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Ultra-Speciﬁc Zeptomole MicroRNA Detection
by Plasmonic Nanowire Interstice Sensor with
Bi-Temperature Hybridization
Taejoon Kang, Hongki Kim, Jeong Min Lee, Hyoban Lee, Yun-Seok Choi,
Gyeongwon Kang, Min-Kyo Seo, Bong Hyun Chung,* Yongwon Jung,*
and Bongsoo Kim*

MicroRNAs (miRNAs) are emerging new biomarkers for many human diseases.
To fully employ miRNAs as biomarkers for clinical diagnosis, it is most desirable
to accurately determine the expression patterns of miRNAs. The optimum miRNA
profiling method would feature 1) highest sensitivity with a wide dynamic range for
accurate expression patterns, 2) supreme specificity to discriminate single nucleotide
polymorphisms (SNPs), and 3) simple sensing processes to minimize measurement
variation. Here, an ultra-specific detection method of miRNAs with zeptomole
sensitivity is reported by applying bi-temperature hybridizations on single-crystalline
plasmonic nanowire interstice (PNI) sensors. This method shows near-perfect
accuracy of SNPs and a very low detection limit of 100 aM (50 zeptomole) without
any amplification or labeling steps. Furthermore, multiplex sensing capability and
wide dynamic ranges (100 aM–100 pM) of this method allows reliable observation of
the expression patterns of miRNAs extracted from human tissues. The PNI sensor
offers combination of ultra-specificity and zeptomole sensitivity while requiring two
steps of hybridization between short oligonucleotides, which could present the best
set of features for optimum miRNA sensing method.
1. Introduction
MicroRNAs (miRNAs) are short and single-stranded RNAs
that regulate major portion of gene expression.[1–3] The
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expression patterns of miRNAs in the tissue and blood samples of patients are often closely associated with disease types
and also disease stages, hinting certain miRNAs for compelling diagnostic markers.[4–10] To fully employ miRNAs as biomarkers for diagnosis and prognosis in clinical processes, it
is most desirable to accurately determine the expression patterns of miRNAs in human samples. A major challenge in
miRNA detection has been to overcome inconsistent measurement results, caused by low specificities and complicated
sensing procedures.[11,12] The optimum profiling method
of miRNA would feature 1) highest sensitivity with a wide
dynamic range for accurate expression patterns, 2) supreme
specificity to discriminate even singly mismatched short
miRNAs, avoiding false measurements, and 3) simplified processing steps to minimize measurement variation.
While polymerase chain reaction (PCR) assays and
microarrays have been most widely used for the detection of
miRNA, these methods often suffer from error-prone amplification and cross-hybridization because of aberrantly short
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sequences of miRNAs.[13,14] Recently, utilizing nanostructures for diverse sensing techniques substantially improved
the miRNA sensing abilities.[15–27] For examples, Dorvel
et al. reported Si nanowire (NW)-based miRNA sensor with
a detection limit of 1 fm.[18] Tian et al. demonstrated interference-free detection of miRNAs by using nanopore.[15] Shah
et al. designed Ag nanoclusters/DNA probes for fast fluorescent detection of miRNAs in 1 h.[17] Graphene oxide and
nanocontainer were also used for intracellular detection of
miRNAs.[19,20]
Here, we report ultra-specific detection
method of miRNAs with zeptomole sensitivity by applying bi-temperature hybridizations on single-crystalline plasmonic NW
interstice (PNI) sensors. This method shows
near-perfect accuracy of single nucleotide
polymorphism (SNPs) and extremely low
detection limit of 100 am, corresponding
to 50 zeptomole in a 500 µL volume for all
investigated miRNAs without any chemical
or enzymatic reactions. Bringing bi-temperature miRNA hybridizations on atomically
smooth Au nanowire surfaces has contributed to the exceptional sensitivity as well as
near-perfect discrimination of single base
mismatches on miRNAs. Furthermore,
wide dynamic ranges (100 am–100 pm) and
multiplex sensing capability of this method
enable successful measurements of the
expression patterns of miRNAs extracted
from human skeletal muscle (SKM) and
heart tissues. The present PNI sensor offers
combination of ultra-specificity and ultrasensitivity while requiring only two steps
of hybridization between short oligonucleotides, which could present the best set
of features for optimum miRNA sensing
method. We anticipate that the PNI sensor
combined with the bi-temperature hybridization can lead to discovery of novel biomarkers and eventual early diagnosis of
corresponding diseases.

