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ABSTRACT
It is important to monitor miRNA-200c-3p as it can potentially serve as an 
important biomarker for respiratory diseases including COVID-19 and cancer. 
Despite the importance of microRNA monitoring, there are few previous 
studies for miRNA-200c-3p monitoring, and the application of hydroxyapatite 
nanoparticles (HaNP) in miRNA biosensors is quite limited. This study aims 
to fill this gap by utilizing the advantageous properties of HaNPs to develop 
a powerful strategy to detect microRNA-200c-3p. First, HaNPs were modified 
on the surface of pencil graphite electrodes (PGEs). Subsequently, hybridization 
between a phosphate-labeled miRNA-200c-3p-specific DNA probe and its 
complementary RNA target was carried out in the solution phase. The DNA-
RNA hybrid forms were immobilized on the surface of the HaNP-PGEs and 
the impedimetric measurements were performed. The changes at the charge 
transfer resistance value (Rct) were evaluated in terms of the hybridization and 
optimization of the experimental conditions. The detection limits (DLs) were 
calculated as 0.12 µg/mL (16.19 nM) in phosphate buffer solution (PBS, pH 7.40) 
and 0.31 µg/mL (41.82 nM) in synthetic plasma. The selectivity of the developed 
biosensor was tested against miRNA-200c-5p and miRNA-141-3p. The results 
promise a significant improvement in public health in terms of a leap forward in 
the early diagnosis  of many serious diseases.

Introduction

The field of research involving diagnosis and monitor-
ing of miRNAs has gained popularity and importance 
over the years, as miRNAs are valuable biomarkers 

for the detection of vital diseases, including diabe-
tes, cardiovascular diseases, cancer and neurological 
disorders [1–6]. Moreover, their existence in biologi-
cal fluids opens a new perspective for researchers to 
develop non-invasive detection platforms for diagnosis 
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of the said vital diseases. Although mounting reports 
have been published for monitoring of miRNAs [7–9], 
there is still a great need for the application of nano-
materials in this field due to their unique properties. 
On the other hand, electrochemical biosensor systems 
incorporating nanotechnology have evolved from 
prototypes to lab-on-a chip systems [10–20], and as 
a result, a large group of researchers has focused on 
the development of electrochemical biosensors for the 
detection of miRNAs.

It has been reported that miRNA-200c-3p is 
associated with the regulation of angiotensin-
converting enzyme 2 (ACE2), which is a receptor in 
the renin–angiotensin system [21]. Downregulation of 
ACE2 is associated with acute lung injury (ALI) and 
acute respiratory distress syndrome (ARDS) induced 
by different types of viruses. Liu et al. [21] reported 
that miRNA-200c-3p was upregulated by H5N1 virus 
infection, and elevated levels of miRNA-200c-3p were 
detected in the plasma samples of patients with severe 
pneumonia. In another study [22], upregulation of 
miRNA-200c-3p was found in angiotensin II (Ang II)-
induced renal artery endothelial injury. The changes in 
miRNA-200c-3p levels are also associated with various 
cancers such as prostate cancer [23], papillary thyroid 
cancer [24], and endometrial cancer [25].

Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) is a 
bioceramic naturally found in the structure of bone 
tissue [26, 27]. The HAP structure is defined as the 
most durable material that remains stable in liquids, 
in humid environments and at neutral or alkaline pH 
[28]. The nanoscale form of HAP (HaNP) provides a 
large surface area and enables the creation of durable 
biocompatible surfaces. HAP and HaNP have been 
used in various fields, including biosensors [29–41], 
due to their superior properties.

Electrochemical impedance spectroscopy (EIS) is 
a versatile method for understanding the interfacial 
reactions on the electrode surface by measuring 
the charge transfer resistance (Rct) produced in the 
presence of a redox solution. Based on this principle, 
the modification of a biomaterial/nanomaterial or the 
biochemical reactions occurred between a bioreceptor 
and a target molecule can be specifically monitored 
using EIS technique [42]. Impedimetric biosensors 
are capable of the sensitive and selective recognition 
of different analytes such as proteins [43], drugs 
[44], nucleic acids [45], etc. Therefore, impedimetric 
biosensors are reliable prototypes of the commercial 
miniaturized monitoring tools. Although there are 

numerous advantageous properties of impedimetric 
biosensors as well as most of the electrochemical 
biosensors, the impedance measurements are 
quite complex compared to other electrochemical 
techniques, making this technique more labor 
intensive.

