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Abstract
The authors describe a dual (colorimetric and fluorometric) detection scheme for microRNA. The method is based on the use of
fluorescent DNA-modified silver nanoclusters (DNA-AgNCs) and gold nanoparticles (AuNPs). The DNA-AgNCs were linked
to AuNPs via the interaction of ssDNA-AgNC probes with AuNPs. This led to quenching of the fluorescence of the DNA-
AgNCs (best measured at excitation/emission peaks of 370/450 nm) and also prevents salt-induced aggregation of the AuNPs.
Upon addition of microRNA, the DNA on the AgNCs hybridizes with microRNA. This led to the formation of a DNA-AgNC/
miRNA hetero-duplex and increase of the distance to the AuNPs. Quenching was suppressed and fluorescence was restored. The
presence of microRNA also affected salt-induced particle aggregation as reflected by a color change from red to purple that is
visible with bare eyes. The visual detection limit for microRNA is 0.6 nM, and the fluorometric detection limit is 0.4 pM.
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Introduction

MicroRNAs (microRNAs) are a class of evolutionally con-
served, endogenous small RNAs (approximately 19–23 nu-
cleotides). These non-coding RNAs act as gene expres-
sion regulators in animals, plants, viruses and humans
[1]. MicroRNAs play an important role in cancer

initiation and progression, and can be ordered as onco-
genes (oncomicroRNAs) and tumor-suppressor genes [2,
3]. Some microRNAs are oncomicroRNA and are asso-
ciated with breast cancer. In the blood plasma of pa-
t i en t s w i th b r eas t cance r, t umor- suppre s s i ng
microRNAs are low, while oncomicroRNAs are abundant
[4]. Levels of these microRNAs are commonly measured
and used to characterize treatment response [5].
MicroRNA-155 has been identified as a member of
the oncomicroRNA, which is over-expressed in many
human cancers such as breast cancer. Suppressor of cy-
tokine signaling 1 (SOCS1) is a conserved target gene
for microRNA-155 in human breast cancer. Researchers
have shown that SOCS1 is negatively regulated by
microRNA-155 [2, 6]. Hence, this is an important step
to develop efficient and reliable methods for the detec-
tion of microRNAs and understanding its functions in
different regulatory mechanisms, which influence the
progress of microRNA-based therapies in diagnostic as-
sessments at molecular level and new targets in drug
discovery.

Conventional microRNA detection strategies include
Northern blotting, microarray-based detection, qRT-PCR
methods and others. Each of these strategies has its own lim-
itations. For example, Northern blotting analysis which uses a
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radiolabeled probe with low detection efficiency is very com-
plex; while, RT-PCR and microarrays require specialized re-
agents and equipment. Due to these limitations, the develop-
ment of more efficient detection techniques for the species is
important and vital [7].

Various strategies have been developed for the detection of
mature microRNA detection based on nanotechnology. A
number of these methods which have been suggested in recent
years are based on fluorescence, electrochemistry, chemilumi-
nescence, surface plasmon resonance imaging (SPRI) and
surface-enhanced Raman scattering (SERS) [7–10]. Each set
of strategies has its own strengths andweaknesses and as such,
these requirements should be carefully assessed to develop a
successful microRNA research strategy. To establish a simple
read-out and high sensitive method that does not require costly
equipment, researchers have focused on fluorescence-based
detection assays and colorimetric approaches [11].

Nanomaterials have encouraged and enabled researchers to
develop new detection methods for biomedical applications.
Very fine nano-particles (Sizes down to <2 nm), fre-
quently referred to as nano-clusters (NCs), have re-
ceived increasing attention as promising substitutes for
conventional fluorophores [12, 13]. As bare NCs are
unstable in aqueous solution, they need to be synthesized
using a number of ligands as encapsulation agents such as
thiolates, phosphines, and dendrimers. However, the uses of
biomolecules, such as proteins, amino acids and DNA, as
functional ligands for NC synthesis and bioconjugation, are
rather recent developments [14–21]. Nano-clusters have
unique properties such as chirality, ferromagnetism,
photoluminescence, quantum behavior, and single-molecule
optoelectronics [22]. Silver nano-clusters (AgNCs) have
shown great promise in bimolecular labeling and biosensing
due to their high fluorescence quantum yield, photostability,
and excellent biocompatibility. Synthesis of AgNCs by using
a DNA oligomer as the template is a time-saving and cost-
effective method [23]. In this paper, gold nano-particles
(AuNPs) have been used as colorimetric reporters for the de-
tection of microRNA. The AuNPs were used as a colorimetric
indicator due to their surface plasmon resonance (SPR), based
on which dispersed AuNP suspensions had an optical absorp-
tion peak at around 520 nm. In the case of aggregated AuNP
suspensions the absorption peak occurs at a longer wave-
length, which can be described by the Mie theory [24, 25].
The central idea in this work is that DNA-AgNC/microRNA
hetero-duplex and single stranded DNA-AgNCs have differ-
ent electrostatic affinities to gold nano-particles [26–30].
Consequently we proposed a novel, label free dual-mode
Blight on^ biosensor with colorimetric and fluorometric read-
outs for measuring the concentration of microRNA. The
DNA-AgNC probes readily bind to the surface of AuNPs
through strong attractive electrostatic interactions with
citrate-coated AuNPs. Thus, the AuNPs were stabilized

