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Abstract

The recent progress made in the development of electrochemical methods for microRNA (miRNA) detection is
presented. This progress is conceived to be largely due to the invention of novel assay methodologies and the use of
various bioreagents and nanostructures. These enable a rigorous control over the sensing interface, provide enormous
signal amplifications and single-base mismatch specificity. Femtomolar or even subfemtomolar detection limits were
shown to be feasible by electrochemical assays. Thus electrochemical detection methodologies are of perspective for

diagnostic miRNA detection.
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1. Introduction

MicroRNAs (miRNAs) are typically 21-25-nucleotide
long, natural, non-coding RNAs first described in 1993
by Lee et al. [1], with the term microRNA coined much
later [2]. It was discovered that miRNAs are playing
important role in gene regulation [3] and their level can
significantly deviate in various disease states [4-6], most
notably, various types of cancers (Fig. 1) [7],
cardiovascular diseases, and inflammatory diseases.
Therefore, lately the use of miRNAs as tissue specific
biomarkers in molecular diagnostics and prognosis
generated a remarkable interest, i.e. the number of papers
involving miRNA in 2012 exceeded 5500 (Fig. 2).

The prerequisite of a biomarker is to be stable on the
time scale of the analysis and although RNA molecules
are known to be rapidly degraded by nucleases,
circulating miRNAs are in fact highly stable in blood [8].
Digestion with Ribonuclease A, repeated freeze-thaw
cycles, boiling, long term storage, as well as extreme pHs
were shown to have hardly any effect on the microRNA
levels [9]. Since the high stability refers only to
endogenous microRNAs, as exogenous microRNAS are
rapidly degraded in the blood serum, indicates that
microRNAs are somehow protected [10].
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Figure 1. miRNAs associated with different type of cancers [11,
12]

Indeed, evidences were provided that miRNAs are
encapsulated in particles, e.g., exosomes (& 50-100 nm)
[13], microvesicles (& 0.1-1 um), or apoptotic bodies
(0.5-2 um) [14], or in complex with lipoproteins [15] or
RNA binding proteins like Nucleophosminl [16] and
Argonaut proteins [17]. Typical levels of circulating
miRNASs in serum were estimated to be within 200 aM to
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20 pM [18]. As miRNAs are rarely specific to one kind
of disease, employing a miRNA expression panel instead
of an individual miRNA as a biomarker is more
appropriate [16] and in certain cases the use of race-
specific circulating miRNA based biomarkers might be
additionally necessary [19].
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Figure 2. Number of articles published on miRNA and
electrochemical detection of miRNA in the past ten years
(source Web of Science ™)

Nowadays, common methods for miRNA detection are
based on traditional molecular biology techniques, such
as cloning, Northern blotting, microarray or RT-PCR [20],
as well as next-generation sequencing [21]. Many of
these methods are either low throughput, low sensitivity
or they involve laborious sample handling and detection
protocols. However, the determination of mMiRNAs
clearly requires highly sensitive methods to assess the
extremely low levels in the bloodstream, that additionally
need to be very selective and to comply with the
requirements for minute sample volume, cost-
effectiveness, and multiplexing capabilities of a
diagnostic assay. Finally, for point-of-care applications
the detection method should ideally enable the direct
assessment of miRNAs without prior amplification or
labelling. Despite of the relatively limited number of
studies on electrochemical detection of mMIRNAS,
electrochemical methods owing to their proven
compatibility — with  point-of-care  devices, cost-
effectiveness and very high sensitivities seem to have
good perspectives and a clear niche for miRNA detection
[22]. Therefore, owing to the rapidly expanding field of
miRNA diagnostics, the purpose of this review is to
introduce MiRNAs to the electroanalytical community
with emphasis on the latest progress in electrochemical
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detection strategies uncovered by previous reviews [22,
23].

2. Electrochemical detection of miRNAS

A large variety of electrochemical detection strategies
were proposed that are classified in this review based on
the electrical readout methodology. The selective
recognition of miRNAs is achieved in all cases by using
complementary nucleic acid probes, either of natural or
synthetic origin, within a hybridization assay. Since such
probes are a prerequisite of all detection strategies a
separate introductory chapter is dedicated to their
description.

2.1. Selective probes for miRNA detection

A particularity of miRNAs is the high degree of
sequence homology between family members that may
require in certain cases discrimination between single
base mismatched oligonucleotides. miRNASs represent
only a very small fraction (ca. 0.01%) of total RNA mass
[24]. Furthermore, pri-miRNA and pre-miRNA [25] - the
longer intermediates of mMiRNA biogenesis - possess the
sequence motifs of mature miRNA, thus they may
interfere with the detection of mature miRNA. One
ingenious way to overcome this problem has been
reported through the use of p19 RNA binding protein.
This protein binds to small, 21-23 base pair double
stranded RNAs (dsRNA) with nanomolar affinity in a
size dependent, but sequence independent manner [26].
Thus beside ruling out other nucleotides including single
stranded RNA (ssRNA), ssDNA, and dsDNA, a size
selectivity for dsRNA in the size range of miRNAs is
achieved [27]. As generally the selective recognition of
miRNAs is achieved through hybridization assays, the
choice of the probe is essential to discriminate between
single base mismatched RNAs. To address this problem
the use of synthetic oligonucleotide analogues were
proposed, most importantly, locked-nucleic acids (LNAS)
and peptide nucleic acids (PNAs) (Fig. 3) [28].

