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ABSTRACT: Superstructural assembly of magnetic nanoparticles enables approaches to
biosensing by combining specially tailored properties of superstructures and the particular
advantages associated with a magnetic or optomagnetic read-out such as low background
signal, easy manipulation, cost-eﬃciency, and potential for bioresponsive multiplexing.
Herein, we demonstrate a sensitive and rapid miRNA detection method based on
optomagnetic read-out, duplex-speciﬁc nuclease (DSN)-assisted target recycling, and the use
of multilayer core-satellite magnetic superstructures. Triggered by the presence of target
miRNA and DSN-assisted target recycling, the core-satellite magnetic superstructures release
their “satellites” to the suspension, which subsequently can be quantiﬁed accurately in a lowcost and user-friendly optomagnetic setup. Target miRNAs are preserved in the cleaving
reaction and can thereby trigger more cleavage and release of “satellites”. For singleplex
detection of let-7b, a linear detection range between 10 fM and 10 nM was observed, and a
detection limit of 4.8 fM was obtained within a total assay time of 70 min. Multiplexing was
achieved by releasing nanoparticles of diﬀerent sizes in the presence of diﬀerent miRNAs.
The proposed method also has the advantages of single-nucleotide mismatch discrimination and the ability of
quantiﬁcation in a clinical sample matrix, thus holding great promise for miRNA routine multiplex diagnostics.
KEYWORDS: miRNA detection, duplex-speciﬁc nuclease, magnetic nanoparticles, core-satellite superstructures, optomagnetic bioassay
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biosensing applications, magnetic particles oﬀer advantages
such as high signal stability, low background noise (in biological
samples), and cost-eﬃciency and have therefore previously
been used as building blocks of core-satellite superstructures.12
However, most of the reported magnetic core-satellite superstructures utilize magnetic particles only for manipulation and
separation.13−15
MicroRNAs (miRNAs) are highly tissue-speciﬁc endogenous
noncoding RNA molecules (approximately 19−23 nucleotides)
with clinical applicability for proﬁling tumor progression and
metastasis.16−19 Standard strategies for miRNA analysis include
Northern blotting,20,21 quantitative reverse transcription

he assembly of complex superstructures from simple
building blocks is of widespread interest for engineering materials with enhanced and synergistic properties.1,2 Owing to the controllable size, molecular net charge,
speciﬁc hybridization, and predictable versatile reactions with
enzymes, DNA oﬀers promising advantages in assembly and
has been widely used as a scaﬀold, spacer, or functional polymer
in nanoparticle superstructure assemblies.3−6 Among these
nanoparticle superstructures assembled by DNA, “coresatellite” superstructures with a single layer or multilayers of
satellite nanoparticles show great potential for imaging, drug
delivery, and diagnostics.7−11 By controlling the DNA sequence
as well as the composition, size, and/or surface chemistry of the
nanoparticles, the “core-satellite” architectures allow us to
control the dimensions and multiple functionalities of the
superstructures by simply modifying the building blocks.8 In
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Figure 1. Schematic illustration of miRNA detection based on DSN-assisted target recycling and multilayer core-satellite magnetic
superstructures. The top row shows the principle of singleplex detection based on two-layer core-satellite superstructures. The bottom row
shows the principle of duplex detection based on three-layer core-satellite superstructures.

polymerase chain reaction (qRT-PCR),22−24 and oligonucleotide microarrays,25−27 which have limitations such as poor
sensitivity, labor-intensive steps, requirement of high-precision
thermal cycling equipment, or low speciﬁcity at the 5′-end of
miRNA.28,29 In recent years, duplex-speciﬁc nuclease (DSN)based isothermal biodetection methods have been developed as
alternative techniques for miRNA analysis. DSN is a promising
tool because of its ability to cleave DNA in DNA:RNA
heteroduplexes while keeping the RNA strand intact.30 This
means that the miRNA target is preserved in the cleaving
reaction and can form a new heteroduplex structure which
subsequently can be cleaved. This process is denoted DSNassisted target recycling, which has been employed for miRNA
detection in combination with diﬀerent types of biosensors
such as colorimetric (visual) sensors,31,32 chemiluminescence
sensors,33,34 ﬂuorescence-based assays,35−38 surface-enhanced
Raman spectroscopy-based biosensors,39 electrochemical sensors,40−42 and magnetic relaxation switch sensors.43 DSNassisted target recycling enables rapid miRNA detection using
isothermal ampliﬁcation, thereby decreasing the need for PCR
instruments. Moreover, DSN can discriminate between
perfectly and imperfectly matched short duplexes, which is
crucial since miRNAs exhibit a high degree of homology
between family members.35,42 In summary, DSN-based miRNA
biosensors have advantages regarding sensitivity, speciﬁcity,
linear detection range, assay time, and low risk of carryover
contamination.
Multiplex miRNA detection can straightforwardly be
conducted in optical biosensors by using labels with diﬀerent
spectral characteristics, but it remains challenging in magnetic
biosensors. The magnetic relaxation switch sensor, reported by
Lu et al.,43 showed a sensitivity in the femtomolar range with a
wide linear range of 5 orders of magnitude, but lacked
multiplexing. DNA assembled multilayer nanoparticle superstructures provide special properties and therefore have the