Herein, HaNP modified disposable pencil graphite 
electrodes (HaNP-PGEs) were developed for the 
electrochemical detection of miRNA-200c-3p as the 
first time in the literature. Electrochemical impedance 
spectroscopy (EIS) technique which enables 
fabrication of sensitive and selective biorecognition 
platforms [42–45], was used for the optimization of 
each experimental step and the detection of miRNA-
200c-3p. The fabrication of the HaNP-PGEs was 
elucidated using both electrochemical and microscopic 
techniques, and the repeatability of the HaNP-
PGEs was investigated under optimum conditions. 
After the optimization of experimental conditions 
for electrochemical miRNA-200c-3p detection, the 
selectivity and applicability of the HaNP-PGE-based 
impedimetric biosensor platform in synthetic plasma 
were studied. The detailed discussion about the results 
and future prospects are given in further sections.

Experimental evaluation

Apparatus

All electrochemical analyzes were carried out by 
IVIUM Compactstat.e (IVIUM Release 4.951 software 
package, Holland) in a three-electrode system as 
explained in our previous study [41].

Chemicals

The HaNP solution containing nanoparticles 
(< 200 nm, detailed information is available at https://​
www.​sigma​aldri​ch.​com/​TR/​en/​produ​ct/​aldri​ch/​
702153), and other chemicals such as K3[Fe(CN)6], 
K4[Fe(CN)6] and KCl used for the preparation of the 
redox solutions, and K2HPO4, KH2PO4 and NaCl used 
for the preparation of 50 mM phosphate buffer solu-
tion containing 20.00 mM NaCl (PBS, pH 7.40) were 
purchased from Sigma-Aldrich (Germany). All chem-
icals were of analytical grade. The synthetic bovine 
plasma was also purchased from Sigma-Aldrich (Ger-
many) (detailed information is available at https://​
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www.​sigma​aldri​ch.​com/​TR/​en/​produ​ct/​sigma/​p4639). 
The miRNA-200c-3p specific DNA probe and the RNA 
target were purchased from TIBMOLBIOL (Berlin, 
Germany). The oligonucleotide sequences are listed 
below:

miRNA-200c-3p specific DNA probe (phosphate 
labelled, 23 base-length):

5′-PO4-TCC ATC ATT ACC CGG CAG TAT TA-3′
miRNA-200c-3p target RNA (23 base-length):
5′-UAA UAC UGC CGG GUA AUG AUG GA-3′
miRNA-200c-5p (22 base-length):
5′-CGU CUU ACC CAG CAG UGU UUG G-3′
miRNA-141-3p (22 base-length):
5′-UAA CAC UGU CUG GUA AAG AUG G-3′
Stock solutions of the oligonucleotides were 

prepared as 500.00 µg/mL in Tris EDTA buffer solution 
(10.00 mM Tris-HCl, 1 mM EDTA, pH 8.00), and stored 
frozen. The diluted solutions of the oligonucleotides 
were prepared in  PBS, (pH 7.40).

Procedure

The procedure of the development of the HaNP-PGEs, 
the nucleic acid hybridization, and the EIS measure-
ments was summarized in Scheme 1.

Preparation of the HaNP‑PGEs

The stock concentration of HaNP solution was 105 µg/
mL, and the diluted HaNP solutions of 10.00–40.00 µg/
mL were prepared in PBS (pH 7.40). PGEs were dipped 
into 100 µL HaNP solution for 15 min [41]. Then, the 
electrodes were washed in PBS (pH 7.40) for 5 s.

