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Abstract
An ultrasensitive electrochemical biosensor is described for the determination of microRNAs. It is based on the use of DNA-
templated copper nanoparticles (Cu NPs) as signalling probe. MicroRNA-222 was selected as the model analyte. The probe was
obtained from two different oligonucleotides (containing complementary bases) via hybridization chain reaction to form long
DNA concatemers as template. The Cu NPs were formed by reaction of ascorbate with copper sulfate. The biosensor was
fabricated as follows: (a) Capture probe (cDNA) with a thiolated group was immobilized on reduced graphene oxide modified
with gold nanoparticles (rGO/Au NPs), (b) materials was placed on a glassy carbon electrode (GCE); (c) the modified electrode
(cDNA/rGO/Au NPs/GCE) was sequentially hybridized with microRNA-222 and signal probe; this results in the formation of a
sandwich structure of cDNA-microRNA-signal probe on surface of the modified electrode. Differential pulse voltammetry was
employed to record the electrochemical response of biosensor in pH 6.0 solution. As a result, a sensitive oxidation current with a
peak potential at 0.10 V (vs. SCE) was obtained corresponding to Cu NPs. The experimental conditions were optimized. Under
optimal conditions, the biosensor exhibited wide linear response range (0.5 fM to 70 nM) and low limit of detection (0.03 fM; at
S/N = 3). The assay possesses high selectivity and can discriminate analyte microRNA from single-base mismatchedmicroRNA.
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Introduction

MicroRNAs, a large class of small non-coding RNAs, play
important regulatory roles in many biological processes such
as cellular differentiation and cell apoptosis [1]. More evi-
dences show the dysregulation of expression of microRNA
is correlated to the development of many diseases including
cancer and cardiovascular diseases [2, 3]. For example,
higher level of microRNA-21 in serum is related to breast
and liver [4]; higher level of microRNA-101 is related to

hepatocellular carcinoma [5]. The level of microRNA-222
expression is related to colorectal, gastric and breast cancers
[6]. Therefore, microRNAs have been regarded as clinically
promising diseases biomarkers. Conventional methods for
microRNA detection are quantitative reverse transcription
polymerase chain reaction (qRT-PCR), oligonucleotide mi-
croarray and Northern blotting [7]. However, the qRT-PCR
detection requires the design primers to label locked nucleic
acid (LNA), Northern blotting requires large amount of sam-
ple (5–25 mg) and suffers from sample degradation from
RNases and low sensitivity. Microarray technology suffers
from the complicated procedures of fluorescent labeling of
microRNAs. Hence, it is important to develop a sensitive
technology for microRNA detection. Because of
microRNAs possess short sequence (18–22 nt), low expres-
sion level, and highly similar sequence among family mem-
bers, therefore it is challenge to develop an analytical meth-
od for microRNA detection with high sensitivity and high
selectivity. During past two decades, various methods for
microRNA detection have been reported including fluores-
cence [8], colorimetry [9], surface plasmon resonance SPR
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[10] and electrochemistry [11–20] and several reviews have
been published [7, 21, 22]. The fluorescent method needs
duplex specific nuclease to cleavage molecular beacon
(MB)-microRNA duplex, target microRNA was subsequent-
ly be released to hybridize with another MB, resulting in
signal amplification to obtain high sensitivity. Miao’s [23]
and Zuo’s [24] groups have all reported a sensitive electro-
chemical method for microRNA detection based on hybrid-
ization chain reaction (HCR) amplifying sensing signal. In
Miao’s work, tetrahedral DNA with the recognition hairpin
was designed and immobilized on electrode surface, gold
nanoparticles (Au NPs) labeled with complementary se-
quence and two different hairpins DNA labeled with silver
nanoparticles (Ag NPs) were employed. In presence of tar-
get microRNA, hairpin on the tetrahedral DNA can be
opened to capture DNA with complementary sequence,
resulting in HCR occurring and lots of Ag NPs loaded on
DNA concatemers. Hence, the electrochemical signal from
Ag NPs was clearly amplified. Miao’s groups also employed
tetrahedral DNA with the recognition hairpin and the differ-
ence was that enzymes (HRP) were used to catalyze the
3,3′,5,5′-tetramethylbenzidine reduction, resulting in clearly
enhanced electrochemical signal. Liu’s group have reported
an enzyme-free electrochemical detection of microRNA-21
using HCR amplification strategy [25], CdTe quantum dots
(QD) were labeled at auxiliary stands, when HCR occurs,
HCR products loaded lots of CdTe QDs, as a result, the
signal intensity of Cd2+ were clearly enhanced. Recently,
dsDNA-templated copper nanoparticles (Cu NPs) were syn-
thesized and the Cu NPs showed sensitive fluorescent
[26–28] or electrochemical response [29]. For instance,
Dong’s group reported a fluorescent sensor for aptamer de-
tection based on double-strand DNA-templated Cu NPs
[27]. Zhang and his coworkers reported a sensitive electro-
chemical CRP immunosensor based on dsDNA-templated
Cu NPs as signal probe (the limit of detection was
0.33 fg mL−1) [29]. Recently progress in copper
nanocluster-based fluorescent probe has been reviewed
[30]. In present work, we described a ultrasensitive electro-
chemical biosensor for the microRNA detection based on
the HCR producing long DNA concatemers as templates
to synthesis Cu NPs as signal probe. Graphene decorated
with Au NPs was used as carries for improving immobiliza-
tion amounts of capture DNA, and the microRNA-222 was
selected for model analyte. In contrast to other HCR ampli-
fication technology, signal molecules do not to be labeled at
terminus of single strands DNA, or to be intercalated into
the groove of DNA concatemer. Thus, the experimental
method has following advantages: (i) The synthesis of
dsDNA-templated Cu NPs was simple. (ii) HCR was gentle
and produce long concatemers. Hence, the microRNA bio-
sensor exhibited wide linear response rang (0.5 fM to
70 nM) and the low limit of detection (0.03 fM).