potential for sensitive and rapid miRNA multiplex detection.
Herein, we demonstrate a miRNA detection method based on
optomagnetic read-out, DSN-assisted target recycling, and coresatellite magnetic superstructures. Triggered by the presence of
target miRNA and DSN-assisted target recycling, core-satellite
magnetic superstructures release their “satellites” to the
suspension. These “satellites” can subsequently be quantiﬁed
accurately in an optomagnetic setup. The optomagnetic sensor,
a rapid and low-cost volumetric magnetic nanoparticle (MNP)
detection system that measures the AC magnetic excitation
ﬁeld-induced modulation of the optical transmission signal,
provides information about the hydrodynamic size of MNPs in
the suspension. First reported in 2014 by Donolato et al.,44 the
405 nm laser-based optomagnetic sensor has been employed
for the detection of several kinds of biomolecules and
pathogens.45−50 In the current work, by using magnetic
superstructures with more than one layer of diﬀerent MNP
satellites, our biosensor enables controllable release of diﬀerent
satellites for multiplex detection. Below we present results for
singleplex detection and demonstrate, within a total assay time
of around 70 min, a limit of detection (LOD) of 4.8 fM with a
linear detection range of approximately 6 orders of magnitude.
In addition, we demonstrate the versatility of our method for
duplex detection and for in vitro miRNA detection in RNA
extracts from human cancer cells and miRNA spiked serum
samples.

RESULTS AND DISCUSSION
Principle of the Proposed Method. The working
principle of the DSN-assisted target recycling and multilayer
core-satellite magnetic superstructure-based miRNA detection
is illustrated in Figure 1. Target miRNAs in the suspension
hybridize with the ssDNA probes located between the diﬀerent
layers of particles to form DNA:RNA heteroduplexes, which are
the substrates for DSN and will thus be cleaved. The hydrolysis
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Figure 2. Eﬀect of reaction temperature (a) and reaction time (b) on the V2′/V0 peak amplitude. A MP-NP80-based let-7b detection system
was used for the optimization. Error bars indicate the standard deviation of three independent replicates.

Figure 3. Representative SEM micrographs of two-layer core-satellite superstructures (a, d). V2′/V0 spectra (b, e) and dose−response curves
(c, f) for two-layer core-satellite superstructure-based quantitative singleplex detection of miRNA. Top (a−c) and bottom (d−f) rows show
MP-NP80-based and MP-NP250-based miRNA detection, respectively. Error bars indicate the standard deviation of three independent
replicates.

phase second harmonic signal V2′ normalized by the average
signal V0. This signal displays a peak or valley, which is closely
related (but not equal) to the Brownian relaxation frequency,
f B, of suspended MNPs. The Brownian relaxation frequency is
given by f B = kBT/(6πηVh), where kBT is the thermal energy, η
is the dynamic viscosity, and Vh is the hydrodynamic volume of
the relaxing entity (Supporting Information, section S1).
Furthermore, the magnitude of the peak or/and valley of the
V2′/V0 spectrum is proportional to the concentration of
released NP80 or/and NP250. Due to the large hydrodynamic
volume, MP-based superstructures cannot be detected by the
optomagnetic setup since their response falls below the lower
limit of the measured frequency window. Therefore, only the
released MNPs contribute to the optomagnetic signal. A special
phenomenon of optomagnetic measurement is the sign changes
of the characteristic peaks (valleys) for MNPs of diﬀerent sizes,
which can be caused by the dependence of the optical

of ssDNA probes leads to the release of the MNPs as well as of
the target miRNAs. The released miRNAs are able to bind to
other ssDNA probes, thereby triggering the cleavage of more
DNA:RNA heteroduplexes and the release of more MNPs. The
amount of released MNPs is detected by an optomagnetic
setup. For singleplex detection of miRNA, both MP-NP80
superstructures (microparticle-80 nm nanoparticle superstructures, for the detection of let-7b) and MP-NP250 superstructures (microparticle-250 nm nanoparticle superstructures,
for the detection of miR-21) were tested, and the working
principle is shown in the top row of Figure 1. The bottom row
of Figure 1 shows the principle of the duplex detection of let-7b
and miR-21 using MP-NP250-NP80 superstructures (microparticle-250 nm nanoparticle-80 nm nanoparticle superstructures). The optomagnetic sensor records the second harmonic
component of the transmitted light intensity due to a magnetic
ﬁeld applied at frequency f. In this study, we consider the in1800
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(measured at 14 Hz) and logarithm of miR-21 concentration
was obtained between 100 fM and 10 nM with an average CV
of 3.3% and an LOD of 44.8 fM. The lower sensitivity for the
miR-21 analysis could be attributed to the nonoptimum
reaction temperature for MP-NP250-based miR-21 detection.
In addition, DNS-assisted target recycling oﬀers a property that
the sensitivity of the system can be further improved by
extending the reaction time (cf. Figure 4). For MP-NP80-based

