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ABSTRACT: Herein, we designed a dual 3D DNA nanomachine DNM-A
(DDNM)-mediated catalytic hairpin assembly (DDNM-CHA) to con- \E&
struct an electrochemical biosensor for ultrasensitive detection of miRNA, %
which possesses quite a faster reaction rate and much higher amplification X
efficiency than those of traditional catalytic hairpin assembly (CHA). @&
Impressively, since the DDNM skillfully increases the local concentration
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of reactants and decreases the steric hindrance of substrates simultaneously, =~ —— we-= - ( DDNM-CHA ) ...}El_,
o 5 an 5 n cycles
the DDNM-CHA could be endowed with higher collision efficiency and g
more effective reaction compared with traditional CHA, resulting in a % o

hyper conversion efficiency up to 2.78 X 107 only in 25 min. This way, the

developed DDNM-CHA could easily conquer the main predicaments: long

reaction time and low efficiency. As a proof of the concept, we adopt the SNLE

gold nanoparticles (AuNPs) and the magnetic nanoparticle (Fe;0,) as the

kernel of DNM-A and DNM-B, respectively, and harness the magnetic electrode to directly adsorb the products H1—H2/Fe;0, for
constructing an immobilization-free biosensor for high-speed and ultrasensitive detection of miRNA with a detection limit of 0.14
fM. As a result, the DDNM-CHA we developed carves out a new insight to design a functional DNA nanomachine and evolve the
analysis method for practical amplification in the sensing area and promotes the deeper exploration of the nucleic acid signal
amplification strategy and DNA nanobiotechnology.

B INTRODUCTION

MicroRNA (miRNA), with a short length of about only 20
ribonucleotides, plays an important role in the early diagnosis

reaction kinetics and improved the conversion efficiency of
the enzyme-free methods to some extent. Even so, the
corresponding huge steric hindrance of substrates leads to less

and therapy of malignant diseases since its abnormal expression
levels were related to lots of human diseases."”” In consequence,
it is of great significance to sensitively detect miRNA with low
abundance. To meet this urgent demand for accurate and
sensitive identification of miRNA, several enzyme-assisted signal
amplification methods like strand displacement amplification
(SDA),”* rolling circle amplification (RCA),” and loop-
mediated isothermal amplification (LAMP)® were put forward.
However, these methods suffered from low sensitivity, time
consumption, and high cost,”® hindering the advance of the
practical applications. Alternative enzyme-free nucleic acid
signal amplification methods (catalytic hairpin assembly
(CHA),” hybridization chain reaction (HCR),"” enzyme-free
target recycling amplification (EFTRA),"" etc.'>'”) that rely on
simpler one-step protocols were proposed, which have gained
wide attention due to their simplicity and competing sensitivity.
Nevertheless, these methods are also facing the problems of low
conversion efliciency and long reaction time, leading to the
nonspecific background leakage'*'> and limiting their deeper
exploration and wider application.

In recent years, to solve these problems mentioned above,
some works based on spatial-confinement effects'®'” or self-
replicationlg’19 were raised, which indeed accelerated the
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effective collision and more side reactions, resulting in relatively
low reaction efficiency. Thus, increasing the local concentration
of reactants for higher collision efficiency and reducing the steric
hindrance of substrates for a more effective reaction
simultaneously are expected to address the critical challenge of
long reaction time and low efficiency in traditional enzyme-free
methods.

