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A B S T R A C T   

Acute lymphoblastic leukemia (ALL) is one of the most prevalent cancers in children and microRNA-128 is 
amongst the most useful biomarkers not only for diagnosis of ALL, but also for discriminating ALL from acute 
myeloid leukemia (AML). In this study, a novel electrochemical nanobiosensor based on reduced graphene oxide 
(RGO) and gold nanoparticles (AuNPs) has been fabricated to detect miRNA-128. Cyclic Voltametery (CV), 
Square Wave Voltametery (SWV) and Electrochemical Impedance Spectroscopy (EIS) have been applied to 
characterize the nanobiosensor. Hexacyanoferrate as a label-free and methylene blue as a labeling material were 
used in the design of the nanobiosensors. It was found that the modified electrode has excellent selectivity and 
sensitivity to miR-128, with a limit of detection of 0.08761 fM in label-free and 0.00956 fM in labeling assay. 
Additionally, the examination of real serum samples of ALL and AML patients and control cases confirms that the 
designed nanobiosensor has the potential to detect and discriminate these two cancers and the control samples.   

1. Introduction 

Despite remarkable developments in medical science, cancer re
mains one of the main diseases of the century. According to the Leu
kemia and Lymphoma society report, every three minutes, a person is 
diagnosed with leukemia [1,2]. Leukemia is the most common cancer in 
children and it is divided into 4 subgroups ALL, AML, CLL, and CML 
based on the average survival rate and morphological characteristics 
[3]. The most prevalent childhood cancer is acute lymphoblastic leu
kemia (ALL), while acute myeloid leukemia (AML) is commonly diag
nosed in adults [4]. Since the therapeutic and prognosis procedures 
differ between ALL and AML; ALL should be differentiated from AML at 
diagnosis [5]. There are various biomarkers in cancer that can be used in 
early diagnosis. 

In humans more than 1000 miRNAs have been identified that can 
target more than 30 % of the human genome. miRNAs are small 

conserved RNA molecules with 18–25 bp, which can regulate gene ex
pressions in the post-transcriptional phase [6] by pairing with a target 
mRNA [7]. involved in cell development, growth and differentiation, 
apoptosis, and tumorigenesis [6]. Although many studies have been 
conducted on the relationship between adult cancers and miRNAs, few 
studies have been conducted on childhood malignancies. Former studies 
have demonstrated that some miRNAs, such as miRNA-128, play a sig
nificant role in childhood ALL. The results confirmed that ALL could be 
discriminated from AML and control cases, by detecting highly 
increased miRNA-128 [7]. Several methods such as quantitative poly
merase chain reaction (qPCR), deep sequencing, and northern blotting 
are currently used to detect miRNAs [8,9]. Recently, the development of 
biosensors for detecting leukemia has increased dramatically, offering 
significant advantages compared to current diagnostic methods [10,11]. 
Over recent years, biosensors have become widespread in medical di
agnostics due to population growth and increasing chronic diseases 
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[12]. World Health Organization (WHO) explains the ideal property for 
a diagnostic test by the acronym “ASSURED”, affordable, sensitive, 
specific, user-friendly, rapid, equipment-free, and deliverable [13]. 
Biosensor detectors or transducers are based on electrochemical, optical, 
colorimetric, thermal, piezoelectric, and magnetic principles [14,15]. In 
comparison to optical sensors, electrochemical sensors are typically 
simple, fast, inexpensive, possible to miniaturize, and capable of being 
manufactured in large quantities [16]. To improve detection specificity 
and sensitivity, nanomaterials are used in biosensors [17]. Signal 
amplification and generation in biosensors can be significantly 
improved [18] upon incorporation of nanomaterials such as graphene, 
carbon nanotubes (CNTs), metal nanoparticles and quantum dots [2], 
due to the unique chemical and physical properties [19,20]. 

In the present study, an electrochemical nanobiosensor based on 
graphene derivatives with gold has been designed to detect miRNA-128 
in ALL cancer. In electrochemical biosensors, the kinetics of the reaction 
on the biosensor interface is directly related to the surface properties 
[21,22]. Hybrid nanomaterials with diverse components can induce 
better performances [23]. 