LNAs contain a methylene linking the 2’-O and 4'-C on
the furanose ring resulting in an increased rigidity of the
double-stranded nucleic acid structure. For each LNA
monomer incorporated in the oligonucleotide probe the
melting temperature of the corresponding duplex with
complementary RNA increases with 3-8°C [29]. As a
consequence LNAs manifest very high hybridization
affinity [30] toward complementary ssRNAs and also
excellent single-base-pair mismatch discrimination.
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Figure 3. Natural (DNA) and synthetic units (LNA - locked
nucleic acid, PNA — peptide nucleic acid, MCP —morpholino
capture probe) of oligonucleotide probes for selective
recognition of mMiRNAs

PNAs have the sugar phosphate backbone replaced by a
neutral peptide backbone composed of N-(2-aminoethyl)-
glycine units. Therefore, the PNA:RNA duplex lacks the
electrostatic repulsion present in duplexes formed by
their negatively charged natural counterparts, which
results in higher affinity binding of complementary
RNAs. Additionally, PNA probes have excellent
chemical, biochemical and thermal stability. Their
electroneutrality makes them ideal probes for
electrochemical transducers based on detection of surface
charge variations upon oligonucleotide hybridization, e.g.,
ion channel sensors [31], field effect transistors (FET)
[31], and nanopore sensors [32, 33]. As a low cost
alternative of PNA, antisense morpholino oligos (MCPs),
which have higher affinity to complementary RNA than
natural nucleic acid probes, were also reported [34].
Despite of the well-documented advantages of using
synthetic nucleic acid analogues as selective miRNA
probes [21] their implementation in electrochemical
detection methodologies is still scarce [35, 36]. It must be
mentioned that miRNA detection, beside the availability
of high affinity and selectivity hybridization probes,
benefits also from the implementation of new signaling
probes with superior properties. One relevant example is
the use of the thermostable reporter enzyme esterase 2
(ETS2) from Alicyclobacillus acidocaldarius.[37] EST2
offers the possibility of site specific modification with
oligonucleotide probes and was found to be superior to
common enzyme labels such as alkaline phosphatase and
horseradish peroxidase (HRP) [38].

2.2 Nanopore-based resistive pulse sensing of
microRNAs

Resistive pulse sensing with nanopores implies
monitoring changes in the applied voltage driven ion
flow across a nanopore that separates two electrolyte
chambers as various molecular species are passing
through or residing within the nanopore sensing zone
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[39]. Thus, nanopore-based sensors have single molecule
detection capabilities, but one should bear in mind that
the achievable detection limit is ultimately determined by
the translocation throughput [40] of the detected species
and not by the single-molecule sensitivity of the detection
[41]. The nanopore-based MiRNA detection methods are
among the most sensitive nanopore-based sensing
strategies. They benefit from the inherent size selectivity
of nanopores, as different size species give different
current signatures. That is, the amplitude and duration of
current pulses caused by translocation events is size
dependent. Thus, solid-state nanopores made in a 7 nm
thick SiN membrane with a smallest constriction of 3 nm
(Fig. 4) were shown to enable in ideal conditions
discrimination of dsRNA even from dsDNA and transfer
RNA (tRNA) [42].
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Figure 4. Selective detection of miRNA by resistive pulse
sensing using solid state nanopores. A separation and pre-
concentration step based on magnetic beads modified with
dsRNA-selective pl9 protein was used to separate the target
miRNAs from cellular RNA.[42] Reprinted by permission from
Macmillan Publishers Ltd: Nature Nanotechnology, Ref. [42],
copyright (2010).

However, to make the method operational for detecting
miRNAs (i.e., liver-specific miR122a) in cellular RNA
mixtures, a separation and concentration step needed to
be employed. This was based on adding a complementary
probe, to generate the probe:miRNA duplex, and viral
protein pl9 coated magnetic beads that bind selectively
the formed RNA duplex. The probe:miRNA duplex is
separated under magnetic field from the sample matrix
with concurrent, ca. 100,000-fold enrichment. Following
their elution from the magnetic beads, the probe:miRNA
duplex was quantified down to 1 fmol level based on the
frequency of the translocation events.



Review

Wang et al. [43] proposed another nanopore detection
approach, using a-hemolysin protein pore, which was
claimed to enable selective detection of miRNA in blood
with a detection limit of ca. 100 fM. For selective
detection, first an RNA extraction was performed and
then an oligonucleotide probe with a miRNA capture
zone flanked by 2 poly(dC)sy tags was added to the
plasma RNA. After hybridization the duplexes were
electrically driven into the nanopore, where they resided
longer than single stranded oligos owing to the time
required to unzip the duplex before translocation. Thus
the longer duration pulses produced by miRNA duplexes
as compared to other RNAs and the non-hybridized probe,
enabled the selective detection of target miRNA in the
presence of high plasma RNA background [44]. It was
shown that the method can distinguish the relative levels
of miR-155 (indicative of lung cancer) of healthy and
lung cancer patients in close agreement with RT-PCR
based measurements [43].

2.3 miRNA detection by nanogap sensors

While nanopore sensors are generally based on
modulation of the ionic current through a nanopore,
nanogap sensors are based on measuring the ionic current
between two closely placed electrodes (<1 um) that
define an inter-electrode space, i.e., nanogap. Changes in
the conductivity of the nanogap environment is detected
through changes in the ionic current (e.g., provided by a
reversible redox mediator cycled between the two
electrodes) [45] or electron conduction (e.g., formation of
an interconnected network of conductive material) [46].
Thus, if microelectrodes are flanking a receptor modified
surface, the specific binding of a target can be monitored
through conductivity changes it causes in the gap. Fan et
al. [35] reported a biosensor array consisting of 100 pairs
of interdigitated microelectrodes with a gap of 300 nm
between adjacent electrodes that features immobilized
PNA probes. The selective binding of the target miRNA
generated negative charges on the surface, which
facilitated in subsequent steps the peroxidase catalyzed
deposition of conducting polyaniline nanowires. The
conductance of the deposited nanowires was indicative of
the amount of miRNA bound to PNA within 10 fM to
20 pM with a detection limit of 5.0 fM.

