
Journal Pre-proof

Electrochemical nano-genosensor for highly sensitive detection of miR-21 biomarker
based on SWCNT-grafted dendritic Au nanostructure for early detection of prostate
cancer

Abbas Sabahi, Razieh Salahandish, Ali Ghaffarinejad, Eskandar Omidinia

PII: S0039-9140(19)31228-7

DOI: https://doi.org/10.1016/j.talanta.2019.120595

Reference: TAL 120595

To appear in: Talanta

Received Date: 4 September 2019

Revised Date: 24 November 2019

Accepted Date: 25 November 2019

Please cite this article as: A. Sabahi, R. Salahandish, A. Ghaffarinejad, E. Omidinia, Electrochemical
nano-genosensor for highly sensitive detection of miR-21 biomarker based on SWCNT-grafted dendritic
Au nanostructure for early detection of prostate cancer, Talanta (2019), doi: https://doi.org/10.1016/
j.talanta.2019.120595.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier B.V.

https://doi.org/10.1016/j.talanta.2019.120595
https://doi.org/10.1016/j.talanta.2019.120595
https://doi.org/10.1016/j.talanta.2019.120595




1 
 

Electrochemical nano-genosensor for highly sensitive 

detection of miR-21 biomarker based on SWCNT-grafted 

dendritic Au nanostructure for early detection of prostate 

cancer 

Abbas Sabahia,b, Razieh Salahandisha,b, Ali Ghaffarinejada,b*, Eskandar Omidiniac*  

a Research Laboratory of Real Samples Analysis, Faculty of Chemistry, Iran 
University of   Science and Technology (IUST), Tehran 1684613114, Iran  
b Electroanalytical Chemistry Research Center, Iran University of Science and 
Technology (IUST), Tehran 1684613114 
c Department of Biochemistry, Genetic and Metabolism Research Group, Pasteur 
Institute of Iran, Tehran 13164 
  

                                         

* Corresponding authors: 
Ali Ghaffarinejad: 

Email: Ghaffarinejad@iust.ac.ir; Tel: +98-21-77240652; Fax: +98-21-73021554 
Eskandar Omidinia: 
 Email: skandar@pasteur.ac.ir and eomid8@gmail.com; Tel: +98-21-66969298 



2 
 

ABSTRACT 

MicroRNAs (miRNAs) appear as a novel reliable candidate in biomarkers for early 

diagnosis of cancer. Due to their roles in various types of cancer, their potential as 

a diagnostic biomarker is getting more attention. Here, a novel electrochemical 

biosensor for detection of miR-21 was demonstrated, through combining the 

advantages of electrochemical methods and nanomaterials with the selectivity of 

oligonucleotides, based on thiolated receptor probe-functionalized dendritic gold 

nanostructures (den-Au) via the self-assembly monolayer (SAM) process which 

grafted on the single-wall carbon nanotubes (SWCNTs) platform on the surface of 

the fluorine-doped tin oxide (FTO) electrode. Cadmium ions (Cd2+) were used as 

signal units and also signal amplification substance which labeled before on miR-

21 target. The oxidation signal of Cd2+ as a signal unit was measured by differential 

pulse voltammetry (DPV) technique that had a very wide linear relationship with 

the concentration of miR-21 target (0.01 fmol L-1 to 1 µmol L-1) and low 

experimental detection limit of 0.01 fmol L-1. Furthermore, fabricated biosensor 

showed acceptable performance in human serum samples and also good selectivity 

indiscriminate between the complementary target and non-complementary one, so 

this nano-genosensor can clinically be used for prostate cancer diagnosis through 

the detection of miR-21 in human serum samples.  

 

Keywords: MiRNA-21; Electrochemical nano-genosensor; Oligonucleotide; 

Dendritic gold nanostructures; Single wall carbon nanotubes; Prostate cancer 
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1. Introduction  

Worldwide, cancer is known as one of the main causes of human mortality [1, 2]. 

Prostate cancer (PCa) is the most common non-skin cancer worldwide also 

diagnosed male malignancy and is the second leading cause of male cancer-related 

death worldwide [3, 4]. Diagnosis of prostate cancer is routinely done by using 

prostate-specific antigen (PSA) test for early detection [5, 6], however, this test has 

its own limitations including specificity and ambiguity on the optimal threshold for 

biopsy [7]. Additionally, high levels of PSA are not necessarily  related to the 

cancerous state of prostate and may fluctuate due to the infections, inflammation, 

or benign prostatic hyperplasia (BPH) thus resulting in  misdiagnosis and 

overtreatment of indolent PCa [8, 9]. Consequently, it is crucial to utilize more 

effective biomarkers to improve PCa prognosis and diagnosis. 