Graphene, a 2D allotropic form of carbon, has outstanding charac
teristics including low electrical resistivity (≈ 10-8 Ω⋅m) [24], very high 
surface area (2.630 m2.g− 1), high intrinsic electron mobility (200000 
cm2.V− 1.s− 1), high optical transmittance (~97.7 %) [25] and good 
biocompatibility [26]. Reduced graphene oxide (RGO) is one of the 
graphene derivatives that can be obtained via reduction of graphene 
oxide (GO), and it incorporates a few oxygenated functional groups such 
as C–OH, C–O–C, C = O, and O = C–OH, which provide superior func
tions such as proton conductivity, catalytic activity, and selective ab
sorption. Further, RGO can considerably increase the graphene surface, 
thus leading to better interaction with oligonucleotides [27]. Gold 
combined with graphene derivatives can enhance signal amplification 
and immobilize the thiolated oligonucleotides on the carbon surface. 

The aim of this study is to detect miRNA-128 by hybridization with a 
complementary sequence on the biosensor. The hybridization of two 
strands of oligonucleotides in electrochemical biosensors must be 
demonstrated with a signal. Biosensors often require labels attached to 
the targeted analyte to attain a sensitive detection. As a result, the final 
sensor signal corresponds to the amount of labels. Label indicators like 
methylene blue, metal, or enzyme complexes can be used in hybridi
zation tracing. On the other hand, label-free techniques are suitable for 
targeted molecules that are not labeled or the screening of analytes that 
are not easy to tag. They have no indicators and this strategy can 
overcome the disadvantages of probe labeling [28–30]. In the current 
study, label-free and labeling methods with methylene blue were 
applied, in order to compare the results obtained from both approaches. 

In biosensors, the most common sample for testing is serum [31]. 
Advantages of human body fluid samples over tissues for disease diag
nosis include low invasiveness, low cost, and rapid sample collection. In 
this research, synthetic miRNA-128 was spiked in serum samples at five 
different concentrations. 5 new cases of childhood ALL (2–7 years old), 3 
new cases of childhood AML (10–11 years old), which have been 
approved by RT-PCR and flow cytometery, and 6 control cases (2–12 
years old) were used for detecting miRNA-128 with the developed 
nanobiosensor. To the best of our knowledge, no previous articles on the 
development of electrochemical biosensors to detect microRNA-128 or 
specific biomarkers to distinguish between ALL and AML have been 
reported. In this work, a simple, sensitive, selective, rapid, cost-effective, 
detection of miRNA-128 is reported. Also, no former studies have 
compared serums of ALL, AML and control cases with electrochemical 
nanobiosensors. 

2. Experimental 

2.1. Reagents and materials 

Analytical graphite powder, sulfuric acid (H2SO4), potassium 

permanganate (KMnO4), hydrochloric acid (HCl), sodium borohydride 
(NaBH4), ethanol (C2H5OH), tetrachloroauric acid (HAuCl4⋅6H2O), po
tassium hexacyanoferrate (II) (K₄[Fe(CN)₆]), Fetal Bovine Serum (FBS) 
and glucose were all purchased from Sigma-Aldrich. Double-distilled 
water was used to prepare all solutions. 

2.1.1. Oligonucleotides 
Thiolated probe and two non-complementary sequences used in this 

study were purchased from BioBasic (Canada) and miRNA-128 sequence 
from Microsynth (Switzerland), respectively. All the sequences were 
purified by HPLC and 5OD. 

Sequences are listed as follows: 
Thiolated probe: 5′- AAAGAGACCGGTTCACTGTGA − 3′ (3′reduced 

–SH). 
miRNA-128: 5′-UCACAGUGAACCGGUCUCUUU-3′. 
Non-complementary sequence 1: 
5′-CTTCTGCCCGCCTCCTTCCTAGCCGGATCGCGCTGGCCAGATGA

TATAAAGGGTC AGCCCCCCAGGAGACGAGATAGGCGGACACT-3′. 
Non-complementary sequence 2: 
non-complementary sequence 2: 
5′-TTTTTTTTTTATTAAAGCTCGCCATCAAATAGCTGC-3′. 

2.2. Procedures: 

2.2.1. Fabrication of graphene oxide 
Graphene oxide (GO) was synthesized from graphite powder 

following the Hummerś method. A brief explanation of the method is as 
follows: 1 g of graphite powder was added to 20 ml of sulfuric acid (98 
%) in an ice bath under stirring. After it was completely dissolved, 3 g of 
KMnO4 was slowly added to the mixture under stirring at 8 ◦C. During 
this step the mixture color turned to yellow-green. After 1 h, 50 ml of 
deionized water was added dropwise, and then another 100 ml was 
added. Subsequently, the mixture was treated with 35 ml of H2O2, which 
was added gradually to neutralize the KMnO4. After 18 h of stirring, the 
mixture was centrifuged at 4000 rpm and the remaining undissolved 
substances were treated with 5 % HCl. To ensure that no excess materials 
remained in the solution, this step was repeated four times. Finally, the 
graphene oxide was dried in an oven (150 ◦C/ 2 h). 

