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Electrochemical biosensor for simultaneous detection of breast 
cancer clinically related microRNAs based on a gold 
nanoparticles/graphene quantum dots/graphene oxide film  
Chammari Pothipor,a,b,c Jaroon Jakmunee,a,c,e Suwussa Bamrungsap,d and Kontad Ounnunkad *a,c,e,f 

A label-free multiplexed electrochemical biosensor based on a gold nanoparticles/graphene quantum dots/graphene oxide 
(AuNPs/GQDs/GO) modified three-array screen-printed carbon electrode (3SPCE) is successfully constructed to detect 
miRNA-21, miRNA-155, and miRNA-210 biomarker for the first time. The redox species (anthraquinone (AQ), methylene 
blue (MB), and polydopamine (PDA) are used as redox indicators for anchoring capture miRNA probes, which hybridize 
with the complementary targets, miRNA-21, miRNA-155, and miRNA-210, respectively. After three target miRNAs are 
present, square wave voltammetry (SWV) scan display three well-separated peaks. Each peak indicates the presence of 
one miRNA, and its intensity quantitatively correlates to the concentration of the corresponding target analyte. This 
phenomenon results in the substantial decline of the SWV peak current of the redox probes. The developed 
AuNPs/GQDs/GO-based biosensor reveals excellent performances of simultaneous miRNAs sensing. It offers a wide linear 
dynamic range from 0.001 to 1000 pM with ultrasensitive low detection limits of 0.04, 0.33, and 0.28 fM for the detection 
of miRNA-21, miRNA-155, and miRNA-210, respectively. It also presents high selectivity and applicability for the detection 
of the miRNAs in human serum samples. This multiplex label-free miRNA biosensor has a great potential for the 
applications in breast cancer diagnosis. 

Introduction

The MicroRNA (miRNA) is a small single-stranded non-coding 
RNA that plays significant roles in several cellular processes 
such as differentiation, proliferation, metabolism, and 
apoptosis.1-5 Abnormal miRNAs expression levels in body fluids 
have been associated with the occurrence and progression of 
numerous cancers like pancreatic cancer,6,7 colorectal 
cancer,8,9 lung cancer,10,11 and breast cancer.12-14 One miRNA 
can control gene expression in many various organisms and is 
relative to various diseases, while one disease is often 
associated with the expression of multiple miRNAs.15 For 
example, the analysis of miRNA expression profiling in lung, 
pancreatic, colon, breast, and thyroid tumors reveals a highly 
increased miRNA-155 expression in patients compared to 
normal people.16-18 In addition, many studies have found that 
miRNA-21 plays an important role in different human diseases, 
including ovarian cancer, hepatocellular carcinoma (HCC) 
tumor, breast cancer and cardiovascular disease.19,20 However, 
the detection of a single miRNA biomarker is not sufficient for 

an accurate cancer diagnosis due to inadequate data. 
Moreover, it is quite indistinguishable to use only one miRNA 
marker to indicate disease state and type.21,22 Therefore, the 
simultaneous assay of multiple miRNA tumor markers is 
required to improve the diagnostic precision.23,24 Numerous 
researches have supported an overexpression of miRNA-21, 
miRNA-155, and miRNA-210 as biomarkers for early-stage 
breast cancer detection14,25,26 Therefore, the detection of 
these cancer biomarkers is desired. A number of 
electrochemical methods for miRNAs investigation have been 
developed based on the construction of hybridization 
structure27 followed by the signal amplification with 
enzyme,28,29 hybridization chain reaction (HCR),30-32 
polymerase chain reaction (PCR),33 and redox nanoparticles.34-

36 Although these methods provide high sensitivity and 
specificity, they require complex operation and time-
consuming processes.34 The label-free electrochemical 
technique with outstanding advantages such as high 
selectivity, high sensitivity, simple operation, and rapid 
analysis features has been recognized as a powerful tool for 
the multiplexed detection of cancer biomarkers.23,37,38 The 
direct, quantitative, and multiplexed electrochemical detection 
of the target miRNAs can be acquired via the conductivity 
change at the electrode surface before and after the target 
miRNAs-probes hybridization using distinguishable redox 
tags.15,39-41

