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ABSTRACT: Accelerated DNA hybridization chain reactions (HCRs) using DNA origami as
a scaffold have received considerable attention in dynamic DNA nanotechnology. However,
tailor-made designs are essential for DNA origami scaffolds, hampering the practical
application of accelerated HCRs. Here, we constructed the semilocalized HCR and localized
HCR systems using magnetic beads (MBs) as a simple scaffold to explore them for the
enzyme-free miR-21 detection. The semilocalized HCR system relied on free diffusing one
hairpin DNA and MBs immobilized with another hairpin DNA, and the localized HCR system
relied on MBs coimmobilized with two hairpin DNAs. We demonstrated that the DNA density
on MBs plays a critical role in HCR kinetics and limit of detection (LOD). Among
semilocalized HCR systems, MBs with a medium DNA density showed a faster HCR and
lower LOD (10 pM) than the diffusive (conventional) HCR system (LOD: 86 pM). In
contrast, the HCR further accelerated for the localized HCR systems as the DNA density
increased. The localized HCR system with the highest DNA density showed the fastest HCR
and the lowest LOD (533 fM). These findings are of great importance for the rational design of accelerated HCRs using simple
scaffolds for practical applications.

KEYWORDS: biosensor, DNA hybridization chain reaction, magnetic particle, nanointerface,
toehold-mediated DNA displacement reaction

■ INTRODUCTION

Dynamic DNA nanotechnology has been used to create
nontrivial autonomous functions owing to the programmable,
predictable properties and self-assembling of DNA,1−5

resulting in applications such as biosensors,6−10 bioimag-
ing,11−14 nanorobots,15−20 and computing.21−24 In particular,
cascading toehold-mediated DNA displacement reactions
(TMDRs),1,25−28 such as hybridization chain reactions
(HCRs),29−32 catalytic hairpin assembly reactions
(CHAs),33,34 and entropy-driven catalytic reactions35 have
attracted much attention as enzyme-free driving forces for
autonomous function processes in dynamic DNA nano-
technology. However, the rates of the vast majority of HCRs
depend on random collisions and interactions between freely
diffusing DNA reactants in solution.36−40 Furthermore, HCRs
are typically carried out at low concentrations (nanomolar
orders) to avoid leak reactions and undesired TMDRs, which
eventually prolong the operation time in the practical
applications mentioned above. To overcome this difficulty, a
major challenge is to accelerate the rate of HCRs.
A feasible approach in this regard is the use of scaffolds such

as DNA origami, DNA nanostructures, and membranes to
colocalize DNA reactants in a confined space, thereby
maintaining high local concentrations of DNA reactants
without increasing the concentration of the total DNA

reactants.41,42 Almost all of the studies reported so far have
been limited to the use of DNA-based scaffolds such as long
DNA strands43,44 and DNA origami,45−47 as they offer precise
control of the positioning of DNA reactants on these one-
(1D) and two-dimensional (2D) scaffolds, allowing exper-
imental and theoretical analysis of reaction mechanisms and
kinetics.43,45,47 Additionally, localized HCRs on DNA-based
scaffolds show accelerated reaction rates and, thus, shorter
reaction times compared with diffusive (conventional) HCRs
using free DNA reactants. However, successful practical
applications of localized HCRs on DNA-based scaffolds have
been limited to a few reports44,46 because localized HCRs are
sensitive to defects in these scaffolds, such as non- or miss-
immobilized DNA reactants, which can terminate the
reactions. In particular, immobilization of DNA reactants on
DNA origami scaffolds requires careful positioning. Further-
more, DNA origami scaffolds require costly and time-
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consuming preparation of a long circular single-stranded DNA
from bacteriophages and tailor-made designs of hundreds of
short complementary single-stranded DNAs. Therefore, it is
difficult to obtain large quantities of DNA origami scaffolds,
which hinders the practical application of the localized HCR.
To further integrate localized HCRs into practical applications,
it is highly desirable to use simpler three-dimensional (3D)
scaffolds that are readily available in large quantities without
the need for costly and time-consuming processes or tailor-
made designs. However, no systematic studies have been
reported on the impact of 3D nanointerface structures of
simple scaffolds on HCR kinetics and their performance in
practical applications.
Herein, we designed and prepared various DNA-modified

magnetic beads (MBs) with different 3D nanointerfaces to
make quantitative comparisons of HCR kinetics and explored
their potential practical application in biosensors. Commer-
cially available streptavidin-coated MBs have been recognized
as a useful and simple 3D scaffold in the field of
biosensing10,48−51 because a wide variety of biotin-modified
biomolecules are easily immobilized on the surface of these
MBs by washing off nonimmobilized biomolecules under a
magnetic field. Figure 1 shows the principle of the diffusive
(conventional) HCR system (Figure 1a), semilocalized HCR
system (Figure 1b), and localized HCR system (Figure 1c).
The semilocalized HCR system was newly constructed using
freely diffusing hairpin DNA-2 (H2) and MBs (H1b-FQ-MBs)
immobilized with biotin, 6-carboxy fluorescein (FAM), and a
black hole quencher-1 (BHQ-1)-labeled hairpin DNA-1 (H1b-
FQ) alone, and the localized HCR system was constructed
using MBs (H1b-FQ/H2b-MBs) coimmobilized with H1b-FQ
and biotin-labeled hairpin DNA-2 (H2b). In addition, MBs

with different numbers of immobilized DNAs were used for
the semilocalized HCR and localized HCR systems. The self-
quenched H1b-FQ was utilized to monitor HCR kinetics in
real time through Förster resonance energy transfer (FRET)
between FAM and BHQ-1. Homosapiens microRNA-21 (miR-
21) was used as an initiator for the HCR and a target miRNA
because miR-21 is known to be involved in various diseases;
the direct detection of miR-21 from serum and cell lysate is
currently one of the major challenges.52−54 In a semilocalized
HCR system (Figure 1b), miR-21 interacts with a toehold of
the H1b-FQ on H1b-FQ-MBs and opens the H1b-FQ by
TMDR, resulting in the formation of a linear H1b-FQ/miR-21
duplex with a new single-stranded structure. The partial
recovery of the fluorescence signal of FAM occurs due to the
slight cancelation of FRET by the increased distance between
FAM and BHQ-1 from ∼2 to 7 nm since FRET efficiency is
known to be dependent on the fluorescence dye-to-quencher
separation distance with an inverse sixth power law.55