Experimental

Reagents

L-cysteine (L-cys), ascorbic acid (AA), Bovine serum albu-
min (BSA), anhydrous copper sulfate (CuSO4) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (http://
www.reagent168.cn). Chloroauric acid (HAuCl4·4H2O) was
purchased from Shanghai Chemical Reagent Co., Ltd. (http://
ccn.mofcom.gov.cn). Reduced graphene oxide (purity ≥98%)
(rGO) was purchased from Sinocarbon Materials Technology
Co. , Ltd . (h t tp : / /www.s inocarbon-cas .com). Al l
oligonucleotides sequences were designed by us and
synthetized by Sangon Inc. (http://www.sangon.com), and
their sequences are listed as follows.

Capture probe (S0): 5′- SH-(CH2)6-GAC ACC CAG
TAG C -3′
microRNA-222: 5′- AGC UAC AUC UGG CUA CUG
GGU -3′
Probe 1 (S1): 5′- CAG ATG TAG CT G ATC TGC CTA
−3′
Probe 2 (S2): 5′- AGC TAC ATC TGTAGG CAG ATC -
3′
Probe 3 (S3): 5′-TAACGT CGAGCTAGGCAGATC -
3′
Single base mismatched sequence: 5′- AGC UAC AUC
UGG CUX CUG GGU -3′
(X stands for C, G, U)
Noncomplementary sequence: 5′- CUAAGGUCGACC
GAC GCU UAC -3′

The following phosphate buffers (PB) solution were
employed over all experiment: 0.01 M PB (pH 7.4) was used
for dissolving all oligonucleotides. 0.10 M PB (pH 6.0) con-
taining 0.10 M NaCl (saline) was used for differential pulse
voltammetry (DPV) detection solution. 0.01 M PB (pH 7.4)
containing 0.10 M NaCl was used hybridization solution.
0.10 M PB containing 5.0 mM [Fe(CN)6]

3−/4- + 0.10 M KCl
was used for cyclic voltammetry (CV) measurement, and
0.10 M PB containing 5.0 mM [Fe(CN)6]

3−/4- + 0.10 M KCl
was used for electrochemical impedance spectra (EIS) detec-
tion. The serum samples were kindly provided from the
Anhui Normal University Hospital (Wuhu, China) with ethi-
cal approval. All solutions were treated by DEPC (containing
no Rnase) and twice-quartz-distilled water was used in this
study.

Apparatus

CHI650C electrochemical analyzer (Chenhua, Shanghai,
China) was used for various electrochemical measurement
including EIS, CV and DPV. A conventional three electrode
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system was employed which the bare or the modified glassy
carbon electrode (GCE, 3.0 mm in diameter) was used for
working electrode, a platinum wire was for auxiliary elec-
trode, and saturated calomel electrode (SCE) was for reference
electrode. All potentials were referenced to the SCE. The mor-
phologies of the rGO and Au NPs were taken using scanning
electron microscopy (SEM) (Hitachi S-8100, Japan) and the
morphology of the DNA-templated Cu NPs was recorded
from transmission electron microscopy (TEM, Hitachi,
Japan). Fluorescence spectra were recorded on F-4500 fluo-
rescence spectrophotometer (Hitachi, Japan).

