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In the present study, we developed a highly sensitive and convenient biosensor consisting of gold nanoparticle (AuNP) probes
and a gene chip to detect microRNAs (miRNAs). Specific oligonucleotides were attached to the glass surface as capture probes
for the target miRNAs, which were then detected via hybridization to the AuNP probes. The signal was amplified via the re-
duction of HAuCl, by H,O,. The use of a single AuNP probe detected 10 pmol L™ of target miRNA. The recovery rate for
miR-126 from fetal bovine serum was 81.5%—-109.1%. The biosensor detection of miR-126 in total RNA extracted from lung
cancer tissues was consistent with the quantitative PCR (qPCR) results. The use of two AuNP probes further improved the de-
tection sensitivity such that even 1 fmol L™ of target miR-125a-5p was detectable. This assay takes less than 1 h to complete
and the results can be observed by the naked eye. The platform simultaneously detected lung cancer related miR-126 and
miR-125a-5p. Therefore, this low cost, rapid, and convenient technology could be used for ultrasensitive and robust visual
miRNA detection.
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INTRODUCTION of diseases as well as finding new drug targets. However,

MicroRNAs (miRNAs) are endogenous, highly conversed,
noncoding small (21-25 nucleotides in length) RNAs. They
can pair with the 3’ untranslated regions of mRNAs to
regulate gene expression (Ambros, 2004; Bartel, 2004;
Takakura et al., 2008). The change of the expression levels
of miRNAs is related to various diseases, especially to can-
cers. Detecting miRNAs is important in the early diagnosis
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due to their short length, low abundance, and high sequence
similarity, studies on miRNAs is challenging (Duan et al.,
2013; Koshiol et al., 2010; Leshkowitz et al., 2013; Yang
et al., 2009). Northern blotting is the most commonly used
method to detect miRNAs (Cissell and Deo, 2009; Streit
et al., 2008); however, it has the disadvantages of low sensi-
tivity, complex, and time consuming, thereby limiting its
utility in a clinical setting. Real-time PCR can cover a broad
dynamic range with high sensitivity, but it requires precise
temperature control and the short length of miRNAs makes
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the primer design very difficult (Duan et al., 2013; Git et al.,
2010; Kroh et al., 2010; Ren et al., 2013). Electrochemical
based methods have high sensitivity (Gao and Peng, 2011;
Gao and Yu, 2007; Wen et al., 2012; Yin et al., 2012). Un-
fortunately, it is very difficult to detect multiple targets
simultaneously. Thus, it is necessary to develop a new
method for the detection of miRNAs with high sensitivity,
easy operation, and low cost.

In conventional microarray technology, a fluorescent-
labeled probe is usually used (Amundson et al., 1999;
Schena et al., 1996; Shalon et al., 1996). Microarrays re-
quire expensive equipment and an experienced operator to
read and analyze the hybridization signal, which limit their
application (Wang et al., 2010). The emergence of nano-
materials provides new opportunities in biomedical research
and clinical applications (Alivisatos, 2004; Cao, 2008). For
example, gold nanoparticles (AuNPs) possess unique prop-
erties that enable their application in biodetection, such as
size- and shape-dependent optical and electronic features,
high surface area to volume ratio, good biocompatibility,
and surfaces that can be modified with ligands (Giljohann
et al., 2010). Oligonucleotide-modified AuNP probes com-
bined with DNA array have been used to detect DNA
(Storhoff et al., 2004; Taton et al., 2000), which has greater
sensitivity than fluorophore systems. Similarly, AuNP
probes and Raman-active dyes have been used to detect
target nucleic acids (Cao et al., 2002). The Raman tag can
be used as a narrow-band spectroscopic fingerprint and the
detection limit is 20 fmol L™'. Based on these studies, the
combination of AuNPs and microarray allows detection of
nucleic acids with high sensitivity.