The nucleic acid hybridization of miRNA‑200c‑3p 
specific DNA probe and its RNA target, and the sample 
immobilization at the surface of HaNP‑PGEs

Nucleic acid hybridization was performed in the 
solution phase similar to our previous study [41]. 
In brief, the nucleic acid hybridization between 
phosphate-labeled DNA probe at the 5′ end and the 
target miRNA sequence was firstly performed. Then, 
the hybrid forms were immobilized on the HaNP-
PGE surface due to the covalent bonds between the 
calcium groups of HaNP and the phosphate group 
of the hybrid form originating 5′ end of DNA probe 
[41]. miRNA-200c-3p DNA probe: RNA target (1:1) 
was prepared in PBS (pH 7.40) as 40  µL, and the 
samples were located in a shaker at 400  rpm. For 
the optimization of DNA probe concentration, the 
mixture of 0.002–0.05 µg/mL DNA probe: 2.00 µg/

Scheme 1   The experimental 
procedure of the development 
of HaNP-PGE based impedi-
metric biosensor for the 
detection of miRNA-200c-3p.
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mL RNA target was used, and the hybridization was 
performed for 15 min. For optimization of nucleic 
acid hybridization time, the mixture of 0.01 µg/mL 
DNA probe: 2.00 µg/mL RNA target was used, and 
the hybridization was performed for 15–90  min. 
For miRNA target concentration optimization, 
the hybridization was performed for 60 min in the 
presence of 0.01 µg/mL DNA probe: 1.00–8.00 µg/mL 
miRNA-200c-3p mixture.

After sample preparation, 20  µg/mL HaNP 
modified PGEs were transferred into the samples, 
and immobilization of the samples was carried out 
for 60 min by passive adsorption [41]. For the control 
experiments, DNA probe samples were prepared and 
treated as if the hybridization had been performed. 
Then, these samples were immobilized at the surface 
of HaNP-PGEs as explained.

Electrochemical measurements

Cyclic voltammetry (CV) measurements CV measure-
ments were performed in 2.00  mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1:1) prepared in 0.10 M KCl. The poten-
tial range was from − 0.50 to + 1.00 V, and the scan rate 
was 50.00 mV.

Electrochemical impedance spectroscopy (EIS) measure‑
ments EIS measurements were carried out in 2.50 mM 
K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) prepared in 0.10 M KCl. 
During the measurements, an open circuit potential 

as + 0.23 V (vs. Ag/AgCl/3M KCl) was applied to the 
electrochemical cell. The frequency was in the range of 
105–10−1 Hz, and the sinusoidal signal was 10.00 mV. 
The Nyquist diagrams were fitted with the equivalent 
circuit shown in each figure. The parameters of the 
circuit are as follows: RS is the solution resistance, Q is 
the constant phase element which refers to the space 
charge capacitance at the electrode–electrolyte inter-
face, Rct is the charge transfer resistance that occurs at 
the electrode–electrolyte interface. The constant phase 
element, W is the Warburg impedance due to mass 
transfer to the electrode surface.

Results and discussion

The microscopic characterization of the HaNP modi-
fication on the PGE surface was performed (Fig. 1). 
The layered graphite surface of PGE was success-
fully coated with 20.00 µg/mL HaNP after the modi-
fication (Fig. 1B), and this coated surface was clearly 
seen at each magnitude compared to the unmodi-
fied PGE (Fig. 1A). The EDX spectra and elemental 
concentrations of PGE and HaNP-PGE are shown in 
Fig. S1 and Table S1, respectively. The weight percent 
(wt%) and atomic percent (at%) values of O, Ca and P 
atoms increased sharply after HaNP modification on 
PGE, while the values of C atom decreased sharply 
(Table S1). These microscopic results indicate that 

Figure 1   SEM images of  
PGE (A),  20 µg/mL HaNP 
modified PGE (B). The reso-
lutions are 2000x  (a), 5000x  
(b) and 10000x  (c) and the 
acceleration voltage was 
5.00 kV. All measurements 
were performed at Bilecik 
Seyh Edebali University 
Research and Application 
Center.
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HaNP was successfully modified on the surface of 
PGE.