against salt-induced aggregation and fluorescence quenching
of DNA-AgNCs probe happened due to the FRET phenome-
na. On the other hand, in the presence of microRNA, the
DNA-AgNC probes preferred to hybridize with their specific
microRNA and form a DNA-AgNC/microRNA hetero-du-
plex, which got distance from AuNPs and resulting in recov-
ery of QDs fluorescence. In addition, the solution changed
from a dispersion to an aggregation.

Experimental

Reagents and materials

Chloroauric acid (HAuCl4•4H2O) and sodium citrate
(Na3C6H5O7) were purchased from Sigma-Aldrich. Silver ni-
trate (AgNO3) and sodium borohydride (NaBH4) were obtain-
ed from Merck, and all other commercially available sub-
stances were purchased from Aldrich, Merck and Acros, and
used without further treatment. The oligonucleotides se-
quences in Table S1 were synthesized by Shanghai
Generay Biotech Co (Shanghai, China). All other re-
agents were of analytical reagent grade. Ultra-pure water
(Milli-Q plus, Millipore Inc., Bedford, MA) was used
throughout the reactions.

Cells and cell culture human cell lines used in this study
were MCF-7 cells (human breast cancer cell line) and HEK
293 cells (from normal human embryonic kidney cell line).

Apparatus

Absorption spectra were acquired using a Perkine Elmer
lambda25 spectrometer and all the fluorescence measure-
ments were carried out on a Perkin-Elmer LS55 luminescence
spectrometer. TEM images were obtained with a transmission
electron microscope (Zeiss, EM10C, 80 KV, Germany) on a
copper grid.

Synthesis of gold nanoparticles

50 ml of an aqueous solution of hydrogen tetrachloroaurate
(III) tetrahydrate (1 mM) was heated to boiling while being
stirred in a round-bottom flask with a reflux condenser. 10 ml
of trisodium citrate (38.8 mM) was then added into the solu-
tion rapidly. The solution was boiled again for another 10min,
when the color of the solution changed from yellow to red.
The heating was stopped but the stirring continued until the
mixture reached room temperature. The AuNPs solution was
then stored at 4 °C.

TEM analysis was used to determine the diameter and dis-
persion state of the synthesized AuNPs. Using the extinction
coefficient (2.7 × 108 M −1 cm−1) at 520 nm, the concentration
of the AuNPs solution was calculated to be about 4.4 nM
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according to Beer’s law. The average diameter of the synthe-
sized AuNPs was about 15 nm [31].

Synthesis of DNA-AgNCs

In a typical experiment, AgNO3 solution (1 mM, 6 μl) was
added to DNA solution (100 μM, 15 μL) prepared in phos-
phate buffer (20 mM, 100 μl, pH 7.0) to obtain an Ag+-to-
DNA molar ratio of 6:1. The mixture was incubated for
30 min in an ice bath and then reduced by introducing freshly
prepared NaBH4 (1 mM, 6 μL) under vigorous shaking. After
that, the mixture was reacted for 1 h in an ice bath. The molar
ratio of Ag-DNA-NaBH4 in the solution was 6: 1: 6. The
reaction mixture was kept at room temperature in the dark
for 12 h before use. The AgNCs exhibited a fluorescence
emission peak at 450 nm when excited at 370 nm [32].

