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HIGHLIGHTS

e The sensitive electrochemical
biosensor is constructed for the
detection of miR-21 based on CHA
and Pd@UiO-66.

e This biosensor shows low LOD and
wide dynamic correlation of miR-21,
providing a powerful platform for
detecting miR-21.

e This method is enzyme-free, PCR-
free, and convenient without the
requirement of any additional sepa-
ration steps.
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ABSTRACT

MicroRNA-21 (miR-21) has been widely investigated as important biomarkers for cancer diagnosis and
treatment. Herein, a highly sensitive nonenzymatic electrochemical biosensor based on Pd@metal-
organic frameworks (Pd@UiO-66) and target-catalytic hairpin assembly (CHA) with target recycling
approach has been proposed for the detection of miR-21. The proposed biosensor integrates the efficient
CHA strategy and excellent electrocatalytic performance of Pd@UiO-66 nanocomposites. The concen-
tration of miRNA-21 is related to the amount of the adsorbed electrocatalyst, leading to the different
electrochemical signals for readout towards paracetamol (AP). This biosensor shows a low limit of
detection of 0.713 fM with the dynamic range of 20 fM —600 pM under the optimal experimental
conditions, providing a powerful platform for detecting miR-21. Furthermore, the designed biochemical
self-assembly strategy of this electrochemical biosensor is promising candidate for potential applications
in the analysis of other important genetic biomarkers for early diagnosis of cancers.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

MicroRNA, a kind of small non-coding ribonucleic acids (RNA)
that regulate over 30% of human genome, are extensively involved
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in almost every cellular process including cell differentiation, ge-
netic expression, biological development and cancer disease diag-
nosis [1—4]. MicroRNA-21 (miR-21) is an oncogenic microRNA that
regulates the expression of various genomes. The over-expression
of miR-21 can lead to various diseases, such as tumorigenesis,
cardiovascular diseases, kidney diseases, and cancers, making miR-
21 a valuable biomarker in clinical diagnosis and prognostic of
cancers [5—9]. Therefore, sensitive and selective analytical method
for the rapid and accurate determination of miR-21 is of significant
importance in biomedical research.

Electrochemical methods have recently been extensively uti-
lized in the analysis of various biological molecules owing to their
advantages including high sensitivity, low cost, fast, and easy
operation, etc. [10—15]. Two approaches for fabrication of electro-
chemical miRNA biosensor have been reported. Label-free and
reagentless electrochemical miRNA biosensors are the most widely
used techniques because of the rapid, simple, high sensitivity, and
high sequence selectivity [16—19]. Recently, labeled and indirect
electrochemical miRNA biosensors have been applied within
studies for miRNA detection [20—22]. Various nanomaterials such
as noble metal nanoparticles, magnetic nanoparticles, and quan-
tum dots can be strong tools to improve performances of classical
detection methods [23—27]. The high-efficiency nucleic acid signal
amplification strategy has become one of the most attractive stra-
tegies to further improve the sensitivity of the electrochemical
analysis techniques. At present, various isothermal nucleic acid
amplification strategies for miRNA detection have been developed,
including loop-mediated isothermal amplification (LAMP), strand
displacement amplification (SDA), rolling circle amplification
(RCA), target-catalyzed hairpin assembly (CHA) and hybridization
chain reaction (HCR) [28—33].

In a typical CHA reaction, the nucleic acid hybridization is uti-
lized as energy to drive the DNA hairpin structure to assemble
continuously. Recently, an enzyme-free amplification approach
based on CHA has attracted wide attention and extensively utilized
in the miRNA analysis due to its high sensitivity, simplified condi-
tions of detection, and short analysis time [7,9,34]. Furthermore,
the recycling target can greatly improve the sensitivity of the
biosensor.