Electrochemical characterizations of the unmodi-
fied and 20.00 µg/mL HaNP modified PGEs, as well 
as the 0.01  µg/mL miRNA-200c-3p specific DNA 
probe immobilized or the hybrid form obtained after 
the hybridization of 0.01 µg/mL miRNA-200c-3p spe-
cific DNA probe:3.00 µg/mL miRNA-200c-3p target 
immobilized HaNP-PGE were investigated using the 
CV technique (Fig. 2). The average Ia value of the PGEs 
was measured to be 105.49 ± 4.84 µA (RSD% = 4.59%, 
n = 3) (Fig.  2B-a). After HaNP modification, the 
average Ia value decreased (Fig.  2B-b), which was 
the expected result due to the negative structure of 
HaNP [41]. After immobilization of the DNA probe, 
the average Ia value also decreased (Fig. 2B-c), which 
was due to the introduction of the negatively struc-
tured DNA oligonucleotide on the surface of the 

HaNP-PGE. The average Ia value after immobilization 
of the DNA probe was calculated to be 85.81 ± 7.79 µA 
(RSD% = 9.09%, n = 3). The behavior of Ia obtained 
after nucleic acid hybridization (Fig. 2B-d) was the 
same as when the DNA probe was immobilized on 
HaNP-PGE. The decrease in the average Ia value was 
the expected result as the negativity of the electrode 
increased after the nucleic acid hybridization of the 
negatively structured DNA probe and RNA target. 
After nucleic acid hybridization, the average Ia value 
of 77.54 ± 4.21 µA (RSD% = 5.44%, n = 3) was obtained. 
The calculated surface area (Aeff) values for each group 
using the Eq. S1 were represented in Table S2, and it 
was seen that the Aeff values decreased after each mod-
ification/immobilization step which was the similiar 
behavior with the Ia value. These results are consistent 
with the results reported in previous studies [46, 47].

The optimization studies were started with the 
determination of optimum HaNP concentration for 
modification of the disposable PGEs (Fig. S2). After 
HaNP modification of PGE, the Rct value increased 
as a result of the repulsive interactions between the 
negative HaNPs and the PGE surface [41]. The highest 
average Rct value was obtained after 20 µg/mL HaNP 
modification on the PGE surface (Fig. S2-A, B-c), and 
the average Rct value was recorded to be 221.04 ± 28.46 
Ohm, (RSD% = 12.88%, n = 3). This concentration 
level of HaNP was chosen as optimum for the 
modification. The reproducibility of the HaNP-PGEs 
were investigated by preparing six different groups 
of the HaNP-PGEs (Fig. S3). The average Rct values 
obtained by the HaNP-PGEs prepared in six different 
groups were 212.00 ± 11.53 Ohm, 212.00 ± 2.58 Ohm, 
211.25 ± 21.72 Ohm, 216.00 ± 15.64 Ohm, 217.67 ± 21.39 
Ohm, 229.00 ± 18.03 Ohm (n = 3) with the RSD% 
values as 5.44%, 8.67%, 10.28%, 7.24%, 9.82%, 7.87%, 
respectively. These results indicate that the HaNP-
PGEs showed reproducible behavior.

The studies were continued by the optimization of 
miRNA 200c-3p specific DNA probe concentration 
(Fig.  S4). The nucleic acid hybridization between 
0.002–0.05 µg/mL DNA probe and 2.00 µg/mL RNA 
target was conducted for 15 min, and the average Rct 
values were recorded before and after the nucleic 
acid hybridization for each concentration level. The 
Rct value increased after the immobilization of DNA 
probe or the hybrid forms which was in consistency 
with the results obtained by the CV technique [46, 
47]. The most reproducible and the highest Rct value 
after the nucleic acid hybridization was obtained in 

Figure 2   The cyclic voltammograms (A) the and the histograms 
(B) representing the average Ia values of PGEs (a), 20.00 µg/mL 
HaNP modified PGEs (b), DNA probe (c) or the hybrid form 
obtained after the hybridization of DNA probe: miRNA-200c-3p 
(1:1) (d) immobilized HaNP-PGEs (n = 3). The experimental 
conditions are: DNA probe concentration: 0.01 µg/mL, miRNA-
200c-3p target miRNA concentration: 3.00 µg/mL, hybridization 
time: 60 min.
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the presence of 0.01 µg/mL DNA probe (Fig. S4E-
III). The average Rct values obtained before and 
after the hybrization in the presence of 0.01 µg/mL 
DNA probe and 2.00 µg/mL RNA target were found 
to be 438.40 ± 108.71 Ohm and 542.33 ± 42.53 Ohm 
(n = 3) with the RSD% values as 24.80% and 7.84%, 
respectively.

