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Abstract
This paper reports a simple electrochemical strategy for the determination of microRNAs (miRNAs) using a commercial His-
Tag-Zinc finger protein (His-Tag-ZFP) that binds preferably (but non-sequence specifically) RNA hybrids over ssRNAs,
ssDNAs, and dsDNAs. The strategy involves the use of magnetic beads (His-Tag-Isolation-MBs) as solid support to capture
the conjugate formed in homogenous solution between His-Tag-ZFP and the dsRNA homohybrid formed between the target
miRNA (miR-21 selected as a model) and a biotinylated synthetic complementary RNA detector probe (b-RNA-Dp) further
conjugated with a streptavidin–horseradish peroxidase (Strep–HRP) conjugate. The electrochemical detection is carried out by
amperometry at disposable screen-printed carbon electrodes (SPCEs) (− 0.20 V vs Ag pseudo-reference electrode) upon mag-
netic capture of the resultant magnetic bioconjugates and H2O2 addition in the presence of hydroquinone (HQ). The as-prepared
biosensor exhibits a dynamic concentration range from 3.0 to 100 nM and a detection limit (LOD) of 0.91 nM for miR-21 in just
~ 2 h. An acceptable discriminationwas achieved between the target miRNA and other non-target nucleic acids (ssDNA, dsDNA,
ssRNA, DNA–RNA, miR-122, miR-205, and single central- or terminal-base mismatched sequences). The biosensor was
applied to the analysis of miR-21 from total RNA (RNAt) extracted from epithelial non-tumorigenic and adenocarcinoma breast
cells without target amplification, pre-concentration, or reverse transcription steps. The versatility of the methodology due to the
ZFP’s non-sequence-specific binding behavior makes it easily extendable to determine any target RNA only by modifying the
biotinylated detector probe.
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Introduction

The importance of detecting microRNAs (miRNAs or miRs)
lies in their involvement in many biological processes implied
in normal development, physiology, and diseases [1]. This
large group of small non-coding RNAs, with critical regula-
tory post-transcriptional gene expression functions, has poten-
tial applications in diagnosis, prognosis, and therapy control
of prevalent diseases including cardiovascular and neurologi-
cal conditions and cancer [2]. Dysregulation of miRNAs has
been shown to affect the hallmarks of cancer [3], covering
evading growth suppressors, resisting cell death, activating
invasion and metastasis, and inducing angiogenesis [4]. In
fact, several studies have shown that altered miRNA expres-
sion is a common feature of all human tumors [5, 6].

However, despite the high clinical relevance of miRNAs,
several inherent and technical challenges remain regarding
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their detection. Current methods include classical nucleic acid
detection methods such as microarrays [7, 8], northern blot-
ting [9], nucleic acid amplification techniques (reverse
transcriptase polymerase chain reaction, RT-PCR) [10, 11],
and next-generation sequencing [12], which are not suitable
for resource-limited settings [13, 14]. In this context, biosen-
sors with electrochemical transduction have gained attention
due to their high sensitivity, fast response, and simplicity pro-
viding quantitative information with affordable and easily
miniaturizable instrumentation able to be used at decentralized
settings [15].

Despite the noticeable number of electrochemical biosensors
reported for the determination of miRNAs [16, 17], it is impor-
tant to note that many of them require multiple reagents and
involve complex and time-consuming working protocols, also
including amplification strategies. Some major challenges need
to be addressed to achieve the full functionality of miRNA diag-
nostics due to miRNA intrinsic characteristics such as length
(19–23 nucleotides), low abundance (typically femtomolar–
picomolar level in clinical samples [14]), and sequence similarity
within miRNA families [18]. The use of sandwich-type hybrid-
ization configurations has shown to be an interesting approach to
achieve sensitive and specific detection with no need for target
nucleic acid amplification [19, 20]. However, due to miRNA
short length, it is difficult to get efficient hybridization with two
different short DNAs or RNA chains (capture and detector
probes) [21]. Several strategies have been reported to overcome
this problem. They include target hybridization with the short
DNA capture and detection probes modified with a high-
affinity DNA analogue such as a locked nucleic acid [22], the
use of high-affinity commercial bioreceptors toward RNA hy-
brids (viral protein p19 [23], anti-DNA–RNA hybrid antibodies
[24, 25], and zinc finger proteins, ZFPs [26, 27]), and hybridiza-
tion along with labeling/modification [28]. The biosensing strat-
egies involving commercial bioreceptors and homogeneous hy-
bridization procedures are particularly attractive because they can
be readily translated to the interrogation of any target miRNA/
RNA simply by adding the complementary probe to the target
RNA to form the corresponding RNA hybrid. Thus, these strat-
egies merge the selectivity of target RNA/complementary probe
hybridization with the unique and high affinity of these
bioreceptors for the particular RNA duplex allowing highly se-
lective and sensitive methodologies [29].

