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ABSTRACT: Current electrochemical biosensors for multiple miRNAs require tedious immobilization of various nucleic acid
probes. Here, we demonstrate an innovative approach using a generic neutravidin biosensor combined with electrochemically
encoded responsive nanolabels for facile and simultaneous multiplexed detection of miRNA-21 and miRNA-141. The selectivity
of the biosensor arises from the intrinsic properties of the electrochemically encoded responsive nanolabels, comprising
biotinylated molecular beacons (biotin-MB) and metal nanoparticles (metal-NPs). The procedure is a simple one-pot assay,
where the targeted miRNA causes the opening of biotin-MB followed by capturing of the biotin-MB-metal-NPs by the
neutravidin biosensor and simultaneous detection of the captured metal-NPs by stripping square-wave voltammetry (SSWV).
The multiplexed detection of miRNA-21 and miRNA-141 is achieved by diﬀerentiation of the electrochemical signature (i.e.,
the peak current) for the diﬀerent metal-NP labels. The biosensor delivers simultaneous detection of miRNAs with a linear
range of 0.5−1000 pM for miRNA-21 and a limit of detection of 0.3 pM (3σ/sensitivity, n = 3), and a range of 50−1000 pM for
miRNA-141, with a limit of detection of 10 pM. Furthermore, we demonstrate multiplexed detection of miRNA-21 and
miRNA-141 in a spiked serum sample.
KEYWORDS: neutravidin biosensor, multiplex detection, microRNAs, molecular beacons, nanoparticle labels
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cardiovascular diseases,9 autoimmune diseases,10 and neurodegenerative diseases.11 Moreover, extracellular miRNAs are
highly stable against temperature, pH, and storage,12 which
makes extracellular miRNAs attractive biomarkers for diagnostics and prognostic applications.13,14
Various analytical techniques have been developed for
sensitive quantiﬁcation of miRNAs such as Northern blot,15

icroRNAs (miRNAs) are small endogenous nonprotein
coding RNAs (approximately 17−25 nucleotides) and
were ﬁrst discovered in 1993 by Lee et al.1 and Wightman et
al.2 from Caenorhabditis elegans as the lin-14 miRNA. A few
years later, in 2000, Pasquinelli et al. reported the discovery of
human miRNA as let-7 miRNA.3 miRNAs play commanding
roles in several cellular processes such as diﬀerentiation,
proliferation, metabolism, and apoptosis.4−6 Recent studies
have correlated the alteration in expression levels of
extracellular miRNAs in body ﬂuids as emerging biomarkers
for various cancers,7,8 as well as other human diseases such as
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quantitative real time PCR (qRT-PCR),16 microarrays,17 and
surface-enhanced Raman scattering (SERS).18 Although these
methods can adequately monitor the levels of microRNAs,
they require skilled personnel and sophisticated and expensive
instrumentation. In contrast, electrochemical biosensors
possess analytical and economic advantages including simple
instrumentation, low-cost, high sensitivity, fast response, and
easy operation.19 In this context, various electrochemical
biosensors for detection of miRNAs have been developed.
Bettazzi et al. reported an electrochemical method for miRNA222 detection based on paramagnetic beads and enzyme
ampliﬁcation.20 Salahandish et al. developed an ultrasensitive
nanogenosensor for the detection of miRNA-21 based on
sandwiched gold nanoparticles (AgNPs) in PANI and Ndoped graphene.21 Yin et al. demonstrated the electrochemical
determination of miRNA-21 based on a graphene-modiﬁed
glassy carbon electrode and LNA integrated molecular beaconAuNPs.22 Kangkamano et al. established a label-free electrochemical miRNA biosensor based on a pyrrolidinyl peptide
nucleic acid and a silver nanofoam (AgNF) modiﬁed electrode
for detection of miRNA/21.23 However, these reported
electrochemical biosensors usually required tedious chemical
procedures for the immobilization of the oligonucleotide probe
onto electrode surface. Recently, we reported the use of a
simple neutravidin biosensor exploiting a dual-functional
biotin-molecular beacon-AuNP nanolabel for sensitive detection of microRNA-21.24
For the development of a multiplexed electrochemical
biosensor for the detection of diﬀerent miRNAs, the
immobilization chemistry required becomes more complex,
necessitating the coimmobilization of multiple complementary
oligonucleotide probes for diﬀerent individual miRNA targets.
Feng et al. developed an electrochemiluminescence biosensor
array with coimmobilized multiple capture probes for multiplexed detection of miRNA-141 and miRNA-21 using doped
silica nanolabels.25 However, the so-called multiplex detection
system was performed with two separated working electrodes.
Ghazizadeh et al. reported the use of liposomes functionalized
with multiple oligonucleotide capturing probes for the
multiplexed electrochemical detection of miRNA-21,
miRNA-124a and miRNA-221.26 However, this approach
suﬀered from a similar drawback, since the multiplexed
electrochemical detection was performed either with three
individually separated working electrodes or sequentially
target-by-target with multiple measuring steps. Zhu et al.
developed a label-free electrochemical assay using multiple
capture probes on functionalized magnetic beads coupled with
quantum dots barcoded via the ligase chain reaction for
multiplex detection of miRNA-155 and miRNA-27b, but the
ligase chain reaction-treated magnetic beads needed to be
incubated at a high temperature of 90 °C.27 Yuan et al.
demonstrated the simultaneous electrochemical detection of
miRNA-141 and miRNA-27b on a single gold electrode with
immobilized multiple capture probes coupled with magnetic
nanolabels driven by additional hybridization chain reaction
steps.28 Yang et al. reported a multiplexed electrochemical
biosensor for miRNA-141 and miRNA-21 fabricated by
immobilizing multiple capturing probes onto a gold disc
electrode coupled with diﬀerent redox labels followed by signal
generation via duplex speciﬁc nuclease-assisted ampliﬁcations.29 However, most of the reported electrochemical
techniques for multiplexed detection of miRNAs still require
relatively tedious and complex procedures for fabrication of