2.2.2. Preparation of reduced graphene oxide from graphene oxide 
0.6 g of the graphene oxide prepared in the previous step was dis

solved in 100 ml of deionized water and then probe sonicated for 10 min 
until the graphene oxide particles were completely homogeneous. In the 
next step, 1 g of NaBH4 was added dropwise to the mixture. The 
resulting solution was completely dried at 100 ◦C for 24 h. The dried 
material was then washed with deionized water and ethanol and the 
obtained precipitate was placed in an oven at 80 ◦C overnight. The 
resulting powder was RGO. 

2.2.3. Synthesis of RGO-Au 
0.35 g of RGO was added to 80 ml of deionized water and dissolved 

completely with an ultrasonic bath. Then, 2 ml of 0.25 M HAuCl4⋅6H2O 
was added dropwise and the mixture was kept under stirring for 3 h at 
room temperature. Finally, the sediment was collected, treated with 
deionized water and ethanol, and dried at room temperature. 

2.2.4. Probe Immobilization, hybridization with miRNA-128, labeling and 
electrochemical measurements 

First, 6 mg/mL of RGO-Au was prepared. Subsequently, 98 uL of the 
RGO-Au was mixed with 2 uL of the thiolated 3′end probe and incubated 
at 4 ◦C (refrigeration temperature) for 18 h. This temperature was 
chosen to enhance the interaction between rGO/Au and the aptamer. 
Self-assembled monolayers (SAMs) were formed through tight bonds 
between gold and thiol (Au-S) [32]. Afterward, 18 uL of this solution 
was added to 2 uL of nafion at room temperature to improve the affinity 
of the materials on GCE [33]. Nafion also induces a better dispersion of 
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graphene in aqueous solution and can boost the stability of graphene on 
the biosensor surface [34]. After 15 min, 6 uL of the mixture were 
dropped on the GCE surface which was rubbed by alumina powder. After 
drying the mixture, GCE was rinsed with PBS (pH = 7.4) to remove the 
excess of ss-DNA that was not adsorbed on the surface. In the tests that 
used methylene blue, the electrode was floated in methylene blue for 1 h 
after the RGO/Au/Probe was dropped on the surface. Hybridization was 
performed by placing 10 ul of the miRNA-128 on the modified GCE. 
Once the hybridization was accomplished, the GCE was rinsed with PBS 
to remove the excess single strand miRNAs. Eventually, the electro
chemical response was measured with CV, SQW and EIS. Scheme 1 de
picts the steps for the synthesis of the nanobiosensor, from graphene 
oxide preparation to the electrochemical measurements. 

2.2.5. Characterization of produced nanomaterials 
To confirm the quality of the synthesized nanomaterials, they were 

characterized by different techniques. Transmission electron micro
scopy (TEM) (Zeiss, EM10C, 80 kV, Germany) was used to assess the 
surface morphology and size of RGO/AuNPs. To get insight about the 
crystalline structure of GO and RGO/AuNPs, X-ray diffraction (XRD) 
(STOE, Germany) was applied with a Cu-Kα monochromatized radiation 
source and a Ni filter. Also, FTIR spectra (Thermo Incol, USA) were 
obtained to characterize GO, RGO/AuNPs and RGO/AuNPs/Probe. 
Electrochemical experiments were performed with a potentiostat/gal
vanostat device (Ivium technologies. Netherlands) using a ferrocyanide 
redox probe (0.2 mM) and PBS 0.1 M. A three-electrode system (Detect, 
Iran) comprising a working electrode (2 mm diameter glassy carbon 
electrode), a reference electrode (Ag/AgCl electrode), and a counter 
electrode (platinum) was utilized. 

3. Results and discussion 

3.1. Characterization of synthesized materials 

To assess the surface morphology of the synthesized RGO-Au, TEM 
images were recorded, and typical images are shown in Fig. 1 (A). A 
uniform single layer of RGO and the attached Au nanoparticles indi
vidually dispersed on the RGO can be observed. The NPs are spherical, 
with a diameter smaller than 100 nm. RGO modification with AuNPs 
increased the conductivity and the nanoparticles provided an excellent 
surface for self-assembling the thiolated probe. 