Subsequently, a toehold of freely diffusing H2 hybridizes
with the single-stranded structure of the H1b-FQ/miR-21
duplex on H1b-FQ-MBs to form the H1b-FQ/miR-21/H2
duplex with a new single-stranded structure. Subsequently, the
H1b-FQ/miR-21/H2 duplex searches out unreacted proximate
H1b-FQ at the nanointerface of the H1b-FQ-MBs, leading to
an HCR between alternating H1b-FQ and H2 on the same
H1b-FQ-MB, which results in a semilocalized HCR. Thus,
semilocalized HCR initiated by miR-21 affords long-nicked
duplexes on the H1b-FQ-MBs. Consequently, the reaction
rates and amplification of fluorescence signals are accelerated
in the semilocalized HCR system compared to that in the
diffusive HCR system because HCRs on MBs proceed only in
a confined space where the local concentration of the H1b-FQ

Figure 1. Schematic illustration of the principles of (a) diffusive (conventional) HCR, (b) semilocalized HCR, and (c) localized HCR systems.
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increased. Unlike semilocalized HCR systems, localized HCR
systems (Figure 1c) rely on the coimmobilization of H1b-FQ
and H2b on MBs (H1b-FQ/H2b-MBs), and H1b-FQ and
H2b randomly distributed on the surfaces of MBs. Therefore,
the H1b-FQ/miR-21 and H1b-FQ/miR-21/H2b duplexes,
once formed on the MBs, smoothly hybridize with proximate
H2b and proximate H1b-FQ on the MBs, respectively, leading
to an HCR only on the same H1b-FQ/H2b-MB (intraparticle
HCR), resulting in a fully localized HCR. Eventually, the
reaction rates and the amplification of fluorescence signals in
localized HCR systems are faster than those in the diffusive
HCR and semilocalized HCR systems, because HCR proceeds
only in a confined space with increased local concentrations of
both H1b-FQ and H2b. In this study, diffusive, semilocalized,
and localized HCR systems were applied successfully and
directly to enzyme-free miR-21 detection systems using the
functions of fluorescence signal amplification, and their HCR
kinetics and analytical performance such as the limit of
detection (LOD) and assay time were studied comparatively.
We demonstrated that the number of immobilized DNAs (i.e.,

the distance between DNA strands) on MB scaffolds of
semilocalized and localized HCR systems played critical roles
in their HCR kinetics and analytical performance. The
localized HCR system with the largest number of immobilized
DNAs showed the most accelerated HCRs and provided the
highest sensitivity (LOD: 533 fM in 240 min) and rapid assay
time (LOD: 8.9 pM in 30 min) in the miR-21 detection
compared to other miR-21-detection systems, including the
diffusive HCR system (LOD: 86 pM in 240 min and 374 pM
in 30 min) and semilocalized HCR system (LOD: 10 pM in
240 min and 104 pM in 30 min). These findings are of great
importance for the rational design of localized HCR systems
using simple scaffolds for practical applications.

■ EXPERIMENTAL SECTION
Preparation of H1b-FQ-MBs (H), (M), and (L). To prepare

H1b-FQ-MBs (H), (M), and (L), streptavidin-modified MBs (200
μL, 1.2 × 108 particles) were washed using 10 mM Tris−HCl buffer,
pH 7.7, containing 150 mM NaCl and 0.01% (v/v) Tween 20 (Tris-
buffer) (1000 μL). Since the average number of the immobilized

Figure 2. (a) Time-dependent increase in normalized F of the diffusive HCR system at different miR-21 concentrations (0−10 nM) in the
presence of the H2 (10 nM). (b) Normalized F of the diffusive HCR system with various concentrations of miR-21 at different assay times (30
min: black, 60 min: orange, 120 min: green, 180 min: blue, and 240 min: red). The inset shows the responses to 0−2.0 nM miR-21 and LODs at
different assay times (30 min: black, 60 min: orange, 120 min: green, 180 min: blue, and 240 min: red). Mean values and standard deviations were
obtained from three independent experiments.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09631
ACS Appl. Mater. Interfaces 2021, 13, 35533−35544

35535

https://pubs.acs.org/doi/10.1021/acsami.1c09631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09631?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


H1b-FQ strands per MB were controllable by varying the
concentrations of added H1b-FQ as shown in Figure S2a, a solution
of X nM H1b-FQ in Tris-buffer (1000 μL, X = 500 nM for (H), X =
50 nM for (M), and X = 12.5 nM for (L)) was added to MBs. The
resulting suspended mixtures were incubated at 25 °C for 30 min.
H1b-FQ-MBs (H), (M), and (L) were washed three times with Tris-
buffer (1000 μL) by applying a magnetic field. H1b-FQ-MBs (H),
(M), and (L) were dispersed in the same buffer to adjust 100 nM of
H1b-FQ. To quantify the amount of immobilized H1b-FQ strands on
MBs, FAM- and biotin-labeled H1 (H1b-F) was used in place of H1b-
FQ, and the quantitation was carried out according to our previous
report.10

Preparation of H1b-FQ/H2b-MBs (H), (M), and (L). To prepare
H1b-FQ/H2b-MBs (H), (M), and (L), streptavidin-modified MBs
(200 μL, 1.2 × 108 particles) were washed using Tris-buffer (1000
μL). Since the average numbers of the immobilized H1b-FQ and H2b
strands per MB were controllable by varying the concentrations of
added H1b-FQ and H2b as shown in Figure S6a, both solutions of X
nM H1b-FQ and X nM H2b in Tris-buffer (500 μL each, X = 500 nM
for (H), X = 50 nM for (M), and X = 12.5 nM for (L)) were added to
MBs. The resulting suspended mixtures were incubated at 25 °C for
30 min. H1b-FQ/H2b-MBs (H), (M), and (L) were washed three
times with Tris-buffer (1000 μL) by applying a magnetic field. H1b-
FQ/H2b-MBs (H), (M), and (L) were dispersed in the same buffer
to adjust 100 nM of H1b-FQ. To quantify the amount of immobilized
H1b-FQ and H2b strands on MBs, H1b-F and Alexa 647- and biotin-
labeled H2 (H2b-A) were used in place of H1b-FQ and H2b,
respectively, and the quantitation was carried out according to our
previous report.10