electrochemical transducers which includes coimmobilization
of multiple oligonucleotide capture probes and demand
additional hybridization or ampliﬁcation steps. In addition,
the immobilization of oligonucleotide probes is less eﬃcient
due to the intrinsically linear structure of the oligonucleotide;30
thus, the preparation of biosensors for the detection of
multiple miRNAs or DNA targets with multiple oligonucleotide probes remains diﬃcult.
We report herein the use of a simple generic neutravidin
modiﬁed electrode combined with electrochemically encoded
responsive nanolabels for simultaneous multiplexed detection
of miRNA-21 and miRNA-141. The electrochemically
encoded responsive nanolabels consisted of AuNPs and
AgNPs coupled with biotin-MB. The immobilization chemistry
and preparation of neutravidin modiﬁed electrodes is relatively
simple, and more importantly, the multiplexing capacity of
such simple neutravidin biosensor is not limited by the
complicity encountered in the conventional coimmobilization
multiple oligonucleotide probes approaches. The fabrication
and analytical performance of the miRNA biosensor were
characterized with stripping square-wave voltammetry
(SSWV). We also demonstrated the multiplexed detection of
miRNA-21 and miRNA-141 in a spiked serum sample.

■

EXPERIMENTAL SECTION

Materials. Sulfuric Acid (H2SO4), nitric acid (HNO3), sodium
citrate, NaOH, NaCl2, and neutravidin were obtained from SigmaAldrich (St. Louis, MO, USA). Autoclaved ultrapure (18.2 MΩ)
water from a Millipore Milli-Q water puriﬁcation system (Billerica,
MA) was used to prepare all solutions. Citrate-capped gold
nanoparticles (AuNPs) were synthesized using the same protocol as
previously described in the literature by citrate reduction of
HAuCl4.31 Citrate-capped silver nanoparticles (AgNPs) were
purchased from NanoComposix (San Diego, CA, USA)
The DNA/LNA MBs sequences were available from previous
studies.32,33 The MB consisted of a 3′ end thiol group for
immobilization onto the metal-NPs and the presence of the biotin
at the 5′ end, which interacts with the immobilized neutravidin on the
transducer surface forming the biotin-MB-AuNP/miRNA complex
upon the presence of analyte
In order to facilitate the handling of the sample, the RNA
sequences were selected according to miRBase (http://www.mirbase.
org) and synthesized by biomers.net (Ulm, Germany). LNA probes
were purchased from Exiqon (Vedbaek, Denmark).
MB1: 5′/5BioTEG/GGCCGTCAACATCAGTCTGATAAGCTACGGCCTTTTTTTTTT/3ThioMC3-D/-3′ (LNA bases are
marked in bold)
MB2: 5′/5BioTEG/AACCCACCATCTTTACCAGACAGTGTTATTACTAGTGGGTTTTTTTTTTTT/3ThioMC3-D/-3′
miRNA-21: 5′-UAGCUUAUCAGACUGAUGUUGA-3′
miRNA-141: 5′-UAACACUGUCUGGUAAAGAUGG-3′
miRNA-205: 5′-UCCUUCAUUCCACCGGAGUCUGU-3′