2.4 Detection of miRNAs by nanowire-based field
effect transistors

Nanowire-based FETs are known to enable sensitive
label-free detection of nucleic acids [47]. This principle
was applied also for the detection of miRNAs [48] by
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using PNA-modified n-type silicon nanowires (SiNWSs)
that were 50 nm in diameter and 100 um long. Upon
miRNA hybridization negative charge is generated on the
nanowire surface, which causes an increase in the
resistance of the SiNWSs due to depletion of charge
carriers in its “bulk”. The sensor was applied for the
detection of let-7b miRNA in total RNA extracted from
HelLa cells. This label-free method had an appealing
detection limit of ca. 1 fM, however, the proposed FET
construction does not allow the regeneration of the
surface for repeated measurements.

2.5 Impedimetric detection of miRNAs

Ren et al. proposed an impedimetric method for the
detection of miRNA, which is based on an ingenious
signal amplification mechanism that uses a duplex-
specific nuclease (DSN) (Fig. 5) [49]. A gold electrode
was modified with a mixed monolayer of thioglycolic
acid and thiol-labeled DNA probe that captures the
complementary miRNA by hybridization. Concurrently,
the DNA:mMIiRNA duplexes are cleaved off from the
surface by DSN enzyme added into the sample solution,
i.e., the capture probes hybridized with the target are
removed from the surface of the gold electrode. Thus the
hybridized miRNA strands are released back to the
sample solution and become available for further
hybridization with the remaining capture probes, i.e.,
recycled. This results in an isothermal signal
amplification through which one target miRNA strand
induces the removal of thousands of capture probes
during repeated cycles of: (i) selective hybridization, (ii)
duplex removal, (iii) miRNA release and rebinding. Upon
removing the capture probe and exposing the bare gold
surface the charge transfer resistance of a negatively
charged redox mediator system (KsFe(CN)s/KsFe(CN)s)
decreases as detected by electrochemical impedance
spectroscopy (EIS). Thus, there is an inverse relationship
between the charge transfer resistance and the miRNA
concentration of the sample. Excellent selectivity and
detection limit as low as 1 fM were reported with this
approach.
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Figure 5. Schematic illustration of the working principle of the
impedimetric detection method for miRNA based on isothermal
amplification conveyed by the use of a duplex—specific
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nuclease. [49] Reprinted with permission from Ref. [49].
Copyright (2013) American Chemical Society.

A further amplification method for label-free
impedimetric detection of mIiRNAs is based on
DNAzyme catalyzed deposition of an electrically
insulating polymer [50]. A monolayer of immobilized
capture probes was used for the hybridization-based
binding of target miRNAs. This was followed by
enzymatic cleaving of the unreacted capture probes with
exonucleases and the hybridization of an oligonucleotide
labeled DNAzyme to the bottom part of the capture
probes (Fig. 6). The G-quadruplex-hemin DNAzyme
exhibits peroxidase-like activity and effectively catalyzes
the polymerization of 3,3'-dimethoxybenzidine (DB) to
form an insulating poly(3,3'-dimethoxybenzidine) (PDB)
film on the electrode surface, which increases the charge
transfer resistance of a redox mediator. As the
exonuclease-based removal of unreacted capture probes
ensures that the DNAzyme enzymes bind only to the
miRNA hybridized probes, the enzyme activity will be
proportionally to the bound miRNA. This method was
shown to have a detection limit of ca. 2.0 fM [50].
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Figure 6. Schematic illustration of the impedimetric miRNA
assay based on using DNAzyme with peroxidase-like activity
as label to generate an electrically insulating polymer film. The
assay included the following succession (a) capture probe (CP)
immobilization onto the electrode surface, (b) hybridization
with target miRNA, (c¢) removal of unreacted CPs by
Exonuclease | digestion, (d) introduction of DNAzyme, which
catalyzes the (e) PDB deposition.[50] Reprinted from Ref. [50],
Copyright (2013), with permission from Elsevier.

To reduce the complexity of the assay, Gao et al. [36]
proposed a variation of this method, which eliminates the
need for enzymatic cleavage of the unreacted CP while
achieving the same detection limit of ca. 2fM.
Uncharged MCPs were immobilized on an indium-tin
oxide (ITO) electrode surface to which target miRNA
was hybridized. The miRNA binding results in the
formation of a negative surface charge, which effectively
adsorbs the DB monomer (Fig. 7). In a subsequent step,
the high surface concentration of DB facilitates the
surface confined polymerization of DB in the presence of
horseradish peroxidase (HRP) and H2O,. This results in
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the generation of a thin electrically insulating PDB film
on the sensor surface which increases the charge transfer
resistance.[36]

ITO

(@)
e oAb e 1
| M AVATRN -

Morpholino Target PDB film |

capture probe  miRNA

Figure 7. Schematic of the three main steps of the miRNA
assay with the MCP-based impedimetric biosensor: (a)
formation of a monolayer of uncharged MCPs on silane
activated ITO electrode; (b) capture of the target miRNA
resulting in an increase of the negative surface charge density;
and (c) electrostatic adsorption of DB on the negatively charged
surface and its surface confined polymerization in the presence
of HRP and H;0,.[36] Reprinted with permission from Ref.
[36] Copyright (2013) American Chemical Society.