MiRNAs are short, endogenous and non-coding RNAs (∼22 nucleotides) 

found in the diverse organisms and generally play crucial roles in all biological 

pathways including cell proliferation, differentiation, and apoptosis [10, 11]. They 

also have the potential of being excellent biomarkers candidate for cancer 

diagnosis, prognosis, and therapy, as they can be isolated and detected from a wide 

range of biological samples [12], including blood, urine, saliva, plasma and serum 

[13]. Studies have indicated a strong correlation between the expression patterns of 

miRNAs with various types of diseases, including cancer [12, 14], diabetes [15], 

neurological disorders [16], rheumatic diseases [17], and cardiovascular disorders 

[18]. Among numerous types of miRNAs, miR-21 has been identified as the only 

one to be over-expressed in 11 types of cancerous tumors including stomach, 

prostate, head and neck, pancreas, lung, colorectal, esophagus, glioblastoma, and 

neuroblastoma [19, 20]. Even though, miRNA’s, including miR-21 molecules, 

show a very strong correlation with various cancers, and are considered to be a 
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strong contender as a potential prognostic and/or diagnostic biomarker, there are 

some challenges associated with their detection. Some of the limitations include 

low levels of expression, highly homologous sequence, small size, and presence of 

wide range of variants [21, 22]. Many conventional methods currently employed in 

detection of these molecules are labor intensive, time consuming, low on 

sensitivity and involves multistep complicated protocols and procedures [23-26]. 

Considering above mentioned limitations, it is imperative to develop some new 

highly sensitive and selective assay for detection and quantification of these 

miRNAs. Some of the most recent methods invented for sensitive detection of 

miRNAs involve quantification methods are based on fluorescence [27], 

colorimetry [28], electrochemistry [29], bioluminescence [30], chemiluminescence 

[31], electrochemiluminescence [32], surface plasmon resonance [33], and 

capillary electrophoresis assays [34]. Among these methods, electrochemical 

biosensors have attracted a lot of attention due to it’s rapid, sensitive, selective, and 

cost-effective properties [35]. Electrochemical biosensors based on signal 

amplification have been investigated to detect miRNAs for enhanced sensitivity, 

selectivity, and low detection limit [36]. Different types of labels ranging from 

gold nanoparticles [37], OsO2 nanoparticles [38], carbon nanotube [39], graphene 

[40], enzyme [41], triple signal amplification protocol [42], to quantum dots [43] 

have been  used for signal amplification. Many labeled electrochemical miRNA 

bisensors have been developed to achieve lowest detection limit. Several of these 

developed miRNA biosensors include use of tagged quantum dots, Cd2+-modified 

Tip nanoparticles, RuO2 nanoparticles, OsO2 nanoparticles, Ru(PD)2Cl2Os, and 

Os(dmpy)2(IN)Cl+ in conjunction with various electrochemical techniques ranging 

from anodic strip voltammetry to square wave voltammetry (SWV). With the 

deployment of these novel quantifying techniques investigators were able to detect 
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presence of miRNA ranging anywhere from 0.32 amol L-1 to 2.0 fmol L-1 [38, 44-

48]. All of these detection methods showed high sensitivity, selectivity and 

improved efficiency of electrochemical biosensors based on signal amplification 

strategy. 

Herein, we describe a selective and sensitive FTO based biosensor for the 

detection of miRNA which has been modified with functionalized SWCNTs and 

dendritic gold nanostructures (den-Au) to attain high conductivity, increased 

surface area [49, 50]. Furthermore, the functionalized surface provides an 

exceptional platform for the immobilization of thiol receptor probes [51, 52] . 

DPV is a very sensitive electrochemical technique used to assess selectivity 

and efficiency of an electrochemical biosensor. We choose DPV as a tool to 

evaluate performance of our fabricated biosensor for the detection of miR-21 

amplicons. Our results indicate that Cd2+ as a signal amplification unit, 

significantly improves the detection signal and consequently enhanced low 

detection limit with a very wide dynamic range for the high sensitivity and 

selectivity of proposed nano-genosensor. 

