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Abstract

miRNAs are attractive factors in cancer research studies due to their important roles for

regulating of gene expression. Because of miRNA-21 expression surplus in many types of

cancers, so accurate identification is important. Increasing efforts have caused different

methods to improve the sensitivity and specificity of detection. Present study is an attempt

to report a new electrochemical label-free PNA-based bioassay for detection of miRNA-

21. In this study, gold electrode was modified by gold nanoparticles to improve a functional

PNA-based biosensor. The EDS and field emission scanning electron microscope (FE-SEM)

were used to detect fabrication of biosensor. The electrochemical behavior of sensor was

evaluated after inserting of acpcPNA probes and miRNA-21 on the stucture of electrode

and analyzed essential parameters such as various concentration of target miRNA, hybridi-

zation time, reproducibility, stability, and applicability. The results of study demonstrated

that engineered biosensor was successfully fabricated. The findings showed the highest

amount of current in 5 minutes hybridization time, with suitable reproducibility and stabil-

ity. This innovative miRNA-based biosensor presents a sensitive and specific method in fast

and may be lab-on chip assay in future.
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1 | INTRODUCTION

MicroRNAs or miRNAs are small noncoding RNAs about 18 to 27 nucle-

otides and are presently receiving considerable attention due to exten-

sive role in various cellular processes like modulation of gene

expression and development of cancer.1,2 Some of these miRNAs like

miRNA-21 have shown over-expression pattern in many types of can-

cers. So, great efforts have been made to the design of the better analy-

sis methods for detecting of theses valuable biomarkers.3,4 Despite,

technology development applied to find more sensitive and selective

methods in miRNA detection such as nanoparticle-based amplification,5

isothermal exponential amplification,6 hybridization chain reaction

(HCR),7 and rolling circle amplification (RCA).8 But microarray analysis,

northern blotting and quantitative polymerase chain reaction (qPCR) as

traditional methods are still widely used. So, developing more practica-

ble and efficient methods remains as a challenge.

Nowadays, biosensors are developing rapidly as an innovative

research area in analytical biology by providing advantages such as

simple, rapid, sensitive, and low-cost detection and promising approach

to point-of-care diagnostics.9-11 Electrochemical and optical biosensorsNazanin Fathi and Arezoo Saadati are co first author.
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as well as other emerging technologies developed for highly sensitive

miRNA detection. Among these methods, electrochemical miRNA bio-

sensors because of superior advantages including simplicity of miniatur-

ization, high sensitivity and selectivity, good detection limits with small

analyte volumes, functional diversity, and relatively low cost have made

them a suitable option for nucleic acids analysis.12,13

This technique typically was designed based on the change in

electrochemical signal which generates via the hybridization of the

probe, a supplementary single-stranded nucleotide, and the target

miRNA,14 that it is suitable for low-concentration agents like miRNAs

which are usually present only in femto- or nanomolar quantities in

plasma.15 Selection of the appropriate probe is one of the most impor-

tant steps in electrochemical miRNA biosensors design.

Peptide nucleic acid (PNA) is synthesized in polymer homologs of

DNA which in variable deoxyribose phosphate backbone are altered to

pseudo-peptide that appraised as a higher specificity probe for miRNA

detection.16 It presents unique advantages such as stability against

chemicals, proteases, and nucleases compared with natural oligonucleo-

tides, hence enhances the efficiency of hybridization.17 Pyrrolidinyl PNA

with D-prolyl-2-aminocyclopentanecarboxylic backbone (acpcPNA)

exists unique properties for binding to RNA such as qualified biological

stability and a highly sequence-specific manner with superior mismatch

discrimination capacities than other DNA probes. These advantages of

acpcPNA provide a promising platform for genosensors.18

In present study, in addition to applying label-free method due to further

simplifying and even properly cost-effective, we applied gold nanoparticles

(AuNPs) as a common modifier of electrode surface. AuNPs are well known

to unique electronic and catalytic properties, with a great potential effective

immobilization, widely use in electrochemical miRNA biosensor.19-23

This study's aim was reporting a new electrochemical label-free

miRNA biosensor, by AuNPs-modified gold electrode (Au). The monitoring

of current change was performed by recording of CVs in the presence of

standard EC probe (Ferro-Ferri) which reducing of oxidation peak currents

happened due to increases in the surface insulation and block the electrons

transfer. The construction stages of the developed genosensor were ana-

lyzed by different pivotal parameters such as hybridization time and con-

centration of miRNA. The performances of the designed biosensor were

evaluated by stability, reproducibility, as well as applicability of it in plasma.