Metal-organic frameworks (MOFs) fabricated by combining
inorganic metal ions/clusters and organic linkers have demon-
strated extraordinary performances in many fields because of their
well-defined porosities, high thermal stability, large surface area,
and chemical tunability [35—37]. Their structural and functional
tunability makes them compelling candidates for many applica-
tions including heterogeneous catalysis, sensing, energy harvest-
ing, gas adsorption, and biomedicine [38—45]. Specifically, MOFs
have drawn increasing attention in electrochemical applications
owing to their different and controlled surface area, pore size, and
surface functionality. In addition, the specific functions of MOFs can
be endowed through the precise chemical modification that en-
ables them to promote developments in many areas. Noble-metal
nanoparticles have attracted wide attention in heterogeneous
catalysis because of their extraordinary properties [46—49]. In
general, MOFs can act as supporting materials for loading noble-
metal nanoparticles owing to their high volume fraction of active
metal sites, controllable topologies, and high porosities [50]. These
unique properties result in the improved dispersity of nano-
entities.

In this work, we have fabricated an enzyme-free and PCR-free
electrochemical biosensor based on CHA strategy and Pd/MOFs
(Pd@Ui0-66, UiO = Universitetet i Oslo) nanocomposite for miR-21
detection. An illustration of sensing principle for the electro-
chemical detection of miR-21 is shown in Scheme 1. The surface of
gold electrode (GE) surface was modified with hairpin capture
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probe (H1) via the conjugating —SH groups of H1 and GE. Mean-
while, the detection probe with tracing tags of H2/Pd@UiO-66 was
formed via the incubation between Pd@UiO-66 nanocomposite and
H2 through specific bonds between —COOH groups of H2 and —NH,
groups of Pd@UiO-66. According to hybridization principle of DNA,
the stem of H1 was opened and exposed its concealed sequence by
introducing the target miR-21. Subsequently, the target miR-21 was
released through the hybridized between H1-miR-21 complex and
H2. Meanwhile, a plenty of H2 was captured in the next cycle via
the released target miR-21. Electrochemistry, as a powerful tool, has
been designed to detect biomolecules. As miRNAs do not have
redox properties, the electrochemical detection of miRNAs can be
achieved via indirect method. Therefore, as an electroactive sub-
stance, paracetamol (AP) can be used for indirect detection of miR-
21. More concretely, the concentration of miRNA-21 is related to the
amount of the adsorbed electrocatalyst, leading to the different
electrochemical signals for readout towards AP. Importantly, the
proposed Pd@UiO-66 nanocomposite has prepared via a simple
and rapid one-step hydrothermal method, which not only shortens
the preparation time of biosensor but also enhances the electro-
chemical response. In addition, a GE has been employed in this
biosensor. Comparing with the typical glassy carbon electrode, the
GE could capture DNA via the conjugating —SH groups of H1 and GE
(Au—S bonds). Therefore, the proposed electrochemical biosensor
provided a novel avenue for the detection of other biomarkers. As a
result, based on the CHA between H2/Pd@UiO-66 and H1/GE, the
designed protocol can obtain a significantly amplified electro-
catalytic current towards AP and provides a sub-femtomolar level
for miR-21 assay.

2. Experimental
2.1. Chemicals and materials

All the HPLC purified DNAs and miRNAs were received from
Sangon, Inc. (Shanghai, China) and are listed in Table S1. Gelred and
loading buffer were purchased from Sangon, Inc. (Shanghai, China).
Acrylamide and diethyl pyrocarbonate (DEPC) were obtained from
Biosharp, Inc. (Hefei, China). Ammonium persulphate, N-(3-
dimethylaminopropyl)-N-ethylcarbodiimidehydrochloride  (EDC,
98%), tris-HCl, tris (2-carboxyethyl) phosphine, and N-hydrox-
ysuccinimide (NHS, 98%) were provided by Aladdin, Inc. (Shanghai,
China). N,N,N',N’-Tetramethylethylenediamine (TEMED) was pur-
chased from Sigma-Aldrich, Inc. (Beijing, China). N, N’-dime-
thylformamide (DMF), zirconium chloride (ZrCly, 98%, analytical
grade), PdCl,, 2-aminoterephthalic acid (NH,—H3BDC, analytical
grade), acetic acid (HAc), 6-Mercapto-1-hexanol (MCH), HCI,
orthoboric acid, trichloromethane (CHCl3), isopropanol, and AP
were purchased from MACKLIN Reagent Co. Ltd. Deionized water
and DEPC were used in this study.