Detection of miR-21 by Diffusive HCR, Semilocalized HCR,
or Localized HCR Systems. For the diffusive HCR system, 400 nM
H1b-FQ and 400 nM H2 in Tris-buffer were separately annealed at 90
°C for 1 min before use. To the mixture of Tris-buffer and 10 mM
Tris−HCl buffer, pH 7.7, containing 150 mM NaCl, 0.01% (v/v)
Tween 20, and 250 mM of MgCl2 (Tris-buffer with Mg) (10 μL),
both solutions of 400 nM H1b-FQ and 400 nM H2 in Tris-buffer (5
μL each) were added. After that, various concentrations of miR-21 (5
μL, 800 pM to 400 nM) dissolved in Tris-buffer were added to the
mixture, and the total volume was 200 μL. Final concentrations of
Mg2+, H1b-FQ, H2, and miR-21 were 12.5 mM, 10 nM, 10 nM, and
0−10 nM, respectively. The reaction mixtures were incubated at 25
°C for 240 min, and their fluorescence intensities at 522 nm were
measured at appropriate time intervals during incubation.
For the semilocalized HCR system, 100 nM H1b-FQ-MBs (H),

(M), and (L) and 400 nM H2 in Tris-buffer were separately annealed
at 90 °C for 1 min before use. The MBs are known to scatter
excitation light and fluorescence signals only when they are present in
high concentrations, affecting the fluorescence signals. Therefore, we
performed the experiments in the concentration range of MBs that
does not affect the fluorescence signals. As an example, the detection
procedure using the H1b-FQ-MB (M) is described as follows: A
solution of 100 nM H1b-FQ-MB (M) in Tris-buffer (20 μL, [H1b-
FQ] = 100 nM) was added to a 0.5 mL PCR tube, and the buffer
solution was removed from the tube by applying a magnetic field. To
the H1b-FQ-MB (M), Tris-buffer (180 μL), Tris-buffer with Mg (10
μL), 400 nM H2 in Tris-buffer (5 μL), and various concentrations of
miR-21 (5 μL, 200 pM to 400 nM) dissolved in Tris-buffer were
added. The total volume and final concentrations of Mg2+, DNAs, and
miR-21 were the same as described above. The fluorescence intensity
at 522 nm as a function of time was measured in the same way as
described above.
For the localized HCR system, each 100 nM H1b-FQ/H2b-MBs

(H), (M), and (L) in Tris-buffer was annealed at 90 °C for 1 min
before use. As an example, the detection procedure using the H1b-
FQ/H2b-MB (H) is described as follows. A solution of 100 nM H1b-
FQ/H2b-MB (H) in Tris-buffer (20 μL, [H1b-FQ] = 100 nM and
[H2b] = 95 nM) was added to a 0.5 mL PCR tube, and the buffer
solution was removed from the tube by applying a magnetic field. To
H1b-FQ/H2b-MB (H), Tris-buffer (175 μL), Tris-buffer with Mg
(10 μL), and various concentrations of miR-21 (5 μL, 8 pM to 400

nM) dissolved in Tris-buffer were added. The total volume and final
concentrations of Mg2+, DNAs, and miR-21 were the same as
described above. The fluorescence intensity at 522 nm as a function of
time was measured in the same way as described above.

■ RESULTS AND DISCUSSION

Diffusive HCR System. The DNA and RNA sequences are
shown in Table S1. To verify the feasibility of the HCR with
H1b-FQ, H2, and miR-21, a diffusive HCR system (Figure 1a)
was initially carried out in 10 mM Tris−HCl buffer at pH 7.7,
containing 150 mM NaCl, 12.5 mM MgCl2, and 0.01% (v/v)
Tween 20 at 25 °C for 240 min, with H1b-FQ (10 nM), H2
(10 nM), and different concentrations of miR-21 (0−10 nM).
The change in the normalized fluorescence intensities (F) as a
function of time is shown in Figure 2a, and the normalized F
was defined as follows: Normalized F = (Ft − F0)/(Fmax − F0),
where Ft, F0, and Fmax are the fluorescence intensities at t min,
at 0 min, and of the H1b-FQ/miR-21/H2 duplex (10 nM)
prepared by annealing process of the H1b-FQ, miR-21, and
H2, respectively. Thus, when the normalized F is 1.0, it
corresponds to the fact that H1b-FQ has completely reacted.
Notably, the increase in both the values and rates of the
normalized F was significantly observed with increasing
amounts of miR-21, indicating the occurrence of HCR
triggered by miR-21. However, the normalized F slightly
increased even in the absence of miR-21 (0 M) due to leakage
caused by undesired hybridization between H1b-FQ and
H2.29−32 Additional evidence for the HCR of H1b and H2
triggered by miR-21 was obtained by 2.0% agarose gel
electrophoresis (Figure S1). In the mixture of H1b and H2
in the absence of miR-21 (Figure S1, lane 5), any bands at
higher molecular weight regions did not appear; thus, only a
single band was observed. Additionally, the migration position
of the band was the same as those of the bands for H1b alone
and H2 alone (Figure S1, lanes 3 and 4), demonstrating that
hybridization of H1b and H2 is negligible under these
experimental conditions. Notably, the molecular weight of
the smear bands corresponding to the HCR products increased
with a decrease in the amount of miR-21 (Figure S1, lanes 6
(1.0 × miR-21), 7 (0.1 × miR-21), and 8 (0.01 × miR-21)),
whereas unreacted H1b and H2 were clearly observed for the
HCR sample using the smallest amount of miR-21 (Figure S1,
lane 8). Taken together, these facts demonstrate that HCR
occurs in a manner dependent on the amount of miR-21,
suggesting the potential for quantitative detection of miR-21.
Additionally, linear relationships were observed between
normalized F and low concentrations of miR-21 (<2 nM) for
each assay time (30, 60, 120, 180, and 240 min) (Figure 2b).
The LOD was calculated as the mean ± 3σ, where mean and σ
are the normalized F in the absence of miR-21 (0 M) and its
standard deviation, respectively. The LODs decreased with
increasing assay time, reaching the lowest LOD (86 pM) after
240 min, and these LODs were comparable to other reported
diffusive (conventional) HCRs.56

Semilocalized HCR System. To substantiate the effect of
nanointerface structures of MB scaffolds (diameter: 3 μm) on
semilocalized HCRs, we designed and prepared three types of
H1b-FQ-MBs with different numbers of immobilized H1b-FQ
strands, namely, high density (H), medium density (M), and
low density (L). The average number of immobilized H1b-FQ
strands per MB scaffold, the average distance between the
H1b-FQ strands, and the calculated local concentration of the
H1b-FQ strands are shown in Figures 3a and S2. Figure 3b−d
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shows the time-dependent increase in the normalized F for
H1b-FQ-MBs (H), (M), and (L) (all [H1b-FQ] = 10 nM) in
the presence of H2 (10 nM) at different concentrations of
miR-21 (0−10 nM). Similar to the diffusive HCR system
(Figure 2a), the normalized F for all semilocalized HCR
systems increased, where the increase in both the values and
rates of the normalized F was significantly observed with
increasing amount of miR-21. Although the normalized F for
H1b-FQ-MBs (M) and (L) slightly increased even in the

absence of miR-21 (0 M) (leakage), H1b-FQ-MBs (H)
showed only negligible leakage (normalized F < 0.02). To
compare the kinetics of diffusive and semilocalized HCR
systems, the time needed to reach the normalized F value of
0.1 (normalized F = 0.1) triggered by 1.0 nM miR-21 was
defined as the Ct value. The Ct values for the diffusive HCR
system and H1b-FQ-MBs (H), (M), and (L) were estimated
to be 45, 90, 35, and 45 min, respectively. Notably, the HCR
kinetics of H1b-FQ-MBs (M) (Ct = 35 min) was faster than

Figure 3. (a) Average number of the immobilized H1b-FQ strands per MB scaffold, average distance between the H1b-FQ strands on the MB, and
the calculated local concentration of H1b-FQ for H1b-FQ-MBs (H), (M), and (L). Time-dependent increase in normalized F of the (b) H1b-FQ-
MB (H), (c) H1b-FQ-MB (M), and (d) H1b-FQ-MB (L) at different miR-21 concentrations (0−10 nM) in the presence of the H2 (10 nM).
Mean values and standard deviations were obtained from three independent experiments.

Figure 4. Each elementary TMDR in both the diffusive and the semilocalized HCR systems (H1b-FQ-MBs (H), (M), and (L)) and their reaction
rate constants (k1, k2, and k3). The k3 of the semilocalized HCR systems is excluded. Mean values and standard deviations were obtained from three
independent experiments.
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that of the diffusive HCR system (Ct = 45 min, [H1b-FQ] =
10 nM) because of the occurrence of semilocalized HCRs by
the proximate effect with a significant increase in the local
concentrations of H1b-FQs (local [H1b-FQ] = 7.6 mM). In
sharp contrast, H1b-FQ-MBs (H) (Ct = 90 min) showed the
slowest HCR kinetics despite having the largest number of
immobilized H1b-FQ strands and, thus, the highest local
concentration of H1b-FQ (local [H1b-FQ] = 23.8 mM).
Additionally, although the H1b-FQ-MBs (L) (local [H1b-FQ]
= 1.7 mM) had a higher local concentration of H1b-FQ than
the diffusive HCR system, the HCR kinetics of H1b-FQ-MBs
(L) (Ct = 45 min) were comparable to those of the diffusive
HCR system (Ct = 45 min).
To further clarify the effect of the number of immobilized

H1b-FQ strands on the kinetics of semilocalized HCRs, we
first focused on three elementary reactions of semilocalized
HCR (polymerization), which included the TMDR of H1b-FQ
with miR-21 (initiation), TMDR of the H1b-FQ/miR-21
duplex with freely diffusing H2 (propagation), and localized
TMDR of the H1b-FQ/miR-21/H2 duplex with the proximate
H1b-FQ on MBs (propagation). TMDRs have been well
studied, and their kinetics are usually applicable to a
bimolecular kinetic model without back reactions when an
appropriate toehold length exists (see the kinetic model for
TMDRs, Supporting Information).25−28 Figure 4 shows each
elementary TMDR in both diffusive and semilocalized HCR
systems and their reaction rate constants (k1: initiation, k2:
propagation, and k3: propagation), except for the k3 of the
localized TMDR of the H1b-FQ/miR-21/H2 with the
proximate H1b-FQ on MBs. The reason for excluding the
localized TMDR of the H1b-FQ/miR-21/H2 with the
proximate H1b-FQ is that the reaction is expected to be
very fast, and it is difficult to prepare a suitable reaction system
and determine the rate constant (k3) experimentally. To
determine the individual reaction rate constants k1 and k2, each
TMDR was carried out under the same reaction conditions as
above, with the concentrations of all DNA at 10 nM. The
change in the normalized F as function of time was monitored
(Figure S3), and the reaction rate constants were determined
from the bimolecular kinetic equation (see eq SI(4),
Supporting Information). In all cases, the reaction rate
constants k2 were ∼1 order of magnitude smaller than the
reaction rate constants k1, indicating that the propagation step
of TMDRs of H1b-FQ/miR-21 with the freely diffusing H2 is
the rate-determining step in HCRs. Notably, although the