miRNA-221: 5′-AGCUACAUUGUCUGCUGGGUUUC-3′
Oligonucleotide stock solutions (100 μM) were prepared using
autoclaved Milli-Q water and then divided into aliquots and stored at
−20 °C.
Instrumentation. SSWV measurements were carried out using an
IviumStat instrument (Ivium, The Netherlands). A platinum wire and
a Ag/AgCl KCl 3 M (CHI Instruments) electrode were used as
counter and the reference electrodes, respectively. A glassy carbon
electrode (GCE) with diameter of 2 mm were purchased from CHI
Instruments (Bee Cave, TX, USA). Five mV was applied as the
amplitude of the sine wave potential.
The zeta potentials and the size of the AuNPs, AgNPs, biotin-MB1AuNP conjugates, and biotin-MB2-AgNP conjugates were measured
using a Zetasizer Nano ZS90 instrument (Malvern Instruments Ltd.,
Worcestershire, UK) based on dynamic light scattering and were
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Scheme 1. (A) Assay Design and (B) Detection Principle of the Electrochemical Biosensor for the Multiplexed Detection of
miRNAs Based on the Use of Electrochemically Encoded Responsive Nanolabels

performed at room temperature (20 °C). Mean diameters and zeta
potentials were calculated from three repeated measurements.
Scanning electron microscopy (SEM) images were recorded using
a LEO 155 Gemini instrument (Zeiss, Germany).
Preparation of Biotin-MB1-AuNPs and Biotin-MB2-AgNPs
Nanolabels. The biotin-MB1-AuNP and biotin-MB2-AgNP conjugates were synthesized according to a previously reported
protocol.36 In brief, 250 μL of the AuNPs (O.D. 2.3) or AgNPs
(O.D. 2.3) dispersed in PBS (0.1 mM, pH 7.4) was mixed with an
adequate volume of the biotin-MB1 and biotin-MB2 stock solution, in
order to obtain a ﬁnal DNA-to-NPs ratio of 500:1. The solution was
then left to react at room temperature, under gentle mixing overnight.
The biotin-MB1-AuNP and biotin-MB2-AgNP mixtures were
subjected to an aging process that consisted of a stepwise rise of
NaCl concentration until reaching 0.3 M. Subsequently, the obtained
solutions were incubated overnight and under gentle shaking at room
temperature. Then the biotin-MB1-AuNP and biotin-MB2-AgNP
conjugates were washed twice by centrifugation (11,900g for 20 min
at 20 °C), and ﬁnally resuspend in a solution composed of PBS (0.1
mM, pH 7.0) and NaCl (0.3 M) and then stored at 4 °C.
Preparation of Neutravidin Electrode. Glassy carbon electrode
was polished with alumina (0.3 and 0.05 μm) followed by ultrasonic
cleaning in Milli-Q water and ethanol and drying with nitrogen gas.
The neutravidin electrode was prepared by applying a 5 μL of
neutravidin solution (0.25 mg/mL) via the drop-cast technique, and
then kept to dry at room temperature for 1 h.24 Moreover, The dried