Electrochemical measurement

Various electrochemical measurements were performed on
CHI650C electrochemical workstation. The assembled pro-
cesses of microRNA sensor were validated by CV and EIS
in 5.0 mL 1.0 mM [Fe(CN)6]

3−/4- or 5.0 mM [Fe(CN)6]
3−/4-.

DPV was employed to record the electrochemical response of
Cu NPs in 5.0 mL pH 6.0 PB. Before experiment, the detec-
tion solution was passed into high-purity nitrogen (N2) for
10 min and N2 atmosphere was maintained during measure-
ment. The DPV parameters are listed as follows: Potential
range, −0.3 V to 0.35 V; Pulse amplitude, 0.05 V; Pulse width,
0.08 s; Sample interval, 0.002 s. EIS parameters: DC poten-
tial, 0.18 V; Frequency range, 0.1 to 100 kHz; AC potential
amplitude, 5 mV.

Preparation of signal probe

The signal probe was obtained according to our previously
reported [29]: Briefly, first, 300 μL of 1.0 μM S1 was mixed
with 300 μL of 1.0 μM S2 and reacted for 2.5 h at 37 °C. The
S1 and S2 hybridized continuously to produce long DNA
concatemers during this process. Afterwards, 30 μL AA
(50 mM), 30 μL CuSO4 (10 mM) was sequentially injected
into the DNA concatemers solution above and kept it for
40 min at 37 °C. Thus, Cu NPs was formed due to AA reduce
Cu2+, and inserted into the grooves of DNA concatemers.
After centrifugal separation, and the signal probe was obtain-
ed and kept it in refrigerator.

Fabrication of the microRNA sensor

The sensing protocol of the microRNA detection was illustrat-
ed in Scheme 1. The bare GCE was first polished and actived
according to literature previously [31] with various grain size
of alumina slurries (0.3 μm, 0.05 μm) and washed ultrasoni-
cally in water and ethanol for 3 min. Then, 5.0 μL of
1.0 mg mL−1 rGO was dropped on the surface of the pre-
treated GCE and natural dried at room temperature, followed
by it was electrodeposited 20 s at −0.20 V in 1.0 mg mL−1

HAuCl4 solution. Thus, AuNPs were deposited on the surface

of rGO. Subsequently, 10.0 μL of 500 nM capture probe (S0)
was dropped onto the surface of Au NPs decorated rGO and
kept it for 12 h in refrigerator. The modified electrode was
then treated with MCH for 1 h to block out the active site of
electrode surface and tomake capture DNA upright. Themod-
ified electrode was denoted as cDNA/Au NPs/GCE.

Procedure for microRNA detection

The serum samples, kindly provided from the Anhui Normal
University Hospital (Wuhu, China), was centrifugal separated.
The upper solution was collected. The collected serum solu-
tion was 10-fold diluted with 0.01 M PB (pH 7.4) (eg, 10 μL
serum solution was injected 90 μL PB). Then diluted serum
solution was used to electrochemical measurement.

The modified electrode (cDNA/Au NPs/GCE) was incu-
bated with 10 μL of different concentrations of microRNA or
serum samples for 50 min at 37 °C and 10 μL of signal probe
(dsDNA-templated Cu NPs) for 150 min at 37 °C, respective-
ly. As a result, signal probe was linked to the electrode surface
via hybridization reaction. Finally, it was transferred to elec-
trolytic cell containing 5.0 mL detection solution for the elec-
trochemical measurement using DPV technique. A DPVoxi-
dation peak at peak potential of 0.10 V (vs. SCE) correspond-
ing to Cu NPs was appeared. The peak intensity is related to
original microRNA level.

Results and discussion

Choice of materials

As is well known, graphene possess larger surface area and
excellent conductivity, and Au NPs have good biocompatibil-
ity, therefore graphene-Au NPs nanocomposites have been
widely used in sensing field for improving sensing perfor-
mance [31]. In this study, we employed the graphene-Au
NPs nanocomposites for improving immobilization amount
of capture probe, and dsDNA-templated Cu NPs as signal
probe, to fabricate sandwich type electrochemical biosensor
for microRNA detection. As a result, the biosensor showed
high sensitivity.