A zinc finger is a DNA-binding domain which has a small
peptide with a special secondary structure stabilized by zinc
ion–binding two cysteines and two histidines [30].
Commonly, a ZFP is a specific double-stranded (ds)DNA–
binding protein [31] that recognizes dsDNA in a sequence-
independent manner with high affinity through all its finger
domains. ZFP binding mode is simple and natural, and
engineered ZFPs can be fused to various functional domains
enabling diverse applications such as gene regulation [30] and
DNA diagnostics [32]. Improved sensitivity of ZFP-based

methods can be achieved by conjugating ZFP to different
signaling labels such as luciferase [33, 34], glucose oxidase
[27], glucose dehydrogenase [35, 36], peroxidase [37], or al-
kaline phosphatase [26, 38].

Although most ZFPs bind dsDNA, some of them also bind
RNA such as the so-called Just Another Zinc finger protein
(JAZ, ZNF346) and Specificity Protein 1 (SP1) that can rec-
ognize RNA–RNA hybrids [39]. JAZs bind non-sequence
specifically and preferably A-form dsRNAs over B-form
dsRNAs and dsDNAs, and do not bind ssDNAs and
ssRNAs [39]. Indeed, because of the similarity of DNA–
RNA hybrids to A-form dsRNAs, JAZs also bind these
heterohybrids with high affinity [26, 39]. To the best of our
knowledge, there is only one electrochemical biosensor re-
ported so far that used this type of ZFP as a detector
bioreceptor for miRNAs profiting binding of JAZ to the
DNA–RNA hybrid formed between a synthetic DNA capture
probe and the target miRNA. This biosensing strategy in-
volved a polymeric self-assembledmonolayer–modified and
casein-treated indium tin oxide (ITO) electrode and enzymatic
amplification using alkaline phosphatase coupled with elec-
trochemical–chemical–chemical (ECC) redox cycling [26].

Herein, we report for the first time a simple strategy for the
amperometric determination of the model miRNA, miR-21.
The complex produced in homogenous solution between a
His-Tag commercial ZFP and the RNA homohybrid formed
between miR-21 and a biotinylated synthetic complementary
RNA detector probe (b-RNA-Dp) was captured on the surface
of commercial functionalized magnetic microbeads (His-Tag-
Isolation-MBs). Further conjugation with Strep–HRP allowed
amperometric detection involving the H2O2/HQ system upon
capturing the magnetic bioconjugates at SPCEs. Compared
with the only electrochemical biosensor reported previously
for the determination of miRNAs [26], the method reported in
this work uses bare SPCEs and, for the first time, a commer-
cial ZFP as a capture bioreceptor without further modification
which shortens significantly the whole assay time and reduces
the number of utilized reagents. It is important to note that this
methodology is clearly different from those reported previous-
ly by our group [25, 40, 41]. The use of a ZFP bioreceptor for
capturing the RNA hybrid formed between the target miRNA
and a complementary synthetic probe and the type of MBs
(His-Tag-Isolation-MBs vs Strep-MBs) employed as solid
support to perform the bioassay highlight the novelty of this
approach with respect to the previous ones.