 

2. Experimental 

2.1. Materials and oligonucleotides 

All chemicals including sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 37%), 

ethanol (C2H5OH, 99%), sodium hydroxide (NaOH), nitric acid (HNO3, 65%), 

potassium ferrocyanide (K4Fe(CN)6), potassium ferricyanide (K3Fe(CN)6),  

phosphoric acid (H3PO4, 85%), and cadmium chloride (CdCl2) were purchased 

from Merck & Co (USA).  L-Cysteine, 11-mercapto-1-undecanol (MU), SWCNTs 

(≥ 95%), gold (III) chloride trihydrate (HAuCl4.3H2O, ≥ 99.9%), and phosphate 

buffered saline (PBS) were brought from Sigma-Aldrich (USA). All the procured 
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materials were analytical grade and used without any further purification. To 

minimize nuclease activity, all glassware and sample tubes firstly treated with pure 

ethanol and rinsed with by ultra-pure DNase/RNase free water followed by 

autoclaving. All solutions prepared in RNase/DNase free water. All experiments 

were done at room temperature except experiments related to temperature 

optimization tests and cadmium labelling. All oligonucleotides were purchased 

from Panagene Company (Daejeon, Korea). Both thiolated complementary peptide 

nucleic acid (PNA) of miR-21 as a receptor probe with the sequence of 5′-SH-

(CH2)6-(Lys)3-TCAACATCAGTCTGATAAGCTA-3′, and miR-21 with the 

sequences of 5′-UAGCUUAUCAGACUGAUGUUGA-3′ was used as a target. 

Also, the selectivity of biosensor was evaluated by using a non-complimentary 

miRNA with the sequence of 5′-GUAAGGCAUCUGACCGAAGGCA-3′.  

 

2.2. Apparatus and electrochemical measurements  

All electrochemical measurements were carried out with Autolab PGSTAT 204N 

(Potentiostat/Galvanostat; Echo chemie, B. V.) equipped with Nova 1.11 software. 

The three-electrode model system comprised of a platinum rod as the auxiliary 

electrode (AE), Ag/AgCl, 3 mol L-1 KCl as the reference electrode (RE), and a 

modified FTO electrode as the working electrode (WE). The electrochemical 

response of Cd2+ oxidation was measured by DPV technique with the potential 

window of -1.5 V to 0 V and the sweep rate of 100 mV s-1 in PBS (pH 7.4). The 

electrochemical impedance spectroscopy (EIS) was performed within the 

frequency range of 10 mHz ‒ 100 kHz, with the potential amplitude of 14 mV 

around the open circuit potential (Eocp). The crystalline structure and morphology 

were characterized by XRD (Bruker D8 ADVANCE, Cu Kα radiation, λ = 1.5406 

nm), field emission scanning electron microscope (FESEM) images and elemental 
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mapping analysis were taken by Carl Zeiss instrument model MIRA3 and scanning 

electron microscope (SEM) images with Carl Zeiss model VEGA2, both of them 

from TESCAN Company. 

 

2.3. Preparation of the nanocomposite 

To minimize any contaminations that could affect the electrochemical process, the 

FTO electrodes (8 Ω resistance and 0.5×0.5 cm2 surface area) were washed with 

acetone and 70% ethanol to eliminate any organic contaminants. The whole system 

was rinsed with deionized (DI) water and dried by using nitrogen gas. 

Functionalized CNTs have been shown to have much more solubility in aqueous 

solvents due to the reduction of van der Waals interactions between CNTs due to 

the incorporation of functionalized groups [53]. Functionalization of 10mg of 

SWCNTs to incorporate carboxy groups was done by treatment with a mixture of 

concentrated H2SO4/HNO3 (3:1) with sonication at 70 °C for 4 h. The left over 

black solid was filtered and rinsed several times by DI water to remove the extra 

acid and achieve a neutral pH. The functionalized SWCNTs were then dried in the 

vacuum oven at 70 ºC for 8 h [54]. The obtained product was dispersed in DI water 

(0.5 mg mL-1) and sonicated for 1 h to achieve the homogeneous SWCNTs 

suspension. FTO electrodes were then cast coated with 30 µL of SWCNTs 

suspension.  