To investigate the functional groups of the synthesized materials, 
FTIR was used. In the FTIR of graphene oxide (Fig. 1(B)), a large peak is 
found at 3355 cm− 1 indicating the O–H group. RGO-Au and RGO- 

AuNPs-Probe also show large peaks at 3359 and 3439 cm− 1, respec
tively, corresponding to the same functional group. In addition, the 
absorption peaks at 1610 and 1710 cm− 1 are assigned to C–C and C = O 
bonds, respectively, and those at 1040 and 1220 cm− 1 can be related to 
C-O bonds. It is clear that the intensity of the peak at 3359 cm− 1 in RGO- 
Au is significantly lower compared to that of graphene oxide. Also in this 
material, the reduction in the intensity of the peak corresponding to C =
O functional groups may be due to the bonding of these groups to gold 
atoms. Additionally, in the spectrum of RGO-Au, a new peak is observed 
in the region around 660 cm− 1, which corresponds to the Au-O-Au 
stretching. These observations corroborate the successful conversion 
of GO to RGO as well as the attachment of AuNPs to RGO to form the 
desired system. In the probe spectrum, the peak of C = O is also weak
ened, indicating the attachment of a number of probe molecules to these 
functional groups. Consequently, it is confirmed that the probes link to 
RGO-Au by binding the thiol functional group to gold. 

In the XRD of graphene oxide (Fig. 1(C)), a peak can be observed at 
2θ = 9.91◦, which is characteristic of this nanomaterial. For RGO-Au, the 
main peaks are observed at 2θ values of 38.14◦, 44.32◦, 64.68◦ and 
77.50◦, related to the (111), (200), (220), and (311) crystalline planes 
of face centered cubic gold. The peak at 2θ = 9.91◦ also decreased in 
RGO-Au, indicating the reduction process. It should be noted that peaks 
in the 2θ range of 15–30 ◦ correspond to irregular RGO sheets. 

The electrochemical characterization was performed by CV and EIS 
techniques, and the results are shown in Fig. 2 (A) and (B), respectively. 
CV is the most effective and appropriate method for studying the char
acteristics of electrochemical processes on electrode surfaces [35], and 
EIS indicates the surface resistance. 

CV was performed at a scan rate of 50 mV.s− 1 from − 0.5 to 0.7 V and 
EIS was performed in the frequency range of 0.01–100000 Hz with 32 
point per decade. Due to the signal amplification properties of the gold 
nanoparticles, the signal of RGO-Au was higher than that of the bare 
electrode. Probe immobilization and nafion addition increased the 
resistance and the signal was reduced. Subsequently, by adding miRNA- 
128 on the surface, the signal decreased, indicating the successful hy
bridization with the probe. 

3.2. Biosensor time profiles optimization 

One of the most important parameters in nanobiosensors is to adhere 
the receptor to the surface for analyte detection, which is directly 
affected by time. In other words, time is a crucial factor in optimizing 
biosensor performance since a delay in the biosensor response time 
prevents timely action. The time period determines the amount of probe 

Scheme 1. Representation of the fabrication of the electrochemical miRNA nanobiosensor.  
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attached to gold. The 3′thiolated probe could be immobilized by self- 
assembling to the gold nanoparticles via Au-S bonds. These bonds aid 
probes to get a proper orientation on the fabricated nanobiosensor 
which is necessary for improving the detection sensitivity [36]. There
fore, in order to attain the maximum probe immobilization, experiments 
were performed at 4 ℃ for incubation times of 6, 12, 18, and 24 h in 

ferrocyanide, as shown in Fig. 3 (A). The figure shows that an incubation 
period of 18 h was found to be optimal for immobilizing probes. 

The hybridization of the probe and miRNA-128 also depends on 
time. For this purpose, the hybridization was measured in ferrocyanide 
at 0, 10, 20, 30, 40, 50, and 60 min. The signal significantly increased up 
to 40 min and then remained constant. Fig. 3 (B) shows that the optimal 

Fig. 1. (A) and (B) TEM micrographs of RGO/AuNPs showning a uniform single layer of RGO and the attached Au NPs well dispersed on RGO with a diameter 
smaller than 100 nm. (C) FTIR spectra of GO, RGO/AuNPs and RGO/AuNPs/probe and (D) XRD pattern of GO and RGO/AuNPs. 