neutravidin electrode was cross-linked with glutaraldehyde vapor in a
sealed container for 45 min. Finally, the prepared neutravidin
electrodes were washed with PBS and dried with nitrogen gas. Before
experiment, the neutravidin electrodes were rehydrated with PBS for
5 min prior to use.
Multiplex Detection of miRNA-21 and miRNA-141. Multiplexed detection of miRNAs was performed by incubating the
neutravidin electrodes in a solution mixture composed of miRNA-21
and miRNA-141 together with the biotin- MB1-AuNPs and biotinMB2-AgNP nanolabels. The solution was prepared by mixing the
desired amounts of target miRNAs with optimized volumes of biotinMB1-AuNPs and biotin-MB2-AgNPs in 10 mM PB (pH 7.5)
supplemented with 500 mM NaCl to a total volume of 25 μL. After
the incubation step, the working electrode was rinsed with 25 μL of
PBS (10 mM, pH 7.4) and performed SSWV measurements. The
pretreatment oxidation of AuNPs and AgNPs was conducted at +1 V
vs Ag/AgCl for 180 s in the optimized electrolyte composed of 2:1 v/
v of a mixture of sulfuric acid (0.1 M) and nitric acid (0.1 M).
Immediately after the electrochemical oxidation step, SSWV was
performed with the potential scanned from +1.0 to 0 V (step potential
= 10 mV and frequency = 20 Hz), resulting a SSWV signals generated
from the reduction of silver ions and gold ions at +0.33 V and +0.73 V
that corresponded to the presence of miRNA-21 and mi-RNA-141,
respectively.
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Table 1. Comparison of Diﬀerent Methods for Multiplex Detection of miRNAs
biorecognition
molecules immobilized
on electrode

electrode for
detection of other
miRNAs

single generic
neutravidin probe

yes, generic

multiple miRNA
capture probes
multiple miRNA
capture probes

ampliﬁcation or addition steps

target miRNAs

linear rangea

ref

biotin-MB-metal
NPs

no, single one-pot assay approach

miR-141: LoD 10 pM

miR-141: 50 pM to 1 nM

this
work

no, required
diﬀerent probes

doped silica NPs

yesb

miR-21: LoD 0.3 pM
miR-141: LoD 6.3 fM

miR-21: 0.5 pM to 1 nM
miR-141: 0.02−150 pM

25

no, required
diﬀerent probes

oligonucleotide
coupled liposomes

yesc

miR-21: LoD 8.6 fM
miR-221: NA

miR-21: 0.03−150 pM
miR-221: 0.1 fM to 1 pM

26

miR-124a: NA
miR-21: LoD 0.1 fM
miR-141: LoD 0.28 fM

miR-124a: 0.5 fM to 1pM
miR-21: 0.1 fM to 1 pM
miR-141: 1 fM to 1 pM

28

miR-27b: LoD 0.36 fM
miR-155: LoD 12 fM

miR-27b: 1 fM to 1 pM
miR-155: 50 fM to 30 pM

27

miR-27b: LoD 31 fM

miR-27b: 50 fM to 1 nM

miR-141: LoD 4.2 fM

miR-141: 5 fM to 50 pM

miR-21: LoD 3.0 fM

miR-21: 5 fM to 50 pM

label

multiple miRNA
capture probes

no, required
diﬀerent probes

oligonucleotide
coupled magnetic
NPs

yes, hybridization chain reactions
(required multiple steps)

multiple miRNA
capture probes

no, required
diﬀerent probes

oligonucleotide
coupled magnetic/
QD NPs

yes, ligase chain reactions (required
heating at 90 °C)

multiple miRNA
capture probes

no, required
diﬀerent probes

oligonucleotide
coupled redox
labels

yes, duplex speciﬁc nucleaseassisted ampliﬁcations (required
multiple step)

29

Note: miRNAs are overexpressed in cancer patients up to high picomolar concentration. Note: the “so-called” multiple miRNA detections were
performed with two separated working electrodes. cNote: the multiple miRNA detections were performed with separated electrodes or sequentially
target-by-target by multiple measuring steps.
a

b

Table 2. Average Hydrodynamic Diameters and Zeta Potential Measurements
structure

citrate-AuNPs

biotin-MB1-AuNPs

size (nm)
zeta potential (mV)

