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A B S T R A C T

Fluctuation of nucleic acid expression and ultrasensitive and specific detection of these variations in expression
is a crucial subject in molecular medicine and clinical theranostics. A novel DNAzyme-coupled branched hy-
bridization chain reaction (b-HCR) assay is reported for efficient signal-amplified detection of miRNA in this
study. This assay was composed of a translator (T) hybridized with miR-21 to initiate the first HCR by hairpin 1
(H1) and hairpin 2 (H2). The primary HCR provided a backbone chain for numerous branches budding through
hairpin 3 (H3) and hairpin 4 (H4) assembles. In the presence of hemin, the G-rich domains embedded in H1 and
H4 produce an active G-quadruplex DNAzyme upon exposure to a target that could catalyze the oxidation of
colorless substrate to colored product. The present approach has the potential to be used for quantitative de-
tection of miR-21 with a sensitivity and a dynamic range of 1 pM and 1 pM to 1 nM, respectively.

1. Introduction

Dynamic DNA nanotechn, the science of DNA strand displacement
reaction engineering, is utilized to construct molecular machines [1],
enzyme-free catalytic systems [2–4] DNA chemical oscillators [5], and
complex molecular computers [6–8]. This research field is used to
control spatial and temporal distributions of DNA structures through
various inducers, such as pH, ions, light, and protein/nucleic acid
triggers [9–12]. Nucleic acid-dependent amplification methods, in
particular those based on DNA strand displacement reaction, carry out
expanding duties in different conditions of in vitro [13] and in vivo
[14] as well as in artificial gene regulations [12]. Non-enzymatic cat-
alytic devices based on strand displacement are nanomachines which
can function as detectors or sensors of different analytes applied in
chemistry and medical diagnostics. The function of these nanodevices is
mediated by single stranded overhang (known as toehold) of pre-tai-
lored hairpin monomers/linear multiplexes [2,3] that make them
thermodynamically metastable for cross-opening via the toehold-
mediated strand displacement (TMSD) reaction, to create thermo-
dynamically more stable nanostructures. Hybridization chain reaction
(HCR) [4], entropy-driven catalysis (EDC) [2], catalyzed hairpin as-
sembly (CHA) [3], and cascade hybridization reaction (CHR) [14] are

the most common TMSD-directed dynamical systems introduced in the
past decades to be used in theranostic, biomaterial, data processing and
transforming input molecules into readable signal output [15].

Originally developed by Dirks and Pierce [4], HCR is based on
toehold-mediated strand invasion into stable hairpin structures. Two
species of kinetically trapped metastable fuels accomplish the roles of
recognition and signal amplification simultaneously upon the in-
troduction of a trigger strand to assemble nicked polymeric double
helices (DNA concatemers). Several subsequent investigators used this
elegant principle in different systems with some modifications to im-
prove its sensitivity, specificity, and application. For example, Willner's
group was the first to combine different split-DNAzyme with HCR to
enhance DNA detection sensitivity [16]. In a similar work, Dong et al.
designed intact DNAzyme-locked hairpin probes to detect DNA and
RNA by the colorimetric and fluorometric methods [17]. Choi et al.
used HCR probes to simultaneously analyze different mRNAs in fixed
zebrafish embryos by in situ HCR technology [18]. In another tech-
nique, Yang et al. developed HCR-integrated graphene oxide fluores-
cence switch-based assay for sensitive, specific and simple detection of
miRNAs [19]. Moreover, Liao et al. developed dual signal amplification
by combination of CHA and HCR to detect miRNAs in electrochemical
and electrochemiluminescence (ECL)-based signal read out [20]. Beside
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their action as biosensor for the detection of bioanalytes and cancer
cells [21,22], HCR applications have recently attracted increasing at-
tention for in situ and in vivo mapping of mRNAs [23], constructing
complex nanostructures, drug delivery, and DNA hydrogels [24].