and reproducible detection of diverse biochemical molecules because of their well-defined architecture.[38–44] For
the ultra-specific and ultra-sensitive detection of miRNAs,
we applied miRNA-specific bi-temperature hybridizations to
single-crystalline Au NW surfaces, where short miRNAs can
readily crawl into the narrow hot spots of the PNI sensor for
effective SERS detection (Figure 1a). PNI sensors are fabricated by simply placing a single-crystalline Au NW on a
Au film. Au NWs were synthesized on a sapphire substrate
by using a vapor transport method.[45] As-synthesized NWs

2. Results and Discussion
2.1. PNI Sensors Combined with
Bi-temperature Hybridization Provide
Ultra-speciﬁc Detection of miRNAs
Among various kinds of nanostructures,
NWs have been employed as superb
signal transducers for detection of biological and chemical species because the
diameters of NWs are comparable to the
size of such species.[28–37] In particular,
single-crystalline noble metal NW-based
surface-enhanced
Raman
scattering
(SERS) sensors allowed highly sensitive
small 2014, 10, No. 20, 4200–4206

Figure 1. a) Schematic representation of miRNA detection by PNI sensors worked with
bi-temperature hybridization. Firstly, PNI sensor is prepared by laying down the probe
LNA-modified Au NW onto Au film. Secondly, perfectly matched miRNA and single base
mismatched miRNA are incubated with the PNI sensor in 42 °C. Finally, Cy5-labeled reporter
LNA is incubated with the PNI sensor in 64 °C. Only in the presence of perfectly matched
miRNA, sandwich hybridization of probe LNA-miRNA-reporter LNA can be formed in the PNI
sensor and strong SERS signals of Cy5 can be obtained. b) Cross-sectional TEM image of the
PNI sensor. c) Calculated distributions of the local electric field intensities, |E|2, of PNI sensor
at the excitation wavelength of 632.8 nm. The k- and E-vectors indicate the incident direction
of light and the polarization direction, respectively. d) SERS spectra of Cy5 measured from PNI
sensors in the presence of perfectly matched miRNA (miR206; blue spectrum) and of single
base mismatched miRNA (miR206 A; red spectrum), both in 100 pM concentrations.
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were modified with thiolated locked nucleic acids (LNAs)
and then transferred onto a Au film by using a nanomanipulator. LNA is a modified RNA nucleotide that can offer substantially increased affinity for its complementary strand.[46]
The cross-sectional transmission electron microscope (TEM)
image of a PNI sensor illustrates a Au NW with a rhombic
cross-section sitting on a smooth Au film (Figure 1b). Since
Au NWs are single-crystalline with very well-defined facets
and atomically flat surfaces, the PNI sensor provides highly
reproducible as well as sensitive SERS signals at the gap
between the NW and the film upon laser excitation. Distribution of the local electric field intensities, |E|2, over the PNI
sensor was calculated by the finite-difference time-domain
(FDTD) method at an excitation wavelength of 632.8 nm
(Figure 1c). The k- and E-vectors indicate the incident direction of light and the polarization direction, respectively. The
gap between the Au NW and Au film was set as 4 nm. This
calculation indicates that a strongly enhanced electric field is
locally induced at the gap between the NW and film when
the NW is illuminated by the excitation light. Maximum electric field intensity enhancement of ≈ 2500 is obtained at the
sharp edge of a Au NW adjacent to a Au film.
Among more than 24, 000 miRNAs that have been currently identified,[47] many miRNAs have similar sequences,
often showing SNPs. Developing detection strategies to discriminate these small but sequentially similar miRNAs has
been quite challenging. To detect intact miRNAs, we adopted
sandwich hybridization strategy. Although this strategy
has been quite effective in detecting normal DNAs and
RNAs,[38,48–51] sensitive and selective detection of miRNAs