2.6 Voltammetric detection of mMiRNAS

Lusi et al.[51] reported a direct, label-free and
reagentless method based on the oxidation of miRNA
guanines following the hybridization of the target
microRNA to a DNA capture probe with inosine
substituted guanines. The oxidation of guanine is
performed by using differential pulse voltammetry
(Fig. 8) [51].
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Figure 8. Electrochemical detection of the hybridization
between the inosine-modified capture probe and the miR-122
target. The oxidation signal of guanine is indicative of the
duplex formation, i.e., of the presence of the miRNA target.[51]



Review
Reprinted with permission from Ref. [51]. Copyright (2013)
American Chemical Society.

A comparable high detection limit, ca. 2nM, was
obtained by using a voltammetric method based on
labeling the target miRNA with an electroactive complex
composed of six-valent osmium and 2,2'-bipyridine
(Os(Vhbipy) in combination with a miRNA specific
DNA-magnetic bead conjugate to separate the target
miRNA [52]. The miRNA amount was determined
through the electrocatalytic peak of the Os(VI)bipy-
miRNA at a hanging mercury drop electrode [52].

Tran et al. described a direct, reagentless, and label-free
detection strategy of microRNAs, based on a DNA probe
grafted conjugated copolymer, poly(5-hydroxy-1,4-
naphthoquinoneco-5-hydroxy-2-carboxyethyl-1,4-
naphthoquinone), acting as hybridization transducer
(Fig. 9). The electroactivity of the quinone redox system
detected by square-wave voltammetry (SWV) was found
to be influenced by the conformation change of the
grafted DNA probes upon hybridization with
complementary miRNAs, i.e., an increase in the peak
current was found upon hybridization. It was suggested
that the closely packed layer of coiled probes on the
electrode surface decreases the apparent diffusion
coefficient of charge compensating counter-ions and
consequently the peak current. Contrariwise, the

formation of straight double strands upon hybridization
with miRNA creates a more permeable layer and induces
a significant current increase. The method was shown to
be applicable in diluted human serum and enabled the
direct electrochemical detection of the target miR-141
with a detection limit of 8 fM [53, 54].
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Figure 9. Voltammetric method for direct, reagentless, and
label-free detection of microRNAs based on detecting
permeability changes of a DNA probe layer upon hybridization
with target miRNAs.[54] Reprinted from Ref. [54], Copyright
(2013), with permission from Elsevier.
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The use of sandwich-type assays for miRNA
determination, while common in DNA analysis, are
rendered difficult by the small size of mMiRNAs. Wen et al.
[55] overcame this problem by adapting a base stacking-
based strategy to stabilize the sandwich complex. A
tetrahedral DNA nanostructure was designed and applied
for utmost spatial control of the DNA probe
immobilization, which ensured their optimal accessibility.
Three vertices ending in thiol groups anchored the DNA
tetrahedron to the electrode surface, keeping the 10-mer
DNA probe appended to the fourth vertex of the
tetrahedron in an upright position, i.e., perpendicular to
the surface (Fig. 10).
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Figure 10. miRNA detection with the tetrahedron-based
electrochemical miRNA sensor using enzyme-based signal
transduction (either avidin-HRP or high-activity poly-HRP).[%!
Reprinted by permission from Macmillan Publishers Ltd:
Scientific Reports Ref. [55], copyright (2012).

The DNA probe bound the 22-mer target miRNA at
one of its ends, while the other end of the miRNA was
reacted with a complementary biotinylated DNA probe.
The resulting sandwich complex is stabilized by stacking
interactions between adjacent bases of the two
oligonucleotides (DNA probe and biotinylated DNA),
while forming a contiguous duplex with miRNA [56].
Either avidin-HRP or poly-HRP was added to react with
the biotin tag of the signal probe, followed by the
addition of H»O,. The enzyme-catalyzed reduction of
H20- was electrically coupled to the electrode surface by
using 3,3',5,5' tetramethylbenzidine (TMB) as electron-
shuttle. The amperometric current of TMB reduction was
proportional with the miRNA concentration in a large
concentration range [55]. This detection strategy was
reported to enable attomolar detection limits for target
miRNAs and discrimination single-base mismatched
strands.

Further on the line of developing complex miRNA
probes Cai et al. [57] reported a functional allosteric
molecular beacon (aMB). The aMB consisted of four
domains: a Streptavidin (SA) binding aptamer, a miRNA
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binding domain, a blocking domain that internally
hybridizes with a part of the SA aptamer sequence
(blocking its binding activity towards SA), and an
immobilization/spacer domain to anchor the aMB onto
the electrode surface through Au-S bonds. The spacer
domain additionally keeps the binding sites of aMB at
proper distance from the surface to reduce steric
hindrance (Fig. 10). In the absence of the miRNA target,
the aMB forms a stable hairpin structure which blocks the
binding capability of the SA aptamer. Binding of the
target miRNA to the aMB probe “liberates” the SA
aptamer part to bind SA-HRP conjugate added into the
solution. After a washing step, TMB and H>O, are added
and the surface confined HRP catalyzes the oxidation of
TMB that is reduced back at the electrode (Fig. 11). The
aMB-based assay was applied for the detection of let-7a
miRNA and showed to enable single-base mismatch
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selectivity and a detection limit of 13.6 amol in 4 uL
sample [57].
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Figure 10. The detection principle of the allosteric
molecular beacon (aMB) based sensor[57] Reprinted from
Ref. [57], with permission from Elsevier.