reaction rate constant k1 for H1b-FQ-MB (H) with the largest
number of immobilized H1b-FQ strands is comparable to
those of other H1b-FQ-MBs (M) and (L), the reaction rate
constant k2 for H1b/miR-21-MB (H) is ∼4.5 and 3.5 times
lesser than those for the diffusive HCR system and other H1b/
miR-21-MBs (M) and (L), respectively. This is most likely the
strong electrostatic repulsion between the dense H1b/miR-21
duplexes on H1b/miR-21-MBs (H) and the freely diffusing
H2-FQs, resulting in the slowest HCR in H1b-FQ-MBs (H)
(Ct = 90 min) as well as negligible leakage (normalized F
<0.02). It has been reported that TMDRs at the particle−
liquid interface (pseudo-heterogeneous reactions) are greatly
affected by the number of immobilized DNAs (i.e., charge
density).20,57−60 In contrast, the reaction rate constants k2 for
H1b/miR-21-MBs (M) and (L), with a smaller number of
immobilized H1b/miR-21 duplexes compared with H1b/miR-
21-MB (H), were at the same level as that of the diffusive HCR
system due to reduced electrostatic repulsion between the
H1b/miR-21 duplexes on the MBs and the freely diffusing H2-
FQs. Although the reaction rate constants k1 and k2 for the
H1b-FQ-MBs (M) and (L) were almost the same, an
accelerated HCR was observed only for H1b-FQ-MB (M)
(Ct = 35 min), but not for H1b-FQ-MB (L) (Ct = 45 min),
indicating that this acceleration is based on the proximate
effect with a significant increase in the local concentration of
H1b-FQs (7.6 mM) on MBs.
To understand the acceleration of HCR observed only in

H1b-FQ-MBs (M), it should be ascertained whether HCRs
occur on the nanointerface of the H1b-FQ-MB (intraparticle
HCR: semilocalized HCR) or between the H1b-FQ-MBs
(interparticle HCR), because the H1b-FQ/miR-21/H2 duplex
formed on the H1b-FQ-MBs with a small number of
immobilized H1b-FQ strands (low density of H1b-FQ: long
distance between H1b-FQ strands) easily interacts with any
other freely diffusing H1b-FQ-MBs (interparticle HCR). In
this regard, the time-dependent changes in the sizes of the
H1b-FQ-MBs (H), (M), and (L) in the presence of H2 (10
nM) and miR-21 (1.0 nM) were monitored by dynamic light
scattering (DLS) measurements (Figure S4). If HCRs only
occurred on nanointerfaces on the same MBs (intraparticle
HCR: semilocalized HCR), no change in the size of MBs
would be observed as a function of time. Additionally, the sizes
of MBs should increase as a function of time for the HCRs
occurring between the freely diffusing MBs (interparticle
HCR). In fact, changes in the sizes of H1b-FQ-MB (H) and

Figure 5. Geometric illustration of the critical distance between the miR-21/H1b-FQ/H2 duplex and the unreacted H1b-FQ on the nanointerface
of MBs (using 0.34 nm/bp for dsDNA and 0.30 nm/nt for ssDNA). The critical distance for the semilocalized HCR system was calculated as
follows: critical distance (nm) = (44 bp: 15 nm + 20 nt: 6 nm in H1b-FQ/miR-21/H2 duplex) − (20 nt: 6 nm in H1b-FQ).
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the H1b-FQ-MB (M) were not observed for 240 min (Figure
S4a,b), strongly indicating that the HCRs (intraparticle HCR:
semilocalized HCR) occurred on nanointerfaces of the same
H1b-FQ-MB (H) and H1b-FQ-MB (M). In sharp contrast,
the sizes of H1b-FQ-MBs (L) with the smallest number of
immobilized H1b-FQ strands gradually increased as a function
of time, which finally caused the aggregation of H1b-FQ-MBs
(L) at 240 min (Figure S4c), clearly indicating that an
interparticle HCR had occurred. It seems to be the shorter
average distance between the H1b-FQ strands on the H1b-FQ-
MB (H) (7.0 nm) and the H1b-FQ-MB (M) (12.3 nm)
facilitates intraparticle HCRs (semilocalized HCRs) smoothly

through the proximate effect with a significant increase in local
concentrations of H1b-FQ on MBs, but the proximate effect is
limited for H1b-FQ-MBs (L), where there is a longer average
distance between the H1b-FQ strands (26.2 nm).
To consider the effect of the average distance between the

H1b-FQ strands on HCR kinetics, Figure 5 shows a geometric
illustration of the critical distance between the H1b-FQ/miR-
21/H2 duplex and the unreacted H1b-FQ on the nanointer-
face of MBs when the lengths of single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA) are 3.0 nm
per 10 nucleotides (nts) and 3.4 nm per 10 base pairs (bp),61

respectively. TMDR involves a two-step process; the formation

Figure 6. (a) Normalized F of the H1b-FQ-MB (M) with various concentrations of miR-21 at different assay times (30 min: black, 60 min: orange,
120 min: green, 180 min: blue, and 240 min: red). (b) Normalized F and LODs of the H1b-FQ-MB (M) responses to 0−500 pM of miR-21 at
different assay times (30 min: black, 60 min: orange, 120 min: green, 180 min: blue, and 240 min: red). Mean values and standard deviations were
obtained from three independent experiments. (c) LODs of the diffusive HCR system and the semilocalized HCR systems using H1b-FQ-MBs
(H), (M), and (L) at different assay times (30, 60, 120, 180, and 240 min).

Figure 7. (a) Average number of the immobilized H1b-FQ and H2b strands per MB scaffold, average distance between the H1b-FQ/H2b strands
on the MB, and calculated local concentrations of H1b-FQ and H2b for H1b-FQ/H2b-MBs (H), (M), and (L). Time-dependent increase in the
normalized F of the (b) H1b-FQ/H2b-MB (H), (c) H1b-FQ/H2b-MB (M), and (d) H1b-FQ/H2b-MB (L) at different miR-21 concentrations
(0−10 nM). Mean values and standard deviations were obtained from three independent experiments.
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of several base pairs at the toehold domains and the branch
migration process, and the former process is known to be the
rate-determining step.25 Therefore, the most important factor
for the TMDR in HCRs on MBs is whether the toehold
domain (red color in Figure 5) of the unreacted H1b-FQ and
the complementary single-stranded domain (red color in
Figure 5) exposed from the H1b-FQ/miR-21/H2 duplex are
located at a distance where they can successively interact with
each other. We calculated that the critical distance at which the
toehold of the unreacted H1b-FQ and the complementary
single-stranded domain exposed from the H1b-FQ/miR-21/
H2 duplex could interact was ∼15 nm. Therefore, the
interparticle HCR was observed only for H1b-FQ-MBs (L)
with a longer average distance between the H1b-FQ strands
(26.2 nm) compared with the critical distance (15 nm).These
facts indicate that the number of immobilized H1b-FQ strands
(i.e., average distance between the H1b-FQ strands) on the
MBs is a critical factor for intraparticle HCRs (semilocalized
HCRs) at the nanointerfaces.
Figures 6a and S5 show the normalized F of the H1b-FQ-