In the second stage, den-Au nanostructures were synthesized on top of the 

SWCNTs substrate by chronoamperometry (CA) technique in the aqueous solution 

containing of 1.0 mmol L-1 HAuCl4 and 0.5 mol L-1 H2SO4 in the presence of 0.1 

mmol L-1 L-Cysteine at the constant potential of -0.8 V for 1500 s [55, 56]. 

 

2.4. Biosensor fabrication 
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 There are different ways to immobilize oligonucleotides onto the surface of the 

modified electrode, including adsorption [57], covalent binding [58], self-

assembled monolayer (SAM) process [59], and immobilization based on 

electrochemical oxidation of guanine and adenine groups of those molecules [60]. 

To fabricate the biosensor and to immobilize the bio-receptor, 30 µL of the PNA 

probe was cast coated onto the modified electrode SWCNTs/den-Au surface. The 

complementary probe was attached to the electrode surface by formation of Au-S 

bond between the thiol functional group at  5-end of the probe with den-Au 

nanostructures, through the SAM process at room temperature overnight [61]. The 

resulted biosensor was rinsed with 0.02 mol L-1 of PBS to remove any non-specific 

probes. Furthermore, to eliminate any nonspecific binding, the prepared 

nanocomposite was immersed in 1 mmol L-1 MU for 30 min [52]. 

2.5. Direct labeling of miR-21 

Cd2+ was used as a label and signal unit for detection of miR-21 through the 

electrostatic binding between the positive charge of Cd2+ and negative charge of 

miR-21 phosphate backbone. The direct labeling of miR-21 was performed by 

incubating of Cd2+ with miR-21 in PCR tubes (1000 µL). Various gradient 

concentrations of miR-21 and CdCl2 as the source of Cd2+ ion was incubated at 37 

°C for 60 min and stored at -18 °C till further use. 

 

2.6. Hybridization of labeled miR-21 with receptor probe 

Finally to hybridize labeled miR-21 with the PNA probe, 30 µL of the labeled 

target was cast coated on the surface of the fabricated sensor (SWCNT/den-

Au/Probe/MU) and incubated at 37 °C for a certain time at 85% humidity. The 

fabricated biosensor was then rinsed by PBS to remove any unlabeled targets 

which didn’t conjugate properly onto bio-receptor probes. 
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2.7. Serum sample preparation 

Blood samples were collected from a healthy person aged between 25 and 30 years 

old from the Pasteur Institute of Iran. Serum, from about 10 mL of blood was 

obtained by deproteinization method involving centrifugation of blood samples at 

2000 rpm for 10 min at 4 °C. About 4 mL of serum was extracted from 10 mL of 

the blood and was stored at -20 °C. The frozen serum was thawed at room 

temperature before use.  

 

3. Results and discussions 

miR-21 has been considered to be one of the essential oncogenic factor that is 

found to be overexpressed in variety of cancers including PCa [62, 63].  The aim of 

this study was to design an electrochemical based biosensor capable of quantifying 

miR-21 and to evaluate its potential to be a biomarker for PCa. Figure. 1, 

represents step by step fabrication process of nano-genosensor for detection of 

miR-21 as the biomarker of PCa.  

Please insert Fig. 1 here. 

 

3.1. Evaluation of the synthesized nanocomposite 

Carbon nanotubes are excellent materials for biosensing application because of 

their unique structural, mechanical, chemical properties along with exceptional  

electrical,  metallic conductivity, and thermal stability [49, 50]. Furthermore, 

nanotubes are also shown to provide an ideal platform for immobilization of 

different types of biomolecules. These unique properties put carbon nanotubes in a 

distinct class of materials thus bridging chemistry and biology together for better 
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understanding biochemical systems [64]. Inclusion of carbon nanotubes onto the 

biosensing surfaces imparts vital features which are very crucial for biosensing 

application. The FESEM image of SWCNT in Fig. 2A elucidates how SWCNT 

contributes towards an increase in surface area and surface roughness for 

adsorption of the den-Au nanostructures onto the FTO electrode. Figure 2B and 

Figure 2C are the FESEM images for the second layer of nanocomposite 

composed of den-Au nanostructure. 

Inclusion of den-Au nanostructures has shown to induce high chemical stability, 

high conductivity, increase in the effective surface area [65], and augmented 

immobilization of thiolated complementary probes onto these nanostructures [52]. 