Linear growth of DNA concatemers in response to a trigger molecule
is the rational mechanism in most cases of HCR; nonetheless, their
limited efficiency in signal amplification because of chain-like reactions
have motivated researchers to develop new HCR circuits with branched
or nonlinear reactions. For example, Yin et al. [3] and Chandran et al.
[25], independently, used hairpin monomers to develop HCRs with
dendritic growth strategies; however, requirement of new hairpin spe-
cies for each generation of dendritic growth in the first strategy and
temperature changes during the reaction (non-isothermal), system
leakage, and linear growth rather than dendritic growth in the later
strategy, limited their broad application in DNA nanotechnology.
Hsing's group developed dendritic DNA nanostructure producing pro-
cedures in different signal readout assays (electrochemical and fluor-
escence based) by employing double-stranded substrates to carry out
nonlinear HCR. However, systems needed removing of the excess un-
reacted single stranded DNAs which complicated the strategies [26,27].
Tang et al. developed ligation mediated branched HCR to detect single
nucleotide mutation in mRNA in fixed cells, but multi-step reactions
and washing procedures make it complicated, time-consuming, and a
not so user-friendly strategy [28]. Recently, Wei et al. developed a
complex strategy of coupled HCR to detect miRNA in serum and living
cells by fluorescence resonance energy transfer (FRET) technology [29].
In a similar work, Jiang and coworkers developed branched-HCR for
efficient signal-amplified imaging of mRNA in living cells by fluorescent
signal read out [23].

Here, an innovative DNAzyme integrated branched HCR (b-HCR)
circuit with synergistic amplification performance is introduced
(Scheme 1), which operates as the simplest model for homogeneous
assay in a single reaction tube. The present two layered isothermal,
non-enzymatic, and combinatory signal amplification system relies on a
hierarchical coupling design of two DNAzyme-locked HCR circuits for
efficient signal-amplified detection of miR-21, a short 22 nucleotides
RNA molecule, which is overexpressed in several disease, particularly

in different cancers [30,31]. Hence, a set of five DNA hairpins, in-
cluding a translator/trigger (T), two monomer hairpins H1 and H2 for
primary HCR, and two monomers H3 and H4 for secondary HCR were
designed. The amplicon product of the primary HCR as a backbone for
running the secondary HCR created a branched long dsDNA nanowire,
and the DNAzyme moiety in this approach acted as the signal reporter
exhibiting peroxidase-like activity in the presence of hemin, which
unlike the splitting-DNAzyme, works based on intact G-quadruplex
sequence linked to hairpin probes of b-HCR. Overall, with the proposed
approach working with strong noise reduction, our design measured as
low as 1 pM miR-21 with a linear range of 1 pM to 1 nM. Besides, the
current approach showed excellent selectivity toward the perfect ana-
logue of miR-21 against other single mismatched analogues.

2. Experimental section

2.1. Materials and reagents

All oligonucleotides were designed and then synthesized by Bioneer
Co. (South Korea). They were HPLC- or PAGE-purified and freeze-dried
by the company, used as provided and diluted in 10 mM phosphate
buffer (PB, pH 7.0). The sequence of oligonucleotides is shown in
Table 1. ABTS (2, 2-azino-bis, 3-ethylbenzothiazoline-6-sulfonic acid),
Hemin, 4-(2-hydroxyethyl)-1- piperazineethane sulfonic acid (HEPES)
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
Co. (USA). Hemin stock solution (0.1 mM) was prepared in DMSO and
stored in a dark bottle at −20 °C until needed. All aqueous solutions
were prepared using ultrapure water passed through a Millipore Milli-Q
water purification system with an electric resistance of 18.25
(MΩ cm−1).

§Segments marked with * are complementary to the corresponding
unmarked segments. The underlined segment in H1 and H4 (g1, g2, g3)
strand represents peroxidase mimicking G-quadraplex DNAzyme. MS,
MD, and MI oligonucleotides have the identical sequence as miR-21
except for single nucleotide substitution, deletion and insertion in gray
background, respectively.