2 | MATERIALS AND METHODS

2.1 | Chemical and reagents

Sodium acetate (CH3COONa), hydrogen tetrachloroaurate (III) hydrate

(HAuCl4�3H2O), citric acid, potassium chloride (KCl99.8% purity),

sodium hydroxide (NaOH), potassium ferrocyanide (K4Fe(CN)6), potas-

sium ferrocyanide (K3Fe(CN)6), TB (toluidine blue), DTT (dithiotrietol),

MCE (mercaptoethanol), 11-mercapto-1-undecanol (11-MUL), and poly-

vinyl pyrrolidone (PVP) K-30 were attained from Sigma-Aldrich

(Ontario, Canada). Diethyl pyrocarbonate (DEPC) treated water was

consumed to prepare the miRNA stock solution. Buffer solutions were

used as follows: 10 mM tris(hydroxymethyl)aminomethane-HCl (tris-

HCl, pH 7.80) for miRNA21 dilution and immobilization, H2SO4 for

electrode washing, and HEPES (N-2-hydroxyethylpiperazine-N-

ethanesulfonic acid) buffer solution. All sample tubes, microtips, and

glassware were treated with DEPC to minimize the effect of RNases on

the stability of miRNAs and autoclaved to inactivate traces of DEPC.

The oligonucleotide sequences achieved from Takapouzist Co. (Iran)

include: The 9-mer C-terminal lysine-modified acpcPNA (Ac-

TTTTTTTTT-LysNH2) denoted “acpcPNA-T9 probe,” were synthesized

according to the published protocol. All the target oligonucleotides used

in this study were synthesized and purified through BioRP by Bioneer

Co., Korea. The complementary DNA and miRNA were preliminarily

used to study the electrode's fabrication and optimization parameters.

The acpcPNA-T9 probe': TTTTTTTTTLysNH2.

miRNA-21:50-rUAGCUUAUCAGACUGAUGUUGA-30.

Dilution of oligonucleotides was performed using Tris-HCl buffer

(0.1 M, pH � 7.4). Electrochemical studies were carried out using

supporting electrolyte containing 0.5 mM K4Fe (CN)6/K3Fe(CN)6 (1:1)

and 0.5 mM of KCl.

2.2 | Equipment

The Ag/AgCl (saturated KCl) and platinum wire were applied as refer-

ence and auxiliary electrode, respectively. Also, the gold electrode

(GE) with 2 mm diameter (from Azar Electrode Co., Urmia, Iran) was

applied as working electrode. An unexceptional three-electrode system's

(from Metrohm, Autolab B.V., The Netherlands) electrochemical mea-

surements were done using a PalmSense 4c system (Palm instruments,

Utrecht, The Netherlands) that controlled by PSTrace 5.3 software. Field

emission scanning electron microscope (FE-SEM) (Tescan Mira3, Czech)

was performed to appraise the modified electrode surface and particles

morphology. The chemical composition of the modified electrodes was

investigated using energy dispersive spectroscopy (EDS). Square wave

voltammetry (SWV) evaluations were performed using Epulse = 0.005 V,

pulse amplitude = 0.001 V, and frequency = 10.0 Hz. The electrode mod-

ification process was investigated by electrochemical impedance spec-

troscopy (EIS) over a frequency range of 10 kHz to 1 mHz with an AC

voltage amplitude of 0.010 V vs Ag/AgCl with a Pt wire counter-

electrode using a Autolab Type III electrochemical impedance analyzer

(Methrom Autolab B.V., The Netherlands). The impedance spectra were

fitted to a Randle's equivalent circuit by the FRA software to obtain the

charge transfer resistance (Rct).

