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ABSTRACT: MicroRNA205 (miR-205), as a significant tumor
biomarker, is of vital importance for diagnosis of lung cancer and
its overexpression patterns have been extensively studied. Here,
we report a novel and label-free nanoprobe with high sensitivity
and selectivity for miRNA biomarker detection using localized
surface plasmon resonance (LSPR) technology on a single DNA
modified gold nanocube (AuNC). This method allowed real-
time monitoring of the subtle LSPR scattering peak position’s
change which was aroused by the variation of dielectric constant
in the hybridization process of target miRNA with ssDNA
modified on the surface of AuNCs. Notably, the limit of
detection of the AuNC-ssDNA probe is up to 5 pM in serum sample, and these results showed that the square structure has more
superior sensitivity for design and development of nanoprobe for trace lung cancer relevant miRNAs detection. The better
sensing ability and stability of LSPR probe on a AuNC provide potential application to developing a high flux biochip in the
future.
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Recently, analysis of cancer biomarkers, such as proteins,
DNA, or RNA, has been considered an accurate and

effective method in cancer diagnosis. Among all the biomarkers,
MicroRNAs (miRNAs), working as protein translation
regulators, have especially unique characteristics that enable
their use as biomarkers for historical classification, cancer
diagnosis, and prognosis.1 MicroRNA205 (miR-205) has
confirmed overexpression in serum and sputa of lung cancer
patients. For example, the relative expressions of miR-205 in
nonsmall cell lung carcinoma (NSCLC) tissues were
upregulated more than 10-fold compared with their expression
in cancer adjacent normal tissues (expression levels: miR-205 =
12 356 ± 8741; miR-21 = 674 ± 46).2 The miR-205 expression
levels in NSCLC samples showed a high sensitivity and
specificity for diagnosis of NSCLC.3 Over the past decades, a
variety of analytical methods have been used to detect
oligonucleotides. Compared with the traditional polymerase
chain reaction (PCR) method, a nanoparticle based DNA
detecting method has more advantages in accurate localization,
visible process, and multiple detection including the colori-
metric method,4 fluorescence method,5 quantum dot based
DNA sensor,6 surface-enhanced Raman spectroscopy (SERS),
and electrochemical method.7,8 However, it is very hard to
distinguish tiny color changes by naked eyes; probes with

fluorescence suffer from rapid bleaching and are not bright
enough for some applications; toxicity of quantum dot limits its
wide use; SERS and electrochemical method can hardly be
applied to the analysis of the microsignal, which results in low
repeatability. So, SPR signal based measurement at the single
nanoparticle level is becoming an effective and ultrasensitive
way of oligonucleotide detection due to its positional accuracy,
nontoxicity, and real-time monitoring.
Surface plasmon resonance (SPR) scattering signals of noble

metal nanoparticles, especially gold (Au) and silver (Ag),
possess unique and tunable optical properties.9,10 These
properties contribute to promising research on surface plasmon
photonics including surface electric field enhancement, surface
enhancement Raman, surface plasmonic photocatalysis, surface
energy transfer enhancement, and so on.11 Besides, the tunable
photophysical properties of noble metal nanocrystals and the
efficient addressability through optical and spectroscopic
techniques make this nanotechnology useful not only in
photonics but also in biomedical applications including cell
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imaging, photothermal therapy, and surface plasmon resonance
biosensing.12−17 Among all the plasmonic research and
applications, the surface plasmon resonance biosensor has
become one of the most important plasmonic branches. When
it is hybridized with target molecules, a notable change of
reflective index can be captured,18 which results in the sensitive
detection of target molecules. Compared to normal thin film
SPR sensor, a single plasmonic nanoparticle sensor is more
sensitive due to its superior application in transmembrane
movement,19 intercell detection,20 and targeted photodiagnos-
tics and therapy.21 The effective approach for measuring the
surface plasmon scattering light is based on a spectrograph
analytical technique of dark-field microscopy (DFM), which
can be applied to real-time biosensing of trace biomolecules
with high sensitivity and selectivity.22 For example, the
microscopy system assembled by Yi-Tao Long’s group has
been successfully used with high sensitivity and selectivity to
monitor chemistry reactions, electron-transfer processes, cell
imaging, and cancer diagnosis.23−25 Especially, the LSPR
scattering biosensor could even distinguish the different
structure on a single Ag@Au nanocube surface in our previous
report.26 Therefore, this method provides an alternative
method for the detection of trace biomolecular analyses.
From the results reported, it was confirmed that the surface
plasmon response of nanoparticles was influenced by particles’
shapes. The polyhedral nanoparticles with fewer faces and more
vertices, such as nanocubes and nanostars, showed stronger
surface plasmon resonance effects than nanospheres in a wider
energy range.27