To gain a better understanding of mechanisms involved in synthesis of den-Au 

nanostructures, we investigated correlations between den-Au morphology and L-

Cysteine molecules present in the solution. At first, by applying a constant 

potential through the CA technique acting as an applied force, an electron transfer 

reaction was made to reduce the Au3+ ions to Au nucleus form. L-Cysteine 

molecules which existed in the solution, acted like a gold blocker because this 

molecule has thiol group for adsorbing the Au nucleus and also has the amine 

group to create an amide linkage with the carboxylic groups which existed 

previously on the surface of functionalized SWCNTs of modified electrode. During 

the time, the thiol groups of L-Cysteine adsorbed the large quantities of Au nucleus 

and by aggregation of these nucleus gold nanoparticles created. After that, by 

sticking the large quantities of gold nanoparticles with each other, an initial growth 

core was created on the thiol group of L-Cysteine molecules, immobilized on 

SWCNTs surface through an amide linkage. Also, the presence of these molecules 

induced an isotropic kinetically aggregation for gold nanoparticles that 

simultaneously formed wire and dendritic nanostructures. Also, about the hydrogen 
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bubbles which evolved during the electrodeposition process, they acted as a 

dynamic template to assist the orientation growth of those den-Au nanostructures. 

The use of den-Au nanostructures is crucial for electrode modification because it 

provides a suitable platform to stabilize oligonucleotides and facilitates charge 

transfer between these molecules with electrode surface, due to their high surface 

area and excellent conductivity. Moreover, the elemental mapping analysis (Fig. 

2D) and EDS analysis (Fig. 2E) revealed different elements and their dispersion in 

the nanocomposite. Further confirmation of the formation of the den-Au 

nanostructures, was confirmed by XRD analysis Fig. 2F. The XRD pattern of the 

FTO/SWCNT/den-AuNS electrode surface (Fig. 2F) exhibits four main diffraction 

peaks at 2θ angels of 39.4, 45.6, 65.8, and 78.8 º which are attributed to the (111), 

(200), (220) and (311) planes of dendrites Au crystals with a symmetric face-

centered cubic (fcc) structure, respectively. Also, this diffraction data are in good 

agreement with the 04-0784 JCPDS card [56, 66]. 

Please insert Fig. 2 here. 

 

3.2. Electrochemical investigation of the nanocomposite applying EIS and 

voltammetry techniques  

A stepwise fabrication process for the biosensor is shown in Fig. 3. The fabricated 

biosensor was characterized by EIS and DPV techniques. EIS measurement was an 

effective and sensitive method to characterize the charge transfer resistance (Rct). 

The semicircle diameter at higher frequencies is related to Rct of [Fe(CN)6]
3-/4- as a 

redox probe [67]. Comparing the Nyquist plots between the bare FTO (curve a) 

and composite (curve b) showed that, the minimum resistance of electron transfer 

is related to the composite because the presence of den-Au in the nanostructures 

leads to prepare a high surface area and easier charge transfer for redox probe ions. 
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When the capture probe was loaded on the surface of the nanocomposite, the Rct 

increased due to the insulating properties of PNA probes (curve c) which showed 

the existence of an additional layer, and demonstrated that capture probe had been 

successfully immobilized on the modified electrode. In the next step, by adding 

MU to block blank spaces of the nanocomposite, Rct significantly increased (curve 

d) due to the insulating and non-electroactivity properties of MU. Ultimately 

(curve e), hybridization of miR-21 with the receptor probe that was previously 

labeled with Cd2+ ions, resulted in decrease Rct compared to the previous step 

because of the presence of Cd2+ as the signal unit which improved the electrostatic 

interaction with [Fe(CN)6]
3-/4- ions and accelerated electron transfer as a conductor 

metal. EIS and DPV results approve each other, meaning that by changing the Rct 

the current density changes in the opposite direction, and the fabrication process of 

this biosensor is successful.  

Please insert Fig. 3 here. 

 

3.3. Optimization of the experimental conditions 

After characterization and electrochemical analysis of different layers of the 

fabricated biosensor, several experimental conditions were optimized to improve 

sensitivity and the performance of the biosensor. There were several parameters 

that directly affected biosensor performance including receptor probe 

concentration, hybridization time, temperature, pH, label interaction time, and label 

concentration. 