2.3 | Construction of the electrochemical PNA-
based biosensor

For cleaning, GE was burnished by using 0.05 μm alumina slurry (Beuhler,

USA), and then a three-electrode system was placed inside a cell con-

taining 0.5 M H2SO4, and 25 repetitive cycles were carried up in the

potential range from −0.2 to 2 V and scan rate of 100 mV s−1. After that,

GNPs were provided by adding HEPES solution, prepared using 0.5 M

H2SO4, to 20 mM of HAuCl4.
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To fabricate the PNA-based biosensor, HEPES-prepared GNPs

were electrodeposited on the superficies of the GE by chrono-

amperometry (ChA) technique with 500 seconds duration time at

E = 0.0 V (Figure 1). Then, acpcPNA-T9 (probe) was immobilized on

the superficies of the modified electrode and was incubated for

12 hours at 4�C. Next, the nonreact space of modified electrode with

the probe was blocked by using mercaptoethanol (MCE). Moreover,

MCE leads to boost DNA take-up in the next step (11). After incuba-

tion at room temperature for 30 minutes, designed PNA-based bio-

sensor was utilized for hybridization of DNA-A9. The electrochemical

PNA-based biosensor design steps were exhibited in Scheme 1.

3 | RESULTS AND DISCUSSION

3.1 | The FE-SEM and EDS characterization

To evaluate modification of GNPs on gold electrode as well as immo-

bilization of probe and hybridization of miRNA-21, FE-SEM images

were recorded which are illustrated in Figure 2. As shown in this

figure, as in forward steps, GNPs/GE; acpcPNA-T9/GNPs/GE; and

miRNA21/acpcPNA-T9/GNPs/GE changing in electrode was obvi-

ously apparent. Therefore, the electrode was successfully modified

with GNPs, acpcPNA-T9 probe, and target miRNA; consequently,

desirable PNA-based biosensor was stabilized by conforming this

morphology of electrode. The small-sized GNPs with spherical struc-

ture arranged on the electrode surface demonstrated that the GNPs

were assembled onto it. Incubating of the acpcPNA-T9 probe on

GNPs/GE also created some changes in the electrode morphology

which is characterized in high magnification. Therefore, acpcPNA-T9

probe was successfully immobilized on the GNPs/GE. Moreover, incu-

bating of target miRNA-21 on acpcPNA-T9/GNPs/GE revealed obvi-

ously clear changes in morphology of the electrode, as showed in

Figure 2. These illustrations could confirmed successful arrangement

of proposed PNA-based biosensor.

Furthermore, determination of modified electrodes and miRNA-21/

acpcPNA-T9 hybridization is also performed using a chemical composi-

tion analysis by energy dispersive spectroscopy (EDS). As showed in

Figure 3, electrochemical-deposited GNPs on gold electrode determined

Au elements' presence in higher concentration on the electrode. These

results confirm the successful modification of the electrode. Adding

acpcPNA-T9 revealed new elements like O, N, and P that are basic ele-

ments in organic structures, as well as in acpcPNA-T9, that is a

pyrrolidinyl PNA with D-prolyl-2-aminocyclopentanecarboxylic acid

(ACPC) backbone. Mentioned results indicated that assembling the

acpcPNA-T9/GNPs/GE structures was successfully established. Eventu-

ally, inserting of miRNA to previous mentioned step revealed a different

sharp and very large peaks related to O and N elements which represent

miRNA was hybridized with acpcPNA-T9 probe. These results confirmed

a successful assembling of designed miRNA-21 biosensor.