Scheme 1. Working principle of designed nanodevice by miR-21.
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2.2. Target stimulated b-HCR assay confirmation by gel electrophoresis

The assay experiment was carried out in 15-μL hybridization buffer
containing 1.2 μM of (T,H1,H2,H3, and H4), and 1 μM miR-21. Before
mixing the reagents, all oligonucleotides were separately diluted to
desired concentrations and incubated at 95 ̊C for 5 min and allowed to
cool down slowly to room temperature (RT). Then, the different solu-
tions were mixed and incubated in RT for 2.5 h. Formation of the
branched DNA nanostructure was checked by electrophoresis in a 2%
agarose gel using cold Tris-acetate-EDTA buffer at a constant voltage of
80 V for 120 min. The ethidium bromide stained gel was visualized
using UV-Doc HD 6 light box.

2.3. Colorimetric detection of miR-21

To avoid limitation of certain analytes, researchers designed parti-
cular oligonucleotide sequence, known as translator, with two un-
related DNA fragments, one fragment as a recognition element and the
other as a universal reporter element, to convert different input ana-
lytes like nucleic acids and proteins, to the universal nucleic acid output
[7,32,33]. In the present study we used a hairpin translator to convert
miRNA to DNA strand to overcome miRNA drawbacks including small
size and low stability according the previous work [20]. In that line,
50 μL of the T strand (1.2 μM) was added and then different con-
centrations of miR-21 (50 μL) were added to the microwells and in-
cubated for 45 min at room temperature. During incubation time, miR-
21 opened stem-loop structure of the T strand through TMSD and
changed to active form. Ten μL of each hairpin monomer (H1, H2, H3,
H4) with the final concentrations of 1.2 μM were added to the micro-
wells’ content, and incubated at 25 °C for 2 h. A solution containing
25 mM HEPES, 20 mM KCl, 200 mM NaCl, 0.5 μM hemin, 0.05% Triton
X-100, and 1% DMSO was added to the microwells and incubated for
30 min at room temperature [22]. To this solution, 100 μL peroxidase
substrate (2 mM H2O2 and 2 mM ABTS) was added, incubated for
20 min, and the absorbance was measured using a BioTek microtiter
plate reader [34].

3. Results and discussion

3.1. Assay design and working principle

To obtain the highest signal, it is necessary to resolve some limita-
tions belonging to miRNA properties like small size and low stability.
Translating RNA to an arbitrary DNA or conversion to a complementary
DNA, utilizing other complementary analogues like PNA and LNA, and
utilizing phosphorothioate oligonucleotide are examples of the pre-
viously reported strategies to address these issues [33]. Of them,
translation to the arbitrary DNA analogues can resolve both problems of
miRNA and, because of its universal characteristic, can be used for the

detection of various target molecules.
As shown in Scheme 1, five types of hairpin monomers were de-

signed, which are metastable and can coexist in a single reaction tube
until triggered by the initiator. The first hairpin (T), has two functional
domains, one for recognition of miR-21 and the other for initiating
amplification machine of the first HCR. The toehold region of the latter
domain is concealed in the stem region of the T strand and will be
exposed to the complementary sequence only after hybridization with
miR-21. The fuels of the first HCR (H1 and H2), which act as the
backbone for the second HCR, carry toehold domains at their 5′ and 3′
ends, respectively. The sequences of the H1 and H2 hairpins have been
designed ingeniously, in which the sequences in the stem region of both
hairpins were identical, the complementary sequence of H1 toehold
placed in the loop region of H2 whereas, the H1 loop was com-
plementary to the H2 toehold. (The sequences of H3 and H4 monomers
were also designed in a similar way). Besides, H1 and H2 contain split
initiator fragments for the secondary HCR in their toehold and loop
regions, respectively. As the first HCR assembles in response to the
translator, released by miR-21, these split initiator fragments come into
close proximity, interact with H3 toehold, and unfold the H3 monomer
for running the secondary HCR circuit in the presence of H4. The
bottom-up nucleation cascade of the hairpin monomers arranged the
primary and the secondary HCR circuits, leads to the generation of a
brush-like assembly in response to miR-21 as the earliest initiator. In
detail, when monomers H1 and H2 unfolded in successive cross-opening
reactions in response to T, some domains of these hairpins got closer
due to the hairpin structure opening. In this situation, newly exposed
single stranded parts of H1 and H2 acted as initiator fragments to trigger
secondary HCR through chain-like nucleation between hairpin mono-
mers H3 and H4. During the period of branched nanowires growing,
DNAzyme-modified hairpins (H1 and H4) created an open but inactive
DNAzyme. This DNAzyme transformed to its active configuration in the
presence of hemin and potassium ions and converted colorless ABTS2−