In order to improve the sensitivity, specificity, and stability 
of the electrochemical biosensors, nanomaterials have been 
utilized for increasing the surface area and improving the 
speed of electron transfer at the electrodes.42,43 Gold 
nanoparticles (AuNPs) are widely used as a kind of suitable 
electrode material, due to their high chemical stability, large 
surface to volume ratios, good biocompatibility, excellent 
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catalytic ability, and outstanding electrical conductivity 
enhancement.44-47 For electrochemical biosensing, AuNPs have 
been applied for electrode coating to further amplify the 
electric signal. In combinations with other conductive 
materials, AuNPs can support functionalization of DNA capture 
probes, enzymes, antibodies, or electroactive molecules.48 
Interestingly, graphene oxide (GO) is also a broadly employed 
electrode material. Its surface holds numerous hydroxyl 
groups and carboxylic groups, with high dispersibility in water 
and suitable for biomedical analysis.49 The occurrence of these 
functional groups makes GO sheets strongly hydrophilic. It 
allows the combination with many types of inorganic 
nanoparticles, including metal oxides, semiconducting 
nanoparticles, noble metals, and quantum dots (QDs), to 
improve performance of the sensors.50,51 In addition, graphene 
quantum dots (GQDs) have been utilized to construct miRNA 
biosensors.52 It is a zero-dimensional nanomaterial obtained 
from graphene which has features of high electrical 
conductivity and large surface area.53 Attractively, the 
carboxylic groups at the edge of GQDs make it easy to 
immobilize with various polymeric, organic, inorganic, or 
biological species.52  Therefore, their composites formed by 
combinations of the functional nanomaterials could improve 
electrochemical sensors’ performance.54, 55

Inspired by the above-mentioned points, we investigate a 
AuNPs/GQDs/GO based electrochemical biosensor for label-
free multiplexed detection of miRNA-21, miRNA-155, and 
miRNA-210 for the first time. In this strategy, three miRNA 
probes are assembled on the modified three-working area 
electrode. The redox dyes (AQ, MB and PDA) are used as signal 
indicators with distinguishable electrochemical signals. The 
AuNPs/GQDs/GO composite with outstanding electron 
transfer ability, high surface area, and ease of biomolecule 
immobilization is used with the aim to improve the analytical 
performance of the electrochemical miRNAs biosensor. 
Furthermore, the proposed multiplex label-free miRNAs 
biosensor would make the detection simple and cost-effective. 
Quantification of miRNA-21, miRNA-155 and miRNA-210 is 
simultaneously performed by measuring decreases in the AQ, 
MB and PDA electrochemical signals, respectively. The peak 
current responses of the redox species are related to 
concentration of the target miRNAs, which hybridize with the 
probes immobilized on the electrode. The performance of the 
present biosensor for simultaneous miRNAs detection is 
investigated. The sensor shows high sensitivity, selectivity, 
reproducibility, and stability resulting in effective and accurate 
breast cancer diagnosis.

Experimental section

Materials and reagents

Potassium ferrocyanide (K4Fe(CN)6, 98.5%), and potassium 
ferricyanide (K3Fe(CN)6, 98.5%) were purchased from Merck 
(Germany). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP-
HCl) and 10 mM tris(hydroxymethyl)-HCl (Tris-HCl) containing 1.0 
mM ethylenediaminetetraacetic acid (EDTA) were obtained from 
Fisher Scientific (USA). Gold (III) chloride trihydrate (HAuCl4∙3H2O, ≥ 
99.9%), phosphate buffered saline tablets (PBS), potassium chloride 
(KCl, 99.0%), 6-mercapto-1-hexanol (MCH, 97.0%), trisodium citrate 
dihydrate (Na3C6H5O7, 99.0%), methylene blue hydrate (MB, > 97.0), 

anthraquinone-2-carboxylic acid (AQ, 98.0), dopamine hydrate (DA, 
99.5%), human serum from human male (AB plasma, USA origin, 
lot: SLBS6544), graphene quantum dot (GQDs, aqua green 
luminescent, 1.0 mg mL-1 in H2O), and graphite powder were 
purchased from Sigma Aldrich (USA). All aqueous solutions were 
prepared with 18 MΩ deionized water (DI). Capture miRNA probes, 
miRNA targets, single-base mismatch (1MM) miRNAs, triple-base 
mismatch (3MM) miRNAs, and non-complementary miRNAs were 
purchased from Sigma Aldrich (USA).

Instruments and Apparatus

A plasma cleaner (PDC-32G, Harrick Plasma, USA) was utilized to 
treat three-array screen-printed carbon electrode (3SPCE) before 
modification. A three-electrode system was used for 
electrochemical experiments, which consisted of an Ag/AgCl (3M 
NaCl) reference electrode, a platinum wire auxiliary electrode, and 
a 3SPCE working electrode. Cyclic voltammetry (CV) and square 
wave voltammetry (SWV) measurements were performed on an 
Emstat 3 (Plamsens, Netherlands) controlled by a PSTrace 5.6 
software. The electrochemical impedance spectroscopy (EIS) 
measurement was carried out with an Autolab 
potentiostat/galvanostate (Metrohm, Neterlands) controlled by a 
NOVA 2.1 software. The CV measurements were done between 
−0.4 V and +0.8 V in 0.10 M KCl solution containing 5.0 mM 
[Fe(CN)6]3−/4− in a scan rate of 50 mV/s. EIS technique was 
conducted from the frequency of 0.1 Hz to 100 kHz with an open 
circuit potential of 0.2 V. Thermomixer (ThermoMixer C, Eppendorf, 
Germany) was employed for mixing and incubating bioconjugates 
samples. A high-speed centrifuge (5430R Eppendorf, Germany) was 
utilized for the purification of AuNPs solution. The morphologies of 
nanomaterials were characterized by scanning electron microscopy 
(SEM, JEOL JSM-6335F, Japan). 