29.3 ± 0.6
−27.3 ± 2.5

40.3 ± 1.9
−35.3 ± 1.4

■

biotin-MB1AuNP/
miRNA-21
55.3 ± 2.4
−42.3 ± 2.6

RESULTS AND DISCUSSION
Principle of the Neutravidin Biosensor for Simultaneous Multiplexed Detection of miRNAs. Scheme 1
illustrates the working principle of the developed neutravidin
biosensor for multiplexed detection of miRNAs. It is based on
a simple one-pot assay approach where simultaneous detection
of miRNAs occurred upon the addition of a sample mixture of
miRNA-21/biotin-MB1-AuNP and miRNA-141/biotin-MB2AgNP onto the neutravidin electrode followed by SSWV. In
the absence of miRNA-21 and miRNA-141, the biotin-MB1
and biotin-MB2 retained their stem-loop structure where the
biotin groups are sterically hindered and avoid interacting with
the neutravidin molecules on the electrode surface. In contrast,
the presence of target miRNAs, hybridization take place
between the miRNA and biotin-MB causing the opening of the
MB loops making the biotin terminals accessible. The activated
biotin-MB1-AuNPs/miRNA-21 and biotin-MB2-AgNPs/
miRNA-141 complexes were then captured via biotinneutravidin interaction by the neutravidin-modiﬁed electrode
and measured by SSWV. The binding of the metal NPs labels
results in the increase of the diﬀerent peak currents
corresponding to AuNPs and AgNPs. This allowed diﬀerent
signal responses from respective miRNAs to be diﬀerentiated
due the intrinsic electrochemical signature of the nanolabels.
The neutravidin electrode approach provides a facile and stable
biosensor platform compared with the conventional multiple
oligonucleotide probe-based biosensors for multiplex miRNA
detection (Table 1). Moreover, the multiplexing capacity of

citrate-AgNPs

biotin-MB2-AgNPs

24.1 ± 2.3
−32.3 ± 1.2

36.7 ± 1.5
−39.5 ± 1.7

biotin-MB2-AgNP/
miRNA-141
47.1 ± 2.2
−45.3 ± 1.8

the neutravidin biosensor is not limited by the complicity of
the immobilization chemistry compared with the multiple
oligonucleotide probes approach. This generic neutravidin
biosensor coupled with responsive metal-NP labels could
potentially be adopted for the detection of diﬀerent
combinations of miRNAs by simply using diﬀerent sequences
of MBs on the metal-NP labels. Moreover, the signal
generation mechanism is driven by a strong biotin-neutravidin
interaction to give a stable signal (i.e., once the biotin-MBmetal-NP is opened and captured by neutravidin electrode
surface, the biotin-neutravidin interaction dominated, and
becomes independent of the relatively unstable miRNA/MB
hybridization).
Characterization of the Biotin-MB1-AuNP and BiotinMB2-AgNP Labels, and Neutravidin Electrode. The
immobilization of MB onto the metal NP labels and the MB
opening mechanism response to miRNAs were characterized
by measuring the changes is the size of the synthesized citratecapped AuNPs, biotin-MB1-AuNP label, and biotin-MB1AuNP/miRNA-21 complexes, as well as the citrate-capped
AgNPs, biotin-MB2-AgNP label, and biotin-MB2-AgNP/
miRNA-141 complexes, respectively. Moreover, the surface
charge densities of the corresponding NPs were characterized
using zeta potential measurements. Table 2 summarizes the
average hydrodynamic diameters and zeta potentials obtained.
Hydrodynamic diameters for the biotin-MB1-AuNPs (40.3
± 1.9 nm) and biotin-MB2-AgNPs (36.7 ± 1.5 nm) were
larger compared with the AuNPs (29.3 ± 0.6 nm) and AgNPs
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(24.1 ± 2.3 nm), respectively. The increase in diameter