(2, 2-azino-bis, 3-ethylbenzothiazoline-6-sulfonic acid) to green
ABTS−. Briefly, the hairpin monomers of H1 and H4 were designed
since they have G-quadraplex-DNAzyme sequences at stem and loop
regions. One-third of the catalytic G-quadraplex (g1, 6 nt) was con-
cealed in the stem and two-thirds (g2, 9 nt; g3, 6 nt) in the loop regions
of H1 and H4. In the absence of a target molecule, H1 and H4 were in
closed hairpin state and the DNAzyme was in an inactive form. How-
ever, when the target was introduced, both hairpins exposed their se-
questered sequences and created a full-length G-quadraplex DNAzyme,
which, at the presence of hemin, changed to the active form. The ac-
tivated DNAzyme converted a colorless substrate to a greenish product
which would be detected in 415 nm. It is worthy pointing out that in-
corporation of split initiator fragments in the separate places, toehold
region of H1 monomer and loop region of H2 monomer, restricted their
reaction with H3 toehold and triggering downstream HCR activation. In
this sense, it is obvious that, in the absence of target trigger, the primary

Table 1
Domains and sequences of the DNA oligonucleotides designed in the present study.

Oligonucleotide
name

Sequence (5′-3′) domains§

T T▪G▪ACTTTACTTACTTTGC▪ATGATG▪TAGCTTATC▪TCAACATCAGTCT▪GATAAGCTA▪CATCAT B1▪b2▪b3▪a▪q▪r▪q*▪a*
H1 CACCTCCACTTTCA▪CATCAT▪GCAAAGTAAGTAAAGT▪C▪A▪A▪TGGGTA▪

GGGCGGGTT▪GGGAAA▪G▪TACCCA▪G▪T▪G▪ACTTTACTTACTTTGC
y2▪a*▪b3*▪b2*▪b1*▪k▪g1▪g2▪g3▪s▪g1*▪w▪b1▪b2▪b3

H2 G▪T▪G▪ACTTTACTTACTTTGC▪ATGATG▪TCAC▪G▪TTTCCC▪
GCAAAGTAAGTAAAGT▪C▪A▪C▪TGGGTA

w▪b1▪b2▪b3▪a▪y1▪l▪g3*▪b3*▪b2*▪b1*▪w*▪g1

H3 GGGAAA▪C▪GTGA▪TGAAAGTGGAGGTG▪CCACTC▪CACCTCCACTTTCA▪TCAC▪G g3▪l*▪y1*▪y2*▪z▪y2▪y1▪l
H4 CACCTCCACTTTCA▪TCAC▪G▪TTTCCC▪G▪TGGGTA▪GGGCGGGTT▪GGGAAA▪G▪GTGA▪

TGAAAGTGGAGGTG▪GAGTGG
y2▪y1▪l▪g3*▪l▪g1▪g2▪g3▪m▪y1*▪y2*▪z*

miR-21 UAGCUUAUC▪AGACUGAUGUUGA q▪r*
miR-21 sub (MS) UAGCUUAgC▪AGACUGAUGUUGA q▪r*
miR-21 del (MD) UAGCUUA_C▪AGACUGAUGUUGA q▪r*
miR-21 ins (MI) UAGCUUAUgC▪AGACUGAUGUUGA q▪r*
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and particularly the secondary HCRs were blocked; hence no branched
assemblies were constructed and consequently the background signal
was eliminated.