MB (M) and the other two H1b-FQ-MBs (H) and (L) with
various concentrations of miR-21 at different assay times (30,
60, 120, 180, and 240 min), respectively. The linear
relationships were observed between the normalized F and
low concentrations of miR-21 for each assay time, e.g., the
linear dynamic range of H1b-FQ-MBs (M) was from 5.0 pM
to 2.0 nM. The LODs of all H1b-FQ-MBs (H), (M), and (L)
decreased with an increase in the assay time, reaching the
lowest LODs after 240 min (Figures 6b and S5). Taking the
H1b-FQ-MBs (M) as an example, the LODs were 104, 38, 29,
18, and 10 pM at 30, 60, 120, 180, and 240 min, respectively
(Figure 6b). It should be noted that H1b-FQ-MBs (M)
achieved the lowest LODs (10 pM at 240 min) compared to
H1b-FQ-MBs (H) (LOD: 21 pM at 240 min) and (L) (LOD:
65 pM at 240 min) because the HCR was most accelerated on
MBs through the intraparticle semilocalized HCR mechanism
(Figure 6c). Furthermore, although H1b-FQ-MBs (H) (Ct =
90 min) showed a slower HCR than the diffusive HCR system
(Ct = 45 min), the H1b-FQ-MB (H) (LOD: 21 pM at 240
min) also had significantly lower LODs than the diffusive HCR
system (LOD: 86 pM at 240 min). It is possible that the
slowest TMDRs on the H1b-FQ-MB (H) caused not only the
slowest HCR but also prevented leakage as much as possible,
allowing a higher signal-to-noise ratio than the diffusive HCR
system. On the other hand, as expected, LODs of H1b-FQ-MB
(L) were similar to those of the diffusive HCR system because
interparticle HCR was observed only for H1b-FQ-MBs (L).

Localized HCR System. We designed and prepared
localized HCR systems including H1b-FQ/H2b-MBs (H),
(M), and (L) with different total numbers of immobilized
H1b-FQ and H2b strands for comparison with the diffusive
and semilocalized HCR systems immobilized with H1b-FQ
strands alone. The average number of H1b-FQ and H2b
strands per MB scaffold, average distance between H1b-FQ
and H2b strands, and the calculated total local concentrations
of H1b-FQ and H2b strands are shown in Figures 7a and S6.
Figure 7b−d shows the normalized F for H1b-FQ/H2b-MBs
(H), (M), and (L) (all [H1b-FQ] = 10 nM) at different
concentrations of miR-21 (0−10 nM) as a function of time.
Similar to the diffusive HCR system (Figure 2a) and
semilocalized HCR systems (Figure 3b−d), the normalized F
for H1b-FQ/H2b-MBs (H), (M), and (L) also increased, and
the increase in both the values and rates of the normalized F
was significantly observed with increasing the amount of miR-
21. Although a slight increase in the normalized F (leakage)
was observed for H1b-FQ/H2b-MBs (H) and (M) even in the
absence of miR-21 (0 nM), the H1b-FQ/H2b-MB (L) showed
only negligible leakage (normalized F <0.04). The Ct values for
H1b-FQ/H2b-MBs (H), (M), and (L) were estimated to be
3.6, 12, and 87 min, respectively, viz., the H1b-FQ/H2b-MB
(H), with the largest number of immobilized H1b-FQ and
H2b strands, showed the fastest HCR kinetics. Notably, the
HCR kinetics of H1b-FQ/H2b-MBs (H) was faster than those
of the semilocalized HCR system of H1b-FQ-MBs (M), which
showed the fastest HCR kinetics among the semilocalized
HCR systems. In fact, ∼12.5 and 10 times the acceleration of
HCRs were observed for H1b-FQ/H2b-MBs (H) (Ct = 3.6
min) compared to the diffusive HCR system (Ct = 45 min)
and H1b-FQ-MBs (M) (Ct = 35 min), respectively. The
significant acceleration of HCRs observed for H1b-FQ/H2b-
MBs (H) is due to the absence of the rate-determining step in
the HCR, that is the TMDR with freely diffusing H2 (k2), as
seen in the semilocalized HCR systems. Thus, the localized
HCR on H1b-FQ/H2b-MBs (H) occurred by a proximate
effect with a significant increase in the local concentrations of
H2b (10.9 mM) and H1b-FQ (11.5 mM), unlike the
semilocalized HCR system of H1b-FQ-MBs (M) (local
[H1b-FQ] = 7.6 mM, [H2] = 10 nM). The acceleration of
the HCR in H1b-FQ/H2b-MBs (M) was also observed, that is
the HCR kinetics of H1b-FQ/H2b-MB (M) (Ct = 12 min)
was ∼3 times faster than that of H1b-FQ-MB (M) (Ct = 35
min). In sharp contrast, the HCR kinetics of H1b-FQ/H2b-
MB (L) (Ct = 87 min) was slower than that of the diffusive
HCR system (Ct = 45 min), and the HCR kinetics of H1b-