Materials and methods

Apparatus and electrodes

The apparatus, SPCEs, and cable connector between the
potentiostat and the SPCEs used for the amperometric
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measurements were as described in previous papers [25, 41],
as well as the Teflon casing with an inserted magnet to capture
the modified MBs on the surface of the working electrodes. A
magnetic stirrer (MS01, ELMI) to homogenize the solutions, a
Raypa steam sterilizer, and an incubator shaker (Optic
Ivymen® System, Comecta S. A, Scharlab) were also used,
together with a biological safety cabinet, a MBs concentrator,
and vortex, also used in previous works [25, 41]. The proce-
dure followed to obtain the amperometric measurements was
described previously by Vargas et al. [25].

Reagents and solutions

All reagents were of the highest available analytical grade.
His-Tag-Isolation-MBs (1.0μm Ø, 40mgmL−1, Dynabeads
His-Tag Isolation & Pulldown, ref. 10103D, Invitrogen) were
purchased from Thermo Fisher Scientific. Sodium chloride
(NaCl), potassium chloride (KCl), sodium dihydrogen phos-
phate (NaH2PO4), and disodium hydrogen phosphate
(Na2HPO4) were purchased from Scharlab. Hydroquinone
(HQ) and hydrogen peroxide (H2O2, 30% w/v) were pur-
chased from Sigma–Aldrich. Zinc chloride (ZnCl2) was from
Probus. Recombinant Histidine-Tag-zinc finger protein 346
(ZFP, 0.3 mg mL−1, Cusabio Technology LLC, CSB-
EP026691 MO), and streptavidin–HRP conjugate (Strep–
HRP, 500 U, Roche) were employed. Commercial blocker
casein solution (ready-to-use, PBS solution containing 1%
w/v purified casein, BB solution) was purchased from
Thermo Scientific. The following buffer solutions, prepared
inMilli-Q water (18MΩ cm at 25 °C) and sterilized after their
preparation, were used: PBS–ZnCl2 buffer consisting of 10
mM PBS solution containing 137 mM NaCl, 2.7 mM KCl,
100 μM ZnCl2, pH 7.5, and 0.05M phosphate buffer, pH 6.0.
All synthetic oligonucleotides (Table 1) were purchased from
Sigma–Aldrich and used after their reconstitution in nuclease-
free water to a 100 -μM final concentration and stored at – 80
°C into small aliquots (5 μL). All manipulations before the
amperometric measurements were performed in a laminar
flow cabinet to avoid RNase contamination and prevent
miRNA and b-RNA-Dp degradation.

MBs modification

First, the hybridization process was carried out in homoge-
neous solution by mixing the synthetic b-RNA-Dp (0.1 μM)
and the target miR-21 (synthetic or RNAt) in PBS–ZnCl2 (pH
7.5) in an Eppendorf tube. The mixture was placed in a ther-
mal shaker at 25 °C and 950-rpm mixing speed for 15 min. A
control test with no target was included in each hybridization
run to evaluate the blank signal. The hybridization mixture
was then supplemented with 10 μg mL−1 of His-Tag-
ZFP(ZFP) and incubated for 45min at 25 °C under continuous
stirring (950 rpm) to form the b-dsRNA/ZFP complex.

Meanwhile, 1.5 μL of the commercial suspension of His-
Tag-Isolation-MBs was placed in a 1.5-mL Eppendorf tube
and washed twice with 50 μL of PBS–ZnCl2 (pH 7.5) buffer
to remove the NaN3 used as the preserving agent, which may
interfere in the affinity reactions. The washed MBs were re-
suspended in PBS–ZnCl2, pH 7.5, and incubated for 45 min
(25 °C, 950 rpm) with 25 μL of the previously prepared b-
dsRNA/ZFP solution to capture the b-dsRNA/ZFP onto the
MBs though the ZFP tag. The resulting b-dsRNA/ZFP-MBs
were washed three times with 50 μL of commercial BB solu-
tion and incubated with 25 μL of Strep–HRP conjugate
(1/5,000) for 30 min (25 °C, 950 rpm) to label the attached
b-dsRNA. After two final washings with 50μL of BB solu-
tion, the HRP-Strep-b-dsRNA/ZFP-MBs were re-suspended
in 50 μL of 0.05M PB solution, pH 6.0, to carry out the
amperometric detection.