To break these issues and inherit the advantages of these
enzyme-free methods, we designed a simple and delicate dual
3D DNA nanomachine (DDNM)-mediated catalytic hairpin
assembly (DDNM-CHA) by tactfully introducing extra two
kernels into traditional CHA to achieve higher collision
efficiency and a more effective reaction of substrates
simultaneously, successfully improving the reaction rate and
the conversion efficiency. First, the prepared DDNM is
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Scheme 1. Schematic Illustration of (part A) the 3D DNA Nanomachine Pair (DNMP) Consisting of DNM-A and DNM-B, (part
B) DNMP-Mediated Catalytic Hairpin Assembly (DNNM-CHA), and (part C) Construction of Immobilization-free
Electrochemical Biosensor for Ultrasensitive Detection of miRNA
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composed of 3D DNA nanomachine A (DNM-A) and 3D DNA
nanomachine B (DNM-B) (Scheme 1, part A). Then, as the
mechanism of DDNM-CHA shown in part B, with the target
miRNA-21 as an initiator, the H1-labeled signal tag methylene
blue (MB), which was concentrated on the gold nanoparticles
(AuNPs) by a short DNA strand, could be opened and then
removed from the AuNPs with the formation of duplex H1-
miRNA. Then, the newly exposed ssDNA region within H1
could hybridize with the toehold of H2 concentrated on the
Fe;O, magnetic nanoparticles (Fe;O, MNPs) and trigger
branch migration, ultimately forming duplex HI—H2 on the
MNPs and releasing the miRNA to participate in the next cycle.
In this way, traces of target miRNA-21 could be converted into
amounts of MB labeled on H1 to be captured on the Fe;O,
MNPs, which could be rapidly adsorbed on the magnetic
electrode to enhance the electrochemical signal of MB by the
intrinsic electrocatalytic activities,”’ cooperatively resulting in
the obvious electrochemical signal response of the biosensing
platform (part C). As a result, we developed a constructive signal
amplification method DDNM-CHA with fast, effective, and
facile properties, which gives impetus to design new nucleic acid
amplification for its great potential in biosensor construction,
biological nanobiotechnology, and device integration.

13953

B EXPERIMENTAL SECTION

Preparation of the Au Nanoparticles (AuNPs). Accord-
ing to the previous literature,”"** AuNPs were prepared with
minor modifications. Briefly, 500 uL of HAuCl, (1%) was mixed
with 100 mL of deionized ultrapure water (deionization (DI)
water, >18.2 MQ, Milli-Q, Millipore), and the resulting solution
was heated to boiling, followed by the injection of 1.5 mL of
sodium citrate (1%) under violent stirring for 15 min. Next, the
mixture was cooled to room temperature and purified by
centrifugation at 12000 rpm for 30 min to remove the
supernatants at least three times. Then, the obtained AuNPs
were stored at less than 4 °C.

Preparation of the Complex Capture-H1 and Hairpin
H2. The DNA strands H2 and the mixture of H1 and Capture in
Tris-HCl buffer (pH 7.4) were, respectively, heated to 95 °C for
10 min and then cooled to room temperature over 30 min to
form hairpin H2 and complex Capture-H1. The prepared
hairpin DNAs were stored under 4 °C and used in subsequent
experiments.

Synthesis of Complex Fe;O, MNPs-H2 and AuNPs-
Capture-H1. First, 300 yL of carboxyl-modified Fe;O, MNPs
were washed with distilled water three times. Next, the washed
Fe;O, MNPs were dissolved in 400 uL of Tris-HCIl buffer
solution (pH 7.4) containing EDC (20 mM) and then stirred for
20 min at 4 °C to activate the carboxyl group. Subsequently, the
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Fe;O, MNPs-H2 was prepared as follows: 50 uL of H2 modified
with amino (4 uM), 5 uL of NHS (200 mM), and SO uL of the
treated Fe;O, MNP solution were mixed and agitated for Shat 4
°C.

The AuNPs-Capture-H1 was formed as follows: The amino-
modified Capture- H1 was mixed with the prepared AuNPs by
sonicating for 15 min and then shaking at 4 °C for S h, resulting
in the attachment of H1-Capture onto the surface of AuNPs by a
Au—N bond, followed by centrifugation at 12 000 rpm for 15
min. Finally, the solutions of AuNPs-Capture-H1 and Fe;O,
MNPs-H2 were, respectively, stored in Tris-HCI (pH 7.4) buffer
at 4 °C for subsequent use.