Characterization of signal probe

In order to investigate the formation of signal probe, fluores-
cence and TEM technique are employed. Two different single
strands DNA (S1 and S2) are designed to produce longer
concatemers: S1 have 10 base (underline) complementary
with 10 base in S2 (underline) and other 11 base complemen-
tary with 11 base in S2 (not underline). Two single strands
DNA arises continuously HCR in hybridization solution to
produce longer concatemers. For literature [26], the sizes of

Microchim Acta           (2020) 187:4 Page 3 of 9     4 



Cu NPs are dependent on the base pair numbers of dsDNA
templates, ration of Cu2+ and AA, and longer dsDNA-
templates can lead to amount of Cu NPs production. The
formation of dsDNA-templated Cu NPs can be investigated
using fluorescence method. As shown in Fig. 1A, the solution
containing AA, Cu2+ and dsDNA concatemers template
shows the highest fluorescence intensity at 616 nm (curve
a), while no obvious fluorescence emission at 616 nm is ob-
served when AA was absent (curve d) due to the lack of the
reductant, only short dsDNA-templated Cu NPs shows weak
fluorescence intensity (b). TEM of DNA-templated Cu NPs
are shown Fig. 1B. Cu NPs (black dot) are clearly observed,
and the size of Cu NPs is about 5 nm in diameters, indicating
that the signal probe was formed.

Electrochemical investigation

The Au NPs deposited on the surface of rGO was first inves-
tigated with SEM (Seen in Fig. S1), it can be seen that rGO
presented thin wrinkled structure (Seen in Fig. S1A) and its
surface was uniformly dispersed a layer of Au NPs (Seen in
Fig. S1B). The effective surface area of electrode modified
with rGO and Au NPs was 0.21 cm2 according to Randle-
Sevcik equation (ip = 2.69 × 105An3/2D0

1/2V1/2C0, D0 =
7.6 × 10−6 cm2·s−1, n = 1, C0 = 1.0 mM [Fe(CN)6]

3−/4-).
Figure 2A, B shows the CVs of [Fe(CN)6]

3−/4- at differential
assembling process of sensor. When capture probe, MCH,
microRNA and signal probe were assembled on the surface
of Au NPs/rGO, respectively. The peak currents of [Fe(CN)6]

3

−/4- are decreased continuously. The suitable explanation is
that the negatively charged capture probe, microRNA and
signal probe repels the negatively charged redox species,
[Fe(CN)6]

3−/4- and decrease the electron transfer rate of redox
probes. Figure 2C shows the EIS curves obtained at

Fig. 1 A Fluorescence spectra obtained at various solution (a) long DNA
concatemers, AA and Cu2+, (b) short dsDNA, AA and Cu2+ (c) single
DNA, AA, Cu2+ (d) long DNA concatemers, Cu2+ (B) TEM image of Cu
NPs loaded on long DNA concatemers

a

b

Scheme 1 Schematic displays
the preparation process of the
microRNA sensor
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differential assembling steps of sensor (Seen Fig. 2C). The
electrode modified with Au NPs and rGO exhibits an almost
straight line (Seen curve c). After capture probe and MCH
were sequentially assembled on the surface of Au NPs, the
EIS cures present a small semicircle and the diameter of semi-
circle are increased (the diameter of semicircle represents the
electron transfer resistance (Ret)), indicating the Ret is clearly
increased. Along with target microRNA, signal probe was
assembled on the electrode surface, respectively. The semicir-
cles are continuously enlarger and Ret continuously increased.
After signal probe was linked to the electrode surface, a clear-
ly oxidation peak corresponding to Cu NPs was observed in
DPVs, which the peak potential was about 0.10 V (Seen black
cure b in Fig. 2D), indicating the designed protocol was
successful.

Optimization of experimental conditions

The following parameters were optimized: (a) A sample pH
value; (b) Incubation time (c) Hybridization time. Respective
text and Figures on optimization are given in the Electronic
supporting Material (Seen Fig. S2). In short, the following
experimental conditions were found to give best results. (a)
Best sample pH value, 6.0; (b) Best incubation time of signal
probe and target microRNA, 60 min; The incubation time of
capture probe-target micro RNA, 50 min; Hybridization time
of S1-S2, 150 min.

