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Herein we report a label-free microRNA (miRNA) biosensor in which the formation of a thin insulating
film is used to amplify the analytical signal. Briefly, the biosensor is made of an oligonucleotide-coated
gold electrode. After hybridizing with a target miRNA, free capture probe (CP) strands on the biosensor
are removed by a nuclease digestion. A second hybridization with an oligonucleotide-tailed DNAzyme
is performed to introduce the DNAzyme to the biosensor. The DNAzyme triggers the polymerization of
3,3’-dimethoxybenzidine (DB) in the presence of H,0, and the hybridized miRNA-CP duplexes serve as
templates to guide the deposition of poly (3,3’-dimethoxybenzidine) (PDB). The formation of the
insulating PDB film alters the impedance of the biosensor, rendering it readily distinguishable by
electrochemical impedance measurements. The accumulative nature of the PDB deposition drastically
improves the detectability of the biosensor. A proof-of-concept study is conducted on the detection of
miRNAs in total RNA extracted from cultured cells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) are highly conserved small RNAs that
regulate the expression of genes by binding to the 3’-untranslated
regions of messenger RNAs (mRNAs) through a dual-mechanism:
translational repression and target degradation (Bartel, 2004;
Engels and Hutvagner, 2006). It is believed that over 50% of all
protein encoding genes in humans are regulated by miRNAs.
Increasing evidence has shown that, in addition to their regula-
tory roles in gene expression, miRNAs are linked to various
physiological and pathological processes, and cancerous diseases
in particular (Esquela-Kerscher and Slack, 2006; Stefani and Slack,
2008). It is also believed that miRNAs are directly associated with
patients’ individual responses to diseases, drugs, and other
environmental factors. Therefore, miRNAs have great potential
in therapeutics, drug discovery, and molecular diagnostics (Lu
et al., 2005, Volinia et al., 2006). The development of diagnostic
techniques to enable miRNA detection at point-of-care is of
paramount importance for early disease diagnosis and prognosis.

Unlike DNA and mRNA, the unique attributes of miRNAs, such
as their short lengths, inherently different melting temperatures,
and high sequence similarities among members of an miRNA
family, make miRNA detection with high sensitivity and specifi-
city technically demanding (Pritchard et al., 2012). A number of
approaches, such as microarrays (Thomson et al., 2004), quantitative
real-time PCR (qRT-PCR) (Chen et al., 2005; Raymond, et al., 2005),
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and direct labeling and amplified detection (Liang et al., 2005; Gao
and Yang, 2006; Gao and Yu, 2007; Peng and Gao, 2011), have been
proposed. In spite of the existence of various miRNA detection
techniques with acceptable detection sensitivity and specificity,
they are yet to be adaptable for point-of-care use. The main obstacle
lies in the requirements for special laboratory skills in miRNA
tagging and for complex instruments in signal readout (Pritchard
et al., 2012). Label-free and PCR-free electrochemical approaches
that enable sensitive detection of miRNAs with portable instruments
are highly desirable for the development of miRNA expression
profiling platforms. In this regard, electrochemical impedance
spectroscopy (EIS)-based detection is one of the promising candi-
dates. Besides the attractive features of electronic detection like
inherent miniaturization, good compatibility with advanced semi-
conductor technology, and low cost, EIS-based biosensors are largely
nondestructive, do not require molecular labeling of a target
analyte—label-free detection, capable of real-time detection, and
highly sensitive to the presence of minute amounts of any electron-
transfer impeding material on the biosensor surface. A major
drawback is that EIS tests are much more time-consuming than
their voltammetric and amperometric counterparts.

In this report, we proposed for the first time an EIS biosensor
together with a polymer deposition-based amplification protocol
that enables label-free detection of miRNAs with enhanced
sensitivity. The biosensor was based on direct hybridization of
target miRNAs and the use of DNAzyme. The DNAzyme effectively
catalyzed the polymerization of 3,3’-dimethoxybenzidine (DB)
and the hybridized miRNA-capture probe (CP) duplexes guided
the deposition of poly (3,3’-dimethoxybenzidine) (PDB). Taking
advantage of this monomer-replicating concept and the cumulative
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nature of the polymer formation process (Qian and He, 2009; Peng
and Gao, 2011), a detection limit of 2.0 fM was accomplished. The
demonstrated label-free detection of miRNAs marked an encoura-
ging step toward the development of a portable miRNA expression
profiling platform for uses at point-of-care.