In this case, we explored an individual gold nanocube based
plasmonic nanoprobe modified with thiolated single strand
DNA (ssDNA) for the ultrasensitive detection of trace lung
cancer marker miR-205. As shown in Scheme 1, when the
AuNC-ssDNA probe was hybridized with target oligonucleo-
tides, it will result in a tiny change of dielectric constant of the
AuNC surface microenvironment. Hybridization processes with
a continue red shift in LSPR scattering spectra can be real-time
monitored by the LSPR scattering spectroscopy on an
individual nanoparticle. The detection range of this single
AuNC-ssDNA probe is from 10 pM to 1 μM with a low limit of
detection (LOD) of 5 pM, which is 3 orders of magnitude
lower than the nanosphere’s, showing its superior detecting
sensitivity.28 The results will provide potential applications in
design of plasmonic biochips with sensing cells in nanoscale for
high flux analysis of biomarker.

■ RESULTS AND DISCUSSION
In order to analyze the typical features of AuNCs, some
characterization data (UV, TEM, SEM) of the gold nanocubes
had been accurately obtained. The UV−vis spectra collected

from the AuNCs colloid are shown in Figure 1B. Its maximum
peak position was located at 538 nm which is close to the

absorption spectrum of ∼50-nm-diameter nanosphere but
slightly red-shifted.29 The size, yield, and structure of AuNCs
were further characterized using TEM. From the TEM images,
we can determine that the length of the AuNC is around 50 nm
and the vertices are slightly rounded and the yield is about 80%
by general counting. As we know, the size of the gold
nanoparticles (AuNPs) has a vital influence on the LSPR signal
intensity of noble metal nanoparticles.30

Smaller AuNPs (diameter < 40 nm) presented dull green
light for which scattering spectra are difficult for capture, while
larger sized AuNPs present green or even red color that enable
a much more sensitive signal under the DFM. It obviously
applies the same to our cubical nanoparticles and that is why
AuNCs with edge length over 40 nm were chosen.31,32 During

Scheme 1. Biosensing Scheme of AuNC-ssDNA Probe Based on the Refelective Index Increase Induced by Hybridization on a
Single AuNC Surface

Figure 1. (A) TEM image of ∼50 nm AuNCs. (B) Normalized UV−
vis absorption spectra of colloidal AuNCs (black), AuNCs-ssDNA
(blue), and AuNCs-ssDNA in 100 μM miR-205 solution (red).
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the synthesis process, Au nanocubes with different edge lengths
were attempted by changing the reagents’ dosage, but larger-
sized particle morphology was hard to control, which results in
a decrease in the particle yield. By repeated experiments, the
morphology and yield of Au nanocubes with 50 nm edge length
can be controlled best.
However, getting the accurate SPR spectrum signal of the