Total RNA extraction

Cell samples were disrupted and total RNA was extracted
from MCF-7 and HEK 293 cell lines using Cell Culture
LysisReagent (CCLR). Approximately 2.0 × 106 cells were
collected by low-speed centrifugation at 1000 rpm for
10 min. Culture medium was carefully removed and the pellet
was washed twice with PBS. The PBS was carefully removed
and 600 μl CCLR buffer was added. Cells were gently resus-
pended in CCLR buffer with a vortex and incubated for
20 min. Subsequently, 0.2 ml chloroform was added and the
mixture was subjected to a 20 s vortex violently. Next, the

mixture was centrifuged for 20 min at 13,000 rpm at 4 °C
by refrigerated centrifugation. The same volume of isopropyl
alcohol was added to the upper water which has been taken
out and mixed evenly in −20 °C precipitation for the night.
Afterward, the mixture was centrifuged for 20 min at
13,000 rpm at 4 °C, and then the supernatant was removed
and precipitates were washed by 80% ethanol with DEPC
water and centrifuged for 20 min at 13,000 rpm at 4 °C. The
ethanol was volatilized (Letting the tube dry) and the purified
RNA dissolved in an appropriate volume of DEPC water.

Assay procedure

Unmodified AuNPs (4.4 nM, 30 μl) were added to DNA-
AgNCs solutions (100 μl) and incubated for 10 min at room
temperature. After incubation, the fluorescent DNA-AgNC
probes were adsorbed onto AuNPs based on the electro-
static interaction of single strand DNA-AgNC probe
with AuNPs leading to the quenching of the DNA-
AgNCs fluorescence. Then, this reaction solution
(DNA-AgNCs@AuNPs) was added to the sample solu-
tions which contained different concentrations of
microRNA (15 μl) and were incubated for 1 h at
37 °C. Finally, salt (NaCl, 1 mM, 5 μl) was added to
reach the aggregation of AuNPs and mixtures were in-
cubated for 10 min. The fluorescent intensity and absor-
bance of the solution were measured by luminescence
and UV-vis spectrometers. The principle of detection
system is clearly illustrated in Scheme 1b.

Scheme 1 a Construction of
DNA templated AgNCs (DNA/
AgNCs) fluorescent probe for the
detection of microRNA-155. b
The schematic illustration of
detection procedure by the FRET-
based nanobiosensor
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Results and discussion

Characterizations of AuNPs and DNA-AgNCs

UV–Vis absorption spectroscopy and transmission electron
microscopy (TEM) were used for characterization of the gold
nano-particles. The morphology and size of AuNPs were de-
termined through transmission electron microscopy (TEM)
imaging (Fig. S1A), which show the nano-particles to be uni-
form spheres with an average diameter of about 15 nm. In

addition, the dispersed AuNPs exhibit a red color with a strong
absorption peak at 525 nm (Fig. S1B).

The DNA-AgNCs were primarily synthesized by seques-
tering AgNO3 with the DNA and then reducing the silver ions
to Ag0 nano-clusters with NaBH4. The interaction of the Ag-
cytosine bases allows for the formation of DNA-AgNCs with
excellent optical properties [32]. To approve the production of
AgNCs, the DNA-AgNCs were characterized through TEM
images, fluorescence spectrometry and UV-Visible absorption
spectra (Fig. S2A). The size of the AgNCs was characterized
by TEM and as the results are shown in Fig. S2 B, the average
diameter of AgNCs is about 2.0 nm.

General mechanism of dual-readout assay

In this work, AuNPs played two roles (as colorimetric re-
porters and quenchers). Firstly, the AuNPs behaved as color-
imetric reporters enabling the colorimetric assay. Secondly,
the AuNPs served as a strong quencher, which possess an
extraordinary quenching efficiency over a broad range of
wavelengths [24, 33, 34]. There are many reasons why
AuNPs are excellent fluorescence quenchers over longer dis-
tances. For example, (1) since the spherical AuNPs have no
defined dipole moments, as dye molecules do, the fluores-
cence resonance energy transfer (FRET) to the AuNP occurs
for any orientation of the donor relative to the surface of the
AuNPs. (2) Due to the size of the AuNPs, the FRETefficiency

Fig. 1 The overlap between fluorescence emission of DNA-AgNCs and
the absorption spectrum of AuNPs

Scheme 2 The schematic
illustration of the interaction and
the FRET between negatively
charged Au-NP and ssDNA-
AgNCs bases (a) and DNA-
AgNCs/microRNA hetero-duplex
(b)
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from a molecular donor to the AuNP acceptor declines with
distance as compared to the case of a molecular acceptor. (3)
The large absorption cross-section of AuNPs, especially near
their plasmon resonance, enhances their performance as ener-
gy acceptors. (4) In contrast to other molecular acceptors,
AuNPs may also quench fluorescence due to radiative rate
suppression [35].

