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� A simple, cost-effective and highly
sensitive electrochemical biosensor
for detection of miR-155 in serum is
presented.

� This sensor achieves an ultralow
detection limit (20 zmol) and a wide
dynamic range.

� Normal and cancerous serums were
diagnosed by the biosensor
successfully.
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Due to the stability of microRNAs (miRNAs) in serum and other body fluids, they are known as promising
cancer biomarkers. Recent studies have indicated higher expression of miRNA-155 (miR-155) in patients
with breast cancer compared to healthy people. In the present report, a rapid and sensitive electro-
chemical biosensor has been developed for detection of miR-155 as a breast cancer risk factor. At first, a
thiolated probe was immobilized on the gold electrode surface. Then, the target (miR-155) was exposed
to the probe. In the next step, the positively charged polyethyleneimine-silver nanoparticles as elec-
troactive labels were absorbed onto the negatively charged probe-target hybrid. In the third step, the
anodic peak current which was produced due to the oxidation of silver nanoparticles was recorded as the
electrochemical signal. The designed biosensor provided an ultrasensitive method for the detection of
miR-155 with the detection limit of 20 zmol and a wide linear range from 2 � 10�20 to 2 � 10�12 mol.
Moreover, the biosensor was able to detect miR-155 in real serum samples with satisfactory results.

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

Breast cancer is the most common cancer among women, and
the second rank in cancer incidence worldwide [1,2]. So, early
detection of breast cancer by screening is a key solution to reduce
n).
mortality (qi Chen et al., 2000). Mammography is currently used as
a noninvasive method for breast cancer screening. However, this
method suffers from the disadvantages including usual false-
negative results, high rate of false-positive data, incurred cost and
required expertise [3]; qi Chen et al., 2000). Therefore, emerging
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novel biomarkers such as miRNAs in body fluids plays an important
role in breast cancer screening [4,5].

MiRNAs are a class of small endogenous non-coding RNAs that
have been implicated in a number of different diseases, including
cancer [6e9]. An important aspect of using miRNAs as a biomarker
for cancer detection is their presence in body fluids such as blood,
plasma, and serum [10]. The other positive features of miRNAs as
biomarker are their stability even at low or high pH, high temper-
ature, long-time storage at room temperature, and multiple freeze-
thaw cycles [11e13]. In 2014, Zeng and coworkers understood that
overexpression of miR-155 in the serum of breast cancer patients is
adequate to be used as a biomarker for breast cancer screening
[14,15]. It was also reported that overexpression of miR-155 in
breast cancer cells strengthens the cell proliferation and tumor
formation through the repression of target genes such as Socs1 and
RhoA [16e18]. In addition, it was shown that reducing miR-155
concentration after surgery or chemotherapy indicates that miR-
155 can be utilized as an indicator to control the treatment
response and trend in patients with breast cancer [16,18]. The
current methods for detection of miRNA are mainly included:
reverse transcription polymerase chain reaction (RT-PCR) [19],
northern blotting [20], microarray technique [21], and in situ hy-
bridization [22]; Tian et al., 2015). Although these methods have
some advantages, they suffer from requiring expensive instruments
and reagents or labored labeling process. So, developing a rapid,
simple, label-free, and cost-effective method for direct measure-
ment of miR-155 in serum can be a valuable method for breast
cancer screening [23e26]. So far, several biosensors have been re-
ported for the precise detection of miRNA. They mostly utilized
metallic nanoparticles as a redox-active indicator [27]. Pyrrolidinyl
peptide nucleic acid-silver nanofoam electrodeposited on a gold
electrode [28] and the nanoparticles synthesized onto DNA tem-
plates [29,30] are the examples of redox indicator utilized for signal
amplification in biosensors.