indicated the successful immobilization of MB1 and MB2 onto
the AuNPs and AgNPs, respectively. Upon the addition of
miRNAs sample, the hydrodynamic diameter of the biotinMB1-AuNP/miRNA-21 complexes (55.3 ± 2.4 nm) and the
biotin-MB2-AgNP/miRNA-141 complexes (47.1 ± 2.2 nm)
further increased, demonstrated the opening of the MBs stemloop structure.
Following functionalization of the AuNPs with MB1 and
AgNPs with MB2, the zeta potential of the bare AuNPs
increased from −27.3 ± 2.5 to −35.3 ± 1.4 mV (biotin-MBAuNPs) and from −32.3 ± 1.2 to −39.5 ± 1.7 mV (biotinMB-AgNPs), respectively. After hybridization with target
miRNAs, the zeta potential of the biotin-MB1-AuNPs/
miRNA-21 and biotin-MB2-AgNP/miRNA-141 complexes
further increased to −42.3 ± 2.6 mV and −45.3 ± 1.8 mV,
respectively. The increase in zeta potential is likely due to the
negative charge properties of the nucleic acid backbone of MBs
and miRNAs. The surface morphology of the neutravidin
modiﬁed electrode was characterized by SEM. Figure S1 shows
the SEM images of (A) a bare electrode and (B) a neutravidin
modiﬁed electrode. The surface morphology of the bare
electrode appeared smooth and clean, while the neutravidin
modiﬁed electrode consisted of a layer of clustered structures
resulting from the immobilized neutravidin molecules.
Optimization of the Voltammetric Biosensor for
Multiplexed Detection of miRNAs. In order to improve
the performance of the proposed biosensing approach for
multiplexed detection of miRNAs, optimization of (i) the
sulfuric acid (0.1 M)/nitric acid (0.1 M) ratio, (ii) the
concentration of biotin-MB1-AuNP and biotin-MB2-AgNP
nanolabels, (iii) the pretreatment time for electrochemical
oxidation of AuNPs and AgNPs into Au and Ag ions, and (iv)
the pretreatment potential was performed.
To optimize the composition of the supporting electrolyte,
optimization of the sulfuric acid (0.1 M)/nitric acid (0.1 M)
ratio was achieved by preparing electrolytes with various ratios
(1:1, 2:1, 3:1 v/v). The responses of the sensors to 0.5× 10−9
M miRNA-21 and 0.5 × 10−9 M miRNA-141 are presented in
Figure 1A. The normalized signal for the detection of targeted
miRNAs increased using 2:1 v/v mixture of sulfuric acid and
nitric acid. However, one can observe a signiﬁcant decrease in
the signal response of the sensor to 0.5 × 10−9 M miRNA-141
using a ratio of 3:1 v/v to 0.15 mg/mL, while there is not a
signiﬁcant improvement on the signal response for miRNA-21.
Therefore, a ratio of 2:1 v/v of a mixture of sulfuric acid (0.1
M) and nitric acid (0.1 M) was used as the supporting
electrolyte.
The amount of biotin-MB1-AuNP and biotin-MB2-AgNP
nanolabels was optimized in the presence of miRNA-21 and
miRNA-141 using diﬀerent volumes (4−7 μL) of nanolabels
(OD 2.3). The normalized signal for the detection of miRNA21 (0.5× 10−9 M) and miRNA-141 (0.5× 10−9 M) increased
with increasing the amount of the nanolabels. The peak
currents remain relatively stable after using 7 μL of the
nanolabels. This may be due a saturation eﬀect on the signal
response in the present of high concentration of nanolabels
(Figure 1B). Thus, higher normalized signals and, subsequently, better discrimination were recorded for the 6 μL of
biotin-MB1-AuNP and 6 μL of biotin-MB2-AgNP.
The inﬂuence of pretreatment time and pretreatment
potential for the SSWV detection of miRNA-21 and miRNA141 were studied. The eﬀect on the pretreatment time was