Figure 8. Geometric illustration of the critical distance between the H1b-FQ/miR-21 duplex and the unreacted H2b on the nanointerface of MBs
(using 0.34 nm/bp for dsDNA and 0.6 nm/nt for ssDNA). The critical distance for the semilocalized HCR system was calculated as follows: critical
distance (nm) = (22 bp: 7.5 nm + 20 nt: 6 nm in H1b-FQ/miR-21 duplex) − (20 nt: 6 nm in H2b).
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FQ/H2b-MB (L) were comparable to that of H1b-FQ-MB
(H) (Ct = 90 min). Unlike all other HCR systems, only the
H1b-FQ/H2b-MB (L) slightly increased the normalized F as a
function of time.
Figure 8 shows a geometric illustration of the critical

distance between the H1b-FQ/miR-21 duplex and the
unreacted H2b on the nanointerface of MBs to understand
the difference in HCR kinetics between H1b-FQ/H2b-MBs
(H), (M), and (L). The critical distance at which the toehold
(blue color in Figure 8) of the unreacted H2b and the
complementary single-stranded domain (blue color in Figure
8) exposed from the H1b-FQ/miR-21 duplex could interact
was calculated to be ∼7.5 nm. Therefore, the H1b-FQ/H2b-
MB (H), with a shorter average distance (7.1 nm) compared
with the critical distance (7.5 nm), facilitated the localized
HCR, whereas H1b-FQ/H2b-MBs (M) (12.5 nm) and (L)
(25.1 nm), with a longer average distance, were less likely to
cause localized HCRs. In particular, the H1b-FQ/H2b-MB
(L), with the longest average distance (25.1 nm), no longer
caused the HCR by termination at the step of the formation of
the H1b-FQ/miR-21 duplex (initiation step) on the MB,
resulting in a slight time-dependent increase in the normalized
F and negligible leakage.
Figures 9a and S7 show the normalized F of the H1b-FQ/

H2b-MB (H) and the other two H1b-FQ/H2b-MBs (M) and
(L) with various concentrations of miR-21 at different assay
times (30, 60, 120, 180, and 240 min) to compare the
analytical performance of all localized HCR systems,
respectively. The linear relationships were observed between
the normalized F and low concentrations of miR-21 for each
assay time (Figures 9b and S7). Figure 9c shows the LODs of
the diffusive HCR system, semilocalized HCR system of the
H1b-FQ-MB (M), and localized HCR systems of the H1b-
FQ/H2b-MBs (H), (M), and (L) at different assay times (30,
60, 120, 180, and 240 min). The LODs of the H1b-FQ/H2b-
MBs (H), (M), and (L) decreased with an increase in the assay
time, reaching the lowest LODs after 240 min (Figure 9c); for
example, LODs of the H1b-FQ/H2b-MB (H) at 30, 60, 120,
180, and 240 min were 8.9 pM, 4.9 pM, 3.6 pM, 986 fM, and
533 fM, respectively. Furthermore, LODs of H1b-FQ/H2b-
MBs (H) were lower than those of the semilocalized system of
the H1b-FQ-MB (M), which showed the lowest LODs among
the semilocalized HCR systems. Notably, the LOD of the H1b-

FQ/H2b-MB (H) at 240 min (533 fM) was ∼160 and 20
times lower than those of the diffusive HCR system (86 pM)
and semilocalized HCR system of the H1b-FQ-MB (M) at 240
min (10 pM). In addition, the LOD of H1b-FQ/H2b-MB (H)
at 30 min (8.9 pM) was comparable to the lowest LOD of the
semilocalized HCR system of the H1b-FQ-MB (M) observed
at 240 min (10 pM), allowing for an assay time that was 8
times shorter. These facts indicate that the lowest LOD and
shorter assay time of the localized HCR system of H1b-FQ/
H2b-MB (H) are in accordance with the above results, and
thus, based on the occurrence of localized HCRs by the
proximate effect with a significant increase in the local
concentrations of H2b as well as H1b-FQ, the H1b-FQ/
H2b-MB (H) is the most efficient scaffold for localized HCRs
as well as the miRNA detection system.
Specificity is one of the most important considerations in

miRNA detection; therefore, the specificity of localized HCRs
using the H1b-FQ/H2b-MB (H) was evaluated with a series of
miR-21s, including fully complementary miR-21, miR-21 with
single-base mismatch (SM-miR-21), miR-21 with double-base
mismatch (WM-miR-21), and miR-21 with triple-base
mismatch (TM-miR-21) (Table S1). Figures 10 and S8a
show the comparison between the normalized F at 240 min
and the time-dependent change in the normalized F of H1b-
FQ/H2b-MB (H) in the presence and absence (blank) of
miR-21s (1 nM), respectively. The normalized F at 240 min
(Figure 10) and the behavior of the time-dependent
normalized F (Figure S8a) induced by WM-miR-21 and
TM-miR-21 were comparable to those of the blank (miR-21 =
0 M), whereas the normalized F at 240 min and time-
dependent normalized F for SM-miR-21 slightly increased
because the mismatched position of SM-miR-21 was not at the
complementary sequence of the toehold region of H1b-FQ.62

Notably, miR-21 induced the highest normalized F at 240 min
and the largest time-dependent increase in the normalized F
compared to induction by other mismatch miR-21s, demon-
strating that our miRNA detection system based on H1b-FQ/
H2b-MBs (H) allows the discrimination between other
mismatch miR-21s and target miR-21. Additionally, the
semilocalized HCRs using the H1b-FQ-MB (M) showed
similar specificity compared with the localized HCRs (Figure
S8b). These facts are in accordance with the high capability of
TMDRs to discriminate base mismatches.

Figure 9. (a) Normalized F of the H1b-FQ/H2b-MB (H) with various concentrations of miR-21 at different assay times (30 min: black, 60 min:
orange, 120 min: green, 180 min: blue, and 240 min: red). (b) Normalized F and LODs of the H1b-FQ/H2b-MB (H) responses to 0−10 pM of
miR-21 at different assay times (30 min: black, 60 min: orange, 120 min: green, 180 min: blue, and 240 min: red). Mean values and standard
deviations were obtained from three independent experiments. (c) LODs of the diffusive HCR system, the semilocalized system (the H1b-FQ-MB
(M)), and the localized HCR systems using H1b-FQ/H2b-MBs (H), (M), and (L) at different assay times (30, 60, 120, 180, and 240 min).
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One of the most notable features of enzyme-free miRNA
detection systems based on cascading TMDRs is their
potential to direct detection of target miRNAs from serum
samples because materials coexisting in the serum easily inhibit
enzymatic reactions used for polymerase chain reaction
(PCR)-based detection systems. Therefore, PCR systems
require tedious and time-consuming processes, such as the
isolation of total miRNAs from serum samples. Our detection
system based on localized HCRs using H1b-FQ/H2b-MB (H)
was applied to detect miR-21 in the presence of exosome-free
fetal bovine serum (Exo-FBS) spiked with different concen-
trations of miR-21 (100 pM and 1 nM) as a proof of concept
study. Table 1 shows the impact of Exo-FBS (10 5) on