by this method can be difficult because miRNAs are short
and have very similar sequences. We utilized a sandwich
hybridization of probe LNA-target miRNA-reporter LNA
structure for SERS detection and found that attaching the
reporter LNA at higher temperature distinctly increases
target selectivity, consistent with a previous report.[46] In
experiments, probe LNA-modified PNI sensors were incubated with various miRNAs at 42 °C and subsequently incubated with Cy5-labeled reporter LNA at 64 °C (Figure 1a). If
the target miRNAs have perfectly complementary sequences
to both probe and reporter LNAs, sandwiched complexes of
probe LNA-miRNA-reporter LNA can be stably formed on a
PNI sensor, providing strong SERS signals of Cy5. Blue spectrum in Figure 1d shows clear and strong SERS spectra of
Cy5 measured from PNI sensors for the sample of perfectly
matched miR206. In contrast, when the sample only contains
single base mismatched miR206 A, little signal was observed
(red spectrum in Figure 1d). Both samples are in 100 pM concentrations. SERS signals of Cy5 by non-specific adsorption
were hardly observed because the PNI sensors were washed
with buffers several times before the measurements. The
clear signal difference indicates very high specificity of this
detection scheme (Figure S1 in Supporting Information).
To further evaluate the specificity, we prepared probe
(Probe 1, 2, 3, and 4) and reporter LNAs (Reporter 1, 2, 3,
and 4) that match four target miRNAs (miR206, let-7a,
miR21, and miR96) as written in the inset of Figure 2a-d.
We also prepared two different types of SNPs on the target
miRNAs. One had a single base mismatch on the probe LNA
recognition site (miRNA A) and the other had a single base

Figure 2. a–d) Plots of 1580 cm−1 band intensity with various target miRNAs in concentrations of 100 pM. When the target is perfectly matched
miRNAs (miR206, let-7a, miR21, and miR96), strong SERS signals of Cy5 are obtained from PNI sensors. When the targets are single base
mismatched miRNAs (miR206 A and B, let-7a A and B, miR21 A and B, and miR96 A and B), featureless signals are obtained. The sequences of
probe (Probe 1, 2, 3, and 4) and reporter LNAs (Reporter 1, 2, 3, and 4) and target miRNAs are written in the inset of each figure. Data represent
the mean plus standard deviation from ten measurements.
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mismatch on the reporter LNA recognition site (miRNA
B). These were prepared for all four different miRNAs.
The SERS band intensities at 1580 cm−1 were compared
in Figure 2. Strong SERS signals of Cy5 were observed for
perfectly matched miRNAs, while little SERS signal was
observed in all single base mismatched miRNAs (Figure S2
in Supporting Information). All samples were in 100 pm concentrations. Additionally, we demonstrated the specificity
of PNI sensor by using the purine-pyrimidine mismatched
miRNAs (Figure S3 in Supporting Information). Weak SERS
signals were obtained for purine-pyrimidine mismatched
miRNAs, further confirming the specificity of PNI sensors
with bi-temperature hybridization. Moreover, we investigated
the specificity of PNI sensor by moving the position of single
base mismatch in target miRNAs (Figure S4 in Supporting
Information). Regardless of the position of single base mismatch in miRNAs, we can distinguish the perfectly matched
miRNAs and single base mismatched miRNAs (Table S1 in
Supporting Information).

and Table S2 in Supporting Information). Observed ultraspecificity of PNI sensors for miRNA is superior to the
previously reported LNA/bi-temperature based microarray
method on glass surfaces.[46] For instance, the estimated
nonspecific false concentration of 100 pm let-7c (let-7a A
in this study) to let-7a specific probes was over 1 pm,[46]
whereas it is only ≈36 am in the present work. In addition,
single base mismatches on the reporter LNA recognition
sites were poorly discriminated on glass surfaces.[46] Compared to rough and rather irregular glass surfaces, atomically smooth single-crystalline Au surfaces of our PNI
sensors provide highly uniform and well-aligned probe LNA
molecular layers and effective subsequent hybridizations,
which could contribute to exceptionally high specificity. It
is also noteworthy that the observed near-perfect specificity of PNI sensors was achieved without any enzymatic
reactions. While several enzymes have been successfully
employed to improve the detection ability of SNPs, these
methods often suffer from difficulties in optimizing enzymatic reactions.[13,56–60]

2.2. Zeptomole Detection of miRNAs
While the PNI sensors can greatly enhance the SERS
signal from the target molecules, the interstice size should
be smaller than 10 nm for effective signal enhancement
according to calculations. Normal DNAs or RNAs contain
several hundreds of base pairs and are of a size of several
tens of nm, which could be rather large to fit into a very small
interstice (<10 nm). In this regard, the PNI sensors could be
more optimal sensors for miRNAs of a very small size than
for normal DNAs or RNAs of a larger size.
Figure 3a shows SERS intensity dependence on concentrations of miR206 measured from the PNI sensors. Cy5
SERS signals from reporter LNAs gradually decrease with
decreasing concentrations of miR206. Impressively, the signal
is still visible even at an extremely low concentration of
100 am (the arrow-tagged one), distinct from the spectrum
with no miRNA. Figure 3b shows the plots of 1580 cm−1
band intensities versus concentrations of four miRNAs. The
signal shows decent linearity over a concentration range of
100 am–100 pm. The estimated detection limit is 100 am, corresponding to 50 zeptomole in a 500 µL hybridization volume.
This detection limit is significantly lower than those of previously reported SERS-based miRNA sensors and comparable
to some of the most sensitive detection methods employing
various amplification reactions.[23,52–55] Also importantly,
Figure 3b shows that SERS signals show a quite constant
linearity with respect to logarithmic concentrations for all
four miRNAs in spite of their varying degrees of GC contents. The ultra-smooth Au NW surface to which probe LNAs
are attached, straightforward probe immobilization using
thiol-gold bonding, and simple miRNA-LNA hybrid formation with equalized stabilities seem to collectively contribute
to the observed equally enhanced and highly reproducible
SERS signals for all investigated miRNAs.
The estimated false positive concentrations due to crosshybridization (nonspecific binding) were all below the estimated detection limit (100 am) of the PNI sensor (Figure 2
small 2014, 10, No. 20, 4200–4206

Figure 3. a) SERS spectra of Cy5 measured from PNI sensors at
various concentrations of miR206. The arrow-tagged signal is for
100 aM concentration. b) Plots of 1580 cm−1 band intensities versus
the concentration of four target miRNAs (miR206, let-7a, miR21, and
miR96). Data represent the mean plus standard deviation from ten
measurements.
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Figure 4. a) 1580 cm−1 band intensities measured from each PNI sensor when the sample contains one, two, three, and four kinds of target miRNAs
of which concentrations are 100 pM each. b) 1580 cm−1 band intensities when the sample contains four kinds of total RNA extracts (SKM, heart,
SKM including miR96 of 1 pM, and heart including miR96 of 1 pM). Data represent the mean plus standard deviation from ten measurements.