We developed a highly sensitive and convenient miRNA
detection biosensor consisting of AuNP probes and a gene
chip. As shown in Figure 1, amino-modified oligonucleo-
tides (capture probes) were conjugated to aldehyde-coated
glass chips via schiff bases. Then, target miRNAs, reporter
probes, and AuNP probes were added to the system and
allowed to conjugate to the chip via base pairing. Finally, an
enhancement solution composed of HAuCl,, H,O,, and
2-(N-morpholino) ethanesulfonic acid (MES) was added.
H,0, reduces HAuCl, to Au’ in the presence of MES buff-
er. The enhancement proceeds as an autocatalytic reaction:
the AuNPs serve as nucleation sites to catalyze the reduc-
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tion of Au ions to metallic Au, the reduction product is de-
posited on the chip, and the results are observed with the
naked eye.

RESULTS AND DISCUSSION

Characterization of AuNP probes

The TEM image of the AuNPs is shown in Figure 2A. The
AuNPs were highly uniform in size and suitable for use in
the experiment. As shown in Figure 2B, the UV-vis spec-
trum of AuNPs solution has a plasmon absorption peak at
520 nm. After modification with detection probes, the
UV-vis spectrum of AuNP probes has a small surface plas-
mon shift from 520 to 525 nm. The absorption peak position
of AuNPs is correlated with particle size and the local
chemical environment (Jain et al., 2006; Link and El-Sayed,
1999). The shift after modification of AuNPs with detection
probes is likely due to the change in particle size. Gel elec-
trophoresis experiments were performed to validate the
conjugation of DNA onto the AuNP surface. As shown in
Figure 2C, the AuNP probes (lane 4) migrated faster than
bare AuNP solution (lane 3), which was expected due to the
added negative charge from the DNA. These results suggest
the successful conjugation of detection probes onto the
AuNPs.
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Figure 1 Schematic of miRNA detection by AuNP probes and gene chip.
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Figure 2 A, TEM image of AuNPs. B, UV-vis spectra of AuNPs solution before and after modification with DNA. C, Agarose gel (3%) electrophoresis to
validate conjugation of detection probes to AuNPs. Lane 1: 20 bp DNA ladder; lane 2: the detection probe; lane 3: AuNP solution; lane 4: AuNP probes.
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Detection of miRNAs based on a single AuNP probe and
gene chip

A single AuNP probe (AuNP probe 1) was used to detect
miR-125a-5p and miR-126. The concentration of the AuNP
probe was estimated to be 13.4 nmol L™ according to the
Lambert-Beer’s law. The concentration of AuNP probe 1
used was 13.4 nmol L™' and the reporter probe was 100
nmol L', Target miRNAs at concentrations from 100 nmol L™
to 10 pmol L' were detected (Figures 3 and 4). Using en-
hancement reaction, the gray spots were seen with the naked
eye and recorded using a microscope. The signal strength
was consistent with the concentration of target miRNAs
(Figures 3 and 4). From the curves, the linearity range was
10 pmol L™'-100 nmol L™ for miR-125a-5p and miR-126
(R*=0.999, R=0.995, respectively).

Accuracy of the single AuNP probe detection system

To evaluate the accuracy of the single AuNP probe detec-
tion system, three concentrations of standard miR-126 were
added to fetal bovine serum (premixed with RNase inhibi-
tor) and analyzed. As shown in Table 1, the recovery rate
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Figure 3 Detection of miR-125a-5p using a single AuNP probe and gene
chip. A, A schematic of the assay in which miR-125a-5p (ranging from 100
nmol L™! to 10 pmol L’l) and a blank control were used. B, The relation-
ship between gray values and the miR-125a-5p concentration. Error bars
show the standard deviation of three experiments.

Table 1 Precision of the single AuNP probe detection system
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for miR-126 was 81.5%-109.1%, indicating the developed
biosensor had good accuracy.

Sample analysis

To evaluate the practical use of our method, we used the
biosensor to detect miR-126 in total RNA extract from lung
cancer tissue samples collected from Shanghai Zhongshan
Hospital. As shown in Table 2, the results obtained using
the biosensor were consistent with that of the qPCR results
and confirmed the practical use of the biosensor.

Detection of miR-125a-5p based on two AuNP probes
and gene chip

Probes optimization

To further improve the detection sensitivity, we used vary-
ing concentrations of AuNP and reporter probes to detect
miR-125a-5p and optimized the conditions. Firstly, the
concentration of miR-125a-5p was fixed at 1 nmol L™, re-
porter probe was 100 nmol L', and AuNP probe 1 was
13.4 nmol L™'. AuNP probe 2 was diluted to a series of dif-
ferent concentrations and used for hybridization. Figure S1A
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Figure 4 Detection of miR-126 using a single AuNP probe and gene chip.
A, A schematic of the assay in which miR-126 (ranging from 100 nmol L™
to 10 pmol L’l) and a blank control were used. B, The relationship between
gray values and the miR-126 concentration. Error bars show the standard
deviation of three experiments.

No. Added of miR-126 Measurement of miR-126 Recovery rate SD
1 10 nmol L™ 8.15 nmol L™ 81.5% 3.6%
2 1 nmol L™ 1.091 nmol L™ 109.1% 5.4%
3 100 pmol L™ 104.7 pmol L™ 104.7% 4.9%
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Table 2 Analysis of miR-126 in total RNA extracted from lung cancer
tissues by our developed assay and qPCR

No. Our dtj:veloped as§lay . qPCR L

(x10” copies pL.™) (x10” copies pL.™)
1 47.6+4.92 35.0+1.63
2 5.50£1.07 4.0+0.62
3 28.8+3.15 23.2+0.80
4 8.32+1.24 6.52+0.27
5 17.3£2.50 10.8+0.88
6 47.9+3.17 12.6+0.27
7 46.8+3.25 27.5+0.35
8 9.12+0.71 4.72+0.40

showed that the optimized concentration of AuNP probe 2
was 6.7 nmol L. Then, the concentration of AuNP probe 2
was fixed at 6.7 nmol L™ and the concentration of AuNP
probe 1 was optimized. Figure S1B indicates that when the
AuNP probe 1 was 0.134 nmol L™, the hybridization signal
could reach a plateau. Finally, the concentration of reporter
probe was optimized when the AuNP probe 1 and 2 were
0.134 and 6.7 nmol L™, respectively. Figure S1C showed the
optimized concentration of reporter probe was 1 nmol L™

Detection of miR-125a-5p

We tested a series of standard miR-125a-5p concentrations
(ranging from 10 pmol L™ to 1 fmol L™) with chip detec-
tion. Figure 5A showed that the gray intensity decreased as
the miRNA concentration decreased. The chip detected the
lowest tested concentration (1 fmol L™ of target miRNA).
Figure 5B showed the gray values were correlated with the
concentration of miR-125a-5p. The linearity range was
1 fmol L™'-10 pmol L™ (R*=0.996).

CONCLUSION

We developed a novel biosensor to detect miRNAs by
AuNP probes and a gene chip. The biosensor was used to
detect miR-126 in lung cancer tissue samples and the results
were consistent with those of qPCR, suggesting the practi-
cal use of the biosensor. Total time required was less than
1 h and the results are easily read by the naked eye. This
assay offers a low cost, rapid, and convenient means of de-
tecting miRNAs in clinical samples.

MATERIALS AND METHODS

Reagents and apparatus

Tetrachloroauric (IIT) acid trihydrate (HAuCl, -3H,0) was
purchased from Acros Organics (Geel, Belgium). About
2-(N-morpholino) ethanesulfonic acid (MES) was pur-
chased from Sigma (St. Louis, USA). Gold nanoparticles
(AuNPs) with diameter of 15 nm were purchased from
Bio-Serve (Shanghai, China). RNase inhibitor (40 U pL"l)
was purchased from Applied Biosystems (Foster City,
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Figure 5 Detection of miR-125a-5p based on two AuNP probes and gene
chip. A, A schematic of the assay in which miR-125a-5p (ranging from
10 pmol L to 1 fmol L") and a blank control were used. B, The relation-
ship between gray values and the miR-125a-5p concentration. Error bars
show the standard deviation of three experiments.

USA). The oligonucleotides were synthesized at Takara
Biotechnology, Inc. (Dalian, China) and are described in
Table 3. All other reagents were of analytical grade and
were used without further processing. Deionized water (re-
sistance >18.3 MQ cm™") was used throughout the experi-
ments.