Fig. 2. Electrochemical characterization via (A) CV and (B) EIS analysis of Gr-Au, Gr-Au-APT, Gr-Au-Apt-naf, Gr-Au-Apt-naf-miRNA in hexacyanoferrate (labeled 
sensor). CV was analyzed in the range of − 0.5 to 0.7 V. 
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hybridization period was 40 min. 

3.3. Electrochemical characterization of modified electrode with label- 
free method 

The label-free electrochemical characterization of GCE/RGO/ 
AuNPs/Probe electrode was performed by SWV and EIS in ferrocyanide 
solution [Fe (CN)6]-3/-4, and the results for different microRNA-128 
concentrations are shown in Fig. 4 (A) and (B), respectively. The cor
responding calibration curves are depicted in Fig. 4 (C) and (D), 

respectively. This method measured SWV between − 0.2 and 1 V. As 
shown in Fig. 4(A), the peak intensity decreased with increasing miRNA 
concentration. Further, a perfect linear relationship was found between 
the resistance and the concentration of microRNA-128. 

3.4. Characterization of the labeling modified electrode by methylene blue 

Methylene blue (MB) is one of the redox indicators used in biosensors 
as a label. MB has a high capability to interact with high guanine- 
cytosine content of single-strand DNA (ss-DNA) and double-strand 

Fig. 3. Time diagram (A) for the hybridization of the probe and microRNA-128. (B) for the immobilization of the probe with AuNPs.  

Fig. 4. A) SWV and (B) EIS plot of GCE/RGO/AuNPs/Probe electrode in hexacyanoferrate for different microRNA-128 concentrations. Calibration curve obtained 
from SWV (C) and (D) EIS results. 
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DNA (ds-DNA) by electrostatic adsorption [37]. In this work, after 
preparation of the electrode with RGO/Au/Probe, the electrode was 
rinsed in methylene blue. MB intercalated between the nucleic acids of 
the probe and acted as a redox indicator. After washing the remaining 
MB, stability was evaluated using 30 cycles of CV in PBS, in the potential 
range from 0 to − 0.4 V. The high stability of methylene blue in the 
biosensor is demonstrated in Fig. 5 (A). 

Furthermore, the diffusion control of methylene blue in Fig. 5 (B) 

was examined with CV at scan rates of 10, 15, 25, 50, 75, 100, 125, 150, 
200 and 300 V/s, in the potential range of − 0.4–0. miRNA-128 was 
applied on the RGO-Au/nafion, and SWV was carried out from 0 to − 0.4 
V. Fig. 5 (C) clearly shows that the SWV peak decreases with increasing 
the concentration of miRNA-128. 

Fig. 5. (A) Stability diagram of methylene blue on modified GCE with RGO/AuNPs/Probe in PBS medium. (B) diagram of methylene blue at different scan rates. (C) 
CV analysis of methylene blue assay for different microRNA-128 concentrations. (D) Calibration curve of methylene blue as a function of the scan rate. (E) Calibration 
curve obtained from CV analysis of methylene blue assay vs. microRNA-128 concentration. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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3.5. Analytical performance of quantitative detection of miRNA-128 

Square wave voltammetry (SWV) is widely used to study changes in 
the DNA hybridization. The label-free (ferrocyanide) and labeled 
(methylene blue) nanobiosensors were used to quantitatively detect 
miRNA-128 at concentrations in the range of 0.1–0.9 fM and 0.01–0.09 
fM, respectively. Under optimal conditions, the LOD of the label-free 
method was 0.8761 fM and for the methylene blue assay was 0.00951 
fM. It is clear that the LOD of the methylene blue assay is much lower 
than that of the label-free method. This means that labeled assays have 
higher selectivity than label-free methods. Table 1 compares the results 
of this study with those of previous literature reviews. 

In the EIS diagram, the resistance and electrical conductivity of the 
electrode are both reduced as the target analyte is connected to the 
electrode. While the linear segment at low frequencies represents the 
propagation phenomenon, the semicircular segment at high frequencies 
represents electron transfer. By studying the impedance spectrum, it is 
possible to identify the specific interaction at the electrode surface that 
affects the resistance of the electrode to transient current. The spectra 
are presented in the form of Nyquist plots (Fig. 4B). The increase in Rct 
(the larger the radius of the semicircle the higher Rct value) with 
increasing analyte concentration indicates higher resistance, corrobo
rating that the analyte was successfully captured on the electrode 
surface. 

