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A low-cost, effective and enzyme-free sensing strategy for ultrasensitive microRNA (miRNA) detection was
developed based on dynamic light scattering (DLS) coupled with strand displacement reaction (SDR). The
combination of DLS and SDR was used to assess the size changes of core-satellites nanoassembly. This strategy
realized the limit of detection (LOD) as low as 0.24 pM (S/N = 3) and the detection range of 5 pM-150 pM,
which might urge this strategy as an ideal candidate for the sensitive detection of miRNA in the future. In
addition, the proposed strategy could be successfully used to analyze target miRNA in various cancer cells,

indicating that the developed SDR-DLS strategy has promising clinical implications for rapid and early diagnosis

of cancer-related diseases.

1. Introduction

MicroRNAs (miRNAs) are endogenous non-coding small RNAs of
approximately 21-24 nucleotides that involve in the regulation of gene
expression, and thus play pivotal roles in cell proliferation, differ-
entiation, and apoptosis (Dong et al., 2013; Jonas and Izaurralde,
2015). Previous studies have demonstrated the aberrant miRNA ex-
pression levels are closely related to human diseases, including cancers
(Boon et al., 2013; Jalava et al., 2012). Hence, monitoring miRNA
dysregulation is considered to be a valuable prospect for the identifi-
cation of cancerous cells and prediction of diseases.

At present, reverse transcription polymerase chain reaction (RT-
PCR) (Benes and Castoldi, 2010) and northern blot (Lagos et al., 2001)
are the most common approaches for the quantification of miRNAs.
However, these methods require sophisticated instruments and labor-
intensive procedures (Ma et al., 2017). More importantly, the PCR-
based methods have potential to generate false-positive results (Ladetto
et al., 2014). Alternatively, a series of new strategies for miRNAs de-
tection based on fluorescence (Yin et al., 2017; Tu et al., 2012), elec-
trochemistry (Yu et al., 2014; Lautner and Gyurcsanyi, 2014), colori-
metry (Shen et al., 2013; Wu et al., 2016), chemiluminescence (Wang
etal., 2016; S. Li et al., 2017), molecular beacons (Bose et al., 2013; Lee
et al.,, 2016) and surface-enhanced Raman scattering (SERS) (Guven
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et al.,, 2014; Song et al., 2016) have been proposed in the literature.
Each of these strategies possesses its own advantages and dis-
advantages. For instance, it may be relatively difficult to distinguish
minor changes in high-frequency color by naked eyes; fluorescence-
labeled probes are prone to rapid photobleaching and the signal in-
tensity may be insufficient for certain applications; SERS and electro-
chemical methods are rarely used in the recognition of micro-signals,
due to low repeatability (Lai et al., 2017, 2018; Qin et al., 2017).
Therefore, it is highly desirable to develop simple, inexpensive, rapid,
accurate and sensitive methods for the quantitative detection of
miRNAs.

Since Mirkin group initially fabricated DNA-functionalized gold
nanoparticle (AuNPs), AuNPs-conjugated DNA probes have been pro-
posed for nucleic acid sensing due to their ultrafine size, distance-de-
pendent optical properties and excellent biocompatibility (Elghanian
et al., 1997; Lee et al., 2014; Degliangeli et al., 2014; Qin et al., 2018).
DNA-modified AuNPs probes are widely applied to fluorescence energy
resonance transfer (Zhong et al., 2017), electrochemical (Liu et al.,
2015), SERS (He et al., 2019), DLS (Lu et al., 2019) and colorimetric
detection of miRNAs (X. Li et al., 2017). However, the sensitivities of
these methods were far from satisfactory for measuring the low abun-
dance of miRNAs in real biological samples. Thus, there is an urgent
need to develop a novel, simple and reliable AuNPs-based sensing
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method with greatly improved sensitivity towards the quantification of
low-abundance miRNAs. To overcome the deficiency, signal amplifi-
cation strategies have gained increasing attention for highly sensitive
detection of miRNAs, including rolling circle amplification (RCA) (Xu
et al., 2012), enzyme-assisted amplification (Dong et al., 2015), hy-
bridization chain reaction (HCR) (Wu et al., 2015) and toehold-medi-
ated DNA SDR (Liang et al., 2017). Among these techniques, SDR has
received considerable attention due to its intrinsic merits, such as iso-
thermal and enzyme-free nature, low cost, protocol simplicity and high
amplification efficiency. Thenceforth, the combination of AuNPs and
SDR may hold great promise for sensitivity improvement.