Signal amplification

Here, we designed two different signal probes for this inves-
tigation: one was short dsDNA-templated Cu NPs (S1-S3 hy-
bridization for double strand DNA formation), another was
long DNA concatemers-templated Cu NPs (S1-S2 continuous-
ly hybridization for long DNA concatemers formation). Two
biosensors were employed to detect 1.0 nM of microRNA and
lined to different signal probes. Their electrochemical re-
sponse was recorded and shown in Fig. 3. As can be seen,
the larger peak signal is obtained in presence of long DNA
concatemers-templated Cu NPs (Seen cure b), and the signal
intensity is 10-fold higher than that of short dsDNA-templated

�Fig. 2 A and (B) CVs of the different assembled steps of the microRNA
in 1.0 mM [Fe(CN)6]

3−/4- containing 0.1 M KCl. Curves: (a) GCE; (b)
rGO/GCE; (c) Au NPs/rGO/GCE; (d) cDNA/Au NPs/rGO/GCE; (e)
MCH/cDNA/Au NPs/rGO/GCE; (f) microRNA/MCH/cDNA/Au NPs/
rGO/GCE; (g) signal probes/microRNA/MCH/cDNA/Au NPs/rGO/
GCE. (C) Nyquist plots of 5.0 mM [Fe(CN)6]

3−/4- containing 0.1 M
KCl at the different assembled steps of the microRNA sensor. Curves:
(a) GCE; (b) rGO/GCE; (c) Au NPs/rGO/GCE; (d) cDNA/Au NPs/rGO/
GCE; (e) MCH/cDNA/AuNPs/rGO/GCE; (f) microRNA/MCH/cDNA/
AuNPs/rGO/GCE; (g) signal probes/microRNA/MCH/cDNA/Au NPs/
rGO/GCE. (D) DPVs of biosensor recorded in absence (a) and presence
of signal probe (b). Conditions: C cDNA = 500 nM; C microRNA = 1.0 nM
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Cu NPs. The signal intensity enhanced is attributed to long
DNA concatemers loading numerous of Cu NPs.

Analytical performance

The analytical performance of microRNA sensor was evalu-
ated by series concentrations of microRNA under the opti-
mized conditions, and the results are shown in Fig. 4A. The
peak currents at peak potential of about 0.10 V (vs. SCE) are
increased as the concentrations of microRNA increased, and a
good calibration plot of peak current vs the logarithmic of the
concentration of microRNAwas observed (Seen Fig. 4B). The
linear range is within 0.50 fM to 70 nM along with the linear
regression equation was ΔI (μA) = 3.964 + 0.3937 lgC (C,
nM) (R2 = 0.9985), and the limit of detection obtained was
0.03 fM (at S/N = 3). In contrast to previous reported work
about microRNA detection in Table 1, the analytical perfor-
mance of microRNA sensor is lower than that of literature [23,
24] and higher than that of other literature in Table 1, indicat-
ing the microRNA sensor have good analytical performance
including wider response range and low limit of detection.

Selectivity

The selectivity of sensor is an important parameter. In design,
we selected similarly sequence microRNA with microRNA-
222 for this investigation. These microRNA are only single
base (C, G, U) mismatched with microRNA-222 sequences
and noncomplementary sequence microRNA with
microRNA-222. if the sensor can distinguish single base mis-
matched microRNA-222 sequence, it is that the sensor pos-
sess good selectivity. In experiment, the concentration of five
different kinds of microRNA-222 sequences was 1.0 nM. The
results are shown in Fig. 5 with histograms. As can be seen,
the signal intensity from microRNA-222 is the largest, and

signal intensities from single base mismatched sequences (B
C D, gray bar) are lower, and only obtain about 30% that of
microRNA-222, and the non-complementary sequence has
the lowest signal intensity (only about 5% signal intensity of
microRNA-222), indicating that the microRNA sensor pos-
sesses good selectivity which can discriminates the single base
mismatched microRNA-222.

Reproducibility

The reproducibility of microRNA sensor was evaluated by
using the same sensor to analysis parallel three different con-
centrations of microRNA (1.0 nM, 5.0 nM, 10 nM) five times.
The variation coefficient obtained according to different con-
centration were 3.58%, 3.11% and 4.23%, respectively.
Further, five sensors fabricated under the same conditions
were employed to test three different concentrations of

Fig. 4 A DPVs of microRNA sensor in various microRNA
concentrations in 0.10 M pH 6.0 PB: (a) 0 M; (b) 0.5 fM; (c) 1.0 fM;
(d) 5.0 fM; (e) 10.0 fM; (f) 50 fM; (g) 500 fM; (h) 5 pM; (i) 50 pM; (j) 500
pM; (k) 5.0 nM; (l) 10.0 nM; (m) 50 nM; (n) 70 nM. B Calibration plots
of peak current vs the logarithm of microRNA concentration

Fig. 3 DPV responses of microRNA sensor in presence of short dsDNA
(a) and long DNA concatemers-templated Cu NPs (b)
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microRNA (1.0 nM, 5.0 nM, 10 nM). The variation coeffi-
cient corresponding to different concentrations of microRNA
were 5.41%, 4.97%, 4.3%, respectively, indicating that the
microRNA sensor possessed good reproducibility.