To optimize the hybridization reaction between receptor probe and its 

complementary probe, hybridization reactions were performed with a gradient of 

receptor probe concentrations at 10-11, 10-10, 2×10-10, 10-9
, and 10-8 mol L-1 and 

miR-21 (10-6 mol L-1) previously labeled with Cd2+ ions (0.1 mmol L-1). As shown 
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in Fig. 4A, by increasing the concentration of the receptor probe the difference in 

current density (∆j) increased up to 10-9 mol L-1, and hence no significant change 

was observed because of saturating the electrode surface by enough concentration 

of probe molecules and more quantities of probes cannot immobilize on the 

surface, therefore in high concentrations the current density does not change 

considerably. 

Hybridization time was the second parameter to be optimized. This 

parameter has an important effect on the biosensor efficiency because the high 

hybridization can improve the sensitivity of the biosensor. During standardization, 

reactions were subjected to various hybridization time including 15, 30, 60, 120, 

and 220 min, respectively. According to Fig. 4B, the optimal time for complete 

hybridization between receptor probe and labeled miR-21 was 30 min and in this 

time the highest current density was achieved, that indicates complete interaction 

between these two biological molecules. In this step, the same concentration (10-6 

mol L-1) of miR-21, with the constant concentration of Cd2+ (0.1 mmol L-1) were 

used. 

The pH of supporting electrolyte plays an important role in the biosensor 

activity and strongly influences on the sensing signal. It has been shown that the 

pH can affect both the structure and the sequences of oligonucleotides. In a high 

acidic state, oligonucleotides decompose to their components including sugar, 

phosphate, and bases and weakly acidic media lead to disruption of their 

sequences. Bases media breakdown the structures of oligonucleotide with affecting 

the hydrogen bonds between the pair of primes [68]. The biosensor was tested 

against various pH values of 2, 5, 7.4, 9, and 11 (Fig. 4C). The best media for high 

performance of biosensor was biological pH (7.4). In acidic state and basic media, 

the current density significantly decreases because of the breakdown of 
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oligonucleotides structure and release of their Cd2+ into the solution. In pH = 5, 

many labeled miR-21s are destroyed and release their Cd2+ ions into the electrolyte 

and the received signal is only related to the existent ions on the surface of miR-

21s. But in pH = 2, the acidic state of supporting electrolyte was very intense, and 

this condition destroyed all oligonucleotides including PNA probes and miR-21. In 

pH = 2, the current density significantly increased in comparison with other pH 

states due to destroying all of the oligonucleotides and even the MU molecules 

which had insulated the electrode surface and had prepared an excellent surface 

with high conductivity and enough active surface area of nanocomposite for 

oxidation of existing cadmium ions (Fig. 4D).  

To investigate the optimal temperature, the biosensor was tested at various 

temperatures (28, 35, 45, 55, and 65 °C) and the signal of Cd2+ ions was measured. 

As shown in Fig. 4E, the optimum temperature was 28 °C because at higher 

temperatures denaturing the oligonucleotides structures may occur [69].  

The effect of incubation/interaction time between label and miR-21 is highly 

important and can effect on sensitivity of the biosensor. To optimize this 

parameter, various incubation times (45, 60, 75, and 90 min) were tested. 

According to the reported diagram in Fig. 4F, the optimum time for better 

interaction between cadmium ions and miR-21 was obtained as 60 min. Due to the 

negative charge of oligonucleotides phosphate backbone [70] and also the ability of 

cadmium ions for binding covalently to (N7) atoms of guanine bases which exist 

on oligonucleotides structure [71, 72], cadmium ions can bind on miR-21 through 

the two kinds of bond including electrostatic and covalently. At first, by passing 

the time, current density increased until 60 min and after that decreased because at 

first, Cd2+ ions had an electrostatic bond with negatively charged of miR-21, and 

by during the time they made a covalent bond with N7 atoms of guanine bases on 
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miR-21, which lead to decrease the current density. Since the covalent bond is 

stronger than the electrostatic bond and cadmium ions could not release to be 

oxidized on the electrode surface, after passing 60 min, due to the increase of 

covalent bonds, the current density decreased significantly. Moreover, because of 

the neutral charge of PNA probes, cadmium ions only were connected to miR-21 

and received signals only related to the labeled miR-21 on the biosensor surface.  