2.3. Multiplex Detection of miRNAs
MiRNAs, regulating gene expressions, are heavily involved
in a variety of disease processes, and multiple miRNAs
are often simultaneously related with disease types and
stages.[7–10] For reliable miRNA-based diagnosis, many different miRNAs with diverse sequences and a wide range of
concentrations must be measured simultaneously. For multiplex detection of miRNAs, we placed multiple PNI sensors
in specific alignments, each of which attached with different
probe LNAs. Since a single PNI sensor can detect a specific
miRNA and the specific alignment of each PNI sensor provides the positional address, aligned PNI sensors can detect
multiple miRNAs from miRNA mixtures (Figure 4a). With
only miR96 in the sample, SERS signal was detected only at
the PNI sensor having Probe 4. When the sample contains
two, three, and four kinds of miRNAs, respectively, SERS signals were obtained only at the corresponding two, three, and
four PNI sensors, respectively, indicating no cross reactivity.
Lastly, we investigated the expression patterns of four
miRNAs in human tissues. Total RNA extracts from SKM
and heart tissue were dissolved in a hybridization solution
and applied directly to PNI sensors without any miRNA processing such as labeling or amplification. The resultant SERS
signals show varying levels of miR206, let-7a, and miR21
in the total RNA extracts from human tissues with very
low miR96 expression (the left half of Figure 4b and Table
S2 in Supporting Information). Consistent with previous
reports, let-7a is the most abundant in both SKM and heart
tissues.[46,52,53,61] Calculated concentrations of let-7a in these
tissues (1 µg total RNA in 500 µL sample) are over the quantitative detection range (100 pm) of the present PNI sensor.
Expression patterns of miR206 and miR21 were also correlated well with previous results.[46,52,53,61] High level miR206
was detected in SKM tissues, whereas only 3.8 fm of miR206
was observed in heart tissues. The attomolar sensitivity and an
exceptionally wide dynamic range of the current PNI sensor
allowed simultaneous detection of highly abundant miRNAs
as well as extremely low femtomolar miRNAs. To check
detection accuracy for very low concentrations of miRNAs
in real human samples normally containing much larger concentrations of other RNAs, a very small amount of synthetic
miR96 was injected into solutions of total RNA extracts, corresponding to ≈ 0.3 parts per million. Reproducible, while
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somewhat reduced, concentrations of miR96 were measured
(the right half of Figure 4b). Such reduction can be ascribed
to the reduced activity of miRNA due to rich RNA contents in RNA extracts, suggesting the need of calibration in
the human sample. Various miRNAs were also measured in
the presence of human serum. Synthetic miRNAs and total
RNA extracts were dissolved in 10% human serum and asprepared PNI sensors were incubated with the miRNAs in
serum at 42 °C. After second incubation with reporter LNAs
at 64 °C, SERS signals were measured (Figure S7 in Supporting Information). Strong SERS signals were obtained
from synthetic miRNAs even in human serum. The obtained
expression levels of four miRNAs were also well-agreed with
miRNA profiles of the total RNA without serum (Figure 4b).
This measurement further demonstrates that PNI sensors
developed here are highly reliable for multiplexed miRNA
detection of the human samples.

3. Conclusion
We report highly consistent PNI sensors that allow ultraspecific and zeptomole-sensitive detection of multiple
miRNAs without the need for chemical or enzymatic reactions. SERS detection of miRNA-LNA complexes formed
by bi-temperature hybridization provided an impressive
100 am (50 zeptomole) sensitivity. Compared with previously reported SERS-based miRNA sensors, this detection
limit is more than two orders of magnitude lower. Furthermore, diverse single base mismatches on various miRNAs
were completely discriminated. Specific miRNA detection
using bi-temperature hybridization strategy was substantially improved by the present PNI sensors that feature
ultra-smooth Au NW surfaces for LNA-miRNA hybridization. We also demonstrated reliable observation of expression patterns of multiple miRNAs from human tissues with
multiplexed PNI sensors. PCR-like dynamic ranges (100 am–
100 pm) of our PNI sensor allowed simultaneous detection
of miRNAs of a wide range of cellular concentrations. We
anticipate that our approaches to measure multiple intact
miRNAs with PNI sensors, featuring unprecedented combination of sensitivity and specificity, will be highly valuable
for multiplexed miRNA detection and its applications such
as early disease diagnosis.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2014, 10, No. 20, 4200–4206

MicroRNA Detection by Plasmonic Nanowire Interstice Sensor

Table 1. Fitting parameters for the Drude-CP model for wavelength
400–2000 nm.
Parameter

Value

ε∞

1.207

ωp [rad s−1]

1.279 × 1015

Γp [rad s−1]
ω1, ω2, ω3 [rad

3.561 × 1013
s−1]

3.805 ×

Γ1, Γ2, Γ4 [rad s−1]

1015,

3.813 × 1015, 4.882 ×
1015

4.396 × 1015, 7.674 × 1014, 1.166 ×
1016

a1, a2, a3

–2.116, 0.8750, –3.505

ϕ1, ϕ2, ϕ3 [rad]