3.2. B-HCR mechanism demonstration by gel electrophoresis

To investigate if our hairpin monomers operate as expected, agarose
gel electrophoresis was performed under optimized condition. As illu-
strated in Fig. 1, a single band corresponding to the hairpin monomers
was observed in lanes 1–4. Identical bands in the same positions with
no product were obtained in lane 5, where the upper band corresponds
to H1 and H4, and the lower band corresponded to T, H2 and H3, sug-
gesting sufficient stability of hairpin monomers to coexist in the ab-
sence of a trigger and as such, indicating that the DNA nanodevice did
not operate nonspecifically to produce background bands. In contrast,
ladder-like bands were observed in lane 6 upon addition of target
trigger to H1 and H2 containing solution, characteristic of the first HCR
circuit. In addition, split initiator fragments which mediated H3 and
then H4 opening, leading to successive chain like reactions, were con-
firmed by different bands with obvious shift in the positions in the
presence of target and H1 to H4 monomers in lane 7. As one can see, the
corresponding monomer bands almost disappeared in lanes 6 and 7,
indicating consumption of hairpin monomers and performance of the
first and b-HCR in lanes 6 and 7, respectively. In view of this, the ladder
pattern in lane 7 was different to those in lane 6 and also products with
higher molecular weight in lane 7, this phenomenon clearly exhibits
that the secondary HCR can be activated by the product of the first HCR
and nucleated on them, strong convincing evidence for the reason-
ability of proposed DNA nanodevice.

3.3. Nanodevice target sensing feasibility

To further investigate the ability of the designed system to detect
miRNA, different samples containing 1.2 μM of T and H1 to H4 were
incubated with target miRNA and corresponding absorbance spectra
were recorded. As displayed in Fig. 2a, in the absence of the trigger
(miR-21), the absorbance spectra obtained from b-HCR containing
0.5 μM hemin solution, 1.2 μM T, and 1.2 μM H1 to H4 (curve b, blank)
were similar to 0.5 μM hemin solution (curve a). This data clarify that
the nonspecific reactions are diminished and background signal was
minimized with our system. Interestingly, incubating the same re-
actants with 1 nM of miR-21, remarkably increased signal

amplification, implying potential capability of this strategy for analyte
detection. Incubation of target with first HCR fuels (0.5 μM hemin so-
lution, 1.2 μM T, 1.2 μM H1 and H2, and 1 nM miR-21) increased signal
amplification significantly (curve c) compared to the blank, but it was
appreciably lower than the signal obtained from b-HCR containing
(0.5 μM hemin solution, 1.2 μM T, and 1.2 μM H1 to H4) (curve d). As
theoretically anticipated, in the absence of miR-21, there was no dis-
tinguishable signal related to hemin solution, furthermore, the in-
dividual first or the second HCR (data not shown) performance did not
have enough efficiency to sense low abundance analytes like miRNA.
The corresponding solution color changed under different conditions
(Fig. 2b). According to confirmatory evidence obtained in this part, it is
obvious that the developed nanodevice is a powerful system for target
detecting.

3.4. Optimizing nanodevice experimental conditions

In order to eliminate the frustrating false-positive signal from b-
HCR, all hairpins should remain in a sufficiently stable form in the
absence of the initiator. Metastable hairpin monomers are the best form
of oligonucleotide programing to diminish cross-reactions (leakage)
between monomers and also between the first HCR and the second HCR
until the target is introduced. To achieve this, toehold and/or binding
regions of the output sequences of the primary HCR were designed to be
inaccessible to prevent their probable interactions with each other and
the secondary HCR before exposure. Controlling this phenomenon was
checked theoretically and experimentally. Nevertheless, spontaneous
opening of the monomer structures influenced by experimental condi-
tions, such as concentration of hairpin monomers, temperature, and
reaction time, is the inseparable part of all metastable fuels. To achieve
the desirable results, parameters of temperature, time and reactants’
concentrations were optimized. Initially, the hairpin monomers in b-
HCR circuit reacted non-specifically even in the absence of target
miRNA, with the increasing hairpin concentrations, background signal
also increased. To reduce the prevalence of uncatalyzed reactions,
various concentrations of the hairpin monomers ranging from 0.8 to
1.4 μM were examined. As seen in Fig. 3 a, the maximal value of signal
was obtained at 1.2 μM, and further increasing the hairpin concentra-
tion would give lower signal as a result of high noise. Based on this
result, 1.2 μM was selected as the optimal concentration of the hairpin
monomers.