In the next step of our study, the nucleic acid hybrid-
ization time was optimized in the presence of 0.01 µg/
mL DNA probe and 2.00 µg/mL RNA target by apply-
ing 15–90 min hybridization time (Fig. 3). The average 
Rct values obtained before and after the hybridization 
were compared in terms of the increase ratios. The 
highest increase ratio as 57.66% and the most repro-
ducible responses were obtained by 60 min hybridi-
zation (Fig. 3-II-D). The average Rct values obtained 
before and after the hybridization were recorded to be 
382.00 ± 58.35 Ohm and 602.25 ± 52.80 Ohm with the 
RSD% values as 15.27% and 8.77% (n = 3), respectively. 

60 min Hybridization time was determined as opti-
mum hybridization time, and the studies continued 
by searching the effect of miRNA concentration upon 
the impedimetric biosensor response (Fig.  4). For 
this purpose, the nucleic acid hybridization was con-
ducted in the presence of 0.01 µg/mL DNA probe and 
1.00–8.00 µg/mL RNA target for 60 min. In this part 
of the study, ΔRct values were calculated based on the 
Eq. 1, and the highest ΔRct value was obtained in the 
presence of 3.00 µg/mL RNA target as 751.00 ± 46.72 
Ohm (RSD% = 6.22%, (n = 3)). This concentration level 
was chosen as optimum. The detection limit (DL) was 
calculated to be 0.12 µg/mL (16.19 nM) based on the 
calibration graph (Fig. 4-B) obtained in the concentra-
tion range of 1.00–3.00 µg/mL RNA target with the 
equation y = 272.57x − 79.66 and R2 = 0.99 [48].

Rct2 = The Rct value obtained DNA probe/hybrid form 
immobilized HaNP-PGE.Rct1 = The Rct value obtained 
by HaNP-PGE.

(1)ΔR
ct

= R
ct2

− R
ct1

Figure 3   The Nyquist diagrams (I) of PGE (a), HaNP-PGE (b), 
before (c) and after (d) the hybridization of 0.01 µg/mL miRNA-
200c-3p DNA probe: 2.00  µg/mL target miRNA 200c-3p (1:1) 
for 60 min. The average Rct values (n = 3) (II) of PGE (a), HaNP-
PGE (b), before (c) and after (d) the hybridization of 0.01 µg/mL 
miRNA-200c-3p DNA probe: 2.00 µg/mL target miRNA 200c-3p 
(1:1) for 15  min (A), 30  min (B), 45  min (C), 60  min (D) and 
90 min (E).

Figure 4   The average ΔRct values (A) obtained after the hybrid-
ization of 0.01  µg/mL miRNA-200c-3p DNA probe and 1.00–
8.00 µg/mL miRNA-200c-3p target. Line graph (B) based on the 
average ΔRct values obtained after the hybridization of 0.01 µg/
mL miRNA-200c-3p DNA probe and 1.00–3.00 miRNA-200c-3p 
target (n = 3).
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The selectivity of the impedimetric biosensor was 
tested against miRNA-200c-5p that is in the same clus-
ter with miRNA-200c-3p and miRNA-141-3p that is 
from the second cluster of miRNA-200c [21] (Fig. 5) 
under optimum conditions. The average ΔRct values 
were represented in Table S3. The highest average ΔRct 
value was obtained in the presence of miRNA-200c-3p 
RNA target that indicated the impedimetric biosen-
sor had a selective behaviour against other selected 
miRNAs. The ΔRct decreased after the hybridization 
of miRNA-200c-3p DNA probe and the mixture of tar-
get miRNA + other miRNAs. However, the biosensor 
responses were still higher than the ones obtained in 
the presence of miRNA-200c-5p or miRNA-141-3p. It 
is concluded that HaNP-PGE based impedimetric bio-
sensor represented selective behaviour.