Accordingly, we developed a biosensor for the detection of
microRNA based on FRET system, using DNA-AgNCs and

AuNPs as the donor and acceptor, respectively. In this system,
we used the AgNCs-based FRETapproach for the detection of
specific microRNA (microRNA-155) sequence. A specific
single stranded DNA sequence was chosen as a template for
the formation of DNA-AgNCs. It was concluded that the
ssDNA-AgNCs sample caused a close proximity between
DNA-AgNCs as the energy donor and AuNPs as the energy
acceptor. This met the requirement for FRET, therefore the
FRET signal was generated. Contrastingly there was no
FRET signal in presence of microRNA-155 target since the
hybridization led to dispersion of DNA-AgNCs and AuNPs.
The fluorescence and absorption spectra of the DNA-AgNCs
and AuNPs in buffer are shown in Fig. 1. As it is shown, the
fluorescence emission of the DNA-AgNCs overlaps the ab-
sorption of spectrum of AuNPs very well. The sufficient spec-
tral overlap between the donor and acceptor may guarantee an
efficient energy transfer from DNA-AgNCs to AuNPs.

Scheme 2 depicts the principle mechanism for the proposed
sensing system. Li and Rothberg [26] previously showed that
single-stranded DNA (ssDNA) could readily adsorb on the
particle surface to act as a stabilizer. Because the ssDNA is
sufficiently flexible to partially uncoil its bases, they can be
exposed to the gold nanoparticles. Under these conditions, the
negative charge on the backbone is sufficiently distant so that
attractive van der Waals forces between the bases and the gold
nanoparticle are sufficient to cause ssDNA to stick to the gold.
Therefore, the fluorescence signal of DNA-AgNCs was
quenched after incubating with AuNPs (Fig. 2a). Yet upon
the addition of microRNA, the DNA-AgNC/microRNA
hetero-duplex got distance from the AuNPs, resulting in the
recovery of NCs fluorescence (Fig. 2b), because proximity of
negatively charged AuNPs induced a repulsive effect.

As another function, the ssDNA stabilizes AuNPs against
salt induced aggregation, whereas double-strand DNA does
not. In the absence of microRNA, the dispersed AuNPs ex-
hibited a red color with a strong absorption peak at 525 nm
(Fig. 2a´). On the other hand, in the presence of microRNA,
the AuNPs were aggregated and manifested by the dramatic

Fig. 2 Fluorescence emission of DNA-AgNCs/AuNPs, (a) Quenching
effect of AuNPs and (b) recovery of fluorescence signal after addition
of microRNA. The absorption spectra of DNA-AgNCs/AuNPs; (a´)
DNA-AgNCs/AuNPs in the presence of microRNAs, (b´) after the
addition of the salt; and TEM image of AuNPs before (c) and after (b)
addition of salt

Fig. 3 a Absorption spectra of
DNA-AgNCs/AuNPs, (b) the
logarithmic plot for A705/A525

versus target microRNA155
concentration (c) and colorimetric
changes after incubation with
different concentrations of
microRNAs (0.5 nM, 1 nM,
5 nM, 50 nM, 0.5 μM, 1 μM),
Incubation time 10 min in
phosphate buffer (The standard
deviations from three replicate
measurements is shown as the
error bars)
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decrease in the absorbance at 525 nm and the concomitant red-
shift of the SPR absorption to 705 nm, which appeared as a
purple solution (Fig. 2b´). To further confirm that the aggre-
gation occurred, TEM imaging was used to test the
feasibility of the colorimetric platform. The morphology
and size of AuNPs were investigated by TEM imaging
of gold nano-particles both before (Fig. 2c) and after
(Fig. 2d) addition of microRNAs.

Analytical performance of DNA assay

To evaluate the DNA-AgNC-AuNP as a dual probe for assay
of microRNA, the absorbance and fluorescence changes were
measured in the presence of concentration ranges of 0.5 nM-

1 μM and 1pM – 5 μM, by UV-visible and fluorescence
techniques, respectively. As shown in Fig. 3, the characteristic
absorption peak of AuNPs at 525 nm gradually decreases and
new peaks at 705 nm progressively strengthen with increasing
the concentration of microRNA-155, with a color change
from red to purple solution. Based on the results, good linear
relationships were found between the absorption ratios (A705/
A525) and the concentration of microRNA-155 in the range
1 nM-5 μM, with a regression equation of A = −0.203C +
2.42 (R2 = 0.961). The detection limit for microRNA-155
was determined to be 0.6 nM (S/N = 3).