To further enhance the sensitivity, the duration and temperature for
b-HCR performing was also optimized. Fig. 3b depicts the result of b-
HCR incubating time in which the signal raised and reached the peak
with the increase of incubation time up to 150 min; however, the signal
to noise ratio tended to decrease at time intervals longer than 150 min
by increasing uncatalyzed interactions between hairpins. Hence, this
time was chosen as the optimal incubation time. Temperature can be
considered a key factor to induce conformational changes of hairpin
monomers leading to asymptotic leakage which is the primary source of
system leak. At low temperatures, the hairpin monomers could not
reach to a sufficient collision probability, while at high temperatures
nonspecific reactions increased because the probability of hairpins'
structure breathing increased [35–37]. With this in mind, the in-
cubating temperature of proposed assay was optimized. As displayed in
Fig. 3c, the peak value was obtained at 30 °C. Hence, 30 °C was de-
termined as the optimum incubating temperature.

Initially, we explored cation effect on DNAzyme performance to
achieve specific signal. Previous studies [38,39] have declared in-
evitable necessity of K+ ions for the active folding of DNAzyme through
inducing of guanine-rich DNAzymes to be in correct secondary and
tertiary structure, capable of binding hemin. On this basis, we explored
K+ effect on DNAzyme activity at different concentrations (0–35 mM)
KCl in a solution containing 25 mM HEPES, 200 mM NaCl, 0.5 μM
hemin, 0.05% Triton X-100, and 1% DMSO. In conformity to the pre-
vious studies, increasing the cation concentration enhanced the

Fig. 1. Gel electrophoresis analysis of bHCR: lane 1, 1.2 μM H1; lane 2, 1.2 μM
H2; lane 3, 1.2 μM H3; lane 4, 1.2 μM H4; lane 5, 1.2 μM T + 1.2 μM H1–H4;
lane 6, 1 μM miR-21, 1.2 μM T, 1.2 μM H1 and 1.2 μM H2; lane 7, 1 μM miR-21,
1.2 μM T and 1.2 μM H1–H4.
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DNAzyme-catalyzed reaction, and the best response was obtained in
20 mM (Fig. 3d).

3.5. Nanodevice analytical performance

To confirm the nanodevice capability to detect the target molecule
(miR-21), analytical performance of the assay was interrogated in ad-
vance. Fig. 4a indicates the spectral data of various target concentra-
tions ranging from 0 to 3 nM. As anticipated, the signal was propor-
tional to the concentration of target. The detection limit of the method
was 1 pM, since at this concentration the target miRNA can induce a
detectable signal based on 3σ rule (the threshold value is 0.22247).
Fig. 4b shows calibration curve inferred from the absorbance values

acquired at different concentrations, associated with a linear dynamic
range (LDR) from 10 pM to 1 nM (Fig. 4c) with a correlation coefficient
of 0.98 (Abs = 0.0003C + 0.2534). This finding was attributed to the
fact of genius oligonucleotide designing and nonspecific reactions
controlling. Several works have been reported with similar principle of
action to analyze various targets. For example, Chandran et al. devel-
oped a dendritic based HCR for DNA detection as low as 10 nM by using
semi-quantitative PAGE method [25]. Also, Bi and his coworkers de-
veloped branched HCR to detect target DNA with a detection limit of
0.1 pM and a dynamic range of 0.1 pM–1 nM using a fluorescence
amplification technique [40]. This group also fabricated a combination
strategy of CHA and HCR yielding hyper-branched DNA nanostructure
to detect 0.72 pM target miRNA with a dynamic range of 1 pM–10 nM

Fig. 2. Nanodevice ability for target sensing. a)
Absorbance spectra for mixtures of (a) 0.5 μM hemin
solution; (b) b-HCR in the presence of 0.5 μM hemin
solution and 1.2 μM T, and 1.2 μM H1 to H4 (blank);
(c) primary HCR in the presence of 0.5 μM hemin
solution, 1.2 μM T, 1.2 μM H1 and H2, and 1 nM
miR-21; (d) b-HCR in the presence of 0.5 μM hemin
solution, 1.2 μM T, 1.2 μM H1 to H4, and 1 nM miR-
21. b) Corresponding colors in respect to different
conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 3. Optimizations of experimental parameters. (a) Evaluation of the effect of hairpin concentration on nanodevice performance; (b) evaluation of the effect of the
reaction incubation time on signal amplification; (c) evaluation of the effect of the reaction temperature on assay performance; and (d) optimizing KCl concentration
for DNAzyme efficiency.
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Fig. 4. Absorbance spectra upon addition of various concentrations of miR-21. (a) The curves from bottom to top correspond to the target miRNA with concentrations
of 0, 800 fM, 1pM, 10 pM, 50 pM, 300 pM, 400 pM, 800 pM, 1 nM, 2 nM, 3 nM, respectively. (b) Calibration curve obtained from the absorbance values at 415 nm. (c)
linear plot of the absorbance intensity vs. concentration of miR-21 over the range of 1 pM to 1 nM. Error bars are the standard deviations of three parallel
experiments.

Table 2
Comparative analyses of b-HCR-based nanodevice and previous assays.

Ref SBSa Limitation LODb/Analyte LRc

[25] No evaluation quantitatively Non-isothermal
System leak, Non-efficient signal amplification

10 nM/DNA –

[40] 32% Complex, High cost 0.1 pM/DNA 0.1 pM–1 nM
[41] No evaluation of SBS except for

noncomplementary targets
Complex (fluorophore-DNAzyme), High cost 0.72 pM/

miRNA
1pM–10 nM

[26] No evaluation of SBS Complicated designs 0.1 nM/DNA 0.1nM-0.1 μM
[27] 60–65% High cost (using PNA), Necessary to remove unreacted single-

stranded DNAs, Non-linear amplification challenged
0.1 pM/DNA 0.1 pM- 10 nM

[23] ~13% Expensive, System leak 0.5 pM/mRNA 1 pM–0.8 nM (quasi-
linear)

[29] 37% Complex 3 pM/miRNA –
this study 52–54% 51–53% Simple/Low cost 1 pM/miRNA 10pM – 1 nM

a Single base mismatch specificity.
b Limit of detection.
c Linear range.
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by using the chemiluminescence resonance energy transfer (CRET)
technology [41]. Moreover, Xuan et al. developed a dendrimer nanos-
tructure to detect as low as 0.1 pM nucleic acids with a linearity of 0.1
p.m.–10 nM using an electrochemical approach [27]. Furthermore, Liu
et al. designed a b-HCR system to detect 0.5 pM mRNA with a quasi-
linear correlation of 1 pM to 0.8 nM [23]. In a similar work, Wie et al.
recruited two HCR for constructing a hyper-branched nanostructure to
detect miR-21, with a limit of detection of 3 pM [29]. Compared to
above methods, our b-HCR assay amplifies chemical signal ex-
ponentially with comparable sensitivity to detect miR-21, Table 2.

Essentially, the enzyme-free approaches take place spontaneously
under isothermal conditions that unlike enzymatic thermal cycler-de-
pendent amplification methods like PCR [42] and LCR [43], which
directly amplify the target molecule, indirectly amplify the target mo-
lecule [15,44]. In view of these characteristics and performing under
different conditions, such as in a water bath, on the cell surface, or even
inside living cells and also broad applications in synthetic biology and
materials science, have encouraged the researchers to develop various
isothermal, enzyme-free techniques for expanding (bio)analyte sensing
[12,15]. In that line, HCR, in particular b-HCR, has been introduced
recently to resolve some limitations like low sensitivity and specificity
to develop ultrasensitive biosensors for various analytes detection
[23,28,37]. Kinetically trapped isothermal b-HCR stays metastable in
inactive form in the absence of target analyte, due to the closed
structure of the hairpin monomers. However, in the presence of target
molecule, the first HCR and the second HCR generate significantly
amplified readout signal by synergistic effect to increase the sensitivity
of our technique for accurate detection of the target miRNA. Indeed, in
terms of the simplicity, cost, sensitivity, dynamic range and mismatch
discrimination this strategy is comparable to the reported nonlinear
HCR assays.