2. Experimental section
2.1. Materials and apparatus

Hemin ( > 98%), 4-mercaptoaniline (MAn, 97%), DL-Dithiothreitol
(DTT, >99%) were from Sigma-Aldrich (St Louis, MO). Synthetic
miRNAs, thiolated oligonucleotide CPs, DNAzyme, and all other
oligonucleotides of PCR purity were from Proligo (Singapore). DNA
Exonuclease [ was supplied by New England Biolabs (Ipswich, MA).
Total RNA extraction and miRNA enrichment kits were from Qiagen
(Singapore). All other reagents were purchased from Sigma-Aldrich
and used without further purification. TE buffer (10 mM Tris—HCI+
1.0 mM EDTA+0.10 M NaCl) was used as hybridization and wash-
ing buffer. PDB deposition cocktail used in this work contained
50 mM H,0, and 1.0 mM DB in pH 7.0 0.10 M phosphate buffer.

Electrochemical experiments were conducted with an IM6 elec-
trochemical workstation (Zahner Elektrik, Germany). A three-
electrode system, consisting of the biosensor, a nonleak Ag/AgCl
reference electrode (Cypress Systems, Lawrence, KS), and a platinum
foil counter electrode, was used in all electrochemical measure-
ments. EIS tests were performed in 0.10 M sodium sulfate contain-
ing 2.5 mM of K3Fe(CN)s and 2.5 mM KyFe(CN)g, over a frequency
range from 100 KHz to 10 mHz with a 5-mV sinusoidal voltage
perturbation and a bias potential of 0.17 V (vs. Ag/AgCl). Fe(CN)2~/
Fe(CN)2~ in the 0.10 M sodium sulfate solution serve as redox
probes so as to perform EIS. All potentials reported in this work were
referred to the Ag/AgCl reference electrode. UV-vis experiments
were conducted with a V-570 UV/VIS spectrophotometer (JASCO
Corp., Japan).

2.2. Fabrication of the biosensor

Before CP immobilization, a gold electrode was thoroughly
polished with 0.05 pm alumina slurry and cleaned in water and
ethanol in an ultrasonic bath for 10 min, respectively. Immobilization
of the thiolated CPs on the cleaned gold electrode was achieved
following a published procedure with slight modification (Peng and
Gao, 2011). Briefly, the thiolated CPs were treated with 0.10 M DTT
in phosphate-buffered saline (PBS) for 60 min and then purified
using a NAP-10 column. CP immobilization was accomplished by
applying 5-10 pl of the freshly-treated thiolated CP solution in a
moisture-saturated environment chamber overnight at room tem-
perature. The electrode was then thoroughly cleaned in a copious
amount of stirred PBS. To introduce additional anchoring moieties
and improve the stability, the CP-coated electrode was subsequently

Target miRNA

S

Free CP removal

CP immobilization

a

Hybndlzatlon

& Exonuclease |

incubated in 2.0 mg/mL MAn in ethanol for 2 h. During incubation,
MAn molecules filled in the defects via strong interaction between
thiol and gold, forming a mixed monolayer with the CPs. The amino
groups on the immobilized MAn molecules serve as anchoring sites
for the deposition of PDB film. The surface coverage of the immobi-
lized CPs, estimated electrochemically using Ru(NH3)gCls (Steel et al.,
1998), was found to be in the range of 6.5-9.8 pmol/cm?.

2.3. Total RNA extraction and miRNA detection

Total RNA in cultured cells was extracted by using Qiagen’s
miRNeasy Mini Kit according to the manufacturer’s recom-
mended protocol. MicroRNAs in the total RNA were further
enriched by using the RNeasy MinElute Cleanup Kit. The yield,
quality, and concentration of total RNA were routinely monitored
by UV-vis spectrophotometry.