This parameter was optimized using 10-6 mol L-1 labeled miR-21 by 0.1 mmol L-1 

of Cd2+. The label concentration was the last parameter which was optimized. For 

this reason, the function of the biosensor was tested at these concentrations; 0.1, 

0.5, and 1 mmol L-1 of Cd2+ which were incubated on miR-21 (10-6 mol L-1) for 60 

min under humidity at 37 ºC. As shown in Fig. 4G the lowest concentration of 

Cd2+ for detecting of miR-21 was 0.1 mmol L-1. At the concentrations lower than 

0.1 mmol L-1 of Cd2+, the oxidation signal of Cd2+ could not be received, and 

consequently, the lowest concentration of label was used in all experiments. All of 

the experiments were performed three times on three electrodes and each of the 

electrodes was repeated three times.  

Please insert Fig. 4 here. 

 

3.4. Investigation of the performance and sensitivity of the biosensor  

To evaluate the biosensors performance in the detection of miR-21, different 

concentrations of the labeled targets, were tested by a sensitive DPV technique. In 

this study, DPV analysis indicated variation in electrochemical response of Cd2+ 

ions in response to the capture probe elucidating a direct relation to the miR-21 

concentration.  Fig. 5 indicates the calibration curve for detection of miR-21 with 

R2 = 0.9947, n = 3 repetition, and also RSD ≤ 6 %. The very wide linear range 

(0.01 fmol L-1 –1 µmol L-1) and low experimental detection limit of 0.01 fmol L-1 
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indicated that this biosensor is comparable with other electrochemical biosensing 

strategies for miRNAs detection as shown in Table 1. Also, the relative standard 

deviation of the fabricated biosensor, for the same electrode with five 

measurements and for five different electrodes were ≤ 5% and ≤ 10%, respectively. 

Therefore, the proposed biosensor showed good repeatability and reproducibility.  

 

Please insert Fig. 5 here. 
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Table 1. Comparison of different biosensors for the determination of miRNAs. 

References Detection limit Linear range 
Electrode/Electroc

hemical method 
Method of signal amplification 

Target 

miRNA 

[73] 0.086 fmol L-1 0.1 fmol L-1 -0.1 pmol L-1 GCE/DPV MoS2/AuNPs/SA-ALPa miR-21 

[74] 0.3 fmol L-1 1fmol L-1 -2nmol L-1 GCE/SWV Au@CoFe2O4/TbGrab/rolling circle 

amplification 

miR-21 

[75] 
0.36 fmol L-1 1 fmol L-1 -100 pmol L-1 AuE/DPV 

AuNPs/capture 

probe/redox cycling 

miR-21 

[42] 3 fmol L-1 10 fmol L-1 -5 pmol L-1 AuE/Amp AuNPs/SA-ALP/redo cycling miR-21 

[76] 56 fmol L-1 0.5 pmol L-1 -2000 pmol L-1 AuE/DPV Hairpin capture probe/targetrecycling/MBc miR-21 

[44] 0.32 amol L-1 10.0 amol L-1  - 10.0 pmol L-1 GCE/ASV CdSeTe/CdS QDsd/ LNA-MB e 

probe/RCAf 

miR-16 

[45] 0.76 amol L-1 1.0 amol L-1  - 10.0 pmol L-1 GCE/SWV TiP−Cd2+/ capture probe miR-21 

This work 0. 01 fmol L-1 0.01 fmol L-1  - 1 µmol L-1 FTO/DPV den-AuNS/ capture probe/ Cd2+ miR-21 

aSA-ALP: Streptavidin-conjugated alkaline phosphatase; bTb-Gra: Redox molecule (Tb) on graphene; 
cMB: Methyl blue; 

dQDs: Quantum dots; 
eLNA-MB: Locked nucleic acid- Molecular beacon; 

fRCA: Rolling circle amplification. 
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3.5. Evaluation of the selectivity, stability and real sample tests  

The selectivity of the biosensor is an important parameter. To evaluate the 

selectivity of biosensor, 10-8 mol L-1 of the non-complementary target was used 

which comparing to the main target, had a different sequence. As shown in Fig. 

6A, fabricated biosensor has comparable selectivity for the miR-21. Also, the 

stability of biosensor is another important feature that effects the performance of 

the biosensor. To evaluate the effects of time on the performance of the biosensor, 

a thirty-day period was considered, and the biosensor performance was measured 

in ten days intervals. According to Fig. 6B, over time and after 30 days 80% 

recovery with RSD ≤ 8% was obtained which indicates an acceptable performance 

and stability.  