Table 1. Some representative electrochemical detection methods for miRNA and their detection limit

Method (principle) Probe miRNA LOD Sample Ref.
Conductance (miRNA- immobilized PNA  let-7b 5.0 fM total RNA extracted Fan et al.
guided formation of from HelLa cells and (2007)[35]
conducting polymer lung cancer cells
nanowires in nanogaps)
Voltammetric immobilized miR-122 0.1 pmol - Lusi et al.
(Electrochemical inosine substitute (2009)[51]
oxidation of guaninesin  DNA capture probe
the target miRNA)
Conductance (PNA- immobilized PNA let-7b 1fM RNA extract from Zhang et al.
modified n-type Silicon probe HeLa cells [48]
nanowire based FET for
label-free mMiRNA
detection)
Resistive pulse sensing solution-based miR-122a 1 fmol cellular RNA extract Wanunu et
(solid-state nanopore- DNA and viral al.  (2010)
based detection) protein p19 [42]
Resistive pulse sensing solution-based miR-155 100 fM plasma RNA Wang et al.
(a-haemolysin-based programmable (2011)[43]
nanopore) oligonucleotide
probe

Voltammetric (based on ~ immobilized LNA  miRNA-21 60 fM diluted total RNA Yin et al
multifunctional bio- integrated extract from human (2012) [58]
barcodes and enzymatic ~ molecular beacon hepatocarcinoma BEL-
assay) 7402 and  normal

human hepatic LO2

cells
Voltammetric DNA capture probe  miR-141, ~8fM diluted serum Tran et al.
(Conducting polymer miR-29b-1, (2013)[54]
nanostructured by carbon miR-103

nanotubes)
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Voltammetric (sandwich  Tetrahedral DNA miR-21, mir- 10 fM total RNA extract from Wen et al.
assay with peroxidase nanostructure- 31, let-7a, tissues (2013)[55]
labeling) based immobilized  let-7b, let-

capture probe 7c, let7-d,

let-7e, let-7f,

let-7g, let-7i,

miR-98
Impedimetric (DSN- DNA capture probe  let-7b 10 aM circulating miRNAs in  Ren et al.
based in-situ blood and in total RNA  (2013)[49]
isothermical extracts from blood and
amplification) cancer cells
Voltammetric DNA capture probe  miRNA-21 100aM  serum samples Hong et al.
(Concatamer-based (requires 2 (2013)[59]
amplification) auxiliary DNA

probes)

Impedimetric DNA capture probe  miR-720, 2.0 fM total RNA extracts Shen et al.
(DNAzyme-catalyzed let-7c, from cultured cells (2013)[50]
and microRNA-guided miR-1248
formation of insulating
polymer film)
Impedimetric NH2-terminated let-7a, 0.10nM  serum and total RNA Gao et al.
(Probe:miRNA duplex MCP let-7b, let-7c extracts from cultured (2013)[36]
templated deposition of cells
an insulating polymer)
Voltammetric immobilized DNA miR-522 2nM spiked into a mixture Bartosik et
(Os(VDbipy label-based  capture probe of small RNAs al.
electrochemical assay) (2013)[52]
Voltammetric (3 immobilized DNA miR-21, 0.4 fM human serum sample Labib et al.
detection strategies: capture probe miR-32, with an excess of yeast (2013)[60]
based on hybridization, miR-122, tRNA added to protect
p19 protein binding, and miR-141, endogenous mMiRNAs
protein displacement) miR-200 from nucleases
Voltammetric solution-based miR-21 1.6 pmol - Kilic et al.
(conformational changes RNA probe and (2013)[61]

in the p19 protein upon
dsRNA binding that
exposes tryptophan
residues for oxidation)

P19 protein

The loop opening of a molecular beacon probe upon
selective miRNA binding was also used in the context of
freeing the end part of the beacon for binding a bio-
barcode reporter (Fig. 11) [58]. The bio-barcode consists
of an Au nanoparticle modified with a reporter LNA
probe that binds to the released end of the molecular
beacon and a signal probe featuring biotin-modified
oligos. The latter are in great excess on the Au
nanoparticle surface with respect of the reporter LNA
probe so that further addition of a SA-HRP conjugate
results in a large number of peroxidase molecules bound
to the surface. The activity of the surface confined HRP
labels was detected through the electrochemical reduction

of benzoquinone resulted from the HRP catalyzed
oxidation of hydroquinone by H;O,. The method was
applied for the determination of miRNA-21 with a
detection limit of ca. 60 fM.
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Figure 11. Molecular beacon and bio-barcode voltammetric
assay of miRNAs. The miRNA binding to the molecular
beacon probe releases the end of the beacon to bind a bio-
barcode based on HRP reporter. The enzymatic activity is
detected through the reduction of bezoquinone.[58] Reprinted
from Ref. [58], with permission from Elsevier.

A concatamer based hybridization chain reaction
method was developed by Hong et al. [59]. In this
method a hairpin capture probe comprising the sequence
complementary to the target miRNA in the loop is
immobilized onto the sensor surface (Fig. 12).

= N -
U, > W L
:

q Capture Probe \\/\/\ Auxiliary Probel j McH

SPGE

Y miRNA-21 Auxiliary Probe2 RuHex

Figure 12. Flow chart of the concatamer-based ultrasensitive
electrochemical assay for the detection of miRNA-21.[59]
Reprinted from Ref. [59], with permission from Elsevier.