extinction coeﬃcient on sizes of MNPs. When the circumferences of the MNPs approach the wavelength of the light and
the scattering enters the Mie regime, less light is transmitted,
and the sign of the signal changes.51
Optimization of Reaction Temperature and Reaction
Time. To achieve the best sensing performance for miRNA
detection, the reaction temperature and reaction time were
optimized using the MP-NP80-based let-7b detection system.
After 30 min of DSN-assisted target recycling reaction at
diﬀerent temperatures, the MPs were separated from the
sample, and the supernatant containing released MNPs was
measured using the optomagnetic sensor. The V2′/V0 peak
value (at 234 Hz) of 80 nm MNPs released at diﬀerent
temperatures is presented in Figure 2a, from which it can be
concluded that the optimum reaction temperature is around 60
°C. The peak value decreased dramatically at temperatures
higher than 60 °C, which may be attributed to denaturation of
the DNA:RNA heteroduplexes. Therefore, 60 °C was chosen as
the reaction temperature for the following assays. Figure 2b
shows the V2′/V0 peak value as a function of reaction time. For
the detection of 10 nM of let-7b (red squares in Figure 2b), the
peak value increased linearly during the ﬁrst 40 min and
reached a plateau after approximately 80 min. For 1 pM of let7b (black circles in Figure 2b), the V2′/V0 peak value kept
linearly increasing during the complete measurement (0−90
min). Although the results suggested that a longer reaction time
could help achieve a higher sensitivity, we chose 60 min for the
following measurements to balance the total assay time with
sensitivity. Considering that the eﬀect of DSN concentration,
another critical experimental condition, is closely related to the
eﬀect of reaction time, we did not optimize the DSN
concentration but chose a concentration of 1 U/reaction for
all experiments.
Characterization of Two-Layer Core-Satellite Superstructures. Representative scanning electron microscopy
(SEM) micrographs of two-layer core-satellite superstructures,
MP-NP80 and MP-NP250, show that the MNPs are distributed
uniformly over the entire surface of the MPs (Figures 3a,d and
S3). By analyzing the concentration of MNPs that the two-layer
superstructures can release after a complete reaction, the
binding ratios between MPs and MNPs were found to be 1:90
and 1:10 for MP-NP80 and MP-NP250, respectively (Supporting
Information, section S2). Given an average size of 1 μm for the
MPs, the coverage ratios (percentage of MP surface area
covered by MNPs) of NP80 and NP250 were approximately 14%
and 16%, respectively. The low coverage could be attributed to
the irregular shape as well as the negative charge of the surfaces.
Quantitative Singleplex Detection of miRNA. Under
optimized experimental conditions, the quantitative detection
of target miRNA by the proposed method was investigated.
Serial dilutions of let-7b, ranging from 100 nM to 100 aM, were
reacted with DSN and MP-NP80, and the released MNPs were
analyzed by the optomagnetic setup. The V2′/V0 spectra are
shown in Figure 3b, where it can be seen that the peak
amplitude increases with increasing let-7b concentration. The
dose−response curve of the V2′/V0 peak amplitude vs let-7b
concentration is shown in Figure 3c. A linear correlation
between the V2′/V0 peak amplitude (measured at 234 Hz) and
logarithm of let-7b concentration was obtained between 10 fM
and 10 nM with an average coeﬃcient of variation (CV) of
2.8%, and an LOD of 4.8 fM was obtained according to the 3σ
criterion. For MP-NP250-based miR-21 detection (Figure 3e, f),
a linear correlation between the V2′/V0 valley amplitude

Figure 4. Relationship between V2′/V0 peak amplitude (measured
at 234 Hz) and logarithm of let-7b concentration for two diﬀerent
reaction times (30 and 90 min). Error bars indicate the standard
deviation of three independent replicates.