AuNC needs further confirmation of morphology and color
under a dark field microscope (DFM), which results in
characterization of in situ SEM images. Individual AuNC
immobilized on the substrate glass slide could be observed
through color photographs obtained by color CCD of DFM.
ImageJ software was used to measure the distance between the
mark and the single AuNC whose shape was supposed to be a
50 nm edge length nanocube, and then the in situ SEM
protocol was employed to obtain the real condition of the
specific AuNC on ITO glass slide. Figure 2A showed the DFM

image of the nanocubes. The in situ SEM image (Figure 2B)
helps to confirm that those dark green points are the right
AuNC-particles. Besides, the comparison of AuNC morphology
before and after hybridization can also be obtained by in situ
SEM characterization. SEM images of AuNC based probe were
given to exhibit its shape and size clearly before (Figure 2B left)
and after (Figure 2B right) hybridization with target miRNAs,
and there was no distinct change in AuNC shape when the
probe ssDNA hybridized with target miRNA. Therefore, due to

its high synthesis yield and easy shape control, ∼50 nm AuNCs
could be chosen to fabricate LSPR nanobiosensors. As a
comparison, the UV−vis spectra of AuNCs-ssDNA solution
and the probe solutions with 10 μM miR-205 were shown in
Figure 1B and Figure S1, respectively. These results could
simply prove that hybridization occurred on the AuNCs surface
but with lower S/N ratio.
Individual AuNC modified with thiolated ssDNA molecule

could be used for target RNA detection through hybridization
reaction which results in a tiny change of the reflective index of
the surface microenvironment, and then there would be a
certain red-shift in their LSPR scattering spectra (Figure S3).
To determine the sensitivity of the probe, the concentration
and the modification time of ssDNA connected with the
AuNCs must be decided. The concentration of the AuNC
aqueous solution used to soak the ITO slide is about 1 nM, so
that we choose 1 μM of ssDNA to modify our AuNCs, which
can ensure the full-scale modification of our particles. Besides,
various modification times of ssDNA on the AuNCs surface
was carried out in analytical experiments with 1 μM target
miRNA, and we could observe that the peak shift of LSPR
scattering spectra of a single nanoparticle achieved the max
value and then slightly decreased after 2 h, which indicated that
long-term modification inducing an overload of probe ssDNA
could prevent the target oligonucleotides from hybridizing33

(Figure 3D). For all of the above, 2 h modification time of
probe ssDNA was applied in the follow-up experiments with
concentration of 1 μM.
Target RNA solution was added onto the AuNC-ssDNA

sensing chip, and then the LSPR scattering spectra of individual
AuNC were continuously captured over 2 h. After the
hybridization, the initial scattering peaks of these AuNC-
ssDNA probes located around 560 nm were red-shifted to
longer wavelength (Figure 3A). The degree of red-shifting of
the LSPR scattering spectrum peak is dependent on the target
molecule concentration, indicating an increase in the reflective
index near Au due to the higher refractive index of double
strand nucleic acid than ssDNA.34 Figure 3B was the
corresponding plot of single AuNC-ssDNA’s LSPR scattering
spectra shift, which was dependent on time; the peak shift
range of the LSPR scattering spectra of single AuNC-ssDNA
increased rapidly at the beginning stage and reached a limit
versus different concentrations (10 pM, 100 pM, 1 nM, 10 nM,
100 nM, 1 μM) of target miRNA with a shift from 0.9 to 5 nm.
The results proved that the red-shift in scattering spectra was
mainly caused by hybridization of probe ssDNA and target
miR-205 on a selected individual AuNC surface. As shown in
Figure 3C, a linear relationship (Δλ = 0.74 × log10 CmiR + 2.33)
between the peak shift and the miR-205 concentration was
observed. The peak shift value decreased to 0.9 nm within the
margin of error with the concentration limited to 10 pM. The
successful analysis of miR-205 by the LSPR scattering spectra
peak shift exhibited higher sensitivity than some previously
reported results on an individual nanoparticle.28

Single AuNC based biosensors have proven useful for the
label-free detection of miRNAs. In our research, miR-205 was
chosen as target miRNA due to its overexpression in lung
cancers.35 In particular, it could be regarded as a useful
biomarker in the early detection of nonsmall cell lung cancer
(NSCLC) accounts for over 80% of all lung cancer cases
worldwide.36 However, to ensure the accuracy and sensitivity of
the detection, contrast experiments are necessary. Three RNAs
with different sequences were chosen to be involved in contrast