Process of the Modified Electrode Preparation. First, a
bare magnetic glassy carbon electrode (MGCE, 4 mm in
diameter) was polished carefully with an alumina slurry (0.3 and
0.0S pm), followed by ultrasonic treatment with ethanol and
deionized ultrapure water. Subsequently, the electrode was
immersed into a HAuCl, aqueous solution (1%) and electro-
deposited at —0.2 V for 30 s to coat a layer of gold particles
(depAu).

Subsequently, 10 uL of the reacted solution was incubated
onto the electrode surface (depAu/MGCE) for 1 min to
magnetically adsorb the Fe;O, MNPs at room temperature.
Then, the electrode was rinsed with Tris-HCI buffer gently to
remove the reacted solution.

Dual 3D DNA Nanomachine-Mediated Catalytic Hair-
pin Assembly (DDNM-CHA). First, the initiator miRNA-21
was mixed with the prepared DNM-A (AuNPs-Capture-H1)
and DNM-B (Fe;O, MNPs-H2) in Tris-HCl buffer and reacted
together. After the reaction was finished, the mixture was
purified through magnetic separation and rinsed with Tris-HCI
buffer three times. Then, 10 uL of the above-obtained mixture
was dropped on the electrode (depAu/MGCE) and incubated
under the optimal conditions. Finally, the electrode was washed
with Tris-HCI buffer (pH 7.4) for subsequent electrochemical
measurements.

B RESULTS AND DISCUSSION

Characterization of the Nucleic Acid Reaction. The
reaction mechanism of the nucleic acid was characterized by
PAGE. As displayed in Figure 1, the bright bands in lanes 1-5
represent target miRNA-21, Capture, hairpin H1, hairpin H2,
and duplex Capture-H1, respectively. After the miRNA-21 was

H2 ¢ L]

Capture-H1
H1

Figure 1. Nondenaturing PAGE characterization of the nucleic acid
reaction: lane 1, miRNA-21 (4 uM); lane 2, Capture (4 uM); lane 3, H1
(2 pM); lane 4, H2 (2 uM); lane S, Capture-H1 (2 uM); lane 6,
miRNA-21 (2 yuM) + H1 (2 uM); lane 7, miRNA-21 (2 uM) +
Capture-H1 (2 uM); and lane 8, miRNA-21 (2 uM) + H1 (2 uM) + H2
(2 uM) (PAGE 16%, 60 mA, 40 min).

mixed with hairpin H1 (lane 6), in comparison with lane 1 and
lane 3, a new band with slower migration (duplex H1-miRNA-
21) could be observed and the band corresponding to miRNA-
21 almost vanished, suggesting that hairpin H1 was opened and
hybridized with the target miRNA-21. While the miRNA-21 was
mixed with duplex Capture-H1 (lane 7), a band representing
duplex H1-miRNA-21 like the one in lane 6 and a band
corresponding to Capture appeared simultaneously, which
verified that H1 can also be opened by miRNA after being
connected to Capture DNA. Then, after H2 was added into the
mixture of miRNA-21 and H1, a new obvious band with slower
migration (lane 8) than that of duplex H1-miRNA-21 could be
noticed, indicating that H2 successfully hybridized with duplex
HI1-miRNA-21 and displaced miRNA-21. These abovemen-
tioned observations strongly indicated that the input of target
miRNA-21 could successfully trigger DNNM-CHA, accom-
panied by enormous output duplex HI-H2.

Performance Comparison of DDNM-CHA with Other
CHA System:s. First, transmission electron microscopy (TEM)
(Figure S1), UV—vis absorption spectra (Figure S2), and (-
potential measurements (Figure S3) were adopted to character-
ize the successful formation of AuNPs, AuNPs-Capture-H1,
Fe;O0, MNPs, and Fe;O, MNPs-H2. Subsequently, to verify the
performance of the proposed DNNM-CHA, some different
CHA systems in Figure 2A (a, wild CHA; b, 3D DNA
nanomachine-assisted CHA-1 (DNM-CHA-1); ¢, 3D DNA
nanomachine-assisted CHA-2 (DNM-CHA-2)) were set as
control groups, and real-time fluorescence was employed to
monitor the dynamic status of these reactions. Based on
fluorophore FAM and quencher BHQI, which were labeled on
DNA strands (Table S1), this way, a fluorescence intensity
decrease was measured as duplex H1 —H2 was formed. As shown
in Figure 2B, after the introduction of miRNA-21, the
fluorescence intensity of DNNM-CHA (curve d) decreased
much faster to a lower value compared with those of wild CHA
(curve a), DNM-CHA-1 (curve b), and DNM-CHA-2 (curve
c), indicating the dramatically evolved thermodynamical and
dynamical performance of DNNM-CHA.