3.2 | Electrochemical compartment

The electrochemical behavior of electrode surface preparation was

followed by EIS techniques using the classic ferrocyanide/ferricyanide

redox couple as reporter with conducting in the potential range of

−0.22 to 0.005 V and in a frequency range of 0.1 Hz to 100 kHz. The

results obtained from EIS in the base of charge transfer resistance

F IGURE 1 Chronoamperogram of gold electrode in the presence
of 0.5 M H2SO4, to 20 mM of HAuCl4 (duration
time = 500 s, E = 0.0 V)

SCHEME 1 The schematic
presentation of the fabrication process of

PNA-based biosensor
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(Rct) in the high-frequency region showed a semicircle diameter. This

form of values was attained by fitting the data as appropriate equiva-

lent circuit. As shown in Figure 4, the bare Au electrode shows virtu-

ally a linear part that demonstrates the low Rct that demonstrated an

insignificant charge transfer resistance. When AuNPs electro-

deposited on electrode surface, the higher amount of Rct (Ω) has been

revealed. These results were conformed the suitable preparation of

expected modification on the Au electrode was achieved.

According to stepwise, after electrodeposition of AuNPs on, the C-

terminal lysine-modified acpcPNA (Ac-TTTTTTTTTLysNH2) probe was

added and incubated 12 hours at 4�C. It was demonstrated that the amine

compounds more strongly adsorb on the Au surface and amine-Au bond

F IGURE 2 FE-SEM images of GNPs/GE, A, acpcPNA-T9/GNPs/GE, B, and miRNA21/acpcPNA-T9/GNPs/GE, C. These images demonstrate
the changes in the surface of Au electrode after acpcPNA-T9 step
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being through the nitrogen lone-pair. According to studies, amine com-

pounds significantly established a binding only in an under-coordinated

Au atom site. As well as, the energy of adsorption in higher coordinated

sites is too low, suggested that molecules can establish stable adsorption

in this position. In other words, the amine molecules are practically bound

to gold surface and not to other sites that causes amine-modified probe

to become a favorable option for using to Au electrodes.24,25

When the acpcPNA-T9 is inserted to system (acpcPNA-T9/

GNPs/GE), a much slightly increased the Rct.

In the next step, after incubation time of previous prepared

electrodes were washed with bi-distilled water to eliminate the

unabsorbed probes, then was added 5 μL of 1 mM MCE and incu-

bated in room temperature for 30 minutes. MCE adsorbs strongly

on gold surface to block the exposed Au electrode and prevents

more adsorption of other components.26 The Rct increased further

with added MCE (MCE/acpcPNA-T9/GNPs/GE) because it was

blocked the more charge transfer by uncovered GNPs. Subse-

quently, for determining the successfully fabrication of biosensor, a

DNA-A9 which has a complementary sequence with the acpcPNA-

T9 probe was tested (DNA-A9/MCE/acpcPNA-T9/GNPs/GE). The

EIS results showed that the hybridization of DNA-A9 to probe on

the electrode surface (DNA A9/MCE/acpcPNA-T9/GNPs/GE) cre-

ates a significant increase of the Rct due to more blocking of the

charge. The serial changes of Rct confirmed that designed biosensor

was effectively manufactured. Finally, determination of appropriate

miRNA hybridization with acpcPNA-T9 probe is typically depending

on the electrochemical behavior changes in presence and absence

of target miRNA.

3.3 | Optimization of miRNA hybridization time

Optimum hybridization time between probe and its complementary target

miRNA is a key factor for determining appropriate function of prepared

sensor. For this purpose, after immobilization of 5 μL of miRNA-21 on the

prepared electrode (miRNA-21/MCE/acpcPNA-T9/GNPs/GE) and incubat-

ing in 5, 10, 15, 20, and 30 minutes at 37�C. Electrochemical tests were

performed in [Fe(CN)6]
3−/4− solution) for defining the optimum hybridiza-

tion time. Hybridization time tests were typically determined by the

changes on the peak current of and resistance in different times. As shown

in Figure 5, different incubation time of hybridization of miRNA-21 appears

various electrochemical behavior. The finding results by EIS illustrated that

the optimal time for incubation of miRNA-21 is 5 minutes. According to

Figure 5, the highest amount of current was found in 5 minutes, so this

time defined as the optimum time for incubation of miRNA-21.