In spite of inferior performance in case of sensitivity compared with
fluorescent assays, quencher to hairpins is expensive, ii) the attachment
is not efficient, thereby probes may not be quenched perfectly in the
absence of target molecule leading to high background signal, and iii)
the fluorescence-based methods are intricate compared to our method.
We think, the application of nanoparticle attached with linker and
numerous initiators for b-HCR or engineering nanodevice to perform
dendritically instead of b-HCR strategies could improve the assay sen-
sitivity further.

3.6. Assay specificity

With the biological significance and crucial involvement in genetic
variation by single nucleotide mutation, sequence-specific detection is a
crucial issue to precise detection of defective molecule to evaluate
disease situation or targeting the defective molecule. Besides, it is the
most critical concern for any fabricated nanodevice to produce signal
merely in the presence of specific stimulus. Distinguishing of miRNA
family members with small size and with only a single different base is
the biggest challenge of currently used nucleic acid-based methods.
Methods with simple principle have poor mismatch discrimination
ability [45,46], while complex enzyme-based methods with good
functionality, selectivity and minute noise are tedious [47,48]. On this
basis, specificity of the presented nanodevice was evaluated by de-
tecting four different miRNA sequences, including a perfect target (miR-
21), and three single-base mismatched molecules in the same position
under identical conditions. As displayed in Fig. 5, signal induced by the
perfect target clearly distinguished from the mismatched analogues
with twice in concentration, no matter what type of the mutation ac-
cord, offering potential application to discriminate the target miRNA
from mismatched analogues with only single base in difference. Al-
though slight signal rise observed from 800 pM of inserted analogue, it
is negligible compared to those of perfect molecule (miR-21) with 400
pM in concentration. Based on obtained result, present bottom-up as-
sembling nanodevice with simple tool box showed high specificity for

single mismatched analogue of miR-21.

3.7. Application of the biosensor in real sample

To be useful in practical application and bioassays, any biosensor
should be able to tolerate matrix effects of biological samples.
Therefore, to demonstrate the practical application of the present na-
nodevice, various amounts of miR-21 (50, 400, 1000 pM) were spiked
into 10% human serum (diluted with PBS buffer), to mimic the identical
environment with real samples [49,50]. As seen in Fig. 6, responses
obtained at 415 nm from the diluted serum were comparable to buffer
samples. Similar to the buffer sample, the presence of 50 pM miR-21 in
serum could be distinguished from the blank samples, which indicated
that the analysis capability of the proposed nanodevice in complex
mixtures was almost unaffected. Thus, the developed strategy may
become a potential approach for visual detection of the miR-21 in
complex biological samples.

Fig. 5. Assay specificity of the DNA nanodevice toward 400 pM perfect target
stimuli and 800p single-nucleotide mutations. Error bars are the standard de-
viations of three parallel experiments.

Fig. 6. Comparative data on the signal obtained by log concentration of dif-
ferent mir-21 inputs (50, 400, 1000 pM) in buffer and diluted serum samples.
The error bars represent standard deviations of triplex measurements.
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4. Conclusion

In summary a b-HCR approach was herein demonstrated to develop
a versatile DNA nanodevice for miRNA detection. The working prin-
ciple of b-HCR was a hierarchical coupling of two DNAzyme-coupled
HCR circuits in a single reaction. Briefly, triggering the first HCR by the
target miRNA activated the second HCR through split initiator segments
embedded in the first HCR fuels (H1 and H2), resulting to branched
nanowires. It's worthy to mention that this approach includes three
signal amplification components: i) each nanowire acts as the conven-
tional HCR and thus provides first unit of the signal amplification, ii)
the branches which is derived from the conventional HCR are the
second part of the signal amplification and, iii) the catalytic activity of
the DNAzyme mediates the conversion of numerous substrate molecules
to product repeatedly. In light of that, the proposed strategy can detect
target miRNA as low as 1 pM with a three-decade linear range from 1
pM to 1 nM and can perfectly discriminate different single mismatches.
Collectively, this bHCR strategy is a progressive achievement in various
fields of nanotechnology which paves the routes toward obtaining
elegant and more powerful nanodevices.
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