Here, we developed a versatile plasmonic core—satellites na-
noassembly-based probe for miRNA sensing by combining SDR and DLS
as a powerful signal transduction process to monitor AuNPs-mediated
cross-linking. To the best of our knowledge, this is the first study to
integrate plasmonic nanoparticles with SDR for the highly sensitive
detection of miRNA-21. A core—satellites nanoassembly was con-
structed using the bottom-up strategy. The probe consisted of a core
AuNP (C-AuNP) and several satellite AuNPs. (S-AuNPs). S-AuNPs were
tethered to C-AuNPs surface via a DNA linker (L), resulting in the for-
mation of core—satellites nanoassembly. The presence of miRNA-21
and fuel DNA strand (fuel) triggered disassembly of the core —satellites
nanoassembly probe via the toehold-mediated SDR, leading to the re-
moval of satellite nanoparticles from core nanoparticles. The dis-
assembly of AuNPs core —satellites probes might lead to significant
changes in hydrodynamic diameter. With addition of the fuel, the re-
action initiated another cycle of reactions catalyzed by miRNA-21 re-
peatedly, thus the strategy would yield a significantly amplified and
higher sensitivity signal. The target-induced size changes of cor-
e—satellites nanoassembly probes could be facilely and directly mon-
itored with DLS technique, which was suitable for low abundance
biomolecules detections.

2. Results and discussion

The working principle of the proposed SDR-DLS strategy was illu-
strated in Fig. 1 and Fig. S1. Brifely, the core-satellites nanoassembly
was constructed by conjuncting multiple 13 nm satellite-AuNPs onto a
50 nm core-AuNP through the L. Fuel was used to run the DNA circuit.
Upon the addition of target miRNA and fuel, the target miRNA directly
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bounded to the corresponding toehold 1 sequence of the L, which
triggered a branch migration reaction, resulting in the displacement of
the 13nm S-AuNPs. As a result, the toehold 2 sequence of the L was
exposed and subsequently hybridized with fuel, leading to the dis-
sociation of target miRNA from L. Then, the released target miRNA
further hybridized with another toehold 1, and a set of reactions de-
scribed above were recycled, resulting in the disassembly of the core-
satellites nanoassembly and a dramatic decrease in particle size, which
can be measured by DLS.

The as-prepared C-AuNPs and S-AuNPs were characterized by
transmission electron microscopy (TEM) and UV-vis spectroscopy. The
absorption peaks of C-AuNPs and S-AuNPs were located at 532 and
522nm (Fig. S2), corresponding to the diameters of 50 and 13 nm,
respectively. Subsequently, both C-AuNPs and S-AuNPs were co-as-
sembled on the L via DNA hybridization. Assembly of C-AuNPs and S-
AuNPs could result in the formation of core-satellites nanostructures, as
revealed by agarose gel electrophoresis result (Fig. 2a) and TEM images
(Fig. 2b and c). A clear band of C-AuNP was observed in the gel in-
dicating its good dispersity. C-AuNP + L presented a band with a
slower migration rate than C-AuNP. After assembly of C-AuNPs and S-
AuNPs, the migration rate of the band further decreased, thus re-
presenting the successful assembly of core-satellites. There are 10 S-
AuNPs on each C-AuNP on average, as calculated from TEM images.
More experimental details were provided in Supporting Information.
The assembly of core-satellites nanoassembly was further investigated
using UV-vis spectroscopy and DLS (Fig. S3). The absorption peak of
core-satellites nanoassembly had a redshift to 540 nm, which attributed
to the surface plasmon coupling effect between C-AuNP and S-AuNPs.
The hydrodynamic sizes of the particles increased to 204.6 nm after the
formation of core-satellites nanoassembly. Notably, the core-satellites
nanoassemblies are colloidal and stable under different ionic strengths
(0-500 mM NaCl) and pH (4.0-10.0), and remain apparently intact in
the presence of DNase I (Figs. S5-S7).

To evaluate the feasibility of this strategy, miRNA-21 was selected
as a proof-of-concept target. Non-denaturing polyacrylamide gel elec-
trophoresis (PAGE) and agarose gel electrophoresis were carried out to
monitor the catalytic reaction. As shown in Fig. 2d and Fig. S4, dis-
assembly of AuNPs with L occurred in the presence of fuel and subtle
amount of miRNA-21 catalyst, resulting in the new band of S-AuNPs in
the gel. (lane 7 and 8) Upon comparison, no changes were observed in
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Fig. 1. Schematic illustration of plasmonic core-satellites structures coupled with toehold-mediated DNA strand displacement reaction.
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Fig. 2. (a) Agarose gel electrophoresis for C-AuNPs, C-AuNPs + L and core-satellites nanoassembly. (b—c) TEM images of monomer and dimer core-satellites

nanostructures. (d) Agarose gel electrophoresis for monitoring the catalytic disassembly reactions. “1 X