let-7b detection, a reaction time of 30 min led to an LOD of
0.47 pM (black circles in Figure 4), whereas a 90 min DNSassisted target recycling time provided an improved LOD of
0.22 fM (red squares in Figure 4). Therefore, the total assay
time (reaction time plus 5 min of optomagnetic measurement)
can be further adjusted according to the clinical requirements
on the sensitivity.
Speciﬁcity and Selectivity Evaluation. Due to the high
sequence homology among miRNA family members (even
single-nucleotide diﬀerences), discriminating very few mismatches is a great challenge for miRNA detection. To
investigate the speciﬁcity of the proposed method, ﬁve types
of miRNAs in the let-7 family were measured by the MP-NP80based let-7b detection system. Compared with let-7b, let-7c has
single-nucleotide diﬀerences, let-7a has two-nucleotide diﬀerences, while let-7d and let-7e have several nucleotide
diﬀerences (sequences are summarized in Table S1). All of
the selected miRNAs were tested at a concentration of 1 nM.
The results show that 1 nM of let-7b exhibited the highest V2′/
V0 peak amplitude, while nontargeted miRNAs produced
weaker signals (cf. Figure S5). The highest nonspeciﬁc signal,
produced by 1 nM of let-7c, was found to be equal to the signal
of 14 pM let-7b (by utilizing the dose−response curve depicted
in Figure 3c), implying that the proposed method is speciﬁc
enough to distinguish homologous sequences with singlenucleotide diﬀerences. Moreover, miRNA mixtures containing
let-7 (0.25 nM each of let-7a, let-7c, let-7d, and let-7e, mixed
with 10 pM, 0.1 nM, or 1 nM of let-7b) were utilized to
conﬁrm the selectivity of the MP-NP80-based let-7b detection
system (Figure S5). It could be concluded that 10 pM of let-7b
could be detected in a background mixture containing 0.25 nM
each of let-7a, let-7c, let-7d, and let-7e. The noticeable
speciﬁcity and selectivity originates from the DSN enzyme,
which can discriminate between perfectly matched DNA:RNA
1801
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Figure 5. Duplex detection based on three-layer core-satellite superstructures. (a) Representative SEM micrograph of a three-layer coresatellite superstructure, MP-NP250-NP80. (b) Average V2′/V0 spectra based on three independent measurements. Two target miRNAs, namely
miR-21 and let-7b, were detected simultaneously using MP-NP250-NP80 superstructures. The spectra are characterized by valleys/peaks
located at 11 and 240 Hz, respectively, corresponding to the released nanoparticles. NEG: absence of target miRNA (only reaction buﬀer). (c)
The amplitude of the V2′/V0 valleys/peaks at the frequencies of 11 and 240 Hz. (d) V2′/V0 peak amplitude (measured at 240 Hz) obtained
from diluted total RNA extracts spiked with diﬀerent concentrations of let-7b. Error bars indicate the standard deviation of three independent
replicates.

approximately 183 Hz, indicating that the viscosity of FBS is
approximately 1.38 times that of the reaction buﬀer. Since the
peak amplitude was measured at 234 Hz, the peak shift also
contributed to the signal reduction, although very slightly.
Qualitative Duplex Detection of miRNA. Duplex
miRNA detection was performed to demonstrate and evaluate
the versatility of the three-layer core-satellite superstructures.
Representative SEM micrographs of the MP-NP250-NP80
superstructure are shown in Figures 5a and S3c. By analyzing
the concentration of the released MNPs after complete
reaction, the binding ratio between the particles was calculated
to be 1:9:72 for MP:NP250:NP80 (Supporting Information,
section S2). The binding ratio of MP:NP250 (1:9) in the MPNP250-NP80 superstructures is very close to that ratio for MPNP250 (1:10) used in the singleplex detection, suggesting that
there was no obvious competition between NP80 and NP250
during the formation of the third layer of NP80 when
constructing the MP-NP250-NP80 superstructures.
In the MP-NP250-NP80 superstructures used for duplex
detection, the ssDNA probe between MP and NP250 was
designed for the detection of miR-21, whereas the ssDNA
probe between NP250 and NP80 was designed for the detection
of let-7b. After the DSN-assisted target recycling reaction, the
V2′/V0 spectra of released nanoparticles were recorded. The
spectrum of released NP250 as well as NP250-NP80 was
characterized by a valley located at 11 Hz, and the spectrum
of released NP80 was characterized by a peak at 240 Hz. The