In the absence of target miRNA, the capture probe exits
predominantly in the hairpin form that prohibits the
binding of two auxiliary probes (that are able to self-
assemble to form one-dimensional DNA concatamers)
complementary to the end section of the hairpin probe.

However, in the presence of target miRNA, the stem-
loop structure of capture probe is unfolded and the DNA
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concatamers can hybridize with the terminus of DNA
capture probe. The long DNA structures on the surface
can electrostatically adsorb a large amount of positively
charged redox indicator [Ru(NH3)s]** added into the
solution. Differential pulse voltammetry (DPV) was used
to detect the adsorb redox indicator with the peak current
proportional to the miRNA concentration in the sample.
The proposed concatamer-based assay can detect as low
as 100 aM target miRNA-21. Furthermore, it was shown
that miRNA-21 can be directly detected in human serum
without enrichment.[59]

Labib et al. designed a three-mode electrochemical
biosensor for miRNA detection (Fig. 13). The method is
based on using DNA probes immobilized on a gold
screen printed electrode surface and square wave
voltammetric detection of the miRNA binding to the
surface confined nucleic acids in 4 mM Ks[Fe(CN)s] and
10 uM [Ru(NH3)e]Cls. The use of this redox mediator
mixture amplifies the reduction current of the positively
charged Ru®* complex that electrostatically adsorbs on
negatively charged oligos, as the Fe(lll) in the solution
reoxidizes (recycles) the Ru?*. There is no direct signal
from the negatively charged Fe(lll) complex as it cannot
access the electrode surface owing to their electrostatic
repulsion by the immobilized negatively charged DNA
probes.

Thiol-modified complementary probe
for miRNA-21
miRNA-21

/) p19 protein

¢ Complementary probe
~ ¢ for miRNA-200 ,
)f) miRNA-200

oA em
>‘J

jipA em=
; 11
\ s

JIpA em™=
\ o
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.

o
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, 1M=10pM ] 10 aM=10 fM 100 pM= 1 pM

Figure 13. Schematic representation of the 3 type of assays for
SWV-based detection miRNA by using modified gold screen-
printed electrode and a mixture of 4 mM Kj;[Fe(CN)¢] and
10 uM [Ru(NHj3)e]Cls in solution (b) hybridization assay of
miR-21 to the complementary probe modified gold electrode
(c) Amplification using pl9 protein which causes a large
decrease in current density (d) p19-displacement-assay where
the duplex formed by miR-200 and its complementary probe
forces the release of p19 protein and by that a decrease in the
peak current.[60] Reprinted with permission from Ref. [60].
Copyright (2013) American Chemical Society.
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The interesting particularity of the sensing principle is
that three successive detection steps can be employed
each of them enabling miRNA assessment in a different
concentration range with a different detection limit. Thus
the straightforward hybridization of the miRNA to the
surface immobilized probe increases the current as
measured by SWV providing a dynamic range of 1 fM to
10 pM for miR-21. Further addition of p19 protein that
binds to the probe:miR-21 duplex results in a decrease in
the SWV peak current and provides the most sensitive
mean for miRNA detection, i.e., a dynamic range from
10 aM to 10 fM. Finally, a displacement-based assay in
which the addition of a miR-200 and its complementary
probe duplex induces the release of the p19 protein from
the sensing surface. Thus the current increase is now
indicative of the miR-200 concentration in the range of
100 pM to 1 uM. [60] This latter displacement assay is
fairly universal and does not needs the immobilization of
a complementary DNA probe on the surface.

A more direct approach for the detection of miRNAs
based on the use of p19 protein was reported recently to
reach picomole detection limit for miR-21 without any
preamplification step before hybridization. Hybridization
of an RNA probe and its miRNA target creates dsRNA
structure and this formation firmly binds pl9 proteins.
Using a graphite electrode changes of intrinsic pl19
oxidation signals upon binding the duplex were observed
at +0.80 V with DPV. The exact mechanism seem to be
unclear but suggested to involve a change in the
conformation of the p19 protein upon binding the duplex
that exposes tryptophan residues for oxidation. The
method was used to quantify miR-21 [61].

3. Conclusion

The progress made in the last few years in the
development of electrochemical methods for miRNA
detection is largely due to the novel assay methodologies
and the use of various bioreagents and nanostructures.
These enable a rigorous control over the sensing interface,
provide enormous signal amplifications and single-base
mismatch specificity, but still RNA extraction from body
fluids seems to be required in most cases prior of the
assay. The results are extremely promising as excellent
selectivities and femtomolar or even subfemtomolar
detection limits are clearly feasible with electrochemical
detection (Table 1). Some assay formats, though very
innovative, are rather complex and entail multiple steps
and labeled reagents. Therefore, apparently there is room
for further development and the microfluidic integration
and automation is one direction that has not been given
enough attention.

ELECTROANALYSIS
4. Acknowledgements

The financial support of ENIAC (CAJAL4EU), the
Momentum (Lendiilet) program of the Hungarian
Academy of Sciences and of New Széchenyi Plan
(TAMOP-4.2.1./B-09/1/KMR-2010-0001).

5. References

[1] R.C. Lee, R. L. Feinbaum, V. Ambros, Cell 1993, 75,
843-854.

[2] G. Ruvkun, Science 2001, 294, 797-799.

[3] J. C. Carrington, V. Ambros, Science 2003, 301, 336-
338.