3.4 | Effect of scan rate

Due to the importance of scan rate as a significant parameter in

the examination of the various platforms electrical activity, its

effect was evaluated using GNPs modified GE in [Fe(CN)6]
3−/4−

solution by CV technique with scan rate range from 2 to

1000 mV s−1 (Figure 6A). As can be seen in Figure 6B, scan rate in

the range of 30 to 500 mV s−1 has a linear relationship with peak

current, that it indicates the control of mass-transfer through the

diffusion process. In addition, the dependence of ln Ipa vs ln v and

Ip vs v0.5 is utilized as two significant factors to assess whether the

reaction is controlled by the adsorption or diffusion process, as

well as its reversibility. These curves are revealed in Figure 6 for

oxidation peak. In the absence of kinetic complications at revers-

ible or irreversible systems, Ip and v0.5 are associated and cross the

origin of the plot. As can be seen in Figure 6, Ipa and v0.5 curve is

linear (R2 = .9985) and crosses the axes of origin, which is

expounded by the following equation:

Ipa μAð Þ=239:72 v V=sð Þ0:5−3:9821 R2 = :9985ð Þ

This dependence crosses the origin, which indicates that the reac-

tion is controlled by diffusion. In the selected range of sweep rate

(2-1000 mV s−1), the dependence of ln Ipa vs ln v is also linear and

expounded by the following equation:

Ln Ipa μAð Þ=0:5219Ln v V=sð Þ+5:4664 R2 = :9984ð Þ

F IGURE 2 (Continued)
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Its slope is 0.5219 and indicates diffusion-control of the reaction.

A slope close to 1 and 0.5 is associated to reaction control with

adsorption and diffusion, respectively.27

The dependence of Epa on sweep rate is revealed in Figure 6E.

Since in irreversible electrochemical reactions, the Epa and sweep rate

are independent of each other; it can be concluded that the electron

transfer in this reaction is irreversible, because as a result of increasing

the sweep rate, Epa also increases.28,29

F IGURE 3 EDS spectra of, A, GNPs/GE, B, acpcPNA-T9/GNPs/GE, C, miRNA-21/acpcPNA-T9/GNPs/GE

F IGURE 4 Nyquist plots of the impedance spectra from 0.1 Hz to
100 kHz for various steps of modification of gold electrode (GNPs/
GE, acpcPNA-T9/GNPs/GE, MCE/acpcPNA-T9/GNPs/GE, DNA-A9/
MCE/acpcPNA-T9/GNPs/GE and miRNA-21/MCE/acpcPNA-T9/
GNPs/GE). Supporting electrolyte = [Fe(CN)6]

3−/4−/KCl). E
pulse = 0.005 V, pulse amplitude = 0.001 V, and frequency = 10.0 Hz

F IGURE 5 Nyquist plots of the impedance spectra from 0.1 Hz to

100 kHz for the biosensor after target miRNA incubation in various
times (5-10-15-20-30 min). Supporting electrolyte = [Fe(CN)6]

3−/4

−/KCl). E pulse = 0.005 V, pulse amplitude = 0.001 V, and
frequency = 10.0 Hz
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3.5 | Analytical performance

The execution of PNA-based biosensor was assessed by hybridization of

acpcPNA-T9 with various concentrations of miRNA-21 (10−6, 10−8,

10−10, 10−12, 10−14, 10−16, 10−18, 10−20, and 10−22 M) after incubation

at 37�C for 20 minutes (Figure 7). The achieved results manifest an

increase in the peak current resulting from an increment in target concen-

tration. The calibration plot was delineated under optimum conditions

between logarithm of oxidation peak current and logarithm of miRNA-21

concentration. Linear range and lower limit of quantification (LLOQ) were

acquired using DPV technique from 1 × 10−6 M to 1 × 10−22 M and

1 × 10−22 M, respectively. The plot phase bode of biosensor at different

F IGURE 6 A, CVs of GNPs/GE in the
[Fe(CN)6]

3−/4− solution in diverse sweep
rates (2, 5, 10, 20, 30, 40, 50, 60, 70, 90,
100, 150, 200, 250, 300, 350, 400, 450,
500, 600, 700, 800, 900, 1000 mVs−1); B,
dependency of oxidation peak currents vs
sweep rate; C, the plot of Neperian
logarithm of oxidation peak current vs
Neperian logarithm of sweep rates; D,

dependency of oxidation peak currents vs
square root of sweep rates; E,
dependency of anodic peak potential vs
Neperian logarithm of sweep rates
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target concentrations of analyte is presented in Figure 8. The results

reveal the high capability of engineered PNA-based biosensor for detec-

tion of miRNA-21. In comparison to other methods,29-32 this biosensor is

more sensitive. So, this sensor is able to being a potential technique for

recognizing low amounts of miRNA-21 (Table 1).

3.6 | Assessment of the PNA-based biosensor
specificity (selectivity study)

In this study for determination, the rate of specific recognition of

miRNA-21 by designed biosensor was utilized from the single base

and double bases mismatched miRNAs. The results achieved from CV

and EIS techniques are showed in Figure 9. These results illustrated

that the miRNA-21 has more increase in peak current than another

two complementary RNAs that derived from almost high affinity to

hybridization with acpcPNA-T9 probe on the modified electrode sur-

face. Noticeably, more reduction in peak of current was determined in

double mismatch than single once. One or two bases could not alter

the rate of current in designed system. This is owing to inconsistent

bases and deficient hybridization with probe sequences on the super-

ficies. The results reveal that the designed PNA-based biosensor has

high capability for selective and discrete detection of target

miRNA-21.

F IGURE 7 A, DPVs of the engineered PNA-based biosensor in different concentrations of miRNA-21 (10−6, 10−8, 10−10, 10−12, 10−14, 10−16,
10−18, 10−20, and 10−22 M), B, calibration plots (supporting electrolyte = [Fe(CN)6]

3−/4−/KCl). E pulse = 0.005 V, pulse amplitude = 0.001 V, and
frequency = 10.0 Hz

F IGURE 8 The plot of oxidation peak
current vs logarithm of frequency.
Supporting electrolyte = [Fe(CN)6]

3−/4

−/KCl. Frequency = 0.1 Hz to 100 kHz
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3.7 | Assessment of the PNA-based reproducibility
and stability

Reproducibility is an essential factor defining the applicability of

developed biosensor. It was calculated by the relative standard devia-

tion (RSD) via this equation:

%RSD=Standard deviation SDð Þ=average of detection values Meanð Þ

The RSD results obtained from measuring of repeating con-

struction process of modified electrodes (acpcPNA/AuNPs/GE)

were showed that the %RSD of average measurements was calcu-

lated to be 7.75% (Figure 10). Therefore, these results indicated the

TABLE 1 Comparison between the diverse methods sensitivity to identification of miRNA-21

Method Substance Linear area LOD/LLOQ Reference

The smartphone-based biosensor rGO/Au electrode 1 × 10−4 M to 1 × 10−12 M 1 × 10−4 Li et al29

The electrochemical biosensor CHA and rolling RCA 0.5 to 12 500 pmol 290 fmol Lu et al30

The electrochemical biosensor TSP and DSN 0.1 fM to 0.1 PM 0.04 fM Zouari et al31

Amperometric biosensor HRP 0.096 to 25 PM 29 fM Chen et al32

The electrochemical PNA-based biosensor GNPs/GE 1 × 10−6 M to 1 × 10−22 M 0.1 zM This work

Abbreviations: CHA, catalytic hairpin assembly; DSN, duplex-specific nuclease; HRP, horseradish peroxidase; RCA, rolling circle amplification; rGO/Au,

reduced graphene oxide/gold; TSP, tetrahedron-structured probes.