To obtain the specific data comparison of the thermodynam-
ical and dynamical performance of these methods, the
fluorescence intensity was taken as the derivative of the time,
and the results in Figure 2C displayed that the initial reaction
rate of DNNM-CHA in fluorescence (—41.79 au s™') is
obviously faster than those of DNM-CHA-1 (—10.18 au s™*),
DNM-CHA-2 (—24.52 au s™'), and wild CHA (—7.09 aus™").
While the change of the fluorescence intensity approached 0, the
DNNM-CHA reached a balance with the corresponding
reaction time of 1550 s (CHA: 4216 s, DNM-CHA-1: 4216 s,
DNM-CHA-2: 4000 s). Based on the relationship of
fluorescence intensity with the concentration of fluorophore
FAM, as shown in Figure 2D, the calculated average reaction rate
(the ratio between the concentration of the resultant and the
balanced reaction time) of DNNM-CHA (6.02 X 107 Ms™) is
about 4 times that of wild CHA (1.62 X 107" M s™*) and is also
larger than those of DNM-CHA-1 (1.81 X 107" M s™") and
DNM-CHA-2 (2.14 x 107" M s7!) (the concentration of
duplex HI—H2 was calculated based on Figure 2D).
Furthermore, we also obtained the kinetic constant k of these
methods by building the corresponding model. Since the
kinetics of a toehold strand displacement reaction (TSDR)*’ ata
sufficiently low concentration are well approximated by
bimolecular reactions with second-order rate constants**
assuming the reactants quickly resolve into products,” the

https://doi.org/10.1021/acs.analchem.1c03215
Anal. Chem. 2021, 93, 13952—13959


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03215/suppl_file/ac1c03215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03215/suppl_file/ac1c03215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03215/suppl_file/ac1c03215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03215/suppl_file/ac1c03215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03215?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c03215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry pubs.acs.org/ac
( A) s FAM

e BHQ1

D

¢

HI
fp  Initiator H% | H2 @ i
? I H2 ? Initiator H2 ?Ini 'lia tor

Initiator H1

Ome-ra Nes-g() Oru Nesgm()

S S N N O |
Signal “On”  Signal “Off” Signal “On”  Signal “Off” Signal “On”  Signal “Off” Signal “On” Signal “Off”

a b C d

(B)

40k

.30k
2

oL ) ) X - ) ; 1550 s, ) .
0 1000 2000 /3000 4000 5000 0 1000 2000 3000 4000 5000
s t/s

(D) (E)

50k f
Fi=43298.54c + 344.76
40k} R =0.9872
=5
= 30kf
~ g
20k} ‘
10k f !
0.0 ] . . . . ofF ¢ X L Waveﬁongtﬂnn;w
0 1000 2000 3000 4000 5000 00 03 06_ 09 12
/s c/pM
(F) (G)
36.0k
32.0k} Fi=-5630.121gc - 34779.82 Fi=-5496.021gc - 45644.75
R =-0.9995 27.0k k- R =-0.9995
524.0kf s
& S18.0k}
160k} ., i <
= Za \ R N
8.0k FSmi A\ | 90K | -\ '
" Wavelength / min “Wavelength/ min
oobrn———+ . g . .
12 11 10 9 -8 -7 14 13 -12 11 -10 9
Ig (c / M) Ig (c / M)