normalized F at 240 min at different concentrations of miR-21
(0 M, 100 pM, and 1 nM). Figure S9a also shows the behavior
of the time-dependent normalized F. Notably, the normalized
F at 240 min and the behavior of time-dependent normalized F
of H1b-FQ/H2b-MB (H) did not change with high
reproducibility even in the presence of 10% Exo-FBS. Thus,
H1b-FQ/H2b-MB (H) showed a satisfactory recovery (95.1 −
98.0%) and a low relative standard deviation (RSD: 2.3−
9.1%), indicating that serum does not interfere with the
localized HCRs on H1b-FQ/H2b-MB (H) driven by cascading
TMDRs. Similarly, the semilocalized HCR with H1b-FQ-MB
(M) was able to detect miR-21 without interference from 10%
FBS (Figure S9b). This indicates that the localized HCRs

induced on the H1b-FQ/H2b-MB (H) scaffold have the
potential for the direct detection of miRNAs from serum
samples.

■ CONCLUSIONS
Three HCR systems were designed and constructed in this
study, namely, a diffusive (conventional) HCR system,
semilocalized HCR system, and localized HCR system to
make quantitative comparisons of their HCR kinetics (Ct) and
their analytical performance (LOD and assay time) for the
enzyme-free detection of miR-21. The semilocalized HCR
system was constructed using freely diffusing H2 and MBs
(H1b-FQ-MBs) immobilized with one hairpin DNA (H1b-
FQ) alone, and the localized HCR system was constructed
using only MBs (H1b-FQ/H2b-MBs) coimmobilized with two
hairpin DNAs (H1b-FQ and H2b). Additionally, MBs used for
the semilocalized HCR and localized HCR systems were based
on three types of nanointerface structures with different
numbers of immobilized DNAs as follows: high density (H),
medium density (M), and low density (L). We have shown
that the DNA density on MBs significantly affects the HCR
kinetics and analytical performance of the semilocalized and
localized HCR systems.
In the semilocalized HCR system, the H1b-FQ-MB (H)

with the largest number of immobilized H1b-FQ strands
showed the slowest HCR kinetics (Ct = 90 min) because of the
strong electrostatic repulsion between the dense H1-FQB
strands on H1b-FQ-MBs (H) and the freely diffusing H2.
Meanwhile, the H1b-FQ-MB (H) showed a higher signal-to-
noise ratio than the diffusive HCR system because there was
no leakage, allowing a lower LOD (21 pM within 240 min)
compared to the diffusive HCR system (86 pM within 240
min). The HCR kinetics (Ct = 45 min) and the LOD (65 pM
within 240 min) of the H1b-FQ-MB (L) with the smallest
number of immobilized H1b-FQ strands were comparable to
those of the diffusive HCR system (Ct = 45 min) because the
proximate effect was limited by the long average distance
between the H1b-FQ strands on the H1b-FQ-MB (L). The
acceleration of HCR (Ct = 35 min) and improvement of LOD
(10 pM within 240 min) were observed for the H1b-FQ-MB
(M) with a medium number of immobilized H1b-FQ strands,
as H1b-FQ-MB (M) with reduced electrostatic repulsion
facilitated a semilocalized HCR smoothly through the
proximate effect with a significant increase in the local
concentrations of H1b-FQ on the MBs. This reveals that
both electrostatic repulsion and the proximate effect on the
MBs are important factors to consider for successful semi-
localized HCR systems.
In the localized HCR system, the H1b-FQ/H2b-MB (H)

with the largest number of immobilized H1b-FQ and H2b
strands showed the fastest HCR kinetics (Ct = 3.6 min), the
lowest LOD (533 fM within 240 min), and the shortest assay
time (8.9 pM within 30 min) among the three HCR systems.
The significant acceleration of the HCR kinetics is due to the
occurrence of a localized HCR on the H1b-FQ/H2b-MB (H)
by the proximate effect with a significant increase in the local
concentrations of H2b and H1b-FQ on MBs. The HCR
kinetics and LODs of H1b-FQ/H2b-MBs (M) and (L) were
slower and higher with a decrease in the number of
immobilized DNA strands on MBs, respectively. This is
because H1b-FQ/H2b-MBs (M) and (L), with a longer
average distance compared to the H1b-FQ/H2b-MB (H), are
less likely to cause localized HCRs, revealing that only the

Figure 10. Normalized F of the localized HCR system using H1b-
FQ/H2b-MB (H) for analyzing 1 nM miR-21 (target), single-base
mismatch miR-21 (SM-miR-21), double-base mismatch miR-
21(WM-miR-21), and triple-base mismatch miR-21 (TM-miR-21).
Mean values and standard deviations were obtained from three
independent experiments.

Table 1. Detection of miR-21 in the Absence or Presence of
FBS (10%) Using the H1b-FQ/H2b-MB (H) (Localized
HCR System)

FBS (−) 10% FBS (+)

miR-21 normalized Fa
RSD
(%) normalized Fa

RSD
(%)

recovery
(%)

1 nM 0.677 ± 0.017 3.0 0.712 ± 0.017 2.3 95.1
100 pM 0.330 ± 0.022 6.8 0.346 ± 0.016 4.7 95.4
0 M 0.100 ± 0.009 9.1 0.102 ± 0.009 8.8 98.0

aMean values and standard deviations were obtained from three
independent experiments.
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proximate effect (i.e., DNA density) on MBs is an important
factor for the localized HCR system. In addition, the localized
HCR system using H1b-FQ/H2b-MB (H) was able to
discriminate between differences in single-base mismatches
and detect miR-21 even in the presence of serum. Other
important issues are the size effect of MBs on the HCR kinetics
and the direct detection endogenous miRNA from clinical
samples, and we would like to demonstrate these issues in
future work. Unlike the accelerated HCRs on 2D DNA origami
scaffolds previously reported, our accelerated HCR systems do
not require complex design and construction of the scaffolds,
indicating that our findings open up the possibility of
accelerated HCRs for practical applications.
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