Figure 1. Optimization of the miRNA biosensor: (A) sulfuric acid/
nitric acid ratio (E = 1 V, t = 180 s, f = 20 Hz, and n = 3); (B) amount
of nanolabels (E = 1 V, t = 180 s, f = 20 Hz, and n = 3); (C)
pretreatment time for stripping voltammetry (E = 1 V, f = 20 Hz, and
n = 3); and (D) pretreatment potential (t = 180 s, f = 20 Hz, and n =
3).

optimized with various time points of 10, 30, 60, 120, 180, and
240 s at a ﬁxed frequency and potential (20 Hz and 1 V).
When the pretreatment time increases, the corresponding
signal response increased up to 180s (Figure 1C). While there
was no signiﬁcant increase in signal response when the
pretreatment time was further increased to 240 s. Therefore,
180 s was chosen as the optimized pretreatment time.
The pretreatment potential was optimized within a potential
window of -0.5 to 1.25 V at ﬁxed frequency (20 Hz) and
pretreatment time (180 s). Figure 1D shows that the peak
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currents for the detection of 0.5× 10−9 M miRNA-21 and 0.5
× 10−9 M miRNA-141 increased as the pretreatment potential
increased, reaching a maximum signal at a pretreatment
potential of 1.25 V. However, there is no signiﬁcant increase in
signal when changing the pretreatment potential between 1
and 1.25 V. Therefore, a pretreatment potential of 1 V was
chosen to reduce the eﬀect of higher potentials which may
damage the neutravidin electrode. The ﬁnal optimized SSWV
condition was set at pretreatment potential of 1 V and
pretreatment time of 180 s.
Analytical Performance of the Neutravidin Biosensor
for Detection of miRNAs. The analytical performance of the
neutravidin biosensor for detection of miRNAs was studied
under the optimal experimental conditions as discussed above.
In order to validate the approach, miRNA-21 and miRNA-141
were detected individually. A good response was obtained over
the range 0.5−1000 pM in the presence of miRNA-21 (Figure
2A), and over the range 50−1000 pM in the presence of
miRNA-141 (Figure 2B). Subsequently, the multiplexed
detection of miRNA-21 and miRNA-141 was evaluated. Figure
2C illustrates the voltammograms obtained corresponding to
the increasing of equal target miRNAs concentrations from 0.5
to 1000 pM. The neutravidin electrode displays a well-deﬁned
simultaneous response at +0.33 and +0.73 V vs Ag/AgCl to
silver ions and gold ions, respectively.
The SSWV peak currents increased signiﬁcantly with the
simultaneous increase of concentrations of target miRNA-21
and miRNA-141. We obtained a linear relationship between
the targeted miRNAs concentrations as a function of peak
current (Figure 2D). A linear dynamic range was achieved for
miRNA-21 from 0.5 to 1000 pM with a coeﬃcient of
correlation (R2) of 0.9959 and a limit of detection (LOD) of
0.3 pM (3σ/slope; n = 3) (Figure 2D). In the presence of
miRNA-141, a linear dynamic range was obtained from 50−
1000 pM with R2 of 0.9899 and a limit of detection of 10 pM
(Figure 2D). The sensitivity of the biosensor was calculated to
be 4.5 and 3.7 nA/pM toward the detection of miRNA-21 and
miRNA-141, respectively. The diﬀerence in the calculated
LOD for miRNA-21 and miRNA-141 could be explained by
the diﬀerent metal nanoparticles used in the two systems (i.e.,
AuNPs for miRNA-21 and AgNPs for miRNA-141), which will
aﬀect the signal responses, sensitivity, and calculated LOD. If
we further analyze the percentage error for each of the data
points (error bar verse signal in percentage), for miRNA-21 the
percentage error ranges from the lowest 6.2% (for 500 pM) to
the highest 10.02% (for 750 pM), while for miRNA-141 the
percentage error ranges from the lowest 5.2% (for 150 pM) to
the highest 12.1% (for 500 pM). Therefore, the percentage
errors for all data points are within a relatively close range (∼5
to 12%). For commercial biosensors in real industrial practice,
an interassay error below 15% is considered to be good. A
comparison between the developed generic neutravidin
biosensor based on electrochemically encoded responsive
nanolabels for multiplexed and simultaneous detection of
miRNAs and earlier reported electrochemical biosensors can
be found in Table 1. It is important to note that the analytical
performance of our neutravidin biosensor coupled with a
metal-nanoparticle detection system could potentially be
enhanced with addition ampliﬁcations step reported in Table
1 such as ligase chain reactions27 and hybridization chain
reactions.28
The selectivity of the neutravidin biosensor combing the
biotin-MBs-metal-NPs for the detection of target miRNA-21

Figure 2. (A) Calibration curve of miRNA-21 (E = 1 V, t = 180 s, f =
20 Hz, and n = 3); inset shows obtained voltammograms for
individual detection of miRNA-21. (B) Calibration curve of miRNA141 (E = 1 V, t = 180 s, f = 20 Hz, and n = 3); inset shows obtained
voltammograms for individual detection of miRNA-141. (C)
Voltammogram for multiplex detection of miRNA-21 and miRNA141. (D) Calibration curves for simultaneous multiplex detection of
miRNA-21 and imRNA-141 (E = 1 V, t = 180 s, f = 20 Hz, and n = 3).

and miRNA-141 was studied by comparing the signal response
with closely related miRNA family, miRNA-205 and miRNA211 (similarity ranging between 41% and 18%). miRNA-205 is
reported to be associated with breast,34 prostate,35 lung,36 and
bladder cancer;37 while miRNA-221 is associated with bladder
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and astrocytic cancers.38,39 The selectivity study was evaluated
individually in the presence of the targeted miRNA-21 and
miRNA-141, respectively (Figure 3A and B). A signiﬁcant