Figure 2. (A) Raw reactants and the schematic diagram of fluorescence label analysis; (B) kinetic experiments; (C) reaction rates of the wild CHA (a),
DNM-CHA-1 (b), DNM-CHA-2 (c), and DNNM-CHA (d) in the presence of 1 nM initiator miRNA-21 (the concentration of H1 and H2 was 1
uM); (D) cumulative probability converted by fluorescence signal over time measured for (a) wild CHA, (b) DNM-CHA-1, (c) DNM-CHA-2, and
(d) DNNM-CHA in the presence of 1 nM initiator miRNA-21 (the concentration of H1 and H2 was 1 uM); (E) calibration plot for the fluorescence
intensity vs ¢ (the inset with fluorescence intensities to different concentrations of the fluorophore FAM: (a) 0.01 uM, (b) 0.1 uM, (c) 0.25 uM, (d) 0.5
uM, (e) 0.75 uM, (f) 1.0 uM, and (g) 1.25 uM); (F) calibration plot for the fluorescence intensity vs initiator miRNA-21 concentrations (the inset with
fluorescence intensities in wild CHA to different concentrations of the initiator miRNA-21: (a) 1 pM, (b) 10 pM, (c) 100 pM, (d) 1 nM, (e) 10 nM,
and (f) 100 nM); and (G) galibration plot for the fluorescence intensity vs initiator miRNA-21 concentrations (the inset with fluorescence intensities
in DNNM-CHA to different concentrations of the initiator miRNA-21: (a) 10 fM, (b) 100 fM, (c) 1 pM, (d) 10 pM, (e) 100 pM, and (f) 1 nM) (error
bars, SD, n = 3).

reaction process of these CHA systems, which are developed HI + 12 2 i
(1)
based on TSDR could be modeled as
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where k represents the second-order rate constant. According to
the related kinetic study,”””” k could be computed by the
equation

1

tyyp= 7—
Co

)

where t,,, represents half-period and ¢, is the initial
concentration of reactants. Especially, after converting the
fluorescence intensity into P (the cumulative probability (P))
represents the degree of conversion calculated by dividing the
number of satellite leaving events up to a given time by the total
number of events observed during the experimental time course,
as shown by results in Figure 4D, t,/, values of DNNM-CHA
and CHA were 314 and 1292 s, respectively. Then, based on eq
2, some kinetic parameters can be estimated, respectively, as
shown in Table 1. Especially, the obtained rate constant k of

Table 1. Comparison of the Developed DNNM-CHA with
Other CHA Systems (with 1 nM miRNA-21)

CHA initial rate in average rate kinetic constant k
systems fluorescence (au s™') Ms™) Mts™h
CHA —-7.09 1.62 x 107%° 7.74 x 10
M-CHA-1 —-10.18 1.81 x 1071° 8.20 X 107
M-CHA-2 —24.52 214 x 1071 1.07 x 10°
DNNM- —41.79 6.02 x 1071° 3.18 x 10°
CHA

DNNM-CHA (kpnanicra = 3-85 X 10> M~ s7!) was almost S
times that of wild CHA (kcys = 7.74 X 10> M™' s71), showing
the quite more excellent kinetic performance of DNNM-CHA.

Otherwise, to obtain the conversion efficiency of wild CHA
and DNNM-CHA, the relationship between the fluorescence
intensity and the initiator miRNA-21 concentration was studied,
and the results are shown in Figure 2F,G. With the increased
concentration of miRNA-21, the fluorescence intensity of these
two systems decreased, and the corresponding regression
equations for the fluorescence intensity vs ¢ were Fi =
—34779.82—5630.12 lg ¢ (from 1 pM to 100 nM (1 x 107"
M X 1077 M), R=—0.9995) and Fi = —45644.75—5496.02 g ¢
(from 10 fM to 1 nM (1 X 107 M~ x 107 M), R = —0.9995),
respectively (Fi and ¢ represent the fluorescence intensity and
the miRNA concentration, respectively; unit of ¢ is M). Then,
based on Figure 2E, the specific conversion efficiency (N) with
different initiator miRNA-21 concentrations was calculated out
(Table S2), in which the maximum N of DNNM-CHA
(Npxmecua: 919 X 10°—2.78 X 107) was more than two