Figure 2. (A) Dark-field image of AuNC-ssDNA before hybridization
with miRNA on ITO. (B) In situ SEM images of AuNC-ssDNA in the
selected area of (A); the inset images were the detailed view of one
selected AuNC-ssDNA before (left) and after (right) hybridization
with miR-205.
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and hybridization with the AuNC-ssDNA probes, including
miR-205, single-mismatch miR-205, and random RNA. LSPR
scattering spectra were recorded during the sensing experi-
ments. All the detection experiments were done in ultrapure
water buffer solution. As shown in Figure 4A, when the
hybridization was performed with the same concentration of
100 nM sample, the result was about 4.5 nm red-shift between
ssDNA and miR-205, and there was a scarce LSPR peak shift
when the AuNC-ssDNA probes were placed in random RNA
solution, but the peak position change in the LSPR spectra of
single-base mismatch mi-RNA notably decreased to 1.5 nm.
The results suggested that the AuNC-ssDNA nanosensor could
be used for discriminating target miRNA from other
interference biomolecules with high selectivity. However,
practical use requires further research on the sensing ability
of the AuNC-ssDNA probe based on this plasmonic nano-
biosensor in fetal bovine serum (FBS). In a 50× diluted FBS
without miR-205, which acted as a control, there was almost no
red-shift in the LSPR peak position. Then a sequence of sensing
experiments with different miR-205 concentrations were
performed in 2% FBS. With the presence of miR-205 whose
concentration increased from 10 pM to 1 μM, the red-shift
degree of LSPR scattering spectra also increased proportionally,
which is similar to miR-205 in aqueous solution (Figure 4B).
The LSPR spectra red-shift exhibited good linearity with the
concentration of miR-205 in a wide range with a low LOD up
to 5 pM in serum sample (the LOD was caculated when S/N
was 3). The results provided an alternative method with more
sensitivity for the real sample analysis.28

Figure 3. (A) LSPR scattering spectra of one AuNC-ssDNA probe treated with 1 μM miRNA sample at different times. (B) LSPR spectra peak red-
shifts with the time on various AuNC-ssDNA probes with miR-205 in different concentrations (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 μM). (C)
Calibration curve of the LSPR peak shift versus different concentrations of miR-205 (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 μM). (D) LSPR
Peak shift after treatment of 100 nM target miR-205 with different modification times of 1 μM probe ssDNA.

Figure 4. (A) Peak shift of AuNCs-ssDNA probes’ scattering spectra
under different interference conditions: 1, miR205 for control (100
nM, red); 2, single base mismatch miRNA (100 nM, orange); 3,
random miRNA (100 nM, purple). (B) Calibration curve of the LSPR
scattering spectra peak shift with treatment of different concentrations
of miR-205 (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 μM) in the
serum.
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■ CONCLUSION
We developed a simple and effective AuNC-ssDNA based SPR
nanoprobe for label-free detection of miR-205, a typical
biomarker of lung cancer, at single nanoparticle level. As the
hybridization happened between the AuNCs-ssDNA SPR
probe and the target miRNA, the peak of the SPR spectra
would shift to a longer wavelength. The LSPR spectral red shift
depending on time displays a good linearity in a wide range
with a low LOD up to 5 pM in serum sample. The accurate
discrimination among original, single base mismatched and
random RNA manifest the high sensitivity and excellent
selectivity of this LSPR probe in the serum sample. Comparison
with the detection efficiency between Au-nanosphere, Au-
nanocube probe agrees with theoretical analysis about the
influence of the nanocrystal configuration, which demonstrates
that more vertexes induce more surface plasmons in a wider
energy range. The successful application of the single AuNCs-
ssDNA SPR probe can be used as an effective and sensitive
method for the trace cancer biomarker detection and can
potentially be used in designing a high flux analysis biochip for
early diagnostics of lung cancer in the future.
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