2.2. Apparatus

Electrochemical impedance spectroscopy (EIS) was studied us-
ing an AUTOLAB Electrochemical Workstation (Metrohm In-
struments, Switzerland). Cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were investigated using a CHI760E elec-
trochemical workstation (Shanghai Chenhua Instrument). The
morphologies of the nanocomposites were analyzed by scanning
electron microscope (SEM, JSM-7500F, Japan) and transmission
electron microscope (TEM, JEM-2100F, Japan). X-Ray diffraction
(XRD) patterns of samples were carried out on an X-ray D/max-
2200vpc instrument (Rigaku Corporation, Japan). Energy disper-
sive X-ray (EDX) spectra were obtained by a JEM-2100 F TEM JEOL
(Japan) operating at 200 kV. N, adsorption-desorption isotherms
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Scheme 1. A principle of electroanalytical method for detecting miR-21 based on target-CHA and Pd@UiO-66.

were carried out by AutosorbiQASIQ (Quantachrome, USA). The
surface functional types of materials were investigated by Fourier
transform infrared (FT-IR) spectroscopy on a Nicolet Magna 560 FT-
IR spectrometer. Thermogravimetric analysis (TGA) was performed
on a PerkinElmer Diamond TG analyzer. Zeta potential was inves-
tigated by Zeta Potential Analytical Instruments (Brookhaven
Instruments, USA).

2.3. Extraction of total RNA in cells

The total RNA was extracted from breast cancer cell (MCF-7),
cervical cancer cell (HeLa), non-small cell lung cancer cell (A549),
mouse leukemia cells of monocyte-macrophage (RAW 264.7) and
human umbilical vein endothelial cells (HUVEC). In brief, 200 pL of
CHCl3 was added into a non-enzymatic centrifuge tube containing
about 1 x 10° cells. Then, the cells were centrifuged at 12,000 rpm
for 14 min at 4 °C. Next, the supernatant was washed with iso-
propanol and then centrifuged at 12,000 rpm for 10 min at 4 °C.
Then, the supernatant was washed with ethanol and centrifuged at
9500 rpm for 5 min at 4 °C. At last, the total RNA was dispersed in
15 pL of DEPC and stored at —70 °C before utilization.

2.4. Preparation of Pd@UiO-66

The hydrothermal method with minor modifications was
applied to prepare the Pd@UiO-66 nanocomposites [51]. Firstly,
1.64 g of ZrCly and 1.16 g of HoBDC-NH, were added in 80 mL of
DMF with stirring constantly. Next, 0.5 mL of deionized water and
12 mL HAc were added to this mixture with magnetic stirring for
10 min. After that, the mixture was transferred to a Teflon liner and
placed in a drying oven at 120 °C for 24 h. Subsequently, the
mixture was purified by washing with DMF and ethanol for 3 times
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with centrifugation before drying at 60 °C for 6 h. Then, the mixture
of the as-prepared 1 g of UiO-66 and 4 mL of PdCl, (8.325 mg mL™ 1)
was ultrasonicated for 12 h. Next, the obtained Pd@UiO-66 solution
was dried slowly at room temperature (25 °C) for 48 h. Finally, the
Pd@Ui0O-66 was dried at 152 °C for 12 h. The photos of pure UiO-66
and Pd@Ui0-66 composites are observed in Fig. S1.