ProSys-5510 spotting machine (Cartesian Technologies,
Irvine, USA) was used to spot capture probes onto glass
slides. UV-vis spectra were measured using a Jasco V-670
spectrophotometer (Tokyo, Japan). Images were recorded
using an inverted microscope (model BX51; Olympus, To-
kyo, Japan) with an Olympus DP-70 digital camera and DP
controller software (Olympus, Tokyo, Japan).

Preparation of AuNP probes

The morphology of AuNPs was observed by transmission
electron microscopy (TEM). The pH of AuNPs solution was
adjusted to 8.2-8.5 with 0.2 mol L™! K,COs. After centri-
fuging at 8,603xg for 50 min, the supernatant was discarded
and the detection probe was added at a final concentration
of 3 umol L™ in a total volume of 100 pL. After storage at
4°C for 16 h, phosphate buffer (PB; 0.1 mol L™, pH 7.2)
and NaCl (1 mol L™") were added to the solution three times
at 1 h intervals, and the final concentrations were 0.01 and
0.1 mol L™, respectively. After incubating for 48 h, the
AuNP probes were isolated by centrifugation at 8,603xg for
50 min, washed twice with 1 mL of the buffer (pH 7.2)
composed of 0.01 mol L™ PB and 0.1 mol L™" NaCl. Final-
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Table 3 Sequences used in the experiment
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Oligonucleotides

Sequences (5-3")

Capture probe of miR-125a-5p
Capture probe of miR-126
Reporter probe of miR-125a-5p
Reporter probe of miR-126
Detection probe 1

Detection probe 2
MiR-125a-5p

MiR-126

NH,-TTTTTTTTTTTTTTTTTCACAGGTTAAA

NH-TTTTTTTTTTTTTTTTCGCATTATTAC
GGGTCTCAGGGA(T);sGTCGTCTGTTGCTCCTGTGC
TCACGGTACGA(T);sGTCGTCTGTTGCTCCTGTGC
SH-TTTTTTTTTTGCACAGGAGCAACAG
SH-TTTTTTTTTTCTGTTGCTCCTGTGC
UCCCUGAGACCCUUUAACCUGUGA
UCGUACCGUGAGUAAUAAUGCG

ly, the AuNP probes were resuspended in the above buffer
and stored at 4°C. The AuNP probes were characterized by
the UV-vis spectra and gel electrophoresis.

Preparation of gene chip

Capture probes (50 pmol L™") were spotted onto the surface
of the aldehyde-coated glass chips using the ProSys-5510
spotting machine. The spots contained 0.7 nL of each probe.
The diameters of each spot were 100 um, and the distance
between two spots was 500 um. Subsequently, the slides
were kept in a moist environment at 37°C for two days and
washed with distilled water. Then the slides were immersed
in a 40 mmol L™ mercaptosuccinic acid solution for 30 min
to inactivate the remaining binding sites. Finally, the chips
were washed three times with distilled water and stored at
4°C.

Preparation of the enhancement solution

MES (25 mmol L ™), 30% H,0, and HAuCl, (100 mmol L™)
were mixed in a volume ratio of 5:3:2 to prepare the en-
hancement solution. The solution was prepared just before
use in dark.

RNA extraction

Total RNA was extracted from eight frozen lung tissue
samples using TRIzol reagent (Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions. Samples were
obtained with informed consent and the study was approved
by Institutional Review Board of Shanghai Zhongshan Hos-
pital, China. The RNA quantity was evaluated by a micro-
volume spectrometer (Titertek-Berthold, Pforzheim, Ger-
many).

Chip-based miRNA detection

For miRNA detection, 2 pLL of miRNA targets and 2 pL of
reporter probes were dissolved in hybridization buffer
(10 mmol L~ Tris-HCI, pH 7.2, 1 mol L™ NaCl: premixed
with RNase inhibitor). The final mixture volume was 30 pL
for each well and was hybridized at room temperature for
30 min with a prepared gene chip. After hybridization,
slides were washed with 0.2xSSC (0.1% sodium dodecyl
sulfate (SDS)) for 3 min and dried by nitrogen. Then, AuNP
probes 1 and 2 (2 pL each) were mixed with hybridization

buffer and then hybridized on the chip at room temperature
for 30 min. After washing the chip, 30 pL of enhancement
solution was added for each well in the dark. The staining
was terminated after 5 min and the slides were observed
under the microscope.
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