» »

represented 1 equivalent of L; “0.1 X ” represented 0.1

equivalent of L; “0.5 X ” represented 0.5 equivalent of L. (e—f) TEM images of core-satellites for catalytic disassembly reactions in the absence and presence of fuel

DNA.

the absence of miRNA-21 catalyst (lane 4) and no changes were ob-
served in lane 5 and lane 6 in the absence of fuel DNA, indicating that
miRNA-21 can catalyze the disassembly of core-satellites na-
noassembly. Moreover, the TEM images shown in Fig. 2e and f also
reveal that the disassembly of core-satellites nanoassembly and SDR
had taken place with the presence of target miRNA-21 and fuel. The
average particle size of the core-satellites nanoassembly had a negli-
gible change if miRNA-21 was absent (Fig. S8).

MiRNA-141 was used to verify the selectivity of this strategy. Upon
the addition of fuel DNA, the DLS of core-satellites nanoassembly
containing miRNA-141 changed slightly, whereas the DLS of core-sa-
tellites nanoassembly containing miRNA-21 declined greatly (Fig. S9).
These findings confirm that the developed strategy is reliable for the
detection of miRNA-21. The disassembly kinetics of core-satellites na-
noassembly was characterized by DLS (Fig. S10), greater changes of
DLS were obtained with prolonger reaction time in the presence of fuel
DNA and target miRNA, and the disassembly was almost inactivated
after 3 h. To assess the sensitivity of the strategy, target miRNA-21 with
different concentrations were analysed. Fig. 3a shows the size dis-
tribution curves of DLS obtained at different concentrations of miRNA-
21. It can be seen that the size distribution of core-satellites na-
noassembly gradually shifted to smaller size regions with the increasing
dosage of miRNA-21. As shown in Fig. 3b (inset), a good linear corre-
lation was obtained between the hydrodynamic sizes of particles and
the concentration of miRNA-21 within a dynamic range of 5-150 pM.
The linear equation was expressed as y = 11.99 + 0.40x with a cor-
relation coefficient of 0.9932 where y is the diameter change of core-
satellites nanoassembly measured by DLS, and x is the concentration of
target miRNA. The limit of detection (LOD) was calculated to be 0.24
PM as calculated on the basis of the standard deviation of blank values
(30). The detection performance of the strategy was also compared with
that of some reported methods, as shown in Table S2, which further
suggested that the developed strategy possesses relatively lower de-
tection limit toward miRNA detection.

To investigate the feasibility of the proposed strategy for real sample
analysis, the endogenous level of miRNA-21 was measured in the total
RNA samples extracted from three cancer cell lines with miRNA-21
overexpressed (i.e. HeLa, MCF-7 and MDA-MB-231) and a control cell
line with minimal level of miRNA-21 (i.e. HEK-293). The concentration
of miRNA-21 in each RNA sample was determined by using the stan-
dard curve in Fig. 3b. The copy numbers of miRNA-21 per pg of total
RNA in HeLa, MCF-7 and MDA-MB-231 cells were calculated to be
347 = 33,780 = 62,698 = 54, respectively (Fig. 3c and d and Table
S3). Meanwhile, the copy number of miRNA-21 per pg total RNA in
MCEF-7 cells measured by the developed strategy was consistent with the
previously reported qRT-PCR data (Chan et al., 2010) and also in good
agreement with the results of the QRT-PCR kit (Fig. S11). These findings
reveal that the developed SDR-DLS strategy can specifically recognize
target miRNA in cancer cells, and thus has great potential implications
for the clinical diagnosis of cancer patients.

3. Conclusions

In summary, an enzyme-free and homogeneous DLS sensing strategy
coupled with SDR for sensitive detection of miRNA has been estab-
lished. Although the strategy was not suitable for real-time monitoring
of miRNA in living cells, the procedure of the proposed strategy was
relatively simple and thus can be easily conducted in ordinary labora-
tories. Despite the protocol simplicity, a high sensitivity was achieved
due to the integration of cycling reaction for signal amplification and
robust DLS for powerful signal readout. Additionally, this strategy ex-
hibits a low detection limit at picomole level and has been proven to be
applicable for miRNA detection in biological samples. Therefore, it is
believed that this new DLS-based strategy may find wide applications in
clinical miRNA diagnostics.
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