2.5. Preparation of H2/Pd@UiO-66

To activate H2, 200 pL of H2 (2.5 uM) was transferred into 200 pL
of the solution of EDC/NHS (4/1), and the resulting solution was
kept for 60 min. Then, 500 uL of Pd@Ui0-66 composite dispersion
(Pd@Ui0-66 dispersed in 0.1 M of PBS 7.4, 1 mg mL~!) was slowly
added into the above solution and reacted at 4 °C for 8 h. To remove
the excess reagents, the mixture was centrifuged for 10 min at
10,000 rpm. The H2/Pd@UiO-66 was formed via the —NH,/-COOH
affinity between Pd@UiO-66 and H2. The obtained H2/Pd@UiO-66
was redissolved in 0.1 M of PBS (pH 7.4) and kept at 4 °C before use.

2.6. Fabrication of the miR-21 sensing platform

A conventional three-electrode system, consisting of a GE (2 mm
diameter) as working electrode, an Ag/AgCl (saturated KCl) as the
reference electrode and a platinum wire as counter electrode, was
used. First, the bare GE was carefully polished with slurry of
alumina (0.3 and 0.05 pum). Then, the GE was washed again in
ethanol and deionized water by sonication. Afterwards, the GE was
incubated in 2.5 uM of H1 at 4 °C for 10 h. To remove the physically
adsorbed H1, the modified GE was rinsed with deionized water.
Next, 6 L MCH (1 mM) were dropped onto the surface of the as-
prepared GE and kept at 4 °C for 1 h. Then, the modified GE was
rinsed thoroughly with deionized water. For electrochemical
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detection, the mixture (20 pL) of H2/Pd@Ui0-66/miR-21 standard
solution (1/1) was drop-coated onto the modified GE and incubated
at 37 °C for 90 min. Finally, the surface of the obtained sensor was
washed with deionized water, followed by drying in nitrogen gas
and stored in air before utilization.

3. Results and discussion
3.1. Characterization of the Ui0O-66 and Pd@UiO-66 composites

The morphological character and microstructure of the UiO-66
and Pd@UiO-66 were initially investigated with TEM images.
Fig.1 (A and B) show the regular octahedal crystal shapes of UiO-66.
Compared with pure UiO-66, many Pd NPs are uniformly distrib-
uted on Pd@UiO-66 (Fig. 1 (D and E)). It also indicates that the
regular octahedal crystal structure of UiO-66 host is maintained
after the loading of Pd NPs. Furthermore, UiO-66 and Pd@UiO-66
exhibit intact crystal morphology with 135 nm, which confirm
that there is no transformation or deformity of the UiO-66 frame-
work after the incorporation of Pd NPs on the support (Fig. S3). The
components of samples were indicated using EDX spectra

Analytica Chimica Acta 1138 (2020) 59—68

[43—45,52,53]. In Fig. 1C, the peaks of EDX spectrum correspond to
C, O, Cl and Zr elements for pure UiO-66. The EDX spectrum of
Pd@Ui0-66 exhibits the peaks corresponding to C, O, Zr, Cl and Pd
elements (Fig. 1F), confirming the successful preparation of
Pd@Ui0-66 composite (the peaks of Cu element coming from
copper grid). The EDX spectra also indicate the quantitative
elemental analysis in wt%: C 37, O 15, CI 3 and Zr 31 in pure UiO-66;
C 46, 0 13, C1 5, Zr 20 and Pd 2 in Pd@UiO-66. The EDX mapping
reveals that C, O, Zr, Cl and Pd elements are homogeneously
distributed throughout the nanopolyhedral frameworks (Fig. 1G).
This is in good agreement with the TEM analysis, confirming that
the successful preparation of PdA@UiO-66 composite.