heteroduplexes and heteroduplexes containing single-nucleotide mismatches.
Matrix Eﬀects. The in vitro clinical applications of the
miRNA detection are mainly related to the detections of cell
extracts as well as serum samples. Considering that cell extracts
closely resemble buﬀer solutions (thus, with limited matrix
eﬀects), the stability of the proposed magnetic superstructures
was evaluated in diluted fetal bovine serum (FBS) samples (5%,
10%, 20%, 40%, and 80%, diluted with reaction buﬀer, Figure
S6). FBS has three main eﬀects that may inﬂuence the assay:
(1) inducing aggregation of the released nanoparticles, (2)
inhibiting the DSN-based reaction, and (3) increasing the
viscosity of the suspension. The aggregation eﬀect was
evaluated by measuring the NP80 directly suspended in FBS
solutions. No signiﬁcant nanoparticle aggregation was observed
when the concentration of FBS was lower than 40% (Figure
S6a). However, as seen in Figure S6b, the peak amplitudes for
MP-NP80-based let-7b measurements decreased due to the
matrix eﬀects of FBS (containing inhibitors, nonspeciﬁc targets,
RNase, etc.). The signal reductions of the MP-NP80-based
detection system were 4.3%, 8.5%, 17.1%, and 34.2% when the
concentrations of FBS were 10%, 20%, 40%, and 80%,
respectively (cf. Figure S6c). In addition, a peak shift (peak
position approximately equal to f B = kBT/6πηVh) could be
observed, which is caused by the increased viscosity due to
presence of serum. For 80% FBS samples, the characteristic
peak position shifted from approximately 234 Hz to
1802
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characteristic peak/valley positions of NP80 and NP250 in the
duplex detection format were shifted a few hertz compared to
the corresponding singleplex detection format, which is mainly
caused by the small overlap between the spectra of the two
kinds of particles. Four representative samples were analyzed,
namely blank (reaction buﬀer), 100 nM of let-7b, 100 nM of
miR-21, and a mixture containing 100 nM of let-7b and 100
nM of miR-21. As depicted in Figure 5b, each sample has its
own signature spectrum in terms of V2′/V0 valleys/peaks. For
samples containing miR-21 (red triangles and yellow
diamonds), the values of V2′/V0 at 11 Hz are lower than that
for the blank sample (black squares). For the spectra of samples
containing let-7b, i.e., blue circles and yellow diamonds, the
values of V2′/V0 at 240 Hz are higher than that for the blank
sample. The valley/peak values of the four representative
samples are presented in Figure 5c. The preliminary duplex
assay results of MP-NP250-NP80-based detection system suggest
that qualitative and multiplex bioassays can be achieved by
utilizing multilayer core-satellite superstructures containing
several layers of NPs with diﬀerent hydrodynamic sizes. The
qualitative duplex detection was also performed in 20% FBS to
evaluate its versatility for in vitro clinical applications (Figure
S7). By comparing of Figures 5b and S7, it can be observed that
the performance of the duplex assay is not signiﬁcantly aﬀected
by the presence of serum, i.e., the three-layer superstructures
keep their stability in 20% FBS environment. Note that
although the size diﬀerence between NP250-NP80 and NP250
cannot be observed by the current version of optomagnetic
sensor, it could be achieved in future and be utilized to make
logic gates for multiplex detection.
In the current duplex study, using a mixture of MP-NP250 and
MP-NP80 superstructures can provide similar results as using
MP-NP250-NP80 (data not shown). However, the utilization of a
mixture of two-layer core-satellite superstructures means a
higher dose of MPs and a larger risk of aggregation, which will
likely lead to considerable problems in in vivo applications
because of their in vivo toxicity to liver and spleen.52
Detection of Endogenous miRNA from Human
Cancer Cells. To evaluate sample matrix eﬀects as well as
demonstrate the capability of MP-NP250-NP80 superstructures
for quantitative miRNA detection in cell extracts, pure and let7b spiked total RNA extracts were detected. Total RNA extracts
from human cervical cancer cells (HeLa), human breast cancer
cells (MCF-7), and human lung carcinoma cells (A549) were
diluted to a concentration of 50 μg/mL and served as the pure
total RNA extracts. Synthetic let-7b was spiked into the pure
total RNA extracts to prepare spiked samples of diﬀerent
concentrations (0.1, 1, 10, and 100 nM of synthetic let-7b).
The results of the optomagnetic measurements are shown in
Figure 5d (HeLa) and Figure S8 (MCF-7 and A549). By
calculating the linear correlation between the V2′/V0 peak
values of the four spiked samples, the initial let-7b
concentration in the total RNA extracts could be determined.
A comparison between the quantiﬁcation results for RNA
extracts by using the proposed method and qRT-PCR is shown
in Figure 6. The versatility of our assay for in vitro miRNA
analysis is apparent from the good agreement between the
measurement results obtained from the two diﬀerent methods.
Although the proposed method has a wide linear detection
range as well as a low LOD and is therefore suitable for clinical
miRNA detection, the accuracy of the system needs further
improvement. We ascribe the low accuracy to the unoptimized
structure of core-satellite superstructures, in which the MNPs