Cell culture and RNAt extraction were undertaken follow-
ing the protocols described in previous papers by our research
group [25, 40, 41]. The final pellet was dried out in a heating
plate for 10 min at 80 °C, dissolved in RNase-free water, and
stored at − 80 °C [23, 42].

Results and discussion

The designed electrochemical strategy combines the benefits
of using ZFP for the detection of miR-21, magnetic
microbeads as solid supports, and disposable screen-printed
carbon electrodes (SPCEs)(Fig. 1). Themethodology involves
the selective capture of the biotinylated RNA homohybrid
formed by hybridization between the target miRNA and a
biotinylated complementary RNA detector probe (b-RNA-
Dp) (step 1 in Fig. 1) by the commercial His-Tag-ZFP in
homogenous solution (step 2). His-Tag-Isolation-MBs were
used as solid supports for further capturing the ZFP/b-
dsRNA complex through the ZFP-specific tag (step 3).
Enzymatic labeling of the attached b-dsRNA with a Strep–
HRP conjugate was further accomplished (step 4). Uponmag-
netic capture of the resulting modified MBs on the SPCE
working electrode, amperometric detection was performed
using hydroquinone (HQ) as the electron transfer mediator
and H2O2 as the enzyme substrate (step 5). Each SPCE was
only used to perform a single measurement and discarded
afterwards.

Optimization of the experimental variables

The influence of all the experimental variables involved in the
preparation of the biosensor was checked. The optimal values
were selected considering the largest signal to blank (S/B)
current ratio measured in the absence (B) and in the presence
of 50 nM (S) synthetic miR-21 solutions at a detection poten-
tial of −0.20 V vs the Ag pseudo-reference electrode using the
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H2O2/HQ system. This detection potential and the H2O2/HQ
concentrations were previously optimized [43–45]. All the
tested variables and the values selected for further work are
summarized in Table S1 of the Electronic Supplementary
Material (ESM).

Figures 2 a and b show the effect of the ZFP and b-RNA-
Dp concentration, respectively. The S/B ratio increased with
the concentration up to 10 and 0.1 μM, respectively, and
showed a noticeable decrease for larger concentrations due
to the considerable enhancement of the non-specific signals
measured in the absence of miR-21. In addition, in agreement
with the principles of the bioassay, no discrimination between
specific and background current was possible in the absence
of ZFP and b-RNA-Dp(bars 0 in Figs. 2 a and b).

The influence of the sequence of the steps involved in the
preparation of the biosensor was checked. Therefore, different
working protocols were tested: (1) immobilization of His-Tag-

ZFP onto the His-Tag-Isolation-MBs surface followed by the
capture of the miR-21/biotinylated complementary RNA de-
tector probe (b-RNA-Dp) complex previously formed in ho-
mogeneous solution, and further labeling with Strep–HRP
conjugate; (2A) hybridization of the target miR-21 and b-
RNA-Dp in homogenous solution followed by the selective
capture of the resultant b-dsRNA hybrids by the His-Tag-ZFP,
capture of the ZFP/b-dsRNA complex onto the His-Tag-
Isolation-MBs (all these steps in PBS–ZnCl2, pH 7.5), and
labeling of the b-dsRNA with the Strep–HRP conjugate (in
BB solution); (2B) the same protocol as that in 2A but using
PBS–ZnCl2, pH 7.5, during the Strep–HRP labeling step.
Figure 2c shows the working protocol 2A provided larger S/
B current ratio. The poor results obtained using protocol 1 can
be attributed to the poor efficiency to recognize b-dsDNA by
the ZFP immobilized on the MBs due to steric hindrance.
Importantly, no discrimination between the absence and the

Fig. 1 Preparation of amperometric biosensors for miRNA determination involving ZFP as a biorecognition element, MBs as solid support, and
detection at SPCEs

Table 1 Oligonucleotides used in this work

Oligonucleotide Name Sequence (5′ → 3′)