Detection of miRNA-21 and miRNA-141 in Spiked
Serum Sample. We further demonstrated the multiplexed
detection of miRNA-21 and miRNA-141 in spiked serum
samples with a standard addition method. Serum samples were
spiked with equal concentrations of miRNA-21 and miRNA141 (50, 250, and 500 pM). Serum samples with a spiked
concentration of 50, 250, and 500 pM miRNA-21 and miRNA141 were mixed with the biotin-MB1-AuNPs and biotin-MB2AgNPs and applied to the neutravidin biosensors. The signal
responses from the spiked samples were recorded, and the
measured miRNA concentrations were calculated by ﬁtting to
the calculated curves.
Table 3 summarizes the measured miRNA concentrations
and the actual miRNA concentrations in the spiked serum
Table 3. Actual and Measured Concentrations of miRNA-21
and miRNA-141 in Spiked Serum Samples
actual concn
miRNA-21

miRNA-141

50
250
500
50
250
500

pM
pM
pM
pM
pM
pM

measured concn

RSD (%)

±
±
±
±
±
±

9.3
7.9
8.5
11.5
10.9
12.7

57.2
261.4
512.6
62.4
259.8
515.3

5.3
20.8
43.5
7.2
28.4
65.9

samples, where the actual concentration is deﬁned as the
spiked concentration of the targeted miRNAs in the serum
sample, while the measured concentration is the calculated
concentration obtained using the standard addition method.
The correlation plots on the measured miRNA concentrations
vs the actual miRNA concentrations are shown in Figure 4.
There was a good match between the measured experimental
values and the nominal concentration of the miRNA-21 and
miRNA-141 in the serum samples. Thus, our developed

Figure 3. Selectivity study in the presence of nontargeted miRNAs
(miRNA-205 and miRNA-221) toward the detection of (A) miRNA21 and (B) miRNA-141. (C) Selectivity study in the presence of
nontargeted miRNAs (miRNA-205 and miRNA-221) toward the
detection of equal concentration (50 pM) of miRNA-21 and miRNA141 (E = 1 V, t = 180 s, f = 20 Hz, and n = 3).

response was observed in the presence of target miRNA-21 (50
pM) or miRNA-141 (50 pM), while no signiﬁcant signal was
observed in the presence of nontarget miRNA-205 and
miRNA-221 (note: the nonspeciﬁc miRNAs were presented
at a signiﬁcantly higher concentration (1 nM)). This result
demonstrated a good speciﬁcity of the MBs in the biotin-MB1AuNP and biotin-MB2-AgNP labels toward the detection of
miRNA-21 and miRNA-141, respectively. Moreover, Figure
3C shows a clear signal response obtained from of a mixture of
target miRNA-21 and miRNA-141 (50 pM) and the
corresponding signal response in the presence of high
concentration of nonspeciﬁc miRNAs (1 nM miRNA-221
and 1 nM miRNA-205). The selectivity study was designed
taking into consideration that miRNAs are speciﬁc biomarkers
in body ﬂuids, where the diagnostic information is quite
diﬀerent from conventional genetic analysis because singlebased mismatch is not relevant for miRNAs.

Figure 4. Correlation plot between measured and actual concentrations of (A) miRNA-21 and (B) miRNA-141 in spiked serum
samples (E = 1 V, t = 180 s, f = 20 Hz, and n = 3).
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biosensor allowed accurate multiplexed detection of miRNA21 and miRNA-141 in spiked serum samples.

■

CONCLUSIONS
We have demonstrated a simple generic neutravidin biosensor
combined with electrochemically encoded responsive nanolabels for simultaneous multiplexed detection of miRNA-21
and miRNA-141. The electrochemically encoded responsive
nanolabels consisted of AuNPs and AgNPs coupled with
biotin-MB for both biorecognition and signal generation. A
linear dynamic range was achieved for miRNA-21 from 0.5 to
1000 pM, and the limit of detection was calculated to be 0.3
pM; and for miRNA-141 from 50 to 1000 pM with a limit of
detection of 10 pM. Moreover, we demonstrated the
multiplexed detection of miRNA-21 and miRNA-141 in spiked
serum. This generic and robust neutravidin biosensor
potentially allows for the detection of diﬀerent combinations
of miRNAs by simply using diﬀerent sequences of MB probes
to diﬀerentiate the various signal response from diﬀerent
miRNAs via the intrinsic electrochemical signature of the
nanolabels. This innovative generic biosensor design simpliﬁes
the transducer preparation for multiplexed detection of
miRNAs while oﬀering simple operation and good analytical
performance. This approach could accelerate the biosensor
development time for the detection of newly discovered
miRNAs for various diagnostic applications.
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