As shown in Fig. 4 the emission peak at 450 nm gradually
increases with increasing the concentration of microRNA-155
in the range 1 pM–5 μM. The results prove that in the pres-
ence of microRNA, the DNA-AgNC probes were hybridized
to their specific target microRNA and do not bind onto the
surface of AuNPs which led to a stronger fluorescence signal.
The higher the microRNA concentration, the higher the ob-
served fluorescence emission intensity. As a result, a linear
relationship was obtained from the plot of fluorescence inten-
sity as function of the concentration of microRNA-155 over
the range of 1 pM −5 μM, with a regression equation of I =
−4.50 C + 82.2 and C = (−log microRNA155) (R2 = 0.994).
The detection limit for microRNA155 was estimated to be
0.4 pM according to the equation of LOD = 3SD/slope, which
is lower than those reported in the case of previous nano-
clusters [Table 1] [36–43].

According to Table 1, the sensitivity of the analytical assay
is also comparable to other methods based on nano-
clusters, except for electrochemical methods and
TAPNR amplification-based methods, which require
complicated experimental steps such as labeling, immo-
bilization, washing and enzyme amplification. However,
compared with current sensors, the results in this work
clearly indicate an excellent sensitivity for detection of
microRNA, on the biosensing probe.

Fig. 4 Fluorescence recovery at different microRNA-155 concentration
(1 pM, 10 pM, 50 pM, 100 pM, 0.5 nM, 1 nM, 5 nM, 50 nM, 0.5 μM,
1 μM, 5 μM,) λex of DNA-AgNCs = 370 nm; Incubation time 10 min,
Inset: calibration curves for detection of microRNA (The standard devi-
ations from three replicate measurements is shown as the error bars)

Table 1 Detection performance comparison of our strategy in miRNA detection with other methods by using nanocluster

Method Amplification LOD References

DNA-Cu nanocluster By etching 2.2 pM [36]

DNA-Cu/Ag nanocluster Magnetic microparticle probe and CuO nanoparticle probe -assisted
signal amplification coupling fluorescent metal nanoclusters

~0.73 pM [37]

DNA/Ag nanocluster Locking-to-unlocking system – [38]

DNA-RNA heteroduplexes Cu nanocluster Electrocatalysis of CuNCs 8.2 fM [39]

In situ DNA-templated synthesis
of Ag nanocluster

The target assisted polymerization nicking reaction
(TAPNR) amplification

0.64 fM [40]

DNA/RNA chimera Ag nanocluster – – [41]

Au and Ag nanoclusters Using a glassy carbon electrode modified with chitosan, graphene
sheets, and a poly (amidoamine) dendrimer composite

0.79 fM [42]

Au nanoclusters Resonance energy transfer between CdTe nanocrystals and Au nanoclusters 21.7 fM [43]

Ag nanoclusters Resonance energy transfer between gold nanoparticle and
Au nanoclusters

0.4pM This work
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Selectivity

Further the selectivity of the developed system was
evaluated by examining its fluorescence responses to
three artificially synthesized microRNAs of microRNA-
21, let-7a, microRNA-155 and a mixture of all those
microRNAs at the same concentration of 5 nM along-
side microRNA-155 specific sequence. As shown in
Fig. 5, the fluorescence signal of the probe toward
microRNA-155 is much stronger than that of other
microRNAs, which are close to that of the blank sam-
ple. These results confirm the high selectivity of the
probe for microRNA-155.

Analysis of microRNA-155 in total RNA sample

Finally, to test the feasibility of the method to determine
miRNA in real biological samples, we investigated ex-
pression level of miR-155 in total RNA sample extract-
ed from the MCF-7 as a human breast cancer cell lines
and HEK 293 as a normal human embryonic kidney cell
line. The results indicate that MCFcell lines had higher
miR-155 expression level than HEK 293 cell lines
(Fig. 6), which is in good accordance with quantitative
real-time PCR (qRT-PCR; as a gold standard method)
results. The relative intensity was evaluated and normal-
ized to the expression of U6 small nuclear RNA (U6
snRNA). The relative expression was calculated by the
equation: Fold change = 2−ΔΔCt.

Conclusion

In summary, this study describes the development of a
dual-mode sensing platform that not only simply makes
the visualization of microRNA with bare eyes possible,
but it also provides a label-freeand rapid FRET sensing
system. Additionally, the ability of the colorimetric as-
say to quantify miRNA levels in cell culture lysates
from breast cancer cells was acceptable but not exactly
the same as that of qRT-PCR. Although, this platform is
not ultrasensitive, it′s the first report for microRNA de-
tection based on energy transfer between NCs and
AuNPs, with two different signals for the detection
and quantification of miRNAs in biological samples
without the use of expensive and complex equipment.
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