Figure 6. Quantiﬁcation of let-7b in total RNA extracted from
cultured cell lines. Error bars indicate the standard deviation of
three independent replicates.

were linked to the core (or the inner layer) via more than one
ssDNA probe. Therefore, more DSN-assisted cleavages were
needed to release one MNP, leading to lower amounts of
released MNPs during a certain reaction time. In an ideal
situation, each MNP is linked to the core (or the inner layer)
by one single ssDNA probe, and this ideal core-satellite
superstructure will increase the accuracy and sensitivity of the
system. Another topic in future work is increasing the MNP
load on the MPs, which is also related to the accuracy as well as
the relative background signal. In addition, one issue of this
work is the relatively high background signal caused by the
presence of unremoved MNPs after the preparation of the
superstructures, which not only decreases the relative signal
change from blank to positive samples but also reduces the
contrast between the speciﬁc and nonspeciﬁc signals. To
remove the unbound MNPs, ﬁltration can be performed by
using syringe ﬁlter units (0.45 μm). The dose−response curve
of the ﬁlter-treated MP-NP80-based let-7b detection system is
shown in Figure S9, and the LOD is 8.4 fM. Approximately
75% of the background signal can be removed by ﬁltration.
However, although the ﬁltration removed the unbound
nanoparticles eﬃciently, the ﬁlter treatment was not employed
in this work (except for Figure S9) since it did not signiﬁcantly
improve the sensitivity.
It should be emphasized that an end-point detection format
was employed in this work. However, by performing the assay
in a spinning microﬂuidic disc version of the optomagnetic
system46 with integrated temperature control, release of MNPs,
removal of superstructures from the measurement volume,
quantiﬁcation of released MNPs, and sample resuspension can
be completed within 1 min, thereby enabling a detection format
that is close to real-time. This will be a topic for future work.

CONCLUSIONS
In summary, we have presented a sensitive and rapid miRNA
detection method based on optomagnetic read-out, DSNassisted target recycling and the use of multilayer core-satellite
magnetic superstructures. By using MP-NP80 superstructures in
the proposed strategy, an LOD of 4.8 fM with a wide linear
detection range (6 orders of magnitude) was obtained for
singleplex let-7b detection within a total assay time of 70 min.
The LOD can be further improved to subfemtomolar level by
employing a longer reaction time, which is sensitive enough for
miRNA detection in plasma, since the total miRNA
concentration in plasma was found to be in the 100 fM
range.53 In addition, MP-NP250-NP80 superstructures were
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(2000 g, 10 s), and ﬁnally the MP-NP250-NP80 superstructures were
resuspended in 200 μL Tris-HCl for storage at 4 °C.
Optomagnetic Measurement Setup. A detailed description of
the optomagnetic setup as well as of the underlying theory is provided
in Supporting Information, section S1. An AC magnetic excitation ﬁeld
(2.6 mT) was applied perpendicular to the path of laser light (λ = 405
nm, light beam diameter of 2 mm), and the optical path through the
cuvette was 10 mm. The in-phase component of the second harmonic
component of the transmitted light intensity, V2′, was recorded and
normalized with respect to the simultaneously measured total intensity
of transmitted laser light, V0, to compensate for the variations in laser
light intensity, particle concentration, and cuvette reﬂection/
absorption. Due to the large hydrodynamic size, MP-based superstructures precipitate during the measurements, and the sedimentation
signiﬁcantly inﬂuences total intensity of transmitted laser light, V0.
Therefore, the MPs should be separated from the released MNPs
before measurement. The separation was achieved either by (1)
standing for 10 min or (2) centrifugation at 2000 g for 10 s by a mini
centrifuge, and we chose the latter method in this study to reduce the
total assay time. After the separation, 65 μL of the released MNPs
were transferred into a disposable UV-transparent cuvette (REF
67.758.001, SARSTEDT, Nümbrecht, Germany), and the cuvette was
placed in the optomagnetic setup for measurement. To measure the
spectra of released 80 nm MNPs, 20 logarithmically equidistant points
were recorded in the frequency range of 10−1000 Hz, and the data
acquisition time was 150 s. For measuring the spectra of released 250
nm MNPs, 30 logarithmically equidistant points were recorded in the
frequency range of 1−1000 Hz, and the data acquisition time was 240
s.
Optimization of Reaction Temperature and Reaction Time.
To optimize the system for the best analytical performance, diﬀerent
reaction temperatures and reaction times were evaluated. For the
optimization of reaction temperature, 5 μL of MP-NP80, 2.5 μL of
RNase inhibitor (20 U/μL), 1 μL of DSN (1 U/μL), and 91.5 μL of
100 nM let-7b (suspended in reaction buﬀer) were mixed and
incubated for 30 min at diﬀerent temperatures (49, 52, 55, 58, 61, 64,
67 °C). The V2′/V0 spectra of released 80 nm MNPs were measured,
and the V2′/V0 peak amplitude was plotted against the temperature to
obtain the optimum reaction temperature. To optimize the reaction
time, two concentrations of let-7b (1 pM and 10 nM) were measured.
Suspensions containing 5 μL of MP-NP80, 2.5 μL of RNase inhibitor
(20 U/μL), 1 μL of DSN (1 U/μL), and 91.5 μL of let-7b
(concentrations of 1 pM or 10 nM, suspended in reaction buﬀer) were
incubated at 60 °C and measured after diﬀerent reaction times. The
V2′/V0 peak amplitude of the sample was plotted against reaction time.
Three independent measurements were performed for each reaction
condition.
Singleplex Detection of Target miRNA. The mixture (100 μL)
for the let-7b detection contained 5 μL of MP-NP80, 2.5 μL of RNase
inhibitor (20 U/μL), 1 μL of DSN (1 U/μL), and 91.5 μL of target
miRNA suspended in reaction buﬀer (the working concentration of
miRNA is 91.5% of initial concentration; the concentrations marked in
the ﬁgures and used for calculation are initial concentrations). The
mixture was incubated at 60 °C for 60 min followed by a separation
step using centrifugation (2000 g, 10 s) in order to remove the
released MNPs from the MPs. Thereafter the suspension was pipetted
to a cuvette and mounted in the optomagnetic setup for measurement.
The V2′/V0 peak amplitude of the sample was plotted against the
concentration of miRNA. The cutoﬀ value was calculated as the
average peak value of the blank control samples plus three standard
deviations, and the LOD was obtained based on the 3σ criterion. For
the MP-NP250-based miR-21 detection, MP-NP250 was used instead of
MP-NP80, and the cutoﬀ value was calculated as the average peak value
of the blank control samples minus three standard deviations (since the
characteristic feature in the spectrum for 250 nm MNPs is a valley
instead of a peak). Three independent measurements were performed
for each concentration.
Duplex Detection of Target miRNA. Four samples (blank, 100
nM let-7b, 100 nM miR-21, and a mixture containing 100 nM let-7b
and 100 nM miR-21) were characterized by DSN-assisted target