3.6. Selectivity of biosensor 

To investigate the selectivity of the biosensor, RGO-Au/nafion/probe 
in ferrocyanide electrolyte was used to hybridize with FBS, glucose (90 
mg/dl, fasting concentration of glucose in blood), two aptamer se
quences, and miRNA-128, and their percentage of response is shown in 
Fig. 6. The response of miRNA-128 was significantly higher than those of 
the other substances (approximately 3.67 % for FBS, 12.99 % for 
glucose, 26.97 % for APT1, and 28.72 % for APT2 compared to the 
miRNA-128). The results demonstrated excellent selectivity, indicating 
that the prepared biosensor can differentiate miRNA-128 from other 
substances with high sensitivity and specificity. 

3.7. miRNA spiking in SBF 

miRNA spiking was investigated in simulated body fluids (SBF). This 
serum contains various interfering substances such as ions, with an ionic 
concentration close to human plasma. Five concentrations (0.1–0.9 fM) 
of synthetic miRNA-128 were used in SBF and SWV assays were per
formed with ferrocyanide. As shown in the SWV curve (Fig. 7A), the 
peak height decreases upon increasing miRNA-128 concentration. On 
the other hand, the calibration curve of the spiked concentration of miR- 
128 in SBF is exponential over the concentration range studied (Fig. 7B). 

3.8. Real sample assay 

5 new cases of ALL, 3 AML, and 6 control serum samples were used to 
detect miRNA-128. RT-PCR and flow cytometry tests were performed on 
each patient sample. Following RGO/AuNPs/Probe electrode prepara
tion, the serum sample was dropped on the surface for 40 min, rinsed 
with PBS to remove the non-hybridized miRNA, and subsequently, SWV 
tests were performed. As shown in Fig. 8, three zones can be distin
guished: ALL patients had the highest amount of miRNA-128 (red zone) 
and the control cases had the lowest level of miRNA-128 (green zone). 
AML patients were in the mid-range (grey zone). The results indicate 
that this nanobiosensor can discriminate ALL, AML, and control samples 
in different zones. 

4. Conclusion 

An electrochemical biosensor based on RGO-Au/Probe was devel
oped for miRNA-128 detection. Under the optimal detection conditions, 
the limit of detection was 0.08761 fM in label-free and 0.00956 fM in 
labeling assay, indicating the higher sensitivity of the biosensor devel
oped herein compared to those of previous studies (Table 1). Experi
ments reveal that the sensitivity of the labeling method with methylene 
blue is much higher than that of the label-free test. However, the 
methylene blue analysis has an additional step. Moreover, the biosensor 
displayed very high selectivity for miRNA-128, and can discriminate 
ALL from AML and real control samples. Due to the advantages of the 
RGO-Au/Probe biosensor, we believe that it has great potential as a 
platform for ALL detection in the near future. 

Table 1 
Comparison of the results from previous studies with the present study. Abbreviations: 3-(5-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2(3)-yl) propanoic acid 
(JUGA), 5-hydroxy-1,4-naphthoquinone (JUG), multi-walled carbon nanotube(MWCNT), silicon nanowires (SiNWs), horseradish peroxidase (HRP), graphene 
quantum dots (GQD), dendritic gold nanostructure (DenAu), glassy carbon electrode (GCE), cyclic enzymatic signal amplification (CESA), methylene blue (MB), 
quantum dot (QD).  

Electrode material miRNA Detecting method Labeled/ Label-free LOD References 

Poly(JUG-co-JUGA)/o-MWCNT modified miRNA-141  Electrochemical Label-free 8 fM [38] 

SiNWs Let-7b Optical Label-free 1 fM [39] 
HRP-GQD miRNA-155 Electrochemical Labeled (HRP) 0.14 fM [40] 
HRP/bio-bar-codes /DenAu/graphene/GCE miRNA-21 Electrochemical Labeled (HRP) 0.06 pM [41] 
CESA/template free DNA extension reaction miRNA-196-a Electrochemical Labeled (MB) 15 aM [42] 
QD-labeled strip biosensor miRNA-21 Electrochemical Labeled 200 aM [43] 
RGO-AuNPs miRNA-128 Electrochemical Label-free 

(hexacyanoferrate) 
0.08761 fM This study 

RGO-AuNPs miRNA-128 Electrochemical Labeled (MB) 0.00956 fM This study  

Fig. 6. Comparison of the probe selectivity to FBS, glucose (90 mg/ml), APT1, 
APT2 and micro-RNA-128. The sensor has higher selectivity to the miRNA-128 
compared with the other materials. 
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