In addition, the FT-IR spectra were investigated to confirm the
structure of nanocomposites (Fig. 2A). The peaks at 3350-
3500 cm ™! can be assigned to the —OH asymmetric stretching vi-
bration [54]. The peaks at 1255 and 2940 cm™! can be assigned to
the C—NHj stretching vibration and the C—H asymmetric stretching
vibration, which indicates the presence of the amine groups within
the framework of UiO-66 and Pd@UiO-66 [55]. The intensity of the
two peaks becomes weaker after the loading of Pd, suggesting that
there is an interaction between Pd and the —NH; groups. The peak
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Fig. 1. TEM images (A and B) and EDX spectrum (C) of pure Ui0-66, TEM images (D and E) and EDX spectrum (F) of Pd@UiO-66, EDX mapping of Pd@UiO-66 composite for C, O, Zr,

and Pd elements (G).
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Fig. 2. FT-IR spectra of Ui0-66 (a) and Pd@UiO-66 (b) (A). N, adsorption-desorption isotherms of Ui0-66 (a) and Pd@UiO-66 (b) (B).

at 1657 cm~! on the Pd@UiO-66 spectrum can be assigned to the
C—O scissoring vibrations, which originates from small amounts of
the residual DMF in UiO-66 [56]. Interestingly, it disappears in the
curve of Pd@UiO-66, which implies that the residual DMF can be
thoroughly removed during the preparation process for the loading
of Pd. The presence of bands at 1437 cm~! and 1573 cm™! of the
nanocomposites results from the stretching mode of COO- groups
[57].

N, adsorption-desorption isotherms were employed to achieve
the profile insights about the materials (Fig. 2B). According to the
results of Brunauer-Emmett-Teller (BET) method, the pure UiO-66
exhibits high surface area of 873.6 m? g~.. The surface area of
Pd@UiO-66 (126 m? g~ ') is decreased because the portion of the
cavities are occupied by the deposited Pd species.

The thermal stability of pure UiO-66 support and Pd@UiO-66
catalysts were investigated using TGA (Fig. S2). A small weight
loss peak is observed between 40 °C and 160 °C, likely ascribed to
the removal of chemically adsorbed H,0. An obvious weight loss
peak is observed between 335 °C and 525 °C, which corresponds to
the complete decomposition of the organic linkers in inert
atmosphere.

The XRD results of Ui0-66 and Pd@UiO-66 composites with
octahemioctahedral crystal structure are shown in Fig. S4. The XRD
curves show the peaks at 14.48, 17.08, 19.16, 22.38, 25.18, and
30.88°, corresponding (222), (400), (420), (511), (600), and (640) of
the standard patterns of UiO-66 (JCPDF card number: 36—1452).
From curve b, no significant loss of crystallinity is detected, which
demonstrates that incorporation of Pd NPs does not disrupt or
destroy the crystal structure of UiO-66. Meanwhile, the absence of
XRD peaks from Pd NPs may be attributed to the small size of
encapsulated Pd NPs in the UiO-66 framework.

3.2. Native polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was employed to
confirm the feasibility of the biochemical self-assembly process
(Fig. S5). A well-defined band at lane 1 (hairpin H1), lane 2 (hairpin
H2) and lane 3 (miR-21) can be clearly observed. A lower migration
rate band is obtained because of a higher molecular weight of
hairpin H1 compared with hairpin H2. Simultaneously, a distinct
dual-band (lane 4: loaded with the mixture of H1 and H2) can be
observed, which indicates that no hybridization occurred between
H1 and H2 in absence of miR-21. In contrast, the band of the
mixture of hairpin H1, hairpin H2 and miR-21 was observed with a
lower migration rate compared with the reaction species (lane 5).
Therefore, the PAGE results illustrated the feasibility of the
designed CHA reaction.
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3.3. Electrochemical behavior of different electrode materials