–3.801, 4894, 2.774

4. Experimental Section
Materials: The thiolated probe LNA and Cy5-labeled reporter
LNA were purchased from Eurogentec. The thiolated probe LNA
was treated with 1 M dithiothreitol (Sigma-Aldrich) and purified
by using a NAP-5 column (GE healthcare Co.). All RNA oligonucleotides were purchased from Bioneer (Daejeon, Korea). The
total RNA extracts were purchased from Ambion and directly used.
NaCl, Na3C6H5O7, and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich. Human serum (S7023) was purchased
from Sigma-Aldrich. Phosphate buffered saline (PBS) and tween
20 were purchased from Gibco.
Numerical
Calculations:
In
the
FDTD
simulation,
Au was modeled
with
the
Drude-critical
points
model:
ε p2
e iφ
e –iφ
⎛
⎞ . We fit the experiε (w) = ε ∞ – 2
+ ∑ i A iw i ⎜
+
⎟
w – w – iΓ w + w + iΓ
i

ε + iwΓ p

⎝

i

Supporting Information

i

i

i

i

⎠

mentally determined dielectric function of Au in the spectral range
of 400–2000 nm with three critical point terms accounting for
the interband transitions.[62] The fitting parameters were set as
in Table 1. At 632.8 nm, the complex dielectric constant of Au is
−10.674 + 0.7459i. The gird size of the calculation domain was
0.25 nm and the complex-frequency-shifted perfectly matched
layer was used as the absorbing boundary condition.
Preparation of PNI Sensors: Single-crystalline Au NWs were
synthesized on a sapphire substrate in a horizontal quartz tube
furnace system by using a previously described vapor transport
method.[45] Briefly, the sapphire substrate was placed a few
centimeters downstream from an alumina boat filled with an Au
slug. Ar gas flowed at a rate of 100 standard cubic centimeter
per minute, maintaining the chamber pressure at 1 ≈ 5 Torr. The
high temperature zone of the furnace was heated to 1100 °C.
Au NWs were grown on the substrate for a reaction time of 30
min. For immobilization of a probe LNA, as-grown Au NWs were
incubated in the solution of 10 nM probe LNA, 3 × saline-sodium
citrate (SSC; 450 mM NaCl and 45 mM Na3C6H5O7), and 0.04%
SDS at room temperature for 12 h. The excessive probe LNA was
washed with the solution of 2 × SSC and 0.1% SDS. The probe
LNA-modified Au NWs were then transferred onto a Au film
fabricated by electron beam assisted deposition of 10 nm Cr
followed by 300 nm Au. By using a custom-built nanomanipulator with a W tip (≈100 nm diameter at the end) mounted on a
3-dimensional piezoelectric stage (Sigma-Koki), a single NW can
be easily transferred on a Au film in a desired alignment, which
provides multiplex sensing capability as positional addresses of
the NWs.
small 2014, 10, No. 20, 4200–4206

Detection of miRNAs: Various target miRNAs in a hybridization solution (5 × SSC, 0.1% SDS, and 20 units RNase inhibitor;
500 µL) were incubated with PNI sensors at 42 °C by using a
rotating hybridization incubator (Agilent) for 16 h. After hybridization, the PNI sensors were washed with a pre-warmed (42 °C)
solution of 2 × SSC and 0.1% SDS. Subsequently, these sensors
were treated with a mixture of reporter LNAs (10 nM of four reporter
LNAs in 1 mL hybridization solution) at 64 °C for 1 h. Next, the PNI
sensors were washed with PBST (PBS with 0.05% tween 20) and
0.1 ×PBS, dried under silent N2 stream, and measured by a microRaman system.
Instrumentation: TEM images were taken on a JEOL JEM-2100F
TEM operating at 200 kV and cross-sectional TEM specimen was
prepared by a dual-beam focused ion beam (NOVA200). The
micro-Raman system was home-built based on an Olympus BX41
microscope. Radiation of a He-Ne laser (Melles Griot) at 632.8 nm
was used as the excitation source, and the laser was focused on
an Au NW through a 100× objective (Numerical aperture = 0.7,
Mitutoyo). The polarization direction of the laser was controlled by
rotating a half-wave plate. SERS signals were recorded with a thermoelectrically cooled electron multiplying charge coupled device
(Andor) mounted on a spectrometer with a 1200 groove per mm
grating (Dongwoo Optron). Two holographic notch filters were used
to remove the 633 nm light.

Supporting Information is available from the Wiley Online Library
or from the author.
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