In the present report, a sensitive electrochemical biosensor is
introduced by using polyethyleneimine-silver nanoparticles (PEI-
Ag NPs) as a redox-active indicator. The biosensor comprises a
capture hairpin probe immobilized on the gold electrode surface. In
the presence of the target (miR-155), hairpin structure is opened
and negatively charged probe-target duplex is formed. Then, by
addition of the electroactive and positively charged PEI-Ag NPs, a
sharp electric peak current is produced which indicates miR-155
level.

2. Experimental section

2.1. Apparatus

Electrochemical measurements were performed using a
potentiostat/galvanostat (Model 263A, EG&G, USA) controlled by a
PowerSuite software package. All electrochemical experiments
were carried out at room temperature in a conventional three-
electrode system including a modified gold as a working elec-
trode, a platinumwire as a counter electrode, and an Ag/AgCl (3 M
KCl solution) as a reference electrode (from Azar Electrode, Urmia,
Iran). UVeVis absorption spectrawere recorded using a Varian Cary
Bio 100 spectrophotometer. The particles were characterized by
dynamic light scattering (DLS) instrument (90 Plus Pals, Broo-
khaven Instruments Corp., USA), and PALS zeta-particle sizing po-
tential analyzer software. The morphology of PEI-Ag NPs was
studied by field emission scanning electron microscopy (FESEM)
using a Tescan Mira3 XMU (Czech Republic). Also, the synthesized
PEI-Ag NPs were analyzed by scanning electron microscopy (SEM;
FEI Quanta 200) and energy-dispersive X-ray (EDX) microanalysis
spectroscopy.
2.2. Materials

The HPLC purified oligonucleotide sequences utilized in the
present research are as follows: Thiolated capture probe (50-
AAAAAAAAACCCCTATCACGATTAGCATTAATTTTTTTTTeHSe30) was
purchased from AnaSpec, Inc. (Canada). Hsa-miR-155 (50-
UUAAUGCUAAUCGUGAUAGGGGU-30) and three-base mismatched
hsa-miR-155 (50-UUAAUGCUUAUCGAGAUACGGGU-30) were syn-
thesized by Bioneer Corporation (Republic of South Korea). Poly-
ethylenimine (50% solution, Mn ~ 1200, Mw ~ 1300), AgNO3,
Diethylpyrocarbonate (DEPC), NaH2PO4, Na2HPO4, NaCl, and H2SO4
were purchased from Merck (Germany).
2.3. Synthesis of PEI-Ag NPs

PEI-Ag NPs were prepared according to the procedure reported
in the literature [31] with slight modification. Briefly, 25 mL of
9 mM AgNO3 and 5 mL of PEI (50% solution) is brought to boiling
temperature while stirring vigorously. Boiling is continued for
15 min until the solution color changes from colorless to green-
gray. Then, the mixture was centrifuged and decanted. Then, the
precipitate was washed with deionized water followed by soni-
cation for 1 min.
2.4. Capture probe design

To enhance the sensor specificity, capture probewas designed to
form a hairpin (stem-and-loop) structure [32]. The loop consists of
a probe sequence that is complementary to the target (miR-155).
The stem sequence is independent of the target sequence. The stem
contains nine thymidine nucleotides at 30 end, which provides
optimal immobilization and hybridization efficiency [33,34]. For
covalent attachment of the capture probes onto the electrode sur-
face, each probe molecule has a thiol group at 30 terminus.
2.5. Probe immobilization and miR-155 measurement

Before modification, the gold working electrodes were polished
with 10 mm and 5 nm alumina slurry sequentially and then rinsed
with water. Then, gold electrodes were electrochemically cleaned
by cycling between�0.4 and 1.6 V vs. Ag/AgCl in 0.5 M sulfuric acid
until the cyclic voltammograms (CVs) becomes stable (approxi-
mately 20 cycles) [35,36]. Finally, the cleaned gold electrodes were
washed with deionized water several times to ensure the removal
of undesirable chemical species.

To attach the thiolated capture probe on the electrode surface,
8 mL of probe (1 mM) and 8 mL of phosphate-buffered saline (PBS)
were mixed and dropped on the gold electrode. After drying for
30 min under an infrared lamp, the electrode rinsed three times
with deionized water. In the next step, the modified gold electrode
immersed into a solution composed of PBS 0.1 M at 60 �C for 30 s.
Thereafter immediately, 2 mL of the target was mixed with 2 mL of
PBS and then the mixture was dropped on the electrode surface to
hybridize with the probe. Then, the electrode was dried under the
infrared lamp and washed with deionized water. In the final step,
the positively charged PEI-Ag NPs (1.8 mg suspended in 6 mL
deionized water) were cast on the Au electrode surface to absorb
onto the negatively charged probe-target hybrid. After drying and
washing, the CV of the modified electrode was recorded in 2 mL of
PBS (0.1 M) at the potential range from 0.6 to�0.6 V while the scan
rate was 150 mV s�1.



F. Hakimian, H. Ghourchian / Analytica Chimica Acta 1136 (2020) 1e8 3
3. Results and discussion

3.1. Characterization of PEI-Ag NPs

The UVeVis spectrum of PEI-Ag NPs is illustrated in Fig. 1A. The
single absorption peak at ~400 nm is the characteristic peak
attributed to the surface plasmon resonance band of the Ag colloid.
This result is well-matched with that reported previously for Ag
colloid [37e40]. To investigate the morphology of nanoparticles,
FESEM was used. As seen in Fig. 1B, nanoparticles are nearly
spherical in shape. The mean diameter and zeta potential of PEI-Ag
NPs were measured by DLS to be 32.2 ± 0.5 nm and
46.24 ± 2.33 mV, respectively. The positive zeta potential of PEI-Ag
NPs originates from the amine groups of polyethylenimine.

The elemental analysis of PEI-Ag NPs composition is carried out
by EDX spectroscopy (Fig. 2). EDX data confirmed the presence of
silver, carbon and nitrogen in the nanoparticles. Carbon and ni-
trogen peaks originate from polyethylenimine which composed of
amine groups and carbon aliphatic CH2CH2 spacers. Al peaks are
attributed to the aluminum foil used as the holder. Elemental
mapping by EDX (Fig. 2) clearly shows the uniform distribution of
the elements.

3.2. Electrochemical responses

Fig. 3 shows the CVs obtained for various modification steps in
0.1M PBS buffer solution (pH 7.4) at the scan rate of 150mV s�1. The
bare Au (curve a), Au-probe (curve b) and Au-probe/target (curve c)
modified electrodes do not show a remarkable peak. But, Au-
probe þ PEI-Ag NPs (curve d) and Au-probe/target þ PEI-Ag NPs
(curve e) modified electrodes show very sharp redox current versus
Ag/AgCl reference electrode. These peaks attributed to the redox
behaviors of PEI-Ag NPs. According to the redox reaction 1, at
electrode surface, the absorbed Ag NPs on polyethylenimine
branches are oxidized to AgCl. This electrochemical process might
be the main reason for the sharp redox peak produced by the
biosensor (Fig. 3).

AgþCl�% AgClþ e� (1a)

So, it seems that the large surface area of polyethylenimine
branches plays an important role for electron transferring process
during the redox reaction 1 [41e43]. This redox reaction causes the
anodic and cathodic peak potentials at 0.17 and �0.05 V, respec-
tively (see Fig. 3) [41e43].

3.3. Detection mechanism

After cleansing the gold electrode, the capture probes were
Fig. 1. UVeVis absorption spectrum (A) and FES
covalently attached to the electrode surface. Next, the target (miR-
155) was introduced on the electrode and subsequently, the PEI-Ag
NPs were dropped on the modified electrode (Scheme 1, A). In the
presence of miR-155, the probe is hybridized with miR-155 and
consequently, the DNA/RNA duplex is formed. By formation of the
duplex, the negative charge density due to the presence of phos-
phate groups in the duplex backbone is increased. PEI-Ag NPs due
to the presence of nitrogen atoms on PEI branches are highly pos-
itive. On the other hand, probe/miR-155 duplex has amore negative
charge than the probe itself. So, positively charged PEI-Ag NPs are
able to bind the probe/miR-155 duplex electrostatically more than
those to the probe (Scheme 1, path A). In the absence of the target,
the electrostatic interaction between the negative phosphate
groups on hairpin structure and positive amine groups on PEI-Ag
NPs is limited (Scheme 1, path B). As a result, in the presence of
miR-155, further electrostatic absorption of nanoparticles leads to a
stronger electrochemical response (Scheme 1).
3.4. Analytical approach of miRNA biosensor

In view of the fact that even in the absence of the target, a
limited electrostatic interaction occurs between the negative
phosphate groups on the hairpin probe and positive amine groups
on PEI-Ag NPs (Scheme 1, path B) a background current is observed
in all electrochemical measurements. On the other hand, due to any
changes in probe immobilization conditions, this background cur-
rent maybe differs from one to other electrodes. Consequently, this
alteration in responses reduces the reproducibility of biosensor
measurement results. To get rid of this background current and in
order to make the results more reproducible, a relative current
response (dI) was defined according to Equation (1) [33,44e46] and
used as the electric current response of the biosensor.

dI¼
�
�
�
�

ImiR � Io
ImiR

�
�
�
�

(1b)

where, ImiR and Io indicate the amount of produced current in the
presence and absence of miR-155, respectively. It is worth noting
that all electric current responses (ImiR and Io) are measured in the
presence of PEI-Ag NPs. In Equation (1), the higher dI value in-
dicates the presence of more concentration of miR-155 in the
sample and consequently, more accumulation of PEI-Ag NPs on the
modified electrode. Indeed, the concentration of miR-155 in the
sample determines the probability of hybridizations between probe
and target and formation of duplexes. Therefore, the higher nega-
tive charge of the duplex structure due to the phosphate groups
increases the probability of PEI-Ag NPs binding through electro-
static interactions.
EM image (B) of the prepared PEI-Ag NPs.



Fig. 2. SEM image; the inset shows the magnified image (A), corresponding EDX-based elemental mapping of silver (red) (B); nitrogen (blue) (C); carbon (green) (D), and EDX
spectrum (E) of PEI-Ag NPs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. CVs of different electrodes in 0.1 M PBS (pH 7.4) at the scan rate of 150 mV s�1.
a: Bare gold electrode. b: Thiolated capture probe immobilized on the gold electrode. c:
The immobilized capture probe was hybridized with the complementary target
(20 zmol). d: The immobilized capture probe electrostatically absorbed PEI-Ag NPs. e:
The same as c, but after electrostatic interaction with PEI-Ag NPs. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Another factor that presumably contributes to the binding of
nanoparticles to the duplex is more accessibility of phosphates
negative groups on the duplex relative to those on single-stranded
probe.
3.5. Optimization of biosensor performance

In order to optimize the probe concentration for the electro-
chemical biosensor, different concentrations of the probe (4, 8, 10,
20, and 40 pmol) were immobilized on the gold electrode surface.
After addition of 20 pmol miR-155 on each concentration of the
probe, in the presence of PEI-Ag NPs (1.8 mg), the CVs were recor-
ded. As seen in Fig. 4A, the best dI was obtained for probe at a
concentration of 8 pmol. At higher concentrations of 8 pmol, dI is
decreasing. It seems that at high concentrations of probe, repulsive
forces between negatively charged probe and miR-155 overcome
the forces for probe-miR-155 hybridization.

For optimization of PEI-Ag NPs concentration, various amounts
of PEI-Ag NPs (0.6, 1.2, 1.8, 3, and 3.6 mg) were dropped on the
immobilized probe to form probe-target duplex. Then the CVs were
Scheme 1. Schematic illustration of fabric
recorded in phosphate-buffered saline (0.1 M, pH 7.4) at a scan rate
of 150 mV/s. As seen in Fig. 4B, the best dI was obtained for PEI-Ag
NPs at a concentration of 1.8 mg. It seems that at high concentra-
tions of PEI-Ag NPs, the extra nanoparticles electrostatically
absorbed on electrode surface and cause an extra current response
relative to the signal produced by either probe alone, or probe-
target hybrid. This is why the response (dI) obtained at PEI-Ag
NPs concentration at above 1.8 mg is decreased gradually. It is
necessary to mention that the next electrochemical measurements
were carried out regarding the optimized concentrations of the
probe and PEI-Ag NPs.
3.6. Calibration curve

To evaluate the analytical performance of the fabricated
biosensor, a wide range of miR-155 concentrations from 2 � 10�11

to 2� 10�22 mol were cast on the surface of modified electrode, and
the resulting currents were measured at optimum condition. The
obtained CVs are shown in Fig. 5A. It is worth noting that only
anodic peak currents were utilized in this work due to their current
reproducibility. The shift in anodic and cathodic peaks at higher
miR-155 concentrations could be due to the PEI-Ag NPs accumu-
lation on probe-target duplex and consequently the more avail-
ability of electroactive Ag NPs for redox reaction [47].

For the quantitative detection of miR-155, the linear range of the
calibration curve (Fig. 5B) from 2 � 10�20 to 2 � 10�12 mol was
used. Each point in the calibration curve is the mean value of three
independent experiments. The interception of maximum and
minimum slope at low concentrations of miR-155 limit was taken
as limit of detection (LOD) [48e50]. By this method, 2 � 10�20 mol
(20 zmol) were obtained as LOD. As compared in Table 1, this LOD is
lower than those reported for other electrochemical biosensors.
Such a low LOD may be due to the ability of the branched PEI to
increase the surface area of interface (PEI branches/solution). This
large interface perhaps facilitates the electronic communication
between silver species (Ag % AgCl) and the electrode surface.

It is worth noting that in some cases a very slight splitting may
occur on the peaks, similar to the anodic peaks in Figs. 3 and 5A.
Moreover, in some extreme cases, the peak splitting improves so
that the anodic peak may be divided into two peaks (data not
shown). According to Ref. [56,57]; the existence of the heteroge-
neous electrodemay cause such a splitting. Here, the distribution of
PEI-Ag NPs on the modified electrode surface could be the reason
for the heterogeneous electron transferring process. In addition,
the formation of species such as silver hydroxide (AgOH) and silver
oxide (Ag2O) may also affect the peak splitting (Reactions 2 and 3)
ation the electrochemical biosensor.



Fig. 4. Optimization of probe concentration (A) and the amount of PEI-Ag NPs (B) for electrochemical biosensor. Experiments were performed in 0.1 M phosphate-buffered saline
(pH 7.4) and a scan rate of 150 mV/s. Each column indicates the mean value of three independent measurements.

Fig. 5. A) The CVs obtained by the electrochemical biosensor at different concentra-
tions of miR-155: a: 0, b: 2 � 10�22, c: 2 � 10�20, d: 2 � 10�18, e: 10�16 and f: 10�14 mol.
CVs were measured in 0.1 M PBS at a scan rate of 150 mV s�1. B) Calibration curve for
determination of miR-155. Each point indicates the mean value of three repetitive
experiments.
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[58,59].

AgþOH�% AgOH þ e� (2)

2Agþ2OH�% Ag2Oþ H2Oþ 2e� (3)

It should be noted that as we examined, the PEI-Ag NPs as an
electrochemical label is quite stable at 4 �C for at least 6 months.
The thiolated capture probe immobilized on the gold electrode also
is stable for about 1.5 months when stored at 4 �C (See Figs. 1S and
2S).

3.7. Specificity

The specificity of the biosensor was studied using two se-
quences including miR-155 (perfect complementary target) and
three-base mismatched miR-155. A comparison of biosensor re-
sponses in the presence and absence (as control) of two sequences
is shown in Fig. 6A. As seen, the biosensor response in the presence
of miR-155 is almost two times that produced via three-base
mismatch miR-155. This difference in the response indicates that
duplex formation by probe/miR-155 (curve a) is more probable
than that formed by probe/three-base mismatched miR-155 (curve
b). Based on the CVs obtained for two samples, dI values was
calculated to be 0.70 ± 0.01 and 0.56 ± 0.08 for miR-155 and three-
base mismatched miR-155, respectively.

3.8. Real sample analysis

To demonstrate the capability of the biosensor for quantification
of real samples, human clinical specimens (including cancerous and
normal sera) were obtained from Shahid Sadoughi Hospital (Yazd,
Iran) and analyzed. It should be noted that the ratio of serum and
buffer is 1:1. This means that 50 mL of buffer was mixed with 50 mL
of serum. Then, the serum samples must be heated for 15 min at
90e95 �C before usage to release miR-155 from the protective
proteins. As seen in Fig. 6B, in the presence of cancerous serum a
higher current is produced compared to that of normal serum. This
indicates that in the case of the cancerous sample, more duplexes
are formed, more PEI-Ag NPs bind to the modified electrode and
higher current is produced. Based on the CVs obtained for 2 human
clinical specimens, dI values was calculated to be 0.42 ± 0.08 and
0.71 ± 0.01 for normal and cancerous real specimens, respectively.

4. Conclusions

In the present work, a versatile, simple, cost-effective and highly
sensitive electrochemical biosensor has been developed for the
detection of miR-155 as a biomarker for breast cancer screening.
Using this biosensor an ultralow detection limit and a wide dy-
namic range were achieved. Such characteristics may be attributed



Table 1
Comparison between different electrochemical sensors for RNA detection.

Strategy Target Linear range LOD Ref.

Based on PEI-Ag NPs miR-155 20 zmol-2 pmol 20 zmol This study
Based on a pyrrolidinyl peptide nucleic acid/polypyrrole/silver nanofoam miR-21 0.20 fM-1.0 nM 0.20 fM [28]
Based on copper nanoclusters miR-21 0.1 fM-10 pM 10 aM [29]
Based on silver nanoclusters miR-199a 1.0 fM-0.1 nM 0.64 fM [30]
Triple-stem DNA redox probe structure miR-122 e 0.1 fM [9]
Based on Atomic force microscopy miR-155 1 fM-100 pM 5.7 aM [16]
Guanine oxidation consequent to the hybrid formation miR-122 e 0.1 pmol [51]
Tetrahedron-based/HRP miR-21 e 10 fM [52]
MoS2 nanosheet modified with thionine and gold nanoparticles miR-21 1 pM-10 nM 0.26 pM [53]
Ternary SAM assembly/HRP/TMB 16S rRNA e 40 zmol [54]
Based on naphthalene sulfonic acid miR-21 10 fM-10 nM 20 fM [55]
Based on a duplex-specific nuclease let-7b 2 fM-2 pM 1 fM (Ren et al., 2013)

Fig. 6. A) The specificity of biosensor response toward miR-155. The CVs of c:
Immobilized probe; b: Hybrids with the three-base mismatched target; a: Hybrids
with fully complementary target. All of the CVs were recorded after PEI-Ag NPs
addition in PBS buffer solution at a scan rate of 150 mV s�1. B) Biosensor responses to
cancerous and normal human serum samples. Control shows biosensor response to-
ward immobilized probe after PEI-Ag NPs addition.
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to the role of branched PEI in the enhancement of trapped Ag NPs
which followed by AgCl formation on the PEI branches during CV
scans. Moreover, successful diagnosing of the normal and
cancerous specimens revealed that the biosensor has the potential
to be used for screening breast cancer in biomedical research and
clinical point of care applications.
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