successfully employed for qualitative duplexing as well as for
quantiﬁcation in cell extracts. The utilization of DSN-assisted
target recycling provides a simple one-step protocol eliminating
the need of thermal cycling devices and has the possibility to
distinguish between single-nucleotide mismatches. Consequently, beneﬁting from the particular advantages of a magnetic
read-out and multiplexing capabilities, the utilization of
multilayer core-satellite magnetic superstructures enables
homogeneous and multiplex bioresponsive reactions, which
are promising for diagnostics, controlled drug delivery, tissue
engineering, and biomedical devices.54

METHODS
Reagents and Materials. DSN was purchased from Evrogen
(Moscow, Russia) and suspended in 25 mM Tris-HCl (pH 8.0) and
50% glycerol. RNase inhibitor (20 U/μL) and Tris-HCl (1 M, pH 8.0)
were purchased from Thermo Fisher Scientiﬁc (Waltham, U.S.A.).
Glycerol, MgCl2, DTT, fetal bovine serum (FBS), and Millex syringe
ﬁlter units (0.45 μm) were purchased from Sigma-Aldrich (St. Louis,
U.S.A.). The reaction buﬀer for the DSN-assisted target recycling was
composed of 50 mM Tris-HCl (pH 8.0), 20 mM MgCl2, and 1 mM
DTT. MiRNA sequences (let-7a, let-7b, let-7c, let-7d, let-7e, miR-21),
and ssDNA probes (biotinylated at both ends) were synthesized by
Biomers (Ulm, Germany). The sequences of synthetic miRNAs and
ssDNA probes are listed in Table S1. Streptavidin modiﬁed 80 nm
MNPs (1.2 × 1013 particles/mL, 10 mg/mL, product code 84-19-801),
streptavidin modiﬁed 250 nm MNPs (4.9 × 1011 particles/mL, 10 mg/
mL, product code 09-19-252), and streptavidin modiﬁed magnetic
microparticles (MPs, 5.5 × 109 particles/mL, 25 mg/mL, product code
08-19-203) were purchased from Micromod (Rostock, Germany). The
particles used in this study were composed of small single domain
particles. All the tips and tubes were RNase-free.
Assembly of Multilayer Core-Satellite Magnetic Superstructures. Tris-HCl (50 mM) buﬀer was used in the processes of
constructing multilayer magnetic superstructure assemblies. For the
synthesis of MP-NP80 superstructures (Figures 3a and S3a),
streptavidin modiﬁed magnetic MPs (100 μL, 25 mg/mL) were
washed twice and resuspended in 50 mM Tris-HCl buﬀer before
conjugation. Streptavidin modiﬁed magnetic MPs (100 μL, 25 mg/
mL) were mixed with 120 μL of biotinylated ssDNA probe (100 μM,
probe for let-7b detection) and added into 780 μL Tris-HCl, followed
by incubation at room temperature for 15 min. Thereafter the probeMPs were washed twice using a magnetic separation stand in order to
remove unbound ssDNA probes and resuspended in 100 μL Tris-HCl.
The probe-MP suspension was mixed with 100 μL of streptavidin
modiﬁed 80 nm MNPs (10 mg/mL) and 800 μL Tris-HCl, followed
by incubation at room temperature for 15 min. Unbound 80 nm
MNPs were removed from the suspension by three times of
centrifugation (2000 g, 10 s, VWR Galaxy MiniStar Microcentrifuge).
Finally, the MP-NP80 superstructures were resuspended in 200 μL
Tris-HCl and stored at 4 °C. For MP-NP250 superstructures (Figures
3d and S3b), the synthesis procedure was almost the same except for
using streptavidin modiﬁed 250 nm MNPs and ssDNA probe for miR21 detection instead of 80 nm MNPs and ssDNA probe for let-7b
detection.