orders of magnitude beyond those of CHA (Nyx: 9.00 X 10°—
2.57 X 10°), respectively, illustrating the extraordinary
amplification performance of DNNM-CHA. These above-
mentioned results demonstrated that the developed DNNM-
CHA indeed achieved a lot of strides either in the dramatically
improved reaction rate or conversion efficiency when compared
with CHA, which was ascribed to the fact that the introduction
of the two kernels in CHA could obviously improve the collision
probability and decrease the steric hindrance, promoting the
proceeding of the whole hybridization reaction.

Subsequently, DNNM-CHA was applied to construct a
biosensing platform for the ultrasensitive detection of miRNA-
21. First, the stepwise fabrication of the biosensor based on
DNNM-CHA was successfully verified by cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
(Figures S4 and SS). Then, the feasibility of the proposed
biosensing platform for miRNA-21 detection was certified by
square wave voltammetry (SWV) (Figure S6).

Response of the Proposed Biosensor Based on DNNM-
CHA for miRNA Detection. As a proof of concept, DNNM-
CHA was used as a high-efficiency DNA signal magnifier to
construct a biosensor for the rapid and ultrasensitive detection
of miRNA. Under the optimal experimental conditions (Figure
S7), the proposed biosensor was incubated with different
concentrations of target miRNA-21 and monitored by SWV. As
shown in Figure 3A, the SWV current response increased
gradually as the target concentration elevated from 0.2 fM to 1
nM and displayed a well linear relationship with the logarithm of
the miRNA-21 concentration. As shown in Figure 3B, the
regression equation is expressed as I =3.1679 + 0.1969 Ig c with a
correlation-coefficient value (R) of 0.9969. According to the 30
rule, a detection limit of 0.139 fM miRNA-21 was calculated out
(Supporting Information, page S15 and S16). Compared with
other biosensing platforms, as illustrated in Table 2, the

Table 2. Comparison of the Biosensor Developed by DNNM-
CHA with Other miRNA Detection Methods

detection
analytical methods linear range limit refs
fluorescence 100 pM—50 nM 85.3 pM 28
photoacoustic Imaging 10 pM—100 nM 11.69 pM 29
electrochemiluminescence ~ 10 fM—0.1 nM 6.6 ftM 30
photoelectrochemical 1 fM-10 pM 0.5 tM 31
electrochemical 0.14—10 nM 40 pM 32
electrochemical 10 fM—20 nM 10 M 33
electrochemical 0.2 fM—1 nM 0.139 ftM this work

(A)
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Figure 3. (A) SWV current responses of the biosensors to different concentrations of the target miRNA-21: (a) 0.2 fM, (b) 0.6 fM, (c) 1.0 fM, (d) 10
M, (e) 100 fM, (f) 1.0 pM, (g) 10 pM, (h) 100 pM, and (i) 1 nM. (B) Corresponding calibration plot for the SWV peak current vs Ig ¢ (error bars, SD,

n=3).
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Figure 4. (A) Reproducibility (100 pM miRNA-21) of the biosensensing platform; (B) selectivity of the electrochemical biosensor: (a) blank sample,
(b) miRNA-126 (10 nM), (c) miRNA-141 (10 nM), (d) miRNA-155 (10 nM), (e) miRNA-182-5P (10 nM), (f) miRNA-21 (100 pM), and (g) mixed
sample; and (C) stability of the elaborated biosensor (100 pM miRNA-21) (error bars, SD, n = 3).

prepared biosensor had an attractively wider linear range and an
extremely lower detection limit that could be ascribed to the
elaborated DNNM-CHA with hyper conversion efficiency.

Reproducibility, Selectivity, and Stability of the
Biosensor. To further study the performance of these proposed
biosensors comprehensively, the reproducibility, selectivity, and
stability of the biