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The indicator-based nucleic acid detection protocol is one of the major approaches to monitor the sequence-
selective nucleic acid hybridization-mediated recognition events in biochemical analysis. Themetal complex, co-
balt phenanthroline, [Co(phen)3

3+], which is one of the electroactive indicators, interacts more with double
stranded nucleic acids via intercalation. Thus, this interaction permits an increase at the electrochemical signal
of [Co(phen)33+]. In our study, the interaction of metal complex, [Co(phen)33+] with nucleic acids was examined
using pencil graphite electrodes (PGEs) in combination with differential pulse voltammetry (DPV) technique.
The voltammetric detection of miRNA-34a was investigated based on the changes at the electrochemical signal
of [Co(phen)33+] under optimized experimental conditions; such as accumulation potentialof metal complex
and DNA probe concentration, hybridization time, target miRNA concentration. Furthermore, the selectivity of
electrochemical miRNA-34a biosensor was studied in contrast to different miRNAs. The applicability of
indicator-based biosensor specific to miRNA-34a was also presented by using total RNA samples.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Biosensors are devices capable of identifying by means of their bio-
logical receptor, which can convert this recognition into a signal with
a converter. Due to the high selectivity and specificity of biosensors, it
is the reason of choice in the determination and analysis of environmen-
tal, food, medicine fields [1–6]. In recent years, DNA biosensors, which
have gained an important place in DNA diagnosis and biological studies,
have been increasing their role in recognizing specific DNA sequences.
DNA sensors in chip, crystal and electrode forms are biorecognizers
that are sensitive to surface changes, have high sensitivity in hybridiza-
tion and interaction formation and have rapid analysis [3,4,7].

The use of electrochemical DNA biosensors in medical conditions
such as diagnosis, analysis andmonitoring has increased. The important
reasons of this demand are compared to traditional methods; high sen-
sitivity, cost-effective, fast and accurate measurements [8]. Due to the
simplicity, low cost and high sensitivity of electrochemical biosensors,
the demand for this method has increased over time [3,4,7–9]. There
are important points in the principle of the electrochemical DNA
harmacy, Analytical Chemistry
biosensor. The stability and amount of single-strand DNA probe
immobilized is important and also the stability and interaction of the
target DNA sequence to the probe [8,10,11]. Ensuring the stability of
the DNA-transducer surface connection and increasing the amount of
DNA immobilized are particularly important in electrochemical DNA
biosensor improvement studies [8,12]. Sequence-specific DNA hybridi-
zation analysis can be examined by determining of the oxidation signal
of the DNA bases, adenine and guanine, or signal generated by the
electroactive compounds, or electroactive complexes which have high
affinity to DNA [13–26]. In order to determine the hybridization, it is
common touse a redox indicatorwhich is capable of recognizing thehy-
brid at the surface via its electrochemical. In indicator-based detection,
the difference between the affinity of the indicator to the single-
strand and double-strand oligonucleotide is used as an evidence of hy-
bridization. Indicators are more likely to bind to double strand oligonu-
cleotides, due to their ability yo bind to the grooves on the duplex DNA
sequence [3]. One of these indicators is the metal complex, cobalt 1,10-
phenanthroline, also known as electrochemical indicator [27]. Recent
studies have shown that transition metal complexes assume a biologi-
cally important role. In particular, 1,10-phenanthroline (phen) com-
pounds have been shown to inhibit tumor growth after interaction
with DNA. Related to this subject, the role of metal complexes in the de-
sign of drugs, reactive probes, diagnostic reagents and understanding of
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the DNA interaction of these complexes are of curiosity. The use of such
electroactive metal complexes in the development of new anti-cancer
drugs may form a new approach [27].

microRNAs (miRNAs) are approximately 22-nucleotide non-coding
RNAs, which regulate gene expression and play a pivotal role in tumor-
igenesis.miRNA-34a acts as a tumor-suppressor gene inmultiplemalig-
nancies by targetingmany oncogenes related to proliferation, apoptosis
and invasion. In addition, miRNA-34a is a significant biomarker in colon
cancer, prostate, breast, lung, kidney, bladder, pancreatic carcinomas
[28,29].

In the present study, the metal complex, cobalt phenanthroline, [Co
(phen)33+],which is an electroactive indicatorwas used for thefirst time
to detect nucleic acid hybridization related to miRNA by using DPV
method in combination with PGE. The experimental conditions, such
as; accumulation potential of metal complex andDNA probe concentra-
tion, hybridization time, target miRNA concentration were optimized
based on the changes observed at the reduction signal of [Co(phen)33
+]. The selectivity of the indicator-basedbiosensorwas explored against
to differentmiRNA sequences. The applicability of voltammetric biosen-
sor to detect miRNA-34a was also shown in total RNA samples.

2. Material and method

2.1. Apparatus

DPV measurements were performed using the AUTOLAB-PGSTAT
302 electrochemical analysis system and GPES 4.9 software package
(Eco Chemie, TheNetherlands). Voltammetricmeasurementswere per-
formed with triple electrode system, PGE was used as working elec-
trode, Ag/AgCl/3M KCl (BAS, Model RE-5B, W. Lafayette, USA) was
used as reference electrode and platinum wire was used as auxiliary
electrode. All measurements were performed in the faraday cage at
room temperature.

2.2. Chemicals

DNA probes and complementary RNA oligonucleotides (ODN), were
purchased (as lyophilized powder) from TIB Molbiol (Germany). The
base sequences of ODNs are listed below:

miR 34a DNA Probe: 5′-Amino-C6-ACA ACC AGC TAA GAC ACT GCC
A-3′.
Fig. 1. The representative scheme of the experimental procedure. (a) [Co(phen)33+] accumulat
PGE followed by electrochemical measurement.
miR 34a Target: 5′-UGG CAG UGU CUU AGC UGG UUG U-3′ (U:
uracil).
Mismatch of miR 34a (MM): 5′-UGG CAG UAU CUA AGC UGG UUG
U-3′ .
Noncomplementary RNA (NC): 5′-AUGCAUGCAUGCAUGCAUGCA
A-3′.

All nucleic acid sequences were prepared in 50 mM phosphate
buffer containing 20 mM NaCl (PBS, pH 7.40).

The synthesis of [Co(phen)33+] was performed as reported in earlier
studies [13]. The stock solution of [Co(phen)33+] was prepared in 1 mM
concentration by dissolving in 20 mM Tris-HCl buffer with 20mMNaCl
(TBS, pH 7.00) in an ultrasonic water bath for 5 min and then, it was di-
luted to 0.2 mM concentration before use.

2.3. Isolation of total RNA from cell lysates

The isolation of total RNA from human hepatocellular carcinoma cell
line (HUH-7) was performed as reported in our earlier study [30].

2.4. Procedure

The whole procedure followed for the developed biosensor consists
of four steps as depicted in Fig. 1.

(i) The electrochemical activation of PGE.
(ii) The hybridization of the probe with its complementary miRNA-

34a target, or with non-complementary sequences (NC), or
two-base mismatch (MM) at the PGE surface.

(iii) The accumulation of the metal complex, [Co(phen)33+], onto PGE
surface, or miRNA-34a probe immobilized PGE or hybrid
immobilized PGE.

(iv) The voltammetric measurements.

All steps are carried out at room temperature.

2.5. Electrode preparation

TombowHB0.5mmpencil lead (Japan) thatwas held on theRotring
Pencil model (Germany) was used as an electrode. The electrochemical
ion onto (a) PGE surface, (b) miRNA-34a probe immobilized PGE, (c) hybrid immobilized



Fig. 3. DPVs and bar graphs representing a) the control experiment in TBS, the average
reduction signal of [Co(phen)33+] after accumulation onto (b) PGE, c) probe.
immobilized PGE, reduction signal of [Co(phen)33+] after hybridization of miRNA-34a
probe with its target during d) 15 min, e) 30 min, f) 60 min hybridization (n = 3).
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activation of the surface of each electrode was done by applying a po-
tential of +1.40 V for 30 s in acetate buffer (ABS, pH, 4.80) via DPV
[31]. The electrochemical activation of the electrode surface by applying
the potential helps to form –COOH groups at the surface while increas-
ing the hydrophilicity of the surface and the active sites of the electrode
[32].

2.6. Hybridization of DNA probe with its target miRNA-34a/NC/MM

PGEs were immersed into the 100 μL of 0.25 μg/mL (36.8 nM)
miRNA-34a probe in PBS (pH 7.40) during 30 min. The immobilization
of miRNA-34a probe onto electrode surface was performed by covalent
coupling between carboxylic groups of PGE surface and amino group
linkage at the 5′ end ofmiRNA-34a probe [33]. Then, probe immobilized
electrodes were rinsed with PBS to inhibit unspecific binding onto the
electrode surface.

Probe immobilized PGEs were immersed into the vials containing
100 μL miRNA-34a target for hybridization process by using passive ad-
sorption for 30 min. After the hybrid occurrence onto the surface, PGEs
were rinsed with PBS before [Co(phen)33+] accumulation.

2.7. Total RNA analysis

Total RNA isolated from HUH-7 cell line was diluted to final target
concentration in PBS (pH, 7.40) and probe immobilized PGEs were im-
mersed into the vials containing 100 μL target for enabling hybridization
for 30min and hybrid immobilized PGEswerewashed in PBS (pH, 7.40)
before [Co(phen)33+] accumulation.

2.8. Accumulation of [Co(phen)3
3+]

Accumulation of the [Co(phen)33+] was performed onto the surfaces
of bare PGE, DNA probe immobilized PGE and hybrid immobilized PGE.
Accumulation was performed by applying +0.2 V during 180 s using
magnetic stirrer. After accumulation of [Co(phen)33+], the electrode
Fig. 2. (A) DPVs related to a) the control experiment in TBS, reduction signal of [Co(phen)33
+] after accumulation onto b) PGE, c) probe. immobilized PGE, d) hybrid covered PGE.
(B) Bar graphs representing (a) the signal obtained in control experiment in the
medium of buffer and the average signal of [Co(phen)33+] (n = 3) onto (b) PGE,
(c) before and (d) after hybridization of 0.25 μg/mL (36.8 nM) miRNA-34a probe with
its target, (e) before and (f) after hybridization of 0.5 μg/mL (73.5 nM) miRNA-34a
probe with its target, (g) before and (h) after hybridization of 1 μg/mL (147 nM)
miRNA-34a probe with its target.
was rinsed with TBS (pH, 7.00) for 5 s. The reduction signal of [Co
(phen)33+] was then measured by DPV technique.

2.9. Electrochemical Measurement

The reduction signal of [Co(phen)33+] was measured in TBS
(pH 7.00). DPV measurements were performed by scanning between
+0.6 V to ‐−0.2 V at the pulse amplitude 100 mV with a scan rate
50 mV/s and step potential of 25 mV. The raw data were treated using
the Savitzky andGolayfilter (level 2) of theGPES software (Eco Chemie,
The Netherlands), followed by the moving average baseline correction,
using a “peak width” of 0.03.

3. Results and discussion

Firstly, the experimental parameters; such as, probe concentration,
hybridization time and target concentration were optimized before
Fig. 4.DPVs representing a) the control experiment in TBS, the average reduction signal of
[Co(phen)33+] after accumulation onto (b) PGE, c) probe. immobilized PGE, reduction
signal of [Co(phen)33+] after hybridization of miRNA-34a probe and (d) 1 μg/mL
(142.3 nM), (e) 2 μg/mL (284.6 nM), (f) 3 μg/mL (426.9 nM), (g) 4 μg/mL (569.1 nM)
and (h) 5 μg/mL (711.4 nM) miRNA-34a target.



Fig. 6. DPVs and bar graphs representing the reduction signal of [Co(phen)33+] after
accumulation onto the surface of a) probe immobilized PGE, after hybridization of probe
and b) miRNA-34a, c) NC, d) MM, the mixture of e) miRNA-34a and NC, f) miRNA34a
and MM (n = 3).

Fig. 5. (A) Calibration plot related to the average reduction signal of [Co(phen)33+] after
accumulation onto the surface of PGE in case of hybridization of probe with its miRNA-
34a at different concentrations from 1 to 4 μg/mL (142.3 nM to 569.1 nM) (n = 3).
(B) Line plot related to the average reduction signal of [Co(phen)33+] after accumulation
onto the surface of PGE in case of hybridization between probe and miRNA-34a at its
different concentrations from 1 to 5 μg/mL (142.3 nM to 711.4 nM) (n = 3).
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voltammetric detection of miRNA. The detection method relies on the
magnitude of the peak of [Co(phen)33+] that reflects the extent of the
hybrid formation [11,13,34]. The dependence of the peak current of
[Co(phen)33+] on the accumulation potential was also studied. For this
purpose, [Co(phen)3 3+] was accumulated onto the PGE surface by ap-
plying+ 0.2 V or + 0.5 V during 3min, or applying without any poten-
tial. The highest value of [Co(phen)33+] signal was obtained as 190.25±
53.66 nA (RSD %, 28.20%, n = 3) when + 0.2 V potential was applied.
Therefore, + 0.2 V was chosen as optimum accumulation potential for
further studies.

In this present study, the reduction signal of [Co(phen)33+] is mea-
sured in the absence/presence of miRNA-34a probe and after solid
phase hybridization between probe and its complementary target. The
increase ratio (%) is calculated between the signal recorded by probe
immobilized PGE and the signal that obtained by hybrid covered PGE.
The highest increase ratio (%) indicated the optimum condition. Note
that, during the calculations the reduction signal of [Co(phen)3 3+] in
the absence of probe and hybrid is omitted.

The effect of miRNA-34a probe concentration upon the hybridiza-
tion was then investigated (Fig. 2). The hybridization was performed
between 4 μg/mL (569.1 nM) miRNA-34a target and miRNA-34a
probe at different concentration level from 0.25 μg/mL (36.8 nM) to
1 μg/mL (147 nM). After accumulation of [Co(phen)33+] onto the surface
Fig. 7. (A) DPVs (B) Bar graphs representing the average reduction signal (n = 3) of [Co
(phen)33+] after accumulation onto the surface of probe. immobilized PGE (a) in the
absence of total RNA and miRNA-34a target, (b) in the presence of 1 μg/mL total RNA
and after hybridization between probe and miRNA-34a spiked into total RNA medium in
the various concentration of miRNA-34a; (c) 1 μg/mL, (d) 2 μg/mL, (e) 3 μg/mL,
(f) 4 μg/mL. Inset figure: DPVs representing the control experiment in the absence of [Co
(phen)33+] (a) in the absence of probe and total RNA sample, (b) probe immobilized PGE
in the absence of total RNA, (c) total RNA immobilized PGE in the absence of probe,
(d) probe immobilized PGE in the presence of 1 μg/mL total RNA, and the reduction
signal of [Co(phen)33+] after its accumulation onto the surface of (e) PGE in the absence
of probe and total RNA immobilization, (f) probe immobilized PGE in the absence of
total RNA, (g) total RNA immobilized PGE in the absence of probe, (h) probe
immobilized PGE in the presence of 1 μg/mL total RNA.



Table 1
The comparison of our assay to some of earlier reports presenting electrochemical detection o

Electrode miRNA Method DL

IL-CA-PGE miRNA-34a DPV 0.56 μg/mL in PBS
0.40 μg/mL in FBS
0.88 μg/mL in total RN

GO/CA/PGE EIS 1.12 μg/mL in PBS
0.29 μg/mL in FBS

CNFs/SPE DPV, EIS 10.98 μg/mL
PPy-PGE CV, EIS 0.20 μg/mL
GO/CA/PGE DPV 7.52 μg/mL
IL/CA/PGE EIS 0.772 μg/mL
GO/PGE CV, EIS 1.9 μg/mL
MWCNT-GCE DPV 1 pM
Os(VI)bipy-HMDE miRNA-522 DPV 2 nM
MoS2-Thi-AuNPs
nanocomposite/GCE