F IGURE 9 A, CVs, of PNA-based biosensor for hybridization by target miRNA-21, single base and double bases mismatched miRNAs.
(Supporting electrolyte = [Fe(CN)6]

3−/4−/KCl). B, Histogram of peak currents vs type of sequences. C, Nyquist plots of the impedance spectra of
PNA-based biosensor for hybridization by target miRNA-21, single base and double bases mismatched miRNAs. (Supporting electrolyte = [Fe
(CN)6]

3−/4−/KCl). Frequency = 0.1 Hz to 100 kHz
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designed genosensor has acceptable reproducibility. According to

the Clinical and Laboratory Standards Institute (CLSI), RSD <10%

for stability and reproducibility are required.26

Stability presents the change of detection signals in a period that

a biosensor be storage. Hence, calculating the stability of biosensors

to optimizing the best storage time for determining of its perfor-

mance is important. For this purpose, we measured the CV, DPV,

and SWV of acpcPNA-T9/GNPs/GE independently under same

conditions between 3 days by preserving them at 4�C in the dark

condition. The results presented in Figure 11 indicate a decrease in the

performance of the proposed sensor day by day. Therefore, it can be

concluded that the best performance of this sensor is provided on

the same day, and after 2 days, it loses its efficiency. Furthermore, the

cyclic stability of the GNPs-modified gold electrode was evaluated by

after 1, 50, and 100 cycles. As shown in Figure 12, there are no signifi-

cant changes in peak of current between tested cycles consequently,

the stability of electrode performance was confirmed.

F IGURE 10 Interelectrode stability of GNPs/GE. A, CVs, B, DPVs, C, SWVs (supporting electrolyte = [Fe(CN)6]
3−/4−/KCl). (Supporting

electrolyte concentration 0.5 mM). Epulse = 0.005 V, pulse amplitude = 0.001 V, and frequency = 10.0 Hz

F IGURE 11 Intraday stability of acpcPNA-T9/GNPs/GE. A, CVs, B, DPVs (supporting electrolyte = [Fe(CN)6]
3−/4−/KCl) in different time of

storage (1-3 days). (Supporting electrolyte concentration 0.5 mM). Epulse = 0.005 V, pulse amplitude = 0.001 V, and frequency = 10.0 Hz

F IGURE 12 Cyclic stability of GNPs/GE (supporting
electrolyte = [Fe(CN)6]

3−/4−/KCl). (Supporting electrolyte
concentration 0.5 mM). Epulse = 0.005 V, pulse amplitude = 0.001 V,
and frequency = 10.0 Hz
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3.8 | PNA-based biosensor response in human
plasma samples

A recovery test was conducted to test validation of PNA-based biosen-

sor. For this purpose, different final concentrations of miRNA-21 from

10−6 to 10−22 M into human plasma samples. Consequently, prepared

samples were analyzed by the designed sensor. According to the

obtained results, the peak current in high concentrations of miRNA-21

was more than less concentrations in human plasma. The peak of current

was gradually reduced in concentrations dependent of miRNA-21 in

plasma. The higher rate of hybridization between acpcPNA-T9 and

miRNA-21 caused more current compared to when more acpcPNAs was

free without hybridization to target miRNA-21. In addition to, achieved

results showed a good correlation with a slope of 0.08 and R2 = .9783.

These findings provided evidence that this biosensor may good candidate

for detecting of miRNA-21 in biological samples. The lower limit of quan-

tification (LLOQ) of developed sensor was 1 × 10−18 M and linear range

was from 1 × 10−18 to 1 × 10−6 M.

4 | CONCLUSION

In present study, an electrochemical PNA-based biosensor was suc-

cessfully developed by gold nanoparticles (GNPs) modification and

pyrrolidinyl peptide nucleic acid (acpcPNA-T9) probe, following the

electrochemical behavior after inserting the miRNA-21 as a cancer-

related biomarker. AuNPs were used as the current amplification

and provide the suitable surface for inserting of probe. Hybridization

of miRNA-21 to complement sequence of probe in short time

resulted to change the current; therefore, this assay could be

applied to fast and sensitive directly detection of miRNA-21 in bio-

logical samples with any extra methods. With these advantages, pre-

pared biosensor could be a hopeful method for detection of miRNA

in different samples.
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