[4] X.Yang, X. Li, T. W. Prow, L. M. Reece, S. E. Bassett,
B. A. Luxon, N. K. Herzog, J. Aronson, R. E. Shope, J.
F. Leary, D. G. Gorenstein, Nucleic Acids Res. 2003,
31, e54.

[5] J.W. Hagen, E. C. Lai, Cell Cycle 2008, 7, 2327-2332.

[6] A.E. Williams, Cell. Mol. Life Sci. 2008, 65, 545-562.

[7] G. A. Calin, C. M. Croce, Nat. Rev. Cancer 2006, 6,
857-866.

[8] P.S. Mitchell, R. K. Parkin, E. M. Kroh, B. R. Fritz, S.
K. Wyman, E. L. Pogosova-Agadjanyan, A. Peterson, J.
Noteboom, K. C. O'Briant, A. Allen, D. W. Lin, N.
Urban, C. W. Drescher, B. S. Knudsen, D. L. Stirewalt,
R. Gentleman, R. L. Vessella, P. S. Nelson, D. B.
Martin, M. Tewari, Proc. Natl. Acad. Sci. U.S.A. 2008,
105, 10513-10518.

[91 X. Chen, Y. Ba, L. Ma, X. Cai, Y. Yin, K. Wang, J.
Guo, Y. Zhang, J. Chen, X. Guo, Q. Li, X. Li, W.
Wang, Y. Zhang, J. Wang, X. Jiang, Y. Xiang, C. Xu,
P. Zheng, J. Zhang, R. Li, H. Zhang, X. Shang, T.
Gong, G. Ning, J. Wang, K. Zen, J. Zhang, C.-Y.
Zhang, Cell Res. 2008, 18, 997-1006.

[10] E. E. Creemers, A. J. Tijsen, Y. M. Pinto, Circ. Res.
2012, 110, 483-495.

[11] J. Brase, D. Wuttig, R. Kuner, H. Sultmann, Mol.
Cancer 2010, 9, 306.

[12] C.-G. Liu, G. A. Calin, B. Meloon, N. Gamliel, C.
Sevignani, M. Ferracin, C. D. Dumitru, M. Shimizu, S.
Zupo, M. Dono, H. Alder, F. Bullrich, M. Negrini, C.
M. Croce, Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
9740-9744.

[13] H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J. J.
Lee, J. O. Lotvall, Nat. Cell Biol. 2007, 9, 654-659.

[14] A. Zernecke, K. Bidzhekov, H. Noels, E. Shagdarsuren,
L. Gan, B. Denecke, M. Hristov, T. Koppel, M. N.
Jahantigh, E. Lutgens, S. Wang, E. N. Olson, A.
Schober, C. Weber, Sci. Signal. 2009, 2, ra81-.

[15] K. C. Vickers, B. T. Palmisano, B. M. Shoucri, R. D.
Shamburek, A. T. Remaley, Nat. Cell Biol. 2011, 13,
423-433.

[16] K. Zen, C.-Y. Zhang, Med. Res. Rev. 2012, 32, 326-
348.



Review
[17] J. D. Arroyo, J. R. Chevillet, E. M. Kroh, I. K. Ruf, C.
C. Pritchard, D. F. Gibson, P. S. Mitchell, C. F.

Bennett, E. L. Pogosova-Agadjanyan, D. L. Stirewalt, J.

F. Tait, M. Tewari, Proc. Natl. Acad. Sci. U.S.A. 2011.

[18] M. Tsujiura, D. Ichikawa, S. Komatsu, A. Shiozaki, H.
Takeshita, T. Kosuga, H. Konishi, R. Morimura, K.
Deguchi, H. Fujiwara, K. Okamoto, E. Otsuji, Br J
Cancer 2010, 102, 1174-1179.

[19] H. Zhao, J. Shen, L. Medico, D. Wang, C. B.
Ambrosone, S. Liu, PLoS ONE 2010, 5, e13735.

[20] C. Chen, D. A. Ridzon, A. J. Broomer, Z. Zhou, D. H.
Lee, J. T. Nguyen, M. Barbisin, N. L. Xu, V. R.

Mahuvakar, M. R. Andersen, K. Q. Lao, K. J. Livak, K.

J. Guegler, Nucleic Acids Res. 2005, 33, e179.

[21] L. W. Lee, S. Zhang, A. Etheridge, L. Ma, D. Martin,
D. Galas, K. Wang, RNA 2010, 16, 2170-2180.

[22] E. Hamidi-Asl, 1. Palchetti, E. Hasheminejad, M.
Mascini, Talanta 2013, 115, 74-83.

[23] H. Dong, J. Lei, L. Ding, Y. Wen, H. Ju, X. Zhang,
Chem. Rev. 2013, 113, 6207-6233.

[24]J. Shingara, K. Keiger, J. Shelton, W. Laosinchai-Wolf,
P. Powers, R. Conrad, D. Brown, E. Labourier, RNA
2005, 11, 1461-1470.

[25] Y. Lee, C. Ahn, J. Han, H. Choi, J. Kim, J. Yim, J. Lee,
P. Provost, O. Radmark, S. Kim, V. N. Kim, Nature
2003, 425, 415-419.

[26] D. Silhavy, A. Molnar, A. Lucioli, G. Szittya, C.
Hornyik, M. Tavazza, J. Burgyan, EMBO J. 2002, 21,
3070-3080.

[27] N. Khan, J. Cheng, J. P. Pezacki, M. V. Berezovski,
Anal. Chem. 2011, 83, 6196-6201.