The application of the biosensor in synthetic plasma 
sample was tested to prove whether the developed 
biosensor platform could work in a complex media. 
First, the hybridization was performed in plasma or 
diluted plasma samples and ΔRct values were cal-
culated according to Eq. 1 (Fig. S5). The ΔRct values 
obtained after the hybridization in in the presence 
of 1:1000 (Fig. S5-D) and 1:5000 (Fig. S5-E) diluted 
plasma samples were close to the one obtained in 
PBS (pH 7.40)  (Fig.  4A). The average ΔRct values 
(n = 3) obtained after the hybridization in 1:1000 or 
1:5000 diluted plasma samples were as 503.50 ± 195.90 
(RSD% =  38 .90%) Ohm and 650.50  ±  31 .82 
(%RSD = 4.89%) Ohm, respectively. More reproduc-
ible impedimetric response was obtained in 1:5000 
diluted plasma sample. 1:5000 dilution ratio was 
selected for plasma dilution, and the effect of miRNA-
200c-3p RNA target concentration upon the biosensor 
response was investigated. Figure 6 represents the cali-
bration graph obtained based on the average ΔRct val-
ues (n = 3) in the presence of 0.00–3.00 µg/mL miRNA-
200c-3p in 1:5000 diluted plasma. The DL was found to 
be 0.31 µg/mL (41.82 nM) [48] with the equation and 
R2 values as y = 142.21x + 235.93 and 0.99, respectively.

Numerous reports were introduced in the literature 
for the electrochemical detection of miRNAs, and some 
of the recently published studies were represented in 
Table 1 [13–15, 49–57]. miRNA-21-5p was monitored 
[15] due to its role in the autophagy and its capability 
as a new treatment option for neurological diseases in 
combination with exosomes [58]. The monitoring of 
miRNA-21 was studied by many groups since it is a 

Figure  5   The Nyquist diagrams (A) and the histograms rep-
resenting the average ΔRct (B) values (n = 3) of 0.01  µg/mL 
miRNA-200c-3p specific DNA probe immobilized HaNP-PGE 
(a), the hybrid forms obtained by the hybridization of 0.01  µg/
mL miRNA-200c-3p specific DNA probe: 3.00 µg/mL miRNA-
200c-3p target (b)/miRNA-200c-5p (c)/miRNA-141-3p (d) 
(1:1) immobilized HaNP-PGE, the hybrid forms obtained by 
the hybridization of 0.01 µg/mL miRNA-200c-3p specific DNA 
probe: 3.00 µg/mL miRNA-200c-3p target + miRNA-200c-5p (e)/
miRNA-200c-3p target + miRNA-141-3p (f) immobilized HaNP-
PGE.

Figure  6   Line graph based on the average ΔRct values (n = 3) 
obtained by the hybridization of 0.01  µg/mL miRNA-200c-3p 
specific DNA probe: 0.00–3.00 µg/mL miRNA-200c-3p target in 
1:5000 plasma: PBS (pH 7.40) for 60 min.
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biomarker for not only several cancer types [49–52] but 
also cardiovascular diseases [51], and found in urine 
[49], and serum [50–52]. miRNA-141 is also associ-
ated with colorectal cancer and prostate cancer [49, 
53]. Other miRNAs given in Table 1 are related with 
several cancer types [13, 54–57] and retinal degenera-
tion [14]. The applicability of the biosensor systems 
was studied in mostly serum [13, 15, 50–55, 57], but 
cell lysates [52, 56] and urine [49] was also analyzed 
for the miRNA detection. The use of nanomaterials/
biomaterials and their nanocomposites was preferable 
[15, 50–56] to increase the sensitivity and robustness 

of the biosensors. Although high sensitive and selec-
tive behaviour for a biosensor system is crucial, being 
practical and time-saving are also crucial properties to 
obtain feasible prototypes that lead to develop novel 
commercial diagnostics in future. At this point, most 
of the biosensor platforms in Table 1 required to spend 
significant amount of time from hours to days, and to 
use intensive chemical agents for the construction of 
the biosensor platforms. On the other hand, disposable 
platforms are preferable to eliminate implementing 
the experimental procedures for reusability. There-
fore, single use electrodes such as SPE-based [13–15, 

Table 1   Some of the recently reported studies for electrochemical detection of miRNAs