The EIS technique was utilized to investigate the assembly
processes on the electrode surface. Fig. 3A shows the EIS results,
which corresponded to each modification step on the surface of GE
surface. After the immobilization of DNA, it is expected that the
impedance increases because of the oligonucleotides with nega-
tively charged repelling [Fe(CN)g]> /4~ ions form spatial blockage.
As expected, curve a exhibits a relatively low R¢ of 145.7 + 1.33% Q,
corresponding to the fast charge-transfer process on bare GE. The
GE immersed in H1 (curve b) exhibits a higher R (215.3 + 1.65% Q)
than that of bare GE since the repellence of [Fe(CN)g]> /4~ from the
electrode approached by the abundant negatively charged DNA
backbones. MCH can shield the active site of the exposed Au due to
their non-electroactive performance. As expected, the Ry value
(423.6 + 0.447% Q) of curve cis increased obviously when the H1 GE
is passivated with MCH, which can be ascribed to the fact that MCH
hindered the electron transfer. After that, H2/Pd@UiO-66 (curve d)
modified MCH/H1/GE exhibits an increased R of 2171 + 0.327% Q.
After the connection with miR-21 (curve e), the R value is
3035 + 0.370% Q. The change of R values confirmed the successful
assembly processes of the electrochemical biosensor, which is
consistent with the results of PAGE.

Furthermore, zeta potential was employed to confirm the suc-
cessful preparation of H2/Pd@Ui0-66 (Fig. S6). The zeta potential of
the prepared Pd@UiO-66 is 18.2 mV. Due to the abundant phos-
phate groups of oligonucleotides, the zeta potential of H2/Pd@UiO-
66 turned into 7.99 mV, which proved that the H2/Pd@UiO-66
conjugates had been successfully synthesized.

DPV measurements were used to further verify the electro-
catalytic performance of the biosensors in PBS (pH = 7.4). Fig. 3B
shows the electrochemical behavior of different electrodes towards
AP oxidation. For MCH/H1/GE (curve a), no obvious oxidation peak
current is observed because the MCH could block the nonspecific
adsorption sites. For the H2/Pd@UiO-66/GE (curve b), a small
oxidation peak current could be observed, which might be assigned
to the nonspecific adsorption between the H2/Pd@UiO-66 and GE.
For the curve c of Fig. 3B, an obvious oxidation peak current is
observed, which might be attributed to the hybridization between
H2/Pd@Ui0-66 and H1 in the presence of miR-21. Briefly, a large
number of H1/H2/Pd@UiO-66 were formed through the hybridi-
zation reaction between H2/Pd@UiO-66 and H1 containing the
target miR-21. Subsequently, the released target miR-21 further
acted as triggers for the next chain hybridization process. After the
cyclic amplification process, a large number of H1/H2/Pd@UiO-66
duplex were formed on the GE surface, which could directly
generate an oxidation signal for AP.
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(pH = 7.4, 0.1 M) containing 0.5 mM of AP, potential: 0.2—0.7 V (B).

3.4. Optimization of the detection conditions

To achieve high sensitivity and hybridization efficiency, the in-
fluence of the concentrations of H1 and H2 probes, incubation time
of H1-GE, and hybridization time were investigated. The effect of
concentrations of H1 probe was studied (Fig. 4A). The largest cur-
rent value was obtained when the concentration of H1 was 2.5 uM.
In addition, with the further increase of the concentrations of H1,
the current value decreased gradually, suggesting the excess of H1
can block the hybridization of miR-21. As seen from Fig. 4B, with the
increased of the concentrations of H2, the current value reached a
platform at 2.5 uM of H2. Thus, 2.5 uM was selected as the optimal
concentration of H1 and H2. Fig. 4C shows that the current signals
increased with the incubation time from 2 to 10 h and remained

a result, 10 h was selected as the best incubation time for the hy-
bridization reaction between H1 probe and GE. The hybridization
time was also optimized by incubating miR-21 with H1 and H2/
Pd@Ui0-66 from 20 to 120 min (Fig. 4D). Results showed that the
peak current value increased with the increasing hybridization
time and reached a maximum value at 80 min. Therefore, 80 min
was chosen as the optimal time for the hybridization.