 Preparation of modified electrodes

GO was synthesized by a triple exfoliation procedure adapted from 
a modified Hummers’ method.56, 57 The citrate stabilized AuNPs 
were prepared by citrate reduction of HAuCl4.

58 The PDA redox 
probe was prepared using the oxidative self-polymerization of 
dopamine in Tris buffer (10 mM, pH 8.5).59 In the preparation of 
modified electrodes, the 3SPCE consisting of W1, W2, and W3 
working electrodes was cleaned by O2 plasma at a 400 millitorr 
pressure unit for 1 min. After that, a solution containing 2.0 mg/mL 
GO and 1.0 mg/mL GQDs was dropped onto the 3SPCE. The 
modified 3SPCE was dried in air at room temperature. The AuNPs 
(OD = 1) solution was dropped onto GQDs/GO/SPCEs for assembling 
miRNA capture probes and then dried in air at room temperature. 
The signaling redox probes (10 mM of AQ, MB, and PDA) were 
dropped on W1, W2, and W3, respectively, of 
AuNPs/GO/GQDs/3SPCE for 30 min. Finally, the resultant electrode 
was washed with DI water several times and kept at 4 ˚C when not 
in use. 

Preparation of electrochemical biosensor

The fabrication and detection processes of the multiplexed miRNAs 
biosensor were schematically illustrated in Fig. 1. The sequences of 
all miRNAs are listed in Table S1. To fabricate three-miRNA probe-
modified 3SPCE, the thiol-modified miRNA probes (20 μL, 10 μM) 
were treated with 20 μL of 10 mM TCEP to reduce the disulfide 
bonds at room temperature for 2 h. Then, 1.0 μL of the 5.0 μM 

Page 2 of 10Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
on

 5
/1

6/
20

21
 1

1:
43

:4
6 

PM
. 

View Article Online
DOI: 10.1039/D1AN00436K

https://doi.org/10.1039/d1an00436k


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

reduced miRNA-21, miRNA-155, and miRNA-210 capture probes 
solutions were consequently immobilized onto the surface of each 
working electrode of dye/AuNPs/GO/GQDs modified 3SPCE at room 
temperature for 1 h. The resulting miRNA capture probes-covered 
electrode was washed with PBS solution, and then added with 1.0 
μL of 20 µM MCH (dissolved in 50 % ethanol) to block non-specific 
binding sites for 30 min. Next, the SWV response was recorded as a 
baseline response after the electrode was rinsed with DI water 
several times.

Simultaneous electrochemical detection of miRNAs

For the simultaneous miRNAs quantitative detection, 1.0 μL of 
target miRNA-21, miRNA-155, and miRNA-210 solutions with 
different concentrations (0.001, 0.01, 0.1, 1, 10, 100 and 1000 pM) 
were dropped onto each designed electrode surface, which was 
incubated for 1 h. After further washing the electrode with PBS 
solution to remove unspecific adsorbed miRNA, the electrochemical 
responses of the electrode in contact with PBS were recorded using 
SWV. SWV curves were acquired by scanning the potential from 
−1.1 V to +0.5 V with a step potential of 4 mV, a frequency of 15 Hz, 
and an amplitude potential of 25 mV. 

Results and discussion

Characterization of the modified electrodes

The morphologies of nanomaterials produced in this study are 
investigated through their SEM images. Fig. 2 shows SEM images of 
bare SPCE, GQDs/SPCE, GO/SPCE, GQDs/GO/SPCE, and 
AuNPs/GQDs/GO/SPCE. The latter two are of optimized 70% GO in 
GQDs/GO composite (Fig. S1). It is observed that the surfaces of 
bare SPCE and GQDs/SPCE are rough and possess some porosity 
(Figs. 2 (a) and 2 (b), respectively). In Fig. 2 (c), the characteristic of 
GO is observed with irregularly crumpled and wrinkled sheet-like 
structures, which can enlarge the electrode surface.60 Fig. 2 (d) 
displays the morphology of GO/GQDs nanocomposite similar to that 
of the GO structure. To improve the biocompatibility of GO/GQDs 
nanocomposite, AuNPs are employed for further modification (Figs. 
2 (e) and 2 (f)). It can be obviously observed that AuNPs are 
thoroughly distributed on the surface of GQDs/GO/SPCE. 

CV and EIS analytical tools are employed to study the 
electrochemical behavior of the as-prepared 3SPCE and the 
modified 3SPCEs. The electrochemical experiments are performed 
in 0.10 M KCl solution containing 5.0 mM [Fe(CN)6]3-/4-. The 
modification of 3SPCE surface with nanomaterials is investigated as 
shown in Fig 3. The bare 3SPCE and GO-, GQDs-, GO/GQDs-, AuNPs-, 
and AuNPs/GO/GQDs- modified 3SPCEs exhibit a pair of redox 
peaks. CVs of bare and modified 3SPCE surfaces are presented in 
Fig. 3 (a). The oxidation peak current (ip) and the peak-to-peak 
separation (ΔEp) of bare SPCE are 72 µA and 0.34 V, respectively. 
After the GQDs, GO, AuNPs, and GO/GQDs are coated on 3SPCEs, 
the ipa increases to 93, 189, 209, and 188 µA, respectively, and ΔEp 
values are lowered down to 0.25, 0.18, 0.13, and 0.14 V, 
respectively. The AuNPs/GQDs/GO/nanocomposite modified 3SPCE 
surface exhibits the highest ip values (218 µA), and lowest ΔEp (0.12 
V) due to the good electrocatalytic and electronic properties of 
AuNPs and GQDs/GO deposited on the 3SPCE surface.61-63 This 
behavior results from the synergetic effect of AuNPs, GQDs, and 
GO. Therefore, modification of AuNPs/GO/GQDs on 3SPCE would 
offer a large electroactive surface area to improve electrical 
conductivity and the functionalization of miRNA capture probes. In 
addition, the EIS curves of these electrode surfaces are shown in 
Fig. 3 (b). The charge transfer resistance (Rct) value of the bare 
3SPCE is estimated as 782 Ω. In the case of GQDs/SPCE, the Rct 
value decreased to 504 Ω. GO, GQDs/GO, AuNPs, and 
AuNPs/GQDs/GO modified electrodes exhibit a straight line 
implying exceptional low resistance because they can effectively 
accelerate the electron transfer through the electrode surface. 
These results suggest that AuNPs/GQDs/GO modified electrode can 
improve the electrochemical performances for miRNAs detection. 

The CV responses of the developed electrochemical platform 
are assessed with different scan rates in the range of 10 to 100 mV 
s−1 in 0.10 M KCl solution having 5.0 mM [Fe(CN)6]3-/4-. Fig. S2 (a) 
illustrates that with increasing the scan rate, the anodic peak 
current is shifted to more positive potential while the cathodic peak 
current is shifted to the negative potential. The Fig. S2 (b) exhibits 
the linearity of ipa and ipc values with respect to the square root of 
scan rates, allowing regression coefficient (R2) values of 0.9964 and 
0.9964, respectively, suggesting that the electrochemical process is 
a diffusion-controlled electron-transfer process.64, 65

Fig. 1 The diagram of AuNPs/GQDs/GO-based biosensors for detection of 
miRNA-21, miRNA-155, and miRNA-210 related to breast cancer.

Fig. 2 SEM images of (a) SPCE, (b) GQDs/SPCE, (c) GO/SPCE, (d) 
GQDs/GO/SPCE, and AuNPs/GQDs/GO/SPCE with (e) low magnification 
(×20,000) and (f) high magnification (×50,000). The bright spots or small 
particles in the Figs (e) and (f) are AuNPs.
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The effect of different modified-SPCEs on responsive signal 
intensities with three redox indicators (AQ, MB, and PDA) is 
investigated from the SWV voltammograms in 10 mM PBS (Fig. S3). 
Eight types of the 3SPCEs modified with AQ-MB-PDA (Fig. S3 (a)), 
AQ-MB-PDA/GO (Fig. S3 (b)), AQ-MB-PDA/GQDs (Fig. S3 (c)), AQ-
MB-PDA/AuNPs (Fig. S3 (d)), AQ-MB-PDA/GQDs/GO (Fig. S3 (e)), 
AQ-MB-PDA/AuNPs/GO (Fig. S3 (f)), AQ-MB-PDA/AuNPs/GQDs (Fig. 
S3 (g)), and AQ-MB-PDA/AuNPs/GQDs/GO (Fig. S3 (h)) are prepared 
under same test condition. The positions of the SWV peaks are 
distinguishable, which offers the multiple miRNAs detection at the 
same time. Three SWV peaks of the dyes on bare and one- or two-
material modified 3SPCEs are observed in the voltammograms and 
are well separated from each other (Fig. S3 (a) to (g)). Fig. S3 (h) 
demonstrates that the composite of AuNPs, GQDs, and GO 
obviously enhances the responsive signals of the three redox 
species. This may attribute to its highly specific surface area and 
accelerating electron transfer feature of AuNPs, GQDs, and GO. 
Therefore, the AuNPs/GQDs/GO modified 3SPCE is selected for 
further experiments.

Fabrication of biosensor

To fabricate our biosensor, the optimized 3SPCE modified with a 
AuNPs/GQDs/GO film is used. Fig. 3(c) illustrates the SWV oxidation 
peaks of dyes/AuNPs/GQDs/GO modified 3SPCE at the potentials of 
-0.644, -0.296, and 0.111 V for AQ, MB, and PDA, respectively 
(curve 1). After the dyes/AuNP/GQDs/GO coated 3SPCE is 
immobilized with three miRNA probes corresponding to miRNA-21, 
miRNA-155, and miRNA-210, respectively, SWV is recorded. From 
curve 2 (Fig. 3(c)), immobilization of the capture miRNAs with their 
nonconductive structure and negative charge causes the obviously 
reduced peak currents of the redox probes.39 When the MCH is 
used to block non-specific sites on the electrode surface, the redox 
peak currents slightly decrease (curve 3, Fig. 3(c)). Then, these 
3SPCE surfaces are hybridized with 100 pM miRNA targets for 1 h 
(optimum hybridization time), and the lowest current values are 
observed (curve 4, Fig. 3(c)), suggesting that the double-strand 
structure of RNA-RNA duplexes hinders the electron transfer.27, 66 
Additionally, EIS is also employed to investigate the target-probe 

hybridization process to support the SWV results (Fig. 3d). It can be 
observed that the dyes/GO/GQDs/3SPCE presents a small half circle 
with the Rct of 1277 Ω (curve 1, Fig. 3d). The capture miRNAs probe 
functionalized surface’s Rct value is determined as 1534 Ω (curve 2, 
Fig. 3d). After blocking non-specific sites of electrode surface with 
MCH, the Rct increased up to 1976 Ω (curve 3, Fig. 3d). This Rct value 
enlarges about 2 times after the hybridization as 3668 Ω (curve 4, 
Fig. 3d), which is attributed to many miRNA targets hybridizing on 
the electrode. The negatively charged miRNAs restrict the negative 
charge of [Fe(CN)6]3−/4− to the electrode surface due to the 
electrostatic repulsion as well as the steric hindrance effect.38, 66, 67 
Overall, SWV and EIS test results are consistent and confirm 
chemical changes at the electrode surface, resulting from both the 
biosensor fabrication and the hybridization event.

Optimization of the experimental conditions

To study the optimal condition, the miRNA capture probes 
concentration, the incubation time of miRNA capture probes, and 
the hybridization time are analyzed. Consequently, the SWV 
response differences (Δi) before and after the hybridization of the 
individual miRNA capture probe and its complementary miRNA 
targets are determined at the potentials of AQ, MB, and PDA. These 
Δi values are employed to optimize such conditions. To find the 
saturated amount of the probes on the modified 3SPCE, the miRNA 
capture probes at the concentrations of 0.1, 0.5, 1, 5, and 10 μM 
are applied for the hybridizations with 10 pM target miRNAs as 
presented in Fig. 4. The ΔimiRNA-21 and ΔimiRNA-210 values increase with 
the increase of the miRNA capture probes concentration and reach 
plateaus at 5.0 μM (Figs. 4 (a) and (b)). While the ΔimiRNA-155 is 
constant when the concentration miRNA-155 capture probe 
reaches 1.0 μM (Fig. 4 (c). In practical use, the optimal 
concentration must be the same. Therefore, 5.0 μM miRNA capture 
probes concentration is selected for further experiments. The effect 
of incubation time of miRNA capture probes is also studied via the 
hybridizations with 10 pM target miRNAs. The incubation time of 
miRNAs capture probes from 30 to 120 min is used. The Δi values 
increase speedily with increasing the incubation time ranging from 
30 to 60 min. It then remains nearly unchanged after the time 
exceeds 60 min. Thus, the incubation time of 60 min is employed 
(Fig. 4 (d), (e), and (f)) for miRNAs probe immobilization. The effect 
of miRNAs hybridization time is also examined. 10 pM miRNA target 
solutions are incubated with miRNA capture probes-modified 
electrode for different periods of time from 15 to 120 min. In Fig. 4 
(g), the ΔimiRNA-21 value obtained after hybridization of miRNA-21 
target increases with increasing the hybridization time, and the 
highest Δi value is obtained at 30 min. In the case of miRNA-155 and 
miRNA-210, both Δi values increase with rising the hybridization 
time from 15 to 60 min and begin to level off at 60 min (Fig. 4 (h), 
and (i)), indicating that the hybridization reaction is completed 
within 60 min. This result indicates that increasing hybridization 
time provides higher efficiency of the binding between the miRNA 
capture probes and miRNA target. Therefore, our approach requires 
60 min to provide the highest efficiency of the hybridization process 
and it is selected for the analysis of target miRNAs by this biosensor. 

Fig. 3 (a) CV curves and (b) Nyquist plots of SPCE, GO/SPCE, 
GQDs/SPCE-, GQDs/GO/SPCE, AuNPs/SPCE, AuNPs/GO/SPCE, 
AuNPs/GQD/SPCE and AuNPs/GQDs/GO/SPCE in 0.1 M KCl containing 
5.0 mM [Fe(CN)6]3−/4−. (c) SWVs in 10 mM PBS solution (pH 7.4) and (d) 
Nyquist diagrams in 10 mM PBS containing 5.0 mM [Fe(CN)6]3−/4−, 
obtained using (1)  dyes/AuNPs/GQDs/GO-modified 3SPCE, (2) 
probes/dyes/AuNPs/GQDs/GO-modified 3SPCE, (3) 
MCH/probes/dyes/AuNPs/GQDs/GO-modified 3SPCE, and (4) 
targets/MCH/probes/dyes/AuNPs/GQDs/GO-modified 3SPCE.
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Fig. 4 The influence of (a) capture miRNA-21 probe concentration, (b) capture miRNA-155 probe concentration, (c) capture miRNA-210 probe concentration, 
anchoring time for (d) capture miRNA-21 probe, (e) capture miRNA-155 probe, (f) capture miRNA-210 probe.

Analytical performance of the biosensor 

Under the optimum assay condition, the SWV peak currents 
decrease with the concentration of miRNA-21, miRNA-155, and 
miRNA-210 in the range of 0.001 to 1000 pM (Fig. 5 (a)). The peak 
current of AQ is found to be corresponding to the concentration of 
miRNA-21. The calibration curve fits a regression equation of 
ΔimiRNA-21 = 12.781+3.55 [miRNA-21] (pM) with a correlation 
coefficient R2= 0.981 (Fig. 5(b)). The redox peak current from MB is 
related to the concentration of miRNA-155. (Fig. 5 (c)). The 
calibration curve fits a regression equation of ΔimiRNA-155 = 13.24 + 
2.9775 [miRNA-155] (pM) with a correlation coefficient R2= 0.9783. 
The peak current of PDA is proportionally correlated to the 
concentration of miRNA-210 (Fig. 5 (d)). The linear curve fits a 
regression equation of ΔimiRNA-210 = 7.8671+ 1.8293 [miRNA-210] 
(pM) with a correlation coefficient R2= 0.9783). The limits of 
detection (LODs) for detecting miRNA-21, miRNA-155, and miRNA-
210 are calculated to be 0.04, 0.33, and 0.28 fM, respectively. The 
wide linear range and LODs suggest that our proposed method is 
useful for simultaneous electrochemical detection of the target 
miRNAs. 

               The analytical properties of the biosensor toward multiplex 
miRNAs detection are compared with those of other 
electrochemical biosensors as listed in Table 1. Using the developed 
AuNPs/GQDs/GO-based biosensor offers wider linear dynamic 
ranges. Moreover, the sensor exhibits relatively low LODs that is 
comparable to those of the first two sensors. Although the obtained 
LODs are higher than those of the third entry. Furthermore, the 
design of the present label-free biosensor is simple and requires no 

labeling molecules, thus reducing the time for the fabrication of the 
biosensors and the determination, cost, and operational complexity 
of the assay. With these advantages, the developed label-free 
electrochemical AuNPs/GQDs/GO-based biosensor is potentially 
useful as a new efficient analytical tool for the simultaneous 
detection of miRNAs in clinical cancers screening tests and 

diagnostics.

Fig. 5 (a) SWVs responses of the proposed biosensor after incubation with 
different concentrations of miRNA-21, miRNA-155, miRNA-210, and (b), (c) 
and (d) corresponding calibration curves of the triplet assay towards 
miRNA-21, miRNA-155, and miRNA-210 respectively, in 10 mM PBS solution 
(pH 7.4).
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Abbreviation: SWV: square wave voltammetry, DPV: differential pulse voltammetry, AuNP-MMBs: gold nanoparticle-coated magnetic 
microbeads, rGO: reduced graphene oxide, PTH: polythiophene, TMC: trimethylene carbonate, Fe3O4: magnetite, CdSe@CdsQD: CdSe@Cds 
quantumdot, CHIT: chitosan, GCE: glassy carbon electrode, TB: toluidine blue, PB: Prussian blue, TBAPy-MA-COF-COOH: 1,3,6,8-tetra(4-
carboxylphenyl)pyrene and melamine, AuE: Au electrode, MAuE: magnetic gold electrode, Cu2O@AuNPs: shell-encoded AuNPs with Cu2O, 
AgNCs: Ag nanoclusters, TDN: tetrahedron DNA nanostructure, Fc: ferrocene, MB: methylene blue