Biotinylated RNA detector probe b-RNA-Dp UCAACAUCAGUCUGAUAAGCUA-biotin

Target miR-21 miR-21 UAGCUUAUCAGACUGAUGUUGA

Central single mismatched target miR-21 miR-21 (1-mc) UAGCUUAUCAAACUGAUGUUGA

Terminal single mismatched target miR-21 miR-21 (1-mt) UAGCUUAUCAGACUGAUGUUGG

Non-complementary target miR-205 (NC) UCCUUCAUUCCACCGGAGUCU

Non-complementary target miR-122 (NC) UGGAGUGUGACAAUGGUGUUUG

Biotinylated DNA detector probe b-DNA-Dp TCAACATCAGTCTGATAAGCTA-biotin

cDNA of miR-21 cDNA of miR-21 TAGCTTATCAGACTGATGTTGA
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presence of 50.0 nM miR-21 was achieved when the buffer
not containing Zn2+ was used in the recognition of dsRNA
with ZFP, which is in agreement with the reported requirement
of this cation to keep the ZFP binding capability [26, 27].
However, protocol 2B showed this cation should be removed
from the buffer in which Strep–HRP is incubated because
Zn2+ inhibits HRP activity [46]. Consequently, protocol 2A
was selected to implement the electrochemical biosensing
strategy for miR-21 detection.

Results obtained in the evaluation of other experimental
variables such as the MBs suspension volume; temperature
at which hybridization and ZFP–dsRNA incubation steps
were performed; incubation times of b-RNA-Dp+miR-21, b-
dsRNA+ZFP, b-dsRNA/ZFP+MBs, and b-dsRNA/ZFP+
MBs-Strep–HRP; shaking speed of b-dsRNA/ZFP with
MBs; and Strep–HRP dilution are listed in Table S1 and
displayed in Fig. S1 of the ESM.

Analytical characteristics

Under optimal experimental conditions, the calibration curve
for the amperometric determination of miR-21 exhibited a
linear relationship (R2 = 0.999) over the 3.0- to 100-nM con-
centration range (Fig. 3). The parameters of the calibration

equation were a slope value of 6.4 ± 0.2 nA mM−1, and an
intercept of 123 ± 8 nA. The limits of detection (LOD) and
quantification (LOQ) were estimated according to the 3 × sb/m
and 10 × sb/m criteria, respectively, where sb is the standard
deviation (n = 10) for measurements performed in the absence
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of miR-21, andm is the slope value of the calibration plot. The
obtained values were LOD = 0.91 nM and LOQ = 3.0 nM.
Considering the required sample volume (25 μL), the estimat-
ed LOD corresponds to detecting 22.7 fmoles of miR-21 with
no need for any target miRNA amplification step. Moreover,
the amperometric measurements for 50 nMmiR-21madewith
eight different sensors provided a relative standard deviation
(RSD) value of 3.7%, thus demonstrating the robustness of the
protocols involved in the whole method.

The achieved LOD is significantly higher than the one
claimed for the only electrochemical biosensor reported so
far for miRNA determination using ZFP (2 fM) [26].
However, the method described here exhibits relevant com-
parative advantages over that involving the biosensor reported
previously since this demands the use of multiple reagents and
time-consuming protocols for the modification of the elec-
trode surface (7 h 20 min) and the enzymatic labeling of the
commercial ZFP (~ 6 h) vs the just 2 h 15 min needed for the
MB modification protocol used in this work. These features
greatly reduce the cost per determination and simplify the
potential implementation of the proposed technology in por-
table and automatic devices. It is also important to mention
that the achieved sensitivity is enough for relevant applica-
tions as it is shown in the “Determination of mature miR-21
in RNAt extracted from cancer cells” section.

Selectivity

Considering the high sequence homology among miRNA
family members, an important characteristic of the biosensors
developed for the determination of miRNAs is the ability to
differentiate the target miRNA from other miRNAs even in
complex mixtures. The capability of the developed biosensor
to do that was evaluated by comparing the amperometric re-
sponses measured in the absence and in the presence of 50 nM

miR-21 with those obtained for two single-base mismatched
sequences in the central (1-mc) or terminal (1-mt) position and
two fully non-complementary(NC) sequences (miR-205 and
miR-122).

Figure 4 shows the amperometric responses measured for
the NC sequences were similar to those for the blank solution,
thus demonstrating a full selectivity against other non-
complementary miRNAs. In addition, the 1-m(c) and 1-m(t)
sequences gave only 44% and 65% of the response obtained
for the target miR-21, respectively. Apart from the different
position of the mismatch in the sequence, these results agree
well with the reported stability order of the mismatched base
pair: A·G ≥ C·A in 1-m(c) and 1-m(t), respectively [26].
Therefore, an acceptable discrimination between homologous
miRNA family members was attained, in the unlikely event
that the target miRNA coexists with a single mismatched se-
quence at the same concentration [47].

Moreover, the selectivity of the developed biosensor to-
wards 50 nM ssDNA, ssRNA, dsDNA homohybrids, and
DNA–RNA heterohybrids was also checked. As shown in
Fig. 4b, the biosensor had higher response for the DNA–
RNA heterohybrid, although it was still 14.4% lower than that
obtained for miR-21(Fig. 4a), and provided responses similar
to the background current in the presence of ssDNA, ssRNA,
and dsDNA, in good agreement with that previously reported
by Fang et al. [26]. These results are attributed to the similar
structure of the DNA–RNA hybrids and dsRNAs allowing
high-affinity binding of ZFP to both types of RNA hybrids
[39]. This fact can be profited by the proposed versatile meth-
odology to be used in the analysis of any target miRNA/RNA
just by using a DNA/RNA complementary biotinylated detec-
tor probe. The affinity of the ZFP used in this work for RNA
homo- and heterohybrids makes it advantageous compared
with other affinity proteins such as viral p19 protein with
affinity only towards small dsRNAs (19–23 bp) [48]. This is
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mainly appealing for synthetic RNA probe stability issues,
since miRNAs are reported to be quite stable to pH, tempera-
ture changes, and degradation by RNases [49].

Determination of mature miR-21 in RNAt extracted
from cancer cells

The endogenous content of mature miR-21 was determined in
RNAt extracted from cancer (MCF-7) and non-tumorigenic
epithelial (MCF-10A) breast cells. The amperometric re-
sponses obtained for 1.0 μg RNAt are depicted in Fig. 5. As
can be clearly seen, significantly larger current values were
measured in the case of MCF-7 cells, in agreement with the
reported overexpression of miR-21 in cancer cells compared
with control epithelial breast cells [23, 24, 50], due to the
oncogenic function of miR-21 in breast cancer [51]. These
results demonstrate that the developed methodology is sensi-
tive enough to detect elevated levels of oncogenic miR-21
directly in real samples without any amplification step.

Conclusions

In this study, we have developed a novel electrochemical bio-
sensor for the facile determination of miR-21, making use of a
ZFP as a capture bioreceptor for the first time, MBs as solid
supports, and bare SPCEs as electrochemical transducers.
This new approach operates at room temperature and it is of
outstanding simplicity and with short assay time as compared

with other related methodologies (~ 2 vs ~ 7 h). The method is
able to perform the selective and sensitive direct determination
of miR-21 in RNAt extracted from breast cancer cells without
any amplification, preconcentration, or purification step.
Conversely, the only ZFP-based electrochemical biosensor
reported so far for the determination of miRNAs requires a
more than 3 times longer assay time and involves
multireagents/multistep protocols for the modification of both
the electrode surface and the affinity protein used as detector
bioreceptor, as well as multiple signal amplification (ECC
redox cycling involving Ru(NH3)6

3+/Ru(NH3)6
2+, benzoqui-

none (BQ)/HQ, and tris(2-carboxyethyl)phosphine).
Importantly, because ZFP binds non-sequence specifically to
any RNA hybrid, the developed method can be readily ex-
tended to the single or multiplexed determination of any
miRNA/RNA/DNA sequence by using the biotinylated com-
plementary synthetic DNA or RNA strand.
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