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Fluorescence amplified sensing platforms
enabling miRNA detection by self-circulation
of a molecular beacon circuit†
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Yuna Choi,c Yong-Min Huh,ce Taejoon Kang,ab Juyeon Jung*ab and
Eun-Kyung Lim *ab

We have proposed a novel strategy for miRNA detection through

enzyme-free signal amplification by self-circulation of the hybridi-

zation between the miRNAs and molecular beacon (MB) circuits.

Unlike general MB-based miRNA detection based on the one-to-

one (1 : 1) hybridization between MBs and miRNA, our system

consists of four species of MBs (MBs A, B, C and D) (MB circuits)

and is activated by a hybridization chain reaction. MBs stably

coexist as hairpin structures that hardly show fluorescence signals

in the absence of target miRNA. After miRNA detection, this MB

circuit is able to generate fluorescence signals and amplify the

fluorescence signal, contributing to improvement in detection

sensitivity under iso-thermal conditions without an enzyme.

Furthermore, in vitro and in vivo studies have proven that MB

circuits can detect low levels of miRNA with high sensitivity,

compared to when only one MB alone is used. Therefore, the MB

circuits can provide a useful platform for target miRNA detection.

MicroRNAs (miRNAs), as single-stranded, small, noncoding RNAs,
have become promising biomarkers for cancer classification, diag-
nosis, prognosis, and therapy.1–4 They can act as tumor suppressor
genes or oncogenes because they are involved in the regulation of
multiple genes (B30% of the genome) associated with human
cancers, neurological diseases, and viral functions.5 Recently, a
significant number of extracellular miRNAs have been found in
human body fluids, including blood plasma, urine, saliva and
serum.6,7 Therefore, detecting miRNA expression levels in tissues or

cells can provide valuable information for biomedical research and
early clinical diagnosis.8,9 To use biomarkers for diagnosing a disease,
there is a pressing need for the development of technologies that are
capable of the highly sensitive and selective detection of miRNA
expression.10–13 Many bioanalytical methods, such as microarray
analysis, northern blotting, polymerase chain reaction (PCR),
rolling-circle amplification and solid-phase hybridization techniques,
are widely used to identify miRNAs.6,10,13–25 However, the sensitivity
and specificity of these techniques are still insufficient due to the
small size, sequence similarity, and low abundance of miRNAs.
Among them, enzyme-assisted amplification strategies, such as
PCR (qPCR and RT-PCR, etc.), rolling-circle amplification, and nano-
particle amplified approaches, have emerged as alternatives to exist-
ing methods.6,16,17,24,26–29 Although PCR has attracted much attention
because of its high sensitivity and practicality, it requires precise
control over the temperature cycling for amplification, and designing
PCR primers for miRNAs is difficult due to the short length of
miRNAs. New techniques should be able to complement and
improve current approaches for easy, low-cost, and highly sensi-
tive miRNA detection at a constant temperature. Recently, molecular
beacon (MB)-assisted isothermal oligonucleotide amplification has
emerged as a potential amplification technique for rapid and cost-
effective miRNA expression profiling.16,17,19,20,22,29–34 As hybridization-
based probes, MBs allow the direct detection and imaging of
endogenous miRNAs in living cells by converting hybridization events
into fluorescence signals at an equivalent reaction ratio.13,35–49 How-
ever, this method is still limited by its unsatisfactory sensitivity.