Electrodes: SPE Screen printed carbon electrode, GCE Glassy carbon electrode, mSPGE Multi-array screen-printed gold electrode, 
AuE Gold electrode, SPGE Screen prointed gold electrode, PGE Pencil graphite electrode. Nanomaterials/biomaterials: AuNP Gold 
nanoparticles. Ti3C2@Bi2O3 Accordion-like Bi2O3-decorated titanium aluminum carbide nanocomposites, Ag@CPDs Ag@carbonized 
polymer dots, MWNTs Multiwalled carbon nanotubes, g-C3N4@AgNPs Graphitic carbon nitride @ silver nanoparticles, CoNi-MOF 
Bimetallic CoNi-based metal–organic framework, MN Magnetic nanoparticle, HaNP Hydroxyapatite nanoparticle, HSA-AuNPs Human 
serum albumin conjugated AuNPs, Electrochemical methods: EIS Electrochemical impedance spectroscopy, CV Cyclic voltammetry, 
SWV Square wave voltammetry, DPV Differential pulse voltammetry, AdsSV Adsorptive stripping voltammetry, Others: LOQ limit of 
quantification, C6 cells rat glioma cells

miRNA type Electrode Nanomaterial/
biomaterial

Fabrication time Electrochemical 
method

DL Media Refs

miRNA-19b mSPGE AuNP ~ 15 h Amperometry 10.00 pM Serum [13]
miRNA-124 SPGE – ~ 7 h SWV 0.28 aM Serum [14]
miRNA 21-5p SPE AuNP ~ 3 h EIS 4.31 aM Serum [15]
miRNA-21, 

miRNA-141
SPE – ~ 20 h CV, chronoamper-

ometry
– Urine [49]

miRNA-21 GCE Ti3C2@Bi2O3 
nanocomposite 
and AuNP

~ 90 h DPV 0.16 fM Serum [50]

AuE AuNP ~ 18 h Chronocoulometry 10 aM Serum [51]
GCE MN, HaNP ~ 20 h SWV 0.27 aM Serum 

and cell 
lysate

[52]

miRNA-141 GCE AuNP ~ 8 h 30 min SWV 3.23 aM Serum [53]
miRNA-let-7a GCE Nafion/MWNTs 

and Ag@CPDs
~ 5 days and 11 h LSV 30.00 fM Serum [54]

miRNA-155 AuE g-C3N4@AgNPs ~ 48 h AdsSV 50.00 and 
100.00 fM 
(LOQ)

Serum [55]

miRNA-126 AuE CoNi-MOF ~ 88 h EIS 0.14 fM C6 cells [56]
miRNA-200c-3p PGE HSA-AuNPs ~ 14 h 15 min EIS 1.13 fM Serum [57]

PGE HaNP ~ 2 h 15 min EIS 0.12 µg/mL 
(16.19 nM) in 
PBS (pH 7.40) 
and 0.31 µg/mL 
(41.82 nM) in 
plasma

Plasma This work
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49] and PGE-based [57] electrochemical biosensors 
are one step further in comparison to other biosen-
sors which have been fabricated by AuE [51, 55, 56] 
and GCE [50, 52–54].

Nanoparticles and their nanocomposites have been 
widely applied for the development of electrochemical 
miRNA biosensors. However, there is a limited 
number of reports in the literature for the use of 
the HaNPs in an electrochemical miRNA biosensor 
design [52, 59]. Liu et al. [52] reported a GCE based 
voltammetric biosensor for miRNA-21 detection. 
They combined magnetic nanoparticles (MNs) with 
duplex-specific nuclease (DSN) enzyme as the first 
time in the literature. They synthesized carboxylated 
MNs and immobilized biotinylated capture probe of 
miRNA-21 (CP) via crosslinking agents on the surface 
of MNs. They modified HaNPs with streptavidin (SA) 
using polyethylenimine (PEI) and glutaraldehyde, 
and mixed these modified HaNPs to obtain MNs/
CP/HaNP probe. For hybridization, they followed 
the reaction between DSN, miRNA-21 and MNs/
CP/HaNP probe by mixing and heating this mixture 
at 50 °C for 50 min, and removed the unbinding of 
CP and HaNP by magnetic separation. Finally, they 
incubated miRNA-21, the solution and sodium 
molybdate (Na2MoO4⋅2H2O) at the GCE surface to 
perform the reaction between the phosphate group of 
HaNP and Na2MoO4⋅2H2O. They implemented square 
wave voltammetry (SWV) technique to measure 
redox-active molybdophosphate as the biosensor 
response. Although this biosensor platform showed 
high sensitivity and specificity by showing a selective 
behaviour, the preparation steps are exhausting, and 
require to use several complex chemicals that result in 
the increase at the fabrication costs of the biosensor.