3.5. Electrochemical detection of miR-21

The DPV measurements were employed to assess the electro-
chemical behavior of as-prepared miR-21 biosensor. Fig. 5A illus-
trates the DPV response signals for target miR-21 under the optimal
conditions. Displayed by response currents, the electrochemical

stable when the incubation time was prolonged from 10 to 16 h. As signals increased linearly with the successively increasing
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Fig. 4. Influence of concentrations of H1 (A) and H2 (B), incubation time of hybridization reaction between H1 and GE (C), hybridization reaction time between H2/Pd@UiO-66 and
H1 (D) on DPV response currents with 0.1 nM of miR-21; DPV response of modified GE in PBS (pH = 7.4, 0.1 M) containing 0.5 mM of AP in different conditions, potential: 0.2—0.7 V.
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Fig. 5. DPV curves for target miR-21 at different concentrations (0, 20 fM, 200 fM, 600 fM, 2 pM, 20 pM, 40 pM, 60 pM, 100 pM, 200 pM, and 600 pM) in PBS (pH = 7.4, 0.1 M)
containing 0.5 mM of AP in different conditions, potential: 0.2—0.7 V (A). The calibration curve between the values of DPV peak current and the logarithm of miR-21 concentrations

(B).

Table 1

Comparison between the proposed strategy and other methods for detection of miRNA.
Materials Analytical technique Linear range Sensitivity (WApM~!)  Limit of detection (fM) References
CdTe nanocrystals and Au nanoclusters® ECL° 100 fM—100 nM  — 21.7 [58]
amplification products/MCH/Cp© swv¢ 2 fM—500 pM 165.7 1.6 [59]
Au-g-C3N, NH® ECL 1fM —1nM - 0.5 [60]
Electrode-free Colorimetric 0-0.1 nM 450 32 [61]
HP/CNTs/GCE' DPV 10 fM—100nM 350 12 [62]
Au nanoparticles Fluorescence 3.8 pM—10 nM — 3.8 [63]
Au@NPFe,03NC? DPV 500 fM—5 nM 3.375 100 [64]
Arched Probe Mediated Isothermal Exponential Amplification DPV 20 fM—10 nM 274.2 5.36 [65]
MBA-AuNPs/DA-AuNPs" DPV 100 fM—10 pM 53 45 [66]
MoS,-Thionine-AuNPs' SWvV 1 pM—-10 nM 204 260 [67]
Hairpin capture probe/target recycling/MB’ DPV 0.5 pM—2 nM 300.6 56 [68]
Pd@UiO-66 DPV 20 fM—600 pM 336 0.713 This work

4 CdTe nanocrystals and Au nanoclusters modified on glassy carbon electrode.
Electrochemiluminescence.

Amplification products/6-Mercapto-1-hexanol/capture probe.

Square wave voltammetry.

Carbon nanotube -hairpin probe modified electrode.
Gold-loaded nanoporous iron oxide nanocubes.

Thionine and gold nanoparticles co-functionalized MoS, nanosheet.
Hairpin capture probe/target recycling/methyl blue.

concentration of target miR-21. The standard curve in Fig. 5B in-
dicates the regression equation of I(uA) = 0.3361gC (nM) + 3.49 and
a low limit of detection of 0.713 fM with a high correlation coeffi-
cient (R = 0.9912), which is comparable with or even superior to
previously reported signal amplification strategies (Table 1).

3.6. Selectivity, stability, and reproducibility of the proposed
biosensor

The selectivity, stability, and reproducibility of the biosensor
were also studied to fully investigate the electrochemical bio-
sensing platform. As shown in Fig. 6A, miRNAs including miR-141,
miR-155, and miR-199A were employed to investigate the selec-
tivity of the miR-21 biosensor. The DPV response signals of miR-141
(0.030 pA), miR-155 (0.050 pA), and miR-199A (0.056 pA) are
similar to the blank reagents (0.025 pA). As expected, the obviously
DPV response signal is observed for the samples containing target
miR-21 (over 1.170 pA). These results are comparable with previous
reports [69—73]. These results illustrate that the proposed elec-
trode has high selectivity. Furthermore, the reproducibility was
verified by incubating the miR-21 using the same sensor in the
same conditions (n = 10). The results indicated the RSD of 4.04%,
suggesting that the developed biosensor has excellent
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Au nanoparticles functionalized g-CsN4 nanohybrid coated on glassy carbon electrode.