[28] S. Karkare, D. Bhatnagar, Appl. Microbiol. Biot. 2006,
71, 575-586.

[29] S. K. Singh, A. A. Koshkin, J. Wengel, P. Nielsen,
Chem. Commun. 1998, 455-456.

[30] B. Vester, J. Wengel, Biochemistry 2004, 43, 13233-
13241.

[31] H. Aoki, P. Bithlmann, Y. Umezawa, Electroanalysis
2000, 12, 1272-1276.

[32] G. Jagerszki, R. E. Gyurcsanyi, L. Hofler, E. Pretsch,
Nano Lett. 2007, 7, 1609-1612.

[33] M. Ali, R. Neumann, W. Ensinger, ACS Nano 2010, 4,
7267-7274.

[34] J. Summerton, in Discoveries in antisense nucleic

acids (Ed.: C. L. Brakel), Portfolio Pub. Co. ; Gulf Pub.

Co., The Woodlands, Tex. Houston, 1989, pp. xvii,
190.

[35] Y. Fan, X. Chen, A. D. Trigg, C.-h. Tung, J. Kong, Z.
Gao, J. Am. Chem. Soc. 2007, 129, 5437-5443.

[36] Z. Q. Gao, H. M. Deng, W. Shen, Y. Q. Ren, Anal.
Chem. 2013, 85, 1624-1630.

[37] Y. Wang, M. Stanzel, W. Gumbrecht, M. Humenik, M.
Sprinzl, Biosens. Bioelectron. 2007, 22, 1798-1806.

[38] C. Pohlmann, M. Sprinzl, Anal. Chem. 2010, 82, 4434-
4440.

[39] R. E. Gyurcsanyi, TrAC, Trends Anal. Chem. 2008, 27,
627-639.

ELECTROANALYSIS

[40] M. Wanunu, W. Morrison, Y. Rabin, A. Y. Grosberg,
A. Meller, Nat. Nanotechnol. 2010, 5, 160-165.

[41] L. Hofler, R. E. Gyurcsanyi, Anal. Chim. Acta 2012,
722,119-126.

[42] M. Wanunu, T. Dadosh, V. Ray, J. Jin, L. McReynolds,
M. Drndic, Nat. Nanotechnol. 2010, 5, 807-814.

[43] Y. Wang, D. Zheng, Q. Tan, M. X. Wang, L.-Q. Gu,
Nat. Nanotechnol. 2011, 6, 668-674.

[44] L.-Q. Gu, Y. Wang, in Circulating MicroRNAs, Vol.
1024 (Ed.: N. Kosaka), Humana Press, 2013, pp. 255-
268.

[45] M. A. G. Zevenbergen, P. S. Singh, E. D. Goluch, B. L.
Wolfrum, S. G. Lemay, Nano Lett. 2011, 11, 2881-
2886.

[46] S.-J. Park, T. A. Taton, C. A. Mirkin, Science 2002,
295, 1503-1506.

[47] J.-i. Hahm, C. M. Lieber, Nano Lett. 2003, 4, 51-54.
[48] G.-J. Zhang, J. H. Chua, R.-E. Chee, A. Agarwal, S. M.
Wong, Biosens. Bioelectron. 2009, 24, 2504-2508.

[49] Y. Ren, H. Deng, W. Shen, Z. Gao, Anal. Chem. 2013,
85, 4784-4789.

[50] W. Shen, H. M. Deng, Y. Q. Ren, Z. Q. Gao, Biosens.
Bioelectron. 2013, 44, 171-176.

[51] E. A. Lusi, M. Passamano, P. Guarascio, A. Scarpa, L.
Schiavo, Anal. Chem. 2009, 81, 2819-2822.

[52] M. Bartosik, M. Trefulka, R. Hrstka, B. Vojtesek, E.
Palecek, Electrochem. Commun. 2013, 33, 55-58.

[53] H. V. Tran, B. Piro, S. Reisberg, G. Anquetin, H. T.
Duc, M. C. Pham, Anal. Bioanal. Chem. 2013, 1-4.

[54] H. V. Tran, B. Piro, S. Reisberg, L. D. Tran, H. T. Duc,
M. C. Pham, Biosens. Bioelectron. 2013, 49, 164-169.

[55] Y. Wen, H. Pei, Y. Shen, J. Xi, M. Lin, N. Lu, X. Shen,
J. Li, C. Fan, Sci. Rep. 2012, 2.

[56] S. Parinov, V. Barsky, G. Yershov, E. Kirillov, E.
Timofeev, A. Belgovskiy, A. Mirzabekov, Nucleic
Acids Res. 1996, 24, 2998-3004.

[571Z. M. Cai, Y. L. Song, Y. F. Wu, Z. Zhu, C. J. Yang, X.
Chen, Biosens. Bioelectron. 2013, 41, 783-788.

[58] H. Yin, Y. Zhou, H. Zhang, X. Meng, S. Ai, Biosens.
Bioelectron. 2012, 33, 247-253.

[59] C.-Y. Hong, X. Chen, T. Liu, J. Li, H.-H. Yang, J.-H.
Chen, G.-N. Chen, Biosens. Bioelectron. 2013, 50,
132-136.

[60] M. Labib, N. Khan, S. M. Ghobadloo, J. Cheng, J. P.
Pezacki, M. V. Berezovski, J. Am. Chem. Soc. 2013,
135, 3027-3038.

[61] T. Kilic, S. Nur Topkaya, M. Ozsoz,
Bioelectron. 2013, 48, 165-171.

Biosens.