Analytical application

In order to investigate the reliability and accuracy of the
microRNA sensor in clinic sample, recovery experiments
were performed by spiking various concentration of
microRNA-222 (5, 10 nM) into the 10-fold diluted healthy
human serum samples. This preparation of serum samples is
seen in Procedure for microRNA detection. DPV technique

was employed to record electrochemical signal of biosensor,
and the level of sample was measured using working cures
method, each sample was detected three times (n = 3) and
results are shown in Table 2. The recoveries are within
98.4% ~ 102.2% and RSDs are within 3.3% ~ 6.2%. This
datum indicates the microsensor can analysis the microRNA
in serum sample.

Conclusions

A sensitive electrochemical biosensor for microRNA-222 de-
tection was fabricated. The dsDNA-templated Cu NPs as sig-
nalling probes and amplify sensing signal. The microRNA
sensor displays wider response range and low limit of detec-
tion. Further, the microRNA biosensor can be applied to the
detection of microRNA in serum.

Table 1 Comparison of analytical performance of different microRNA electrochemical biosensors

Detection method Used material Time Target Linear range Detection limit Ref.

Electrochemical WO3-GO 2.5 h microRNA-21 0.1 fM-100 pM 0.05 fM [13]

Electrochemical dsDNA templated Cu NCs 1.5 h microRNA-101 25 fM-300 fM 8.2 fM [14]

Electrochemical MoSe2-AuNPs 3.5 h microRNA-21 10 fM-1 nM 0.17 fM [15]

Electrochemical DA-Au NPs 1.5 h microRNA-21 0.1 pM-10 pM 45 fM [16]

Electrochemical GQDs 4 h microRNA-155 1 fM-100 pM 0.14 fM [19]

Electrochemical AuNPs-GO 4 h microRNA-155 10 fM-1 nM 3.3 fM [20]

Electrochemical HCR and Au NPs 4 h microRNA-21 10 aM-100 pM 2 aM [23]

Electrochemical HCR and HRP 3 h microRNA-122b 10 aM-1 pM 10 aM [24]

Electrochemical CdTe QDs 3.5 h microRNA-21 0.1 fM-0.1 nM 33 aM [25]

Electrochemical enzyme and molecular beacon 1.5 h microRNA-222 50 pM-10 nM 40 pM [32]

Electrochemical magnetic bead 10 h microRNA-222 25 fM-2.5 pM 12 fM [33]

Electrochemical Au-PtBNPs 0.5 h microRNA-21 1 fM-1.0 μM 1 fM [34]

Electrochemical PB-GO 1.5 h microRNA-122 10 fM-10 nM 1.5 fM [35]

Electrochemical Ag NPs 1.5 h microRNA-21 0.1 fM-50 fM 20 aM [36]

Electrochemical dsDNA templated Cu NPs 2 h microRNA-222 0.5 fM-70 nM 30 aM This work

QDs: graphene quantum dot; HCR: hybridization chain reaction; NPs: nanoparticles; NCs: nanoclusters; DA-Au NPs: dopamine (DA)-capped AuNPs;
Au-PtBNPs: gold platinum bimetallic nanoparticles; PB-GO: graphene oxide with in-situ grown prussian blue

Fig. 5 Selectivity of biosensor:(a) complementary sequence; b single-
base C mismatched sequence; c single-base G mismatched sequence; d
single-base U mismatched sequence; e noncomplementary sequence

Table 2 Determination results of the serum sample using the
microRNA sensor (n = 3)

Sample Spiked (nM) Proposed
immunosensor (nM)

Recovery (%) RSD (%)

1 5 5.09a±0.20b 101.8 3.93

10 10.11a±0.37b 101.1 3.66

2 5 5.35a±0.33b 101.0 6.17

10 9.93a±0.55b 99.3 5.54

3 5 4.92a±0.16b 98.4 3.25

10 10.22a±0.52b 102.2 5.08

a Average value of three determination results
b Standard deviation
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