Please insert Fig. 6 here. 

To examine the efficiency of the fabricated biosensor, serum real samples 

prepared by standard dilution method, three different concentrations (10 nmol L-1, 

0.01 nmol L-1, and 10 fmol L-1) of labeled miR-21 was spiked into the human 

serum samples and then cast coated on the biosensor surface for evaluating the 

biosensor performance. As shown in Fig. 7, all recoveries were between 97% and 

107% with RSD ≤ 3% for three individual measurements. This indicates that 

fabricated biosensor has excellent performance even in human serum as a complex 

matrix.  

Please insert Fig. 7 here. 

 

4. Conclusions 

In summary, a novel electrochemical nano-genosensor has been developed for the 

detection of miR-21 amplicon as an aid for the early detection of prostate cancer. 

The biosensor comprises a cost effective FTO electrode has shown an excellent 
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potential to be a commercial product. Surface modifications of FTO were achieved 

via fabrication of SWCNTs and den-Au nanostructures. These surface 

functionalization techniques led to enhanced conductivity and an increase in 

effective the electrochemical surface area. Furthermore, the thiolated captured 

probes immobilized onto the den-Au nanostructures through the SAM process 

proved to be a suitable platform for immobilizing oligonucleotides during our 

investigation. Final studies done with labeled miR-21 and Cd2+ ions with 

concentrations ranging from 0.01 fmol L-1 to 1 µmol L-1 indicated an excellent 

reproducibility and repeatability. In conclusion, we propose that the fabricated 

biosensor could potentially be used in clinical processes as a point-of-care device 

for early diagnosis of PCa. Furthermore, our investigation also points out its 

potential vital role as a monitoring tool for the patients undergoing PCa treatment. 
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Figures Captions 

Fig. 1. The schematic of various steps of nanocomposite fabrication: (1) Cast 

coating of functionalized SWCNTs on the surface of FTO electrode; (2) 

Electrodeposition of den-Au on the SWCNTs substrate; (3) Adsorption of PNA 

probe through the SAM process on nanocomposite surface; (4) Adding MU for 

blocking all the blanked spaces and orienting the bonded miR-21 receptor probes; 

(5) Biological capturing labeled miR-21 through bio-receptors; (6) Electrochemical 

sensing process for detection of miR-21 by employing DPV.  

 

Fig. 2. The FESEM micrographs of (A) the SWCNT, (B) the den-Au 

nanostructures, (C) the SEM micrograph of den-Au nanostructures, and (D) the 

mapping analysis of the SWCNT/den-Au nanostructures, (E) the EDS spectrum of 

SWCNT/den-Au nanostructures, and (F) XRD pattern of FTO/SWCNT/den-AuNS. 

 

Fig. 3. Electrochemical characterization tests; (A) Nyquist plots, and (B) DPV 

curves for (a) bare FTO, (b) nanocomposite, (c) nanocomposite/probe, (d) 

nanocomposite/ probe/MU, and (e) nanocomposite/probe/MU/Cd2+ labeled miR-21 

as different stages of the electrode fabrication to detect of miR-21 in 0.02 M of 

PBS containing 2.5 mmol L-1 K3Fe(CN)6 + 2.5 mmol L-1 K4Fe(CN)6. 

 

Fig. 4. Optimization experimental conditions of modified biosensor; (A) Probe 

concentration; (B) Hybridization time; (C) pH; (D) pH voltammograms; (E) 

Temperature; (F) Interaction time between label and miR-21; and (G) Label 

concentration (n=3). 

 

Fig. 5. The electrochemical DPV response for oxidation of 0.1 mmol L-1 Cd+2 
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labeled miR-21 based SWCNTs/den-Au modified electrode; inset: Calibration 

curve for different concentrations of miR-21.  

 

Fig. 6. (A) The selectivity of the fabricated biosensor for the miR-21 target; (B) 

The biosensor stability (n = 3). 

 

Fig. 7. Comparison of the biosensor performance for determination of miR-21 in 

the human serum sample and PBS sample (n=3). 
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Fig. 7 

 

 

 

 

 

 



Highlights 

• A new nano-genesensor was introduced for early diagnosis of prostate cancer.  

• miR-21 as a biomarker of prostate cancer was measured. 

• The nano-genosensor shows high recovery and very wide linear range.  

• The biosensor was successfully applied in human serum sample. 
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