4-mercaptophenylboronic acid -capped Au nanoparticles/dopamine -capped Au nanoparticles.

reproducibility. When the biosensor was stored in the fridge at 4 °C
for 2 weeks, the signal intensity remained 91.4% (n = 10) of its
initial value, indicating that the developed electrochemical
biosensor has a long-term stability.

In addition, the proposed biosensor was used to detect the
content of miR-21 derived from MCF-7, HeLa, A549, and RAW
264.7 cells (Fig. 6B). Apart from the four cancer cells, the HUVEC
was served as an endogenous reference gene for normalization
purposes. As expected, more significant current responses were
obtained from MCF-7, HeLa, A549, and RAW 264.7 cell lines. The
results proved the over expression of miR-21 in MCF-7, HeLa, A549,
and RAW 264.7 cells.

3.7. Detection of target miRNA in real samples

To validate the feasibility of proposed biosensor, the recovery
experiments were carried out by adding miR-21 (0.1 pM and 1 pM)
to normal human serum samples (10-fold-diluted). Table 2 shows
the recoveries, ranging from 96.2% to 110%, and the corresponding
RSD, ranging from 0.59% to 5.12%. These results suggest that this
assay has a good practicability for the detection of target miR-21 in
real samples.
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Fig. 6. Selectivity of the proposed biosensor for different miRNA sequences: blank (a), 10 pM of miR-155 (b), 10 pM of miR-141 (c), 10 pM of miR-199A (d), 1 pM of miR-21 (e), a
mixture (containing miR-21, miR-155, miR-141 and miR-199A) (f) (A). The quantitative results of the proposed biosensor for miR-21 detection produced from MCF-7 (a), HeLa (b),
A549 (c), RAW 264.7 (d), and HUVEC cells (e) (B). DPV response of MCH/H1/H2/Pd@UiO-66/miR-21/GE in PBS (pH = 7.4, 0.1 M) containing 0.5 mM of AP in different conditions,

potential: 0.2—0.7 V.

Table 2
Determination of miR-21 (0, 0.1, and 1 pM) with the as-prepared biosensor in human serum samples (10-fold-diluted).
Human serums Samples Added (pM) Founded (pM) Recovery (%) RSD (%)
a 1 0 0.630 — 1.97
2 0.1 0.110 110 2.10
3 1 1.02 102 4.35
b 1 0 0.150 - 3.78
2 0.1 0.096 96 2.08
3 1 1.05 105 0.590
c 1 0 1.30 - 3.47
2 0.1 0.106 106 5.12
3 1 0.105 105 4.46

4. Conclusion

In conclusion, the present work focuses on the construction of
an ultrasensitive electrochemical biosensor for miR-21 detection
based on Pd@UiO-66 as nanocatalyst and the CHA for signal
application. Importantly, PdA@UiO-66 as an excellent electrocatalyst
exhibits obvious effect of electrochemical signal amplification.
Different electrochemical signals could be obtained by adsorbing
the different amount of electrocatalyst. The readout response cur-
rent positively correlated with miR-21 content, enabling the
quantitative detection of miR-21 indirectly. The proposed biosensor
integrates the efficient CHA strategy and excellent electrocatalytic
performance of Pd@UiO-66 nanocomposites, leading to the
remarkable signal enhanced electrochemical detection of miR-21.
The proposed biosensor shows a low limit of detection of
0.713 fM with the dynamic range of 20 fM —600 pM. Furthermore,
this biosensor illustrates high selectivity, excellent reproducibility,
long-term stability, and good practicability. The over-expression of
miR-21 can lead to various diseases and this makes miR-21 a
valuable biomarker in clinical diagnosis and prognostic of cancer.
Thus, the designed biochemical self-assembly strategy of this
electrochemical biosensor would provide the great potential for
analysis of other important genetic biomarkers, facilitating the
early diagnosis of cancers.
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