanced catalytic ability of the
Pt@CeO2 NSs toward H2O2 reduction and the ultra-high sensi-
tivity of the proposed Pt@CeO2-biosensor.

3.7 Selectivity, reproducibility and stability

Selectivity, reproducibility and stability are usually selected to
evaluate the practicability of a sensor. Here, four small nucleic
acid molecules with different sequences from miRNA-21 (S-
RNA, T-RNA, N-RNA and miRNA-155) were chosen to assess
Fig. 5 (a) DPV responses of the Pt@CeO2-based electrochemical biosen
10 pM, 100 pM, 1 nM) in 0.01 M PBS containing 1 mM H2O2 (pH 7.4); (b)

© 2022 The Author(s). Published by the Royal Society of Chemistry
the specicity of the proposed sensor through detecting the
individual responses with and without miRNA-21 under the
same condition (Fig. 6a). The proposed sensor was found
respond to each interferent much less in the absence of the
target miRNA-21, however, the current values produced were
almost the same when each of S-RNA, T-RNA, N-RNA and
miRNA-155 coexisted with miRNA-21 and in good agreement
with that for the detection of miRNA-21 only, suggesting that
the proposed sensing strategy was highly selective for the
detection of miRNA-21.
sor to different concentrations of miRNA-21 (0 fM, 10 fM, 100 fM, 1 pM,
the fitted linear curve of I versus lg c. Error bar ¼ RSD (n ¼ 3).
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Table 2 Comparison of the analysis performances between this biosensor and other miRNA sensorsa

Sensor MiRNA Technique Linear range LOD Refs

S-MWCNTs miRNA-21 DPV 0.1 pM to 12 nM 0.032 pM 14
T7 exonuclease miRNA-21 DPV 0.01 pM to 100 pM 3.5 fM 47
GO/G miRNA-21 Chemiresistive 10 pM to 100 nM 14.6 pM 48
CHA miRNA-141 DPV 10 fM to 10 nM 4.5 fM 49
Cu-MOF miRNA-3123 SWV 2 pM to 2 mM 0.3 pM 50
CHA miRNA-21 DPV 10 fM to 1 nM 3.608 fM 51
Pt@CeO2 miRNA-21 DPV 10 fM to 1nM 1.41 fM This work

a MWCNTs refer to muti-wall carbon nanotubes; GO refers to graphene oxides; CHA refers to catalyzed hairpin assembly; MOF refers to metal–
organic framework.

Fig. 6 (a) The current responses of the proposed RNA sensor tomiRNA-21 with andwithout various interfering proteins (1 pMmiRNA-21, 1 pM S-
RNA, 1 pM T-RNA, 1 pMN-RNA,1 pMmiRNA-155, 1 pMmiRNA-21 + 1 pM S-RNA, 1 pMmiRNA-21 + 1 pM T-RNA, 1 pMmiRNA-21 + 1 pMN-RNA, 1
pMmiRNA-21 + 1 pMmiRNA-155); (b) reproducibility and (c) stability of the proposed biosensor for the detection of 1 pMmiRNA-21 in pH 7.4 PBS
containing 1 mM H2O2. Error bar ¼ RSD (n ¼ 3).

Table 3 Analysis of human serum samples with the proposedmiRNA-
21 biosensor

Sample Amount added Amount detected
Recovery
(%) RSD (%)

1 100 pM 101.06 pM 98.2 1.79
98.43 pM
96.77 pM

2 1 pM 0.98 pM 99.6 4.56
0.94 pM
1.03 pM

3 10 fM 9.72 fM 102.6 2.68
10.44 fM
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Both reproducibility and stability of the sensor are very
important for the actual sample analysis. The results shown in
Fig. 6b and c exhibited the excellent reproducibility and stability
of this new sensor. No obvious current differences were
observed among the ve electrodes prepared individually and
the response signal only decreased by 6.7% of the initial signal
aer the 8 days continuous measurement, which means that
the excellent catalytic activity of noble metals was well preserved
during the measurements. These results might lay a solid
foundation for the practical application of the newly developed
Pt@CeO2-based electrochemical sensor to detect miRNA-21 in
real samples.
10.41 fM
3.8 Analysis of miRNA-21 in human serum

In order to investigate the practical application of the Pt@CeO2-
based miRNA-21 biosensor, the actual human blood samples
collected from Changhai Hospital, Naval Medical University
(Shanghai, China) were detected by the standard addition
method. Three different concentrations of the target miRNA-21
were successively added to the 10 times diluted human serum.
Table 3 shows that the recoveries of miRNA-21 in the blood
samples with three different concentrations were between
98.2% and 102.6% with the RSD less than 4.56%, revealing the
high accuracy, strong reliability and great potential of the
sensor for analyzing the miRNA-21 level in real serum samples.
11874 | RSC Adv., 2022, 12, 11867–11876
4. Conclusion

Taking full advantage of the excellent catalytic ability of
Pt@CeO2 NSs toward H2O2, this work successfully developed
a simple, ultra-sensitive and highly selective electrochemical
biosensor to detect miRNA-21 in real blood samples. In the
presence of the target miRNA-21, the capture probe with
a hairpin structure was hybridized and opened to activate the
biotin at the end of the probe, guaranteeing the specicity of the
RNA sensor. Through the biotin-avidin affinity interaction, the
hybridization event of the biomolecules immobilized on the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrode surface was successfully converted into the signi-
cantly amplied DPV signal in the PBS containing H2O2

resulting from the remarkable catalytic activity of Pt@CeO2 NSs
toward H2O2 reduction, realizing the ultra-sensitive detection of
miRNA-21. Compared with other existing biosensors, this newly
developed biosensor displayed better specicity, higher repro-
ducibility, stronger stability and lower detection limit,
providing a promising and potential detection platform for the
real-time testing in clinical applications.
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