For MP-NP250-NP80 superstructures (Figures 5a and S3c), several
steps were employed to assemble the MNPs layer by layer on the MPs.
MP-NP250 superstructures (200 μL, the ssDNA probes between MP
and NP250 were designed for miR-21) were prepared using the
protocol mentioned above and were mixed with 10 μL of biotinylated
ssDNA probe (100 μM, probe for let-7b detection) and 790 μL TrisHCl, followed by incubation at room temperature for 5 min.
Thereafter the suspension was washed twice using a magnetic
separation stand to remove unbound ssDNA probes and resuspended
in 100 μL Tris-HCl. After that, 20 μL of streptavidin modiﬁed 80 nm
MNPs (10 mg/mL) and 880 μL Tris-HCl were added into the
suspension followed by incubation at room temperature for 5 min.
Unbound 80 nm MNPs were removed by three times of centrifugation
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recycling reaction and multilayer MP-NP250-NP80 superstructures. The
mixture (100 μL) contained 5 μL of MP-NP250-NP80, 2.5 μL of RNase
inhibitor (20 U/μL), 1 μL of DSN (1 U/μL), and 91.5 μL of sample.
The mixture was incubated at 60 °C for 60 min followed by a
separation step and measurement.
Speciﬁcity Test. The speciﬁcity of MP-NP80-based let-7b
detection was evaluated by analyzing samples containing 1 nM of
let-7a, let-7c, let-7d, and let-7e. In addition, microRNA mixtures
containing let-7 (0.25 nM each of let-7a, let-7c, let-7d, and let-7e,
mixed with 10 pM, 0.1 nM, or 1 nM of let-7b) were utilized to evaluate
the selectivity of the MP-NP80-based let-7b detection system. The
protocol of measurements was identical to that used in the singleplex
detection. The sequences of tested miRNA are listed in Table S1.
Scanning Electron Microscopy Characterization. The morphology and nanostructure of the multilayer core-satellite superstructures (MP-NP80, MP-NP250 and MP-NP250-NP80) were characterized by scanning electron microscopy (SEM, Zeiss-1530) using an
in-lens detector for secondary electrons, and the microscope was
operated at 5 kV electron beam accelerating voltage. Multilayer coresatellite superstructures were washed and resuspended in pure water
before SEM imaging.
Extraction and Detection of Endogenous miRNA from
Human Cancer Cells. Human cancer cell lines were cultured in
Dulbecco’s Modiﬁed Eagle Medium (DMEM, Gibco) supplemented
with 10% FBS and 100 IU/mL penicillin streptomycin. The cell lysates
were prepared as follows: After harvested by trypsinization, the
collected cells were washed once with phosphate-buﬀered saline. The
cell pellet was stored at −80 °C. The total RNA of the cell pellet was
puriﬁed with the RNeasy mini kit (Qiagen, Hilden, Germany). The
total RNA concentration of the ﬁnal supernatant was determined by
using Nanodrop 1000 (Thermo Scientiﬁc). The total RNA extracts
were diluted with reaction buﬀer to a concentration of 50 μg/mL and
served as the pure total RNA extracts. Synthetic let-7b (target miRNA)
was spiked into the pure total RNA extracts to prepare spiked samples
of diﬀerent concentrations (0.1, 1, 10, and 100 nM). The protocol of
measurements was identical to that used in the duplex detection. The
qRT-PCR quantiﬁcation was performed by the Rudbeck Laboratory,
Uppsala University.
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