miRNA-21 SWV 0.26 pM

Gold disk electrode let 7a DPV 1 nM
Gold electrode miRNA-145 EIS,

SWV
0.37 fM

CB/PGE
MWCNTs/PGE
GO/PGE

miRNA-125a EIS 0.01 nM
1 nM
0.1 nM

PGE miRNA-34a DPV 0.59 μg/mL (83.9 nM)
0.79 μg/mL (112.3 nM

Fig. 8. (A) Calibration plot related to the average reduction signal (n= 3) of [Co(phen)33+]
measured in the presence of hybridization between probe and miRNA-34a target spiked
into the total RNA medium at different concentrations of miRNA-34a from 1 to 3 μg/mL
(142.3 nM to 426.9 nM). (B) Line plot related to the average reduction signal (n = 3) of
[Co(phen)33+] measured after hybridization of probe with miRNA-34a spiked into the
total RNA medium at different concentrations of miRNA-34a from 1 to 4 μg/mL (142.3
nM to 569.1 nM).
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of 0.25 μg/mL (36.8 nM), 0.5 μg/mL (73.5 nM) and 1 μg/mL (147 nM)
probe immobilized PGE, the signal was measured as 240.10 ±
24.07 nA, 169.50 ± 60.10 nA and 150 ± 9.89 nA, respectively. The low
peak current indicated that [Co(phen)33+] has a veryweak binding affin-
ity to a single-stranded probe sequence via electrostatic interaction at
the electrode surface. A significant increase at the signal was observed
after hybridization of DNA probe with its complementary target
miRNA. There is an increase (i.e 2.5–2.8 fold) obtained at the signal
after the hybridization occured between probe and 4 μg/mL of miRNA
in various concentrations of probe from 0.25 μg/mL to 1 μg/mL
(36.8 nM to 147 nM) probe. This increase at the response is a proof
that the detection of miRNA hybridization could be investigated based
on the response of electroactive indicator, [Co(phen)33+]. Since the
highest increase at the response of metal complex was recorded after
miRNA hybridization of 0.25 μg/mL (36.8 nM) probe with 4 μg/mL
(569.1 nM) target as 663.14 ± 74.50 nA (RSD %, 11.23%, n = 3),
0.25 μg/mL (36.8 nM) probe concentration was chosen as optimum
probe concentration for further studies.

Secondly, the hybridization of 0.25 μg/mL (36.8 nM) probe and
4 μg/mL (569.1 nM) targetwas performed during 15, 30 and 60min hy-
bridization time (Fig. 3). The average signal was measured as 240.1 ±
24.07 nA (RSD %, 10.02%, n = 3) after accumulation of [Co(phen)3 3+]
onto the surface of 0.25 μg/mL (36.8 nM) probe immobilized PGE.
There was 87.42%, 176.19% and 81.31% increase observed at the signal
after the hybridization of miRNA-34a probe with its target during 15,
30 and 60 min, respectively. The highest increase at the signal was ob-
tained in case of 30 min hybridization time (i.e, measured as
663.14 ± 74.50 nA with a RSD %, 11.23%, n = 3) shown in Fig. 3-e.
Thus, 30 min hybridization time was chosen as optimum for further
studies.

The effect of target concentration upon to the response of indicator-
based biosensor was also studied. It could be seen from Fig. 4 that there
was an increase at the peak current of [Co(phen)33+] while increasing
miRNA concentration from 1 μg/mL to 4 μg/mL (142.3 nM to
569.1 nM). In Fig. 5A, there was a linear correlation between the peak
current and miRNA concentration with a regression equation of y =
101.86x+ 264.71 and a linear regression coefficient of 0.99. The detec-
tion limit [35] was calculated and found to be 0.59 μg/mL (83.9 nM),
which was comparable to the ones reported in earlier studies
[33,36–39].

In the case of hybridization of probewith 5 μg/mL (711.4 nM) target
miRNA-34a, a lower signal was obtained in comparison to the one
f miRNA.

Real Sample Analysis Time Reference

A medium

+ 35 min [30]

+ 125 min [36]

− 50 min [37]
+ 40 min [41]
− 200 min [38]
+ 150 min [39]
+ 90 min [33]
+ 65 min [42]
− 85 min [43]
+ 18 h [44]

− 24 h 40 min [45]
− 18 h [46]

+ 2 h 35 min [47]

in PBS
) in total RNA medium

+ 65 min This study
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obtained with 4 μg/mL (569.1 nM) miRNA-34a (Fig. 5B). Therefore,
4 μg/mL (569.1 nM) miRNA-34a was chosen as the saturation point of
the probe immobilized PGE. Thus, 4 μg/mL (569.1 nM) was chosen for
selectivity studies.