In this work, we propose an isothermal signal amplification
strategy without enzymes based on MBs to detect miRNAs with
high sensitivity (Fig. 1).16,29–31,50 We designed a MB circuit to
amplify fluorescence signals via self-circulation of the hybridiza-
tion reaction between the miRNAs and MBs; a probe (MB A) can
initiate the next reaction while detecting target miRNA, and
activate other probes (MBs B, C and D), enabling increased
detection sensitivity via a chain reaction (Fig. 1). We describe
the pathways through which the fluorescence signal of the MBs
is amplified via this chain reaction, yielding an MB-based circula-
tion system (the MB circuit) (Fig. S1 and S2, ESI†). This system
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demonstrated MB circulation-driven hybridization via the free
energy of base pair formation, which suggests the possibility of
engineering enzyme-free isothermal detection methods. More spe-
cifically, in the absence of target miRNA, each MB (A, B, C and D)
coexisted stably as a hairpin structure such that it could not
hybridize with miRNA. Fig. S2 (ESI†) illustrates the enzyme-free
fluorescence signal amplification process meditated by the self-
circulation of the MB series to detect miRNA. As a proof-of-concept,
in this study, we selected miRNA-34a, a well-known noninvasive
biomarker for diagnosing breast cancer.8,51 The reaction consisted
of 5 steps (Fig. 1b and Fig. S1, ESI†). When the MB circuit and
miRNA-34a were introduced, miRNA-34a acted as an initiator to
open MB A by hybridization (step 1); miRNA-34a�A activated
the spontaneous assembly of MB A and MB B to form duplex A�B
(steps 2 and 3), and the released miRNA-34a rejoined the reaction of
step 1. Duplex A�B had a single-stranded region that activated the
assembly of MB C and D to form C�D (steps 3 and 4) and in turn,
duplex C�D had a single-stranded region that was identical to
miRNA-34a and could thus catalyze A and B, inducing the formation
of duplex A�B (steps 4 and 5). All released MBs were cycled by
repeatedly joining in the reactions of steps 3–5. This contributed to
the amplification of the fluorescence signal. Hence, the self-
circulation duplexes A�B and C�D were capable of activating their
own production. Among the MBs, only MB A was modified at its
50 and 30 ends with Cy5 (fluorophore) and black hole quencher 2
(BHQ-2) (quencher), respectively, for miRNA-specific sensing
(Table S1, ESI†). After annealing each MB, different concentrations
of miRNA-34a (2.5–25 pmol) were treated with the MB circuit, and
then their fluorescence intensities were measured every 10 min for
3 hours (Fig. S4, ESI†). Buffer only (without miRNA) and Ctrl miRNA
were used as controls. As the miRNA-34a concentration increased,
the fluorescence intensity clearly increased. The fluorescence inten-
sity was slightly increased when miRNA-34a was treated with MB A
alone. However, using the MB circuit, the fluorescence signals were
significantly increased by activation of the circular chain reaction of
the MB circuit, even at low miRNA-34a concentrations (Fig. 2). In
addition, we recorded and compared the fluorescence intensity at
180 min compared with that at 0 min for a better understanding.

When we use MB A alone, it could detect miRNA-34a at greater than
10 pmol, producing a fluorescence intensity 2-fold greater than that
at 0 min (Fig. 2 and Fig. S5, ESI†). And the control conditions
(Ctrl miRNA treatment) showed little change, with results ranging
from 1- to 1.5-fold greater than that at 0 min. On the other hand,
Fig. 2 shows notable results verifying the capabilities of the MB
circuit. With the MB circuit, the fluorescence signal increased
strongly within the experimental concentration range, and strong
fluorescence signals were measured that were approximately twice
as high as those even at low miRNA-34a concentrations (5 and
2.5 pmol), unlike with the other treatments, signifying that MBs
B, C and D played an important role in amplifying the fluores-
cence signal by activating MB A (Fig. 2 and Fig. S5, ESI†).

The MB circuit could detect low levels of miRNA-34a with high
sensitivity. To further confirm the ability of the MB circuit, we evaluated
whether low miRNA levels could be detected with high sensitivity in
biological systems in vitro and in vivo. Methoxy poly(ethylene glycol)–
polyethylenimine (mPEG–PEI) was synthesized as a carrier to effectively
deliver MBs to cells and tissues, and confirmed its chemical structure
(Fig. S6, ESI†). It is well known that among other cancer cells, MDA-
MB-231 human breast adenocarcinoma cells express low levels of
miRNA-34. Thus, we performed an in vitro evaluation of the MB circuit
in MDA-MB-231 cells. We determined the optimal conditions for
forming MB/mPEG–PEI complexes via agarose gel electrophoresis;
dense and compact complexes are required for efficient delivery of
the MB circuit. A weight of ratio of 1 (MB:mPEG–PEI = 1: 1) was
chosen to form a fully condensed structure in this work (Fig. S8, ESI†).
Next, we explored the capability of the MBs for the highly sensitive
detection of miRNA-34a in living cells. MB/mPEG–PEI complexes were
incubated with MDA-MB-231 cells for various times, and MB A/mPEG–
PEI complexes were tested in the same manner as a control. Then,
fluorescence images were obtained via confocal microscopy. Very
bright, red fluorescent spots were observed in the MB/mPEGPEI
complex-treated cells (Fig. 3a), even after short incubation times
(4 hours). On the other hand, as anticipated, MB A/mPEG–PEI
complex-treated cells showed fewer and much weaker fluorescent spots,
indicating that the bright fluorescent spots in the cells could be
ascribed to the self-circulation of the MB circuit after miRNA detection.

Fig. 1 Schematic illustration of miRNA sensing bio-probes enabling
enzyme-free isothermal fluorescence signal amplification through self-
circulation of the MB circuit. Highly sensitive miRNA-34a detection using
the molecular beacon (MB) circuit in breast cancer-bearing mice.

Fig. 2 Fluorescence intensity ratio before (t = 0 min) and after (t = 180 min)
the treatment of various concentrations of miRNA-34a. Ctrl miRNA was used
as a control (1 �: 25 pmol, 0.8 �: 20 pmol, 0.6 �: 15 pmol, 0.4 �: 10 pmol,
0.2 �: 5 pmol, 0.1 �: 2.5 pmol).
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In addition, the percentage of Cy5-fluorescent cells determined
by flow cytometry showed that the MB circuit resulted in much
stronger fluorescence signals than MB A alone, with more than
approximately 80% of cells exhibiting Cy5 fluorescence (Fig. 3b
and Fig. S9, ESI†). Similar to the in vitro results, NT resulted in less
than 2.19% (�0.77%) of the cells exhibiting Cy5 fluorescence. Even
when MB A alone was used, the proportion of fluorescent cells
increased with increasing incubation time but remained below
60% (Fig. 3b). These results clearly demonstrated that compared
with MB A alone, our system (i.e., the MB circuit) provided greater
amplification efficiency and better sensitivity at the cellular level.

To investigate the highly sensitive detection of miRNA-34a, we
performed in vivo optical imaging using MB/mPEG–PEI complexes.
Fig. 4 shows typical time-dependent images of mice and levels of
photons emitted from the tumor region for up to 4 hours after the
intratumoral injection of MB/mPEG–PEI complexes and MB A/mPEG-
PEI complexes. Fluorescence signals in the tumor region gradually
increased after the injection of each complex (Fig. 4b). In particular,
when MB circuit/mPEG–PEI complexes were injected, a strong
fluorescence signal was observed at 10 min post-injection; this signal
was approximately 200% greater than the pre-injection signal (DIn-
tensity = Intensity/Intensitypreinjection � 100) due to the self-circulation
of the MB circuit (Fig. 4b and Fig. S10, ESI†). At 4 hours post-injection,
the fluorescence signals of the MB circuit/mPEG–PEI complexes were
approximately 2-fold greater than those of the MB A/mPEG–PEI
complexes (MB circuit/mPEG–PEI complexes: 580.3%; MB A/mPEG–
PEI complexes: 268.2%). To summarize, slightly increased fluores-
cence signals were observed in tumors treated with MB A/mPEG–PEI
complexes, while tumors treated with MB circuit/mPEG–PEI com-
plexes showed strong fluorescence that continued to increase during
the observation period due to fluorescence signal amplification via
self-circulation of the MB circuit.

After monitoring, we excised various tissues (brain, liver, kidney,
spleen, heart, tumor and muscle tissues) from these mice and observed
miRNA detection fluorescence signals via ex vivo imaging (Fig. 5a).
Tissues from the NT group were used as controls. As shown in Fig. 5b,
the strongest fluorescence signals (2.3� 106 photons) were obviously

observed in tumor (T) tissues excised from mice treated with the MB
circuit/mPEG–PEI complexes compared with the signals observed in

Fig. 3 (a) Fluorescence images of MDA-MB-231 cells incubated with MB
circuit/mPEG–PEI and MB A/mPEG–PEI complexes for various incubation
times (i: non-treatment (NT), ii: MB A/mPEG–PEI complex and iii: MB
circuit/mPEG–PEI complexes). Each merged image presents an overlay of
the red Cy5 fluorescence of miRNA-34a detection by the MB circuit and
the blue fluorescence of Hoechst-stained cell nuclei (scale bars are
20 mm). (b) Red fluorescence intensity relative to the NT group as detected
by flow cytometry. (Red bars: MB circuit/mPEG–PEI complex treatment, blue
bars: MB A/mPEG–PEI complex treatment, gray bars: no treatment (NT)).

Fig. 4 (a) In vivo optical fluorescence images of MDA-MB-231 cells implanted
in an orthotopic breast tumor model at various time points after the intra-
tumoral (I.T.) injection of MB circuit/mPEG–PEI (right mouse) and MB A/mPEG–
PEI (left mouse) complexes. Tumor regions are indicated by dashed circles. (b)
Relative photon intensity (DIntensity = Intensity/Intensitypreinjection) in the tumor
regions as determined by in vivo optical fluorescence imaging over time after
the injection of MB circuit/mPEG–PEI complexes (dark red circles) and MB A/
mPEG–PEI complexes (dark blue circles).

Fig. 5 (a) Ex vivo optical fluorescence images of various tissues at 4 hours
after the injection of MB circuit/mPEG–PEI complexes (red), MB A/mPEG–
PEI complexes (blue) and saline as a control (black), and (b) their signal
intensity. (Brain: B, liver: L, kidney: K, spleen: S, heart: H, tumor: T, muscle: M). (c)
Confocal microscopy image of a tumor section from an MB circuit/mPEG–PEI
complex-treated mouse (scale bar: 100 mm). The tumor section was counter-
stained with Hoechst 33342 (blue) to indicate cell nuclei. The red color indicates
Cy5 fluorescence from the MBs.
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the other tissues, which were negligible or absent. These results were in
agreement with in vivo imaging findings. In addition, confocal micro-
scopy of tumor cryo-sections clearly revealed many red fluorescent
spots corresponding to Cy5, indicating that this red fluorescence signal
was not due to nonspecific MB reactions but due to specific miRNA-
34a detection in cells by MBs (Fig. 5c). Even at low miRNA-34a
expression levels, our MB circuit induced sufficient fluorescence signal
amplification to enable highly sensitive miRNA detection.

We have described a novel isothermal and enzyme-free signal
amplification technique that could be used to achieve miRNA
detection. Our system consists of four MBs (i.e., the MB circuit)
coexisting stably as hairpin structures in the absence of target
miRNA (miRNA-34a). However, when the MBs detect the target
miRNA, i.e., miRNA-34a in this study, the MBs are sequentially
activated by hybridization with miRNA-34a. Notably, while MB-
based miRNA detection is generally based on the one-to-one (1 : 1)
hybridization of MBs with miRNAs, our technique induces fluores-
cence signal amplification through the self-circulation of the MB
circuit for miRNA hybridization under isothermal conditions with-
out enzymes. In addition, we confirmed the feasibility of utilizing
the MB circuit in vitro and in vivo in both models. We are sure that
this strategy has great potential to become an attractive enzyme-
free, isothermal alternative to the PCR technique. Based on these
results, we are developing an MB circuit-based biosensor chip and
will utilize it as an in vitro diagnostic device for various diseases.
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