The hybridization of a target miRNA and its electrochemical
characterization and EIS detection were performed as follows:
First, the biosensor was immersed in the target miRNA solution in
a parafilm-sealed small-volume centrifuge tube. The biosensor
and the centrifuge tube were placed in a water bath maintained at
10 °C below the melting temperature of the target miRNA. After a
60-min hybridization period, the biosensor was rinsed thoroughly
with a blank hybridization buffer at the hybridization tempera-
ture. Afterwards, a 30-min incubation of the biosensor in 5 U
Nuclease I at 37 °C was performed. PDB deposition was achieved
through a period of 60 min incubation in the PDB deposition
cocktail. Atomic force microscopic tests confirmed the deposition
of PDB on the hybridized biosensor (Fig. S1). Finally, EIS detection
was realized in the 0.10 M sodium sulfate containing Fe(CN)2~/
Fe(CN)é~. For miRNA expression analysis of the members of let-7
family, biosensors coated with respective complementary CPs
were used. 5.0-pl aliquots of the total RNA sample solution were
dispensed onto the biosensors; hybridization and EIS detection
were carried out as described above. To validate the results, the
same samples were analyzed by qRT-PCR using a commercial
miRNA gRT-PCR kit (Agilent Technologies).

3. Results and discussion
3.1. Label-free miRNA detection mechanism

Fig. 1 illustrates the principal steps of the proposed label-free
miRNA biosensor: (a) a monolayer of the CPs is self-assembled
onto a gold electrode and MAn is used to fill the defects of the CP
monolayer via thiol-gold interaction to improve the quality and
stability of the CP monolayer and to provide additional holding
power (anchoring sites); (b) the interaction of the CPs with target
miRNA strands via base-pairing form duplexes, bringing the
miRNA strands onto the biosensor surface; (c) the hybridized
biosensor is then incubated in nuclease I in pH 7.4 PBS for 30 min

DB
DNAzyme

DNAzyme introduction PDB deposition
e

Fig. 1. Schematic illustration of the label-free miRNA biosensor.
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at 37 °C; (d) a second hybridization of the oligonucleotide-tailed
DNAzyme molecules with the DNAzyme capturing segments at
the bottom of the CPs brings the DNAzyme onto the biosensor
surface; (e) incubation of the biosensor in the PDB deposition
cocktail; and (f) the biosensor is examined by EIS in the Fe(CN)2 ~/
(CN)&~ solution after the incubation and compared to that of the
control. The engagement of the nuclease clean-up step instead of
direct EIS detection is to minimize non-hybridization-related
deposition of PDB by removing all free CP strands from the
hybridized biosensor as they can also serve as templates for the
deposition of PDB. The presence of free CP strands will substan-
tially lift the background signal, and hence the detection limit. In
addition, by removing the free CP strands from the biosensor
surface, a minimal R (background) close to that observed at a
bare gold electrode is expected, thus producing a high signal-to-
noise (S/N) ratio. During the incubation of the hybridized bio-
sensor in the nuclease I solution, all free CP strands are comple-
tely digested by the nuclease (Shimada et al., 2010), leaving only
the target miRNA-CP duplexes on the biosensor surface. When the
biosensor is further incubated in the PDB deposition cocktail, the
hybridized target miRNA-CP duplexes serve as templates, MAn
molecules as anchoring sites, and the DNAzyme as initiator for
the polymerization of DB and the deposition of PDB. As a result,
deposition of PDB occurs exclusively at the hybridized biosensor.
The amount of the deposited PDB and its impedance directly
correlate to the concentration of the target miRNA in the sample
solution.

Arising from the cumulative nature of PDB deposition process,
high sensitivity can conveniently be realized if the deposition of
PDB is allowed to proceed for an adequately long period of time.
The reason of using Fe(CN)Z~/Fe(CN)&~ instead of other redox
probes is two-fold: To maximize the change in charge-transfer
resistance (R.) associated with the hybridization and the deposi-
tion of PDB and to have a low threshold of R.. Because of their
moderate electron-transfer rate (Sabatani and Rubinstein, 1987,
Finklea et al., 1993), minute changes of the biosensor after
hybridization and PDB deposition will be reflected by the changes
in its R.. As we know, electrochemical reversibility and hence R,
of redox probes are influenced by the presence of any insulating
material that the redox probes must penetrate to reach the
electrode surface. As observed previously (Long et al., 2004, Xie
et al., 2004), evidenced by a noticeably increased peak-to-peak
potential separation (AEp), the redox processes of Fe(CN)3~/
Fe(CN)2~ became totally irreversible at oligonucleotide coated
electrodes even before hybridization, largely due to strong repul-
sive electrostatic interaction between Fe(CN)2 ~/Fe(CN)&~ and the
anionic oligonucleotide-coated electrode (Long et al., 2004). In
other words, the oligonucleotide coating greatly impedes the
ability of anionic Fe(CN)2~/Fe(CN)é~ to reach the electrode sur-
face, thus resulting in a significantly large value of background R,
(Long et al., 2004; Peng and Gao, 2011). This large background R,
could in principle preclude us from developing any ultrasensitive
EIS biosensors. Fortunately, the engagement of nuclease I effec-
tively eliminates the unhybridized CP strands, thus producing a
minimal R at the control while maintaining a high sensitivity to
any change brought about by the target miRNA. And the change in
R, is exclusively associated with the target miRNA. On the
contrary, if redox probes with ultrafast electron-transfer rates, such
as Ru(NH3)2* /Ru(NH;)2" and ferrocene derivatives (Sabatani and
Rubinstein, 1987), are employed, their R, will be insensitive to
minute changes of the biosensor after hybridizing to low concentra-
tions of the target miRNA because in order to have a noticeable
change their electro-transfer rates must be significantly reduced to
reach their threshold values. Below the threshold value, EIS is unable
to detect any change in R as a straight line with a 45° phase angle is
persistent due entirely to diffusion (Randles, 1947).

3.2. DNAzyme-catalyzed polymerization of DB

It was reported that peroxidases such as horseradish peroxidase
(HRP) effectively catalyze the oxidation of DB and its derivatives in
the presence of H,0,. Depending on experimental conditions,
further oxidation and polymerization of DB are possible (Claiborne
and Fridovich, 1979). It was also reported that certain DNAzymes,
such as G-quadruplex-hemin DNAzyme, exhibit peroxidase-like
activities in the presence of peroxidase substrates and H,0,, thus
offering new possibilities to engage DNAzymes in biosensor applica-
tions (Travascio et al., 2001; Li et al.; 2007; Deng et al., 2008; Yuan
et al., 2012). Compared to the bulky and fragile peroxidases, their
small size and high chemical stability make them attractive candi-
dates to be used as novel amplification agents in biosensors. In
addition, the above studies also provide a good opportunity to the
development of EIS biosensors for the detection of miRNAs utilizing
the DNAzyme as a signal generator.

To demonstrate this concept, we first evaluated the catalytic
activity of the DNAzyme - G-quadruplex hemin - in the oxidation
and polymerization of DB. Since the DNAzyme is a peroxidase-like
biocatalyst, a wide variety of typical peroxidase substrates, such as
DB, 3,3',5,5-Tetramethylbenzidine, 4-aminoantipyrine, o-phenyle-
nediamine, and dopamine, were initially tested. It was found that
all of them can be catalytically oxidized by H,0, in the presence of
the DNAzyme. Amongst them, DB showed the best polymeriza-
tion and target miRNA-guided deposition characteristics. There-
fore, DB was chosen in this study. Similar to the HRP-catalyzed
oxidation and polymerization of DB (Claiborne and Fridovich,
1979), a light blue color developed immediately after mixing the
DNAzyme with 1.0 mM DB and 50 mM H,0,. With the advance-
ment of the reaction, the blue color quickly faded away and the
solution turned yellow accompanying with the appearance of
some brown precipitates (benzidine brown), in line with the
HRP-catalyzed oxidation and polymerization of DB (Fig. 2A inset).
The blue color at the beginning of the reaction is due to the
formation of a charge-transfer complex of between DB and the
oxidized DB with two UV-vis absorption peaks at ~390 and
680 nm. These two absorption peaks gradually diminished and a
new absorption peak emerged at ~470 nm, in accordance with
the appearance of the yellow color (from the final yellow
diimine). It was found that the catalytic activity toward the
oxidation of DB is strongly pH dependent, attaining its maximal
activity at pH 7.0 (Fig. 2B). Moreover, there was a linear correla-
tion between the initial oxidation rate and the concentration of
the DNAzyme, suggesting that the DNAzyme catalyzed oxidation
of DB is first-order with respect to the concentration of the
DNAzyme. This presented an excellent opportunity for the devel-
opment of the DNAzyme-based biosensor as the linear depen-
dence between the reaction rate and the concentration of the
DNAzyme greatly simplifies the relationship between the analy-
tical signal and the target concentration. Detailed kinetic study
showed that the catalytic oxidation can be described by the
classical Michaelis-Menten model (Michaelis and Menten,
1913). Unlike HRP which can be easily deactivated by a number
of factors, such as temperature, acidity of the medium, and
concentration of Hy0,, as a small enzyme mimic the DNAzyme
is expected to be very robust. Indeed, the DNAzyme was found to
be much more tolerant than HRP in terms of reaction conditions.
For example, it was observed that the DNAzyme remains active in
a much wider range of H,O, concentration from 50 uM to
200 mM, while HRP was quickly deactivated at > 10 mM. The
small size, high activity, and high stability make the DNAzyme an
attractive reporter (amplifier) in biosensors. As detailed in the
subsequent section, an attempt to apply the DNAzyme in the
construction of the EIS biosensor for label-free detection of
miRNAs was executed.
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Fig. 2. (A) UV-vis spectra of the oxidation of DB by H,0, in the presence of
(1) HRP and (2) the DNAzyme. The reaction mixture contained 1.0 mM DB, 5.0 mM
H,0,, and 10 ng/mL HRP in pH 5.0. 0.10 M phosphate buffer for (1) and 1.0 mM
DB, 12.5 mM H0,, and 0.5 uM DNAzyme in pH 5.0. 0.10 M phosphate buffer for
(2); inset: a photograph recording typical solution colors during the DNAzyme-
catalyzed oxidation of DB at different pHs; and (B) effect of pH on the DNAzyme-
catalyzed oxidation of DB. 1.0 mM DB, 12.5 mM H,0, and 0.5 uM DNAzyme.

3.3. Feasibility study

To test the feasibility of utilizing the DNAzyme as an amplifier
in ultrasensitive detection of miRNAs, 1.0 pM synthetic let-7c
miRNA was tested at the biosensor where the upper segments of
the CPs were fully complementary to let-7c and the lower seg-
ments fully complementary to the tail of the DNAzyme. In addition,
a biosensor coated with CPs fully noncomplementary to Let-7c
was used as the control and treated exactly by the same
procedures alongside the let-7c biosensor. Upon the second
hybridization, the DNAzyme was selectively bound to the lower
segments of the CPs and became fixed on the biosensor surface.
The incubation in the PDB deposition cocktail resulted in the
formation of a thin insulating PDB film on the biosensor surface
via the DNAzyme-catalyzed polymerization of DB, akin to that of
HRP-catalyzed polymerization of DB (Claiborne and Fridovich,
1979), and the hybridized miRNA-CP duplex-guided deposition of
PDB. Additionally, apart from being firmly held by the CP strands,
the immobilized MAn molecules provided additional anchoring
sites for the deposition of PDB. It has been shown that surface-
bonded MAn molecules can form an ordered structure on gold
surface. The amino group on the MAn molecules are more
reactive than aniline and more easily to be oxidized to the cation
radicals, thus participating in the deposition of PDB by serving as
the nucleation sites (anchoring sites) for the chain propagation of
PDB (Sabatani et al., 1995; Hayes and Shannon, 1996).

Fig. 3 shows typical EIS responses and cyclic voltammograms
of the thus treated biosensor and the control. For comparison, the
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Fig. 3. (A) EIS spectra of Fe(CN)z ~/Fe(CN)&~ at (a) the bare gold electrode, (b) the
biosensor after hybridization, (c) control, (d) the hybridized biosensor after PDB
deposition; and (B) their corresponding cyclic voltammograms. 1.0 pM target
miRNA, 60 min hybridization, 30 min incubation in 5U nuclease I, and 60 min
incubation in the PDB deposition cocktail. EIS and voltammetric tests were
conducted in 0.10 M Na,SO,4 containing 2.5 mM KsFe(CN)g/2.5 mM K4Fe(CN)e.
For clarity, the EIS spectrum of the control was scaled up 25 times. Inset: Randles
equivalent circuit; Rs: solution resistance, C4: double layer capacitance, R.: charge
transfer resistance, and W: Warburg impedance (diffusion) element.

EIS spectrum and cyclic voltammogram of a bare gold electrode
were also depicted in Fig. 3. The EIS spectrum of the biosensor
was made of a semicircle on high frequency side followed by a
straight line with a 45° phase angle on low frequency side (Fig. 3A
trace d). The diameter of the semicircle is denoted as the charge
transfer resistance, R, which is the measure of electron-transfer
resistance between the redox probes in solution and the substrate
gold electrode through the deposited PDB film. R is the key
parameter directly correlated with the impeding power of the
PDB film, and hence the concentration of the target miRNA.
Values of R, can be conveniently extracted from the EIS spectrum
by direct analysis of the spectrum or by fitting the spectrum to
the Randles equivalent circuit (Randles 1947) using a complex
non-linear regression least-squares program (Zahner Elektrik,
Germany) with a data weighting of 2.22. The fitting was con-
sidered completed when a modulus impedance error is < 0.25%
and phase angle error is <0.2°. The straight line, on the other
hand, is associated to the diffusion process of the redox probes in
solution. And in this case, it is less significant in the detection of
miRNAs. As represented by trace a of Fig. 3A, a straight line was
observed at the bare gold electrode in the whole frequency range,
indicating that R, of Fe(CN)2~/4~ at the bare gold electrode is
negligibly small and the electrode process is entirely controlled
by diffusion in solution. More importantly, the EIS spectrum of
the control is close to that obtained at the bare gold electrode and
a minimal R, (background) close to that observed at the bare gold
electrode was obtained (trace c of Fig. 3A), due largely to the
complete removal of the CP strands by nuclease 1. The negligible
increment in R, of the control implies that non-hybridization-
related uptake of the target miRNA is insignificant. On the other
hand, the substantially larger R, obtained at the let-7c biosensor
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evidently reflected the consequence of the hybridization of the
let-7c target and the subsequent DNAzyme-catalyzed deposition
of PDB on the biosensor. The hybridization of the target already
resulted in a notable increase in R (trace b of Fig. 3A) as the
presence of the target-CP duplexes on the biosensor efficiently
impeded the electron-transfer between the redox probes and the
substrate gold electrode. A further ~10-fold increase in R, was
realized after the deposition of PDB (trace d of Fig. 3A). Supportive
evidence was found in the corresponding voltammetric responses
(Fig. 3B). As another indicator of electron-transfer resistance, AE,,
was found in the order of AE, (bare gold) < AE, (control) <AE,
(hybridized biosensor) < AE, (hybridized biosensor after PDB
deposition), which is in perfect alignment with the magnitudes
of R, observed.

3.4. Analytical characteristics of the biosensor

Under the optimized conditions (See Supporting Information), it
was found that R of the biosensor is exclusively associated with the
concentration of the target miRNA. To establish the quantitative
relationship between R, and miRNA concentration, three synthetic
miRNAs, namely miR-720 (17 nucleotides), let-7c (22 nucleotides),
and miR-1248 (27 nucleotides), covering from the shortest to the
longest miRNAs found in humans, were used as calibration standards
to assess the analytical characteristics of the biosensor. For control
experiments, a completely noncomplementary 22-nucleotide RNA
was used. The 60-min hybridization and 60-min incubation in the
PDB deposition cocktail generated a dynamic range from 5.0 fM to
1.0 pM and a detection limit of 2.0 fM at a S/N ratio of 3.0 (Fig. 4A).
Tests of 10 individual let-7c biosensors showed that the relative
errors associated with the biosensors were generally less than 15% in
the concentration range from 20 fM to 1.0 pM. In addition, practically
identical sensitivity was observed regardless of the length of the
target miRNA. Since the ratio of the DNAzyme to the target miRNA
strand is fixed at 1:1, similar sensitivities should be observable for all
target miRNAs when hybridizations are performed under similar
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Fig. 4. (A) Calibration curve for miRNA and (B) EIS responses of let-7c biosensors
to let-7c, let-7a, and let-7e. Conditions are as for Fig. 3.

Table 1
Analysis of miRNA in total RNA extracted from cultured cells.
Sample let-7a (10 Let-7b (10° Let-7c (10
copy/pg RNA) copy/pg RNA) copy/pg RNA)
HelLa cells 76+1.4 25435 6.7 +0.95
(8.2 + 1.4)* (23+3.4) (7.4+0.89)
Lung cancer cells 1.9+025 3.0+0.39 2.3+0.38
(2.2+0.25) (2.7 +0.42) (2.1+0.29)

* Data in brackets were obtained by qRT-PCR.

stringencies. The sensitivity observed in this work is among the
highest of label-free electrochemical biosensors (Table S1) and
comparable to that of the RuO, nanoparticle-based system (Peng
and Gao, 2011), but the elimination of the miRNA tagging step greatly
simplifies the assay procedure and enhances the reproducibility.

The specificity of the biosensor was evaluated by analyzing
closely associated miRNAs - members of an miRNA family. The
let-7c biosensor was therefore employed to analyze let-7c and
two interfering miRNAs, namely let-7a (one-base mismatched)
and let-7e (two-base mismatched), at 5.0 fM, 100 fM, and 1.0 pM,
respectively. As seen in Fig. 4B, persistently lower R, values were
obtained with let-7a and let-7e when they were analyzed by the
let-7c biosensor. However, the best selectivity was obtained at
1.0 pM, the upper limit of the calibration curve. The deterioration
in selectivity with decreasing target concentration is largely due
to the increased contribution from the background R.. At 1.0 pM,
the selectivity factors between let-7c and let-7a, and let-7a and
let-7e were found to be 12 and 80, respectively. When three or
more bases were mismatched, R, was found to be indistinguish-
able from the background. Further confirmation of the selectivity
was obtained in an interference study where genomic DNA (from
salon sperm) was used. A positive interference of < 10% was
observed when 1.0 pM let-7c was tested in the presence of
6.0 mg/L (~10 uM in base-pairs) the genomic DNA. This level of
selectivity between the perfectly complementary and mis-
matched target is comparable to those reported in most
hybridization-based biosensors (Tansil et al, 2005; Sassolas
et al., 2008).

In addition to its excellent sensitivity, the label-free approach
makes the proposed biosensor particularly attractive for routine
miRNA analysis. The freedom from chemical/biological ligation
and PCR amplification greatly improves the suitability in direct
profiling miRNAs with minimal sample pretreatment. Three
representative members of let-7 family were analyzed by their
corresponding biosensors, respectively. Aliquots of the total RNA
were diluted with the hybridization buffer and directly applied
to the biosensors. As references, expression levels of the three
miRNAs were simultaneously quantified by a commercial qRT-PCR
kit. As listed in Table 1, the results obtained with the biosensors
were in good agreement with those obtained by qRT-PCR on the
same samples and consistent with published data (Nelson et al.,
2004; Allawi et al., 2004). The relative errors associated with the
detection of the three miRNAs were less than 20%. With the greatly
improved sensitivity, the biosensor significantly reduced the
amount of total RNA needed from micrograms to nanograms.

4. Conclusion

In conclusion, attractive analytical characteristics of the
DNAzyme-based biosensor for highly sensitive label-free detection
of miRNAs were demonstrated in this work. The association of the
DNAzyme to the target miRNA led to the unique DNAzyme-catalyzed
and the miRNA-CP duplex-guided deposition of insulating PDB film
on the biosensor. Being capable of analyzing genomic samples
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without PCR amplification and/or ligation and with minimal require-
ment on sample pretreatment, the proposed biosensor is an attrac-
tive candidate for the development of a highly portable device for
routine miRNA expression profiling at point-of-care.
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