The sensitivity of the PGE was then calculated from the ratio of the
slope of the calibration plot (shown in Fig. 5A), and the active surface
area of working electrode; thus, the sensitivity value was found to be
0.296 μA nM−1 cm−2.

In order to demonstrate the selectivity of the indicator-based bio-
sensor, the hybridization was performed between miRNA-34a probe
and different miRNA sequences as non-complementary miRNA (NC)
and two-base mismatch miRNA (MM). Additionally, the selectivity of
the sensor is tested in mixture samples; mixture of miR34-a target
and NC or mixture of miRNA-34a target and MM (Fig. 5).

After full hybridization of miRNA-34a probe and its complementary
target, peak current of [Co(phen)3 3+] was measured as 663.14 ±
74.50 nA (RSD%, 11.23%, n = 3). (Fig. 6-b). When NC was used, a
lower peak current was recorded (Fig. 6-c). The selectivity of biosensor
towards to MM was also studied. The selectivity experiments showed
that miRNA biosensor presents a high selectivity to proper sequence-
selective detection of microRNAs even in the presence of microRNAs
having a different single-base differentiation.

Regarding to the application of our assay, total RNA samples were
used in order to show the applicability of indicator based-miRNA bio-
sensor to real samples. Under the optimized conditions, the solid
phase hybridization was performed in different concentrations of
miRNA-34a target spiked into themedium of total RNA sample. Accord-
ingly, the detection of miRNA-34a spiked into the total RNA sample was
investigated by means of measuring the reduction signal of [Co(phen)33
+] before and after hybridization.

As in the case of synthetic oligonucleotides, a low reduction signal
was observed before hybridization due to low affinity interaction of
[Co(phen)33+] to single stranded nucleic acids. There was a linear in-
crease at current response in the concentration range ofmiRNA-34a tar-
get from 1 μg/mL to 3 μg/mL (142.3 nM to 426.9 nM) that was spiked
into total RNA sample (Fig. 7). In the case of hybridization between
probe and 4 μg/mL (569.1 nM)miRNA-34a, the average signal of indica-
tor is recorded as 459.66 ± 48.26 nA (RSD%, 10.50%, n=3), which was
lower the than the one obtained with 3 μg/mL (426.9 nM) miRNA-34a
(shown in Fig. 8).

In the previous study related to the effect of miRNA-34a concentra-
tion upon to biosensor response in buffermedia, the highest signal of in-
dicator was observed with 4 μg/mL miRNA-34a. However of this fact,
the highest signal is observed with 3 μg/mL (426.9 nM) miRNA-34a
spiked into total RNA medium. Accordingly, these results indicate that
specific detection of miRNA-34a could be successfully even it is spiked
into the real sample matrix like total RNA sample.

The detection limit was calculated based on the method described
by Miller and Miller [35] and found to be 0.79 μg/mL (112.3 nM) in
total RNA medium.

4. Conclusion

An electrochemical microRNA biosensor based on the disposable
pencil graphite electrode (PGEs) was utilized herein for detection of
microRNA-34a which is well-known biomarker for different cancer
types [28,29]. Herein, the PGEs provide more rapid and practical detec-
tion process comparison to other electrodes, such as gold electrode [17],
carbon paste electrode [34] and glassy carbon electrode [40].

In comparison to the earlier studies (summarized in Table 1), our
microRNA sensing platform exhibited some advantages such as being
cost-effective, single-use, easy-to-handle and being portable. Based on
an electroactive indicator, metal complex [Co(phen3+

3 )], our assay
yields lower detection limits, as 0.59 μg/mL (83.9 nM) in buffer and
0.79 μg/mL (112.3 nM) in total RNA medium that were much lower
than the ones in earlier studies related to miRNA analysis without
applying any surfacemodification of electrode by using (nano)materials
such as; GO, CNF or IL [30,33,36–39]. Our assay provides a short detec-
tion protocol and does not require any pre-amplification or, purification
steps. In addition, the results claim that miRNA biosensor could be ap-
plied successfully to miRNA detection in real samples.
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