Table 2 Recovery tests for simultaneous detection of miRNA-21 and miRNA-155 and miRNA-210 in human serum by the proposed 
multiplex biosensor

Standard value (pM) Found value (pM) Recovery %

Sample 
No. miRNA- 21 miRNA- 155 miRNA- 210 miRNA- 21 miRNA- 155 miRNA- 210 miRNA- 21 miRNA- 155 miRNA- 210

1 0.01 0.01 0.01 0.0109 0.01085 0.0110 109.0 108.5 110.0

2 1 1 1 1.045 1.074 1.038 104.5 107.4 103.8

3 10 10 10 9.851 10.92 1.055 98.51 109.2 105.5

4 1000 1000 1000 1122.11 1086.41 1095.55 112.2 108.6 109.6

Table 1 Comparison of the proposed strategy with various reported methods for simultaneous electrochemical detection of the miRNA 
cancer biomarkers.

Methods Materials Signal 
Amplifier

Targets Time for the 
fabrication of the 

biosensors and the 
determination

Detection range Detection 
limit

Ref.

DPV AuNP-
MMBs/MAuE

MB

Fc

miRNA-182

miRNA-381

62 h 30 min 5−600 fM

1−800 fM

0.20 fM

0.12 fM

68

DPV rGO/PTH/SPCE Au/TMC/Fe3O4

CdSe@CdsQD 
/TMC/Fe3O4

miRNA-
106a

let-7a

20 h 15 min 0.1−5000 fM

0.1−5000 fM

0.06 fM

0.02 fM

69

SWV TDN/depAu/

GCE

Fc

MB

miRNA-21

miRNA-155

21 h 1.0×10-7−10 nM

1.0×10-7 −10 nM

18.9 aM

39.6 aM

70

DPV TBAPy-MA-
COF-
COOH/AuE

AgNCs@AuNPs

Cu2O@AuNPs

miRNA-155

miRNA-122

4 h 30 min 0.01−1000 pM

0.01−1000 pM

6.7 fM

1.5 fM

71

SWV AuNPs/GQDs/
GO/SPCE

AQ
MB
PDA

miRNA-21
miRNA-155
miRNA-210

4 h 30 min 0.001−1000 pM
0.001−1000 pM
0.001−1000 pM

0.04 fM
0.33 fM
0.28 fM

This work
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Multiplex capability of the biosensor 

The multiplex capability of the biosensor is studied by comparing 
the SWV responses of the detection in the sample solutions 
between with and without all three miRNAs analytes including with 
only one miRNA target. The SWV responses obtained are present in 
Fig. S4. Firstly, in the absence of the target miRNA-21, miRNA-155, 
and miRNA-210, a high SWV response is observed (Fig. S4 (a-d), 
solid lines). Then, in the solution containing all targets, miRNA-21, 
miRNA-155, and miRNA-210, decreases in SWV peaks of AQ, MB, 
and PDA at -0.644 V, -0.296 V, and 0.111 V are observed (Fig. S4 (a), 
dash line) with simultaneous monitoring. Moreover, the biosensor 
is incubated with the sample solution containing a single target type 
including individual miRNA-21, miRNA-155, andmiRNA-210, 
respectively. For the solution containing miRNA-21, only SWV peak 
of AQ decreases (Fig. S4 (b), dash line). The SWV peak of MB 
reduces when the electrode is incubated with the solution 
containing only miRNA-155 while the SWV peaks of AQ and PDA 
remain unchanged (Fig. S4 (c), dash line). Besides, when the 
solution comprises of only miRNA-210 is applied on the electrode, a 
SWV peak of PDA declines (Fig. S4 (d), dash line) whereas the other 
SWV peaks show negligible change.  The result indicates the 
excellent feasibility of our biosensor for multiple miRNAs detection 
without cross reaction. 