Although its importance in the different biological 
pathways was enlighted in several researches, the 
limited number of report for the detection of miRNA-
200c-3p was found in the literature. In one of these 
studies, Kuang et al. [60] performed the detection 
of miRNA-200c-3p by developing a spectroscopic 
method in combination with duplex-specific nuclease 
(DSN)-mediated amplification  strategy. Briefly, 
they synthesized a new DNA-peptide probe using 
a substrate peptide included reporter peptide and 
biotinylated miRNA-200c-3p specific DNA probe. 
After the specific hybridization of this DNA probe 
and miRNA-200c-3p RNA target, the double-
stranded form was cleavaged in the presence of 
DSN, and the reporter peptide was released for the 

quantitative detection of miRNA-200c-3p using 
liquid chromatography − tandem mass spectrometry 
(LC–MS/MS) technique. The DL was found to be 1 fM 
in this study, and the selectivity of the developed 
detection method was shown against miRNA-200b, 
miRNA-141, miRNA-21, and single base mismatched 
miRNA sequences. This novel detection strategy 
possessed a sensitive and selective behavior for the 
detection of the target miRNA. However, it required to 
use several enzymes, and its implementation required 
to spend long times. In another aspect, LC–MS/MS 
technique does not enable to miniaturize the overall 
detection strategy that limits the field applications.

A PGE based impedimetric detection platform was 
reported in the literature for the monitoring of miRNA-
200c-3p which is the only study in the literature for the 
electrochemical detection of miRNA-200c-3p [57]. In 
that report, gold nanoparticles conjugated with human 
serum albumin (HSA-AuNPs) was synthesized to take 
advantage of the AuNPs that have good electrical 
properties and of HSA that is the most abundant 
protein in plasma and has numerous binding sites. 
The research group modified the surface of PGE using 
these nanoparticles, and then immobilized thiolated 
DNA probe that was specific for miRNA-200c-3p. 
They performed the nucleic acid hybridization on 
the surface of the HSA-AuNPs/PGE, and evaluated 
the ΔRct value calculated by the differences between 
the Rct values obtained after the hybridization and 
before the hybridization. Although there is a similarity 
between that report and this study, long experimental 
time was required to develop the said biosensor. The 
modification was carried out in 250 µL samples that 
is quite higher than the sample volumes used in this 
report (100 µL for HaNP modification and 40 µL for 
the hybridization). The selectivity studies were carried 
out in the presence of miRNA-410 and miRNA-192 
in that report while the selectivity of the HaNP-PGE 
based impedimetric biosensor was tested herein in the 
presence of miRNA-200c-5p and miRNA-141-3p that 
are in the same cluster with miRNA-200c-3p and is 
from the second cluster of miRNA-200c [21]. Last but 
not least, this report is the first study in the literature 
that aimed to the integration of HaNP-PGEs for the 
electrochemical miRNA detection.
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Conclusion

Herein, a novel electrochemical biosensor platform 
for the miRNA detection is reported. The main 
purpose of this research is to apply HaNPs for 
potential electrochemical detection of a model 
miRNA, specifically, miRNA-200c-3p as the first time 
in the literature. miRNA-200c-3p was chosen due 
to its role in COVID-19 infection progression and 
other diseases. A sensitive and selective monitoring 
of miRNA-200c-3p was achieved under optimum 
conditions, and the applicability of the HaNP-PGEs 
for miRNA detection was tested in synthetic plasma. 
This study represents the fabrication of a prototype 
for future hand-held devices for the monitoring of 
miRNAs. This study will pave the way for other 
researchers who aim to demonstrate the potential 
application of HaNPs in biosensors fabrication, 
specifically miRNA biosensors. This technique will 
facilitate and accelerate diagnostic and therapeutic 
protocols that will improve human health.
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