Selectivity, stability, and reproducibility of the proposed miRNAs 
biosensor

The selective binding of the three miRNAs assays has been 
confirmed using closely related miRNA sequences. The detection 
responses of 100 pM miRNAs are determined and compared with 
the responses of 1.0 µM interfering sequences (1MM sequence, 
3MM sequence, and non-complementary miRNAs) (Fig. 6 (a-c)). As 
displayed in Fig. 6 (a), (b), and (c), the highest Δi values are obtained 
with only three target miRNAs. The Δi values of both their 
mismatched sequences and non-complementary sequences, and 
their non-targets are significantly lower as compared to those of 
the targets. Fig. 6 (a) presents that the Δi value of a complementary 
miRNA-21 target is 5.95 times higher than that of the 1MM 
sequence, while the responses of the 3MM, non-complementary, 
miRNA-155, and miRNA-210 sequences are negligible. Fig. 6 (b) 
shows that the Δi value of a complementary miRNA-155 target is 
4.07 times higher than the 1MM sequence, and the responses of 
others can be ignored. Fig 6 (c) depicts that the Δi value of a 
perfectly complementary miRNA-210 target is 4.54 times higher 
than that of the 1MM sequence whilst the responses of the 3MM 
sequence and non-complementary sequences are as low as 
background. It is noted that the developed electrochemical miRNAs 
sensor possesses an excellent specificity and outstanding 
discrimination of similar miRNAs sequences. 

        To study the reproducibility of the miRNA biosensor, each 
miRNA target is tested on the 15 fabricated electrodes individually 
using 100 pM for all three targets under similar condition. Fig. 6 (d-
f) shows the reproducibility of the SWV response for simultaneous 
miRNA-21 (Fig. 6 (d)), miRNA-155 (Fig. 6 (e)), and miRNA-210 (Fig. 6 
(f)) detection. The average relative standard deviations (RSDs) are 
8.40% for miRNA-21, 4.51% for miRNA-155, and 9.43% for miRNA-
210, indicating that the proposed multiplex miRNAs biosensor has 
acceptable precision and fabrication protocol.

          Furthermore, for the stability test, the miRNA-21, miRNA-155, 
and miRNA-210 biosensors are kept at 4 ˚C when they are not in 
use. After 3 weeks storage, 84.3%, 85.9%, and 89.5% of the initial 
response values are retained for the detection of miRNA-21, 

miRNA-155, miRNA-210, respectively (Fig. 7 (a), (b), and (c)). 
Therefore, the lifetime of the miRNAs sensor is estimated to be at 
least 21 days (the values decrease is no more than 20%), indicating 
good stability of the proposed miRNAs assay in practical 
applications. 

Detection of miRNAs in human serum samples

To demonstrate the ability of the biosensor for multiplexed miRNA 
detection, miRNA-21, miRNA-155, and miRNA-210 in 50%       
diluted human serum sample with PBS (pH 7.4) are determined. The 
four concentrations of miRNA-21, miRNA-155, and miRNA-210 
(0.01, 1.0, 10, and 1000 pM) are added into the diluted human 
serum sample for the recovery tests. The results of the recoveries 
are summarized in Table 2. The recoveries are achieved in the range 
of 98.51-112.2 % for miRNA-21, 108.5-109.2 % for miRNA-155, and 
103.8-110.0 % for miRNA-210. This result indicates that the 
measurement and recoveries of miRNAs in the serum samples using 
the fabricated biosensor are satisfactory. Therefore, the developed 
label-free biosensor can possibly be used to accurately detect 
multiple miRNAs in clinical samples.
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Conclusions
A label-free electrochemical biosensor using the newly designed 
AuNPs/GQDs/GO modified 3SPCE platform is successfully 
developed for the simultaneous detection of multiple miRNAs 
tumor markers. Three redox spices (AQ, MB, and PDA) attached on 
the AuNPs/GQDs/GO-modified 3SPCE are used for distinguishable 
signals in the multiplex biosensor and the AuNPs/GQDs/GO 
composite is a signal enhancer. The biosensor shows a linear range 
of detection from 0.001 to 1000 pM with the LODs of 0.04, 0.33, 
and 0.28 fM for miRNA-21, miRNA-155, and miRNA-210, 
respectively. With high sensitivity and multiplexing capability, the 

fabricated biosensor could improve diagnostic accuracy for early 
breast cancer detection. Furthermore, this biosensor also 
demonstrates a high selectivity which can distinguish miRNAs target 
from other interfering oligonucleotides, acceptable stability, and 
reproducibility. The sensor is not only promising for breast cancer 
and other cancer diagnoses clinically but also benefits and expands 
knowledge in biomedical research.    

Fig. 7 Stability test of the proposed biosensor in the detection of (a) miRNA-21, (b) miRNA-155, and (c) miRNA-210 when the sensors are stored for 3 weeks.

Fig. 6 Specificity tests of the proposed strategy using 100 pM miRNAs target and 1000 pM interferences; (a) for miRNA-21, (b) for miRNA-155, and 
(c) for miRNA-210. Reproducibility of the biosensor for multiplex detection of (d) miRNA-21, (e) miRNA-155 and (f) miRNA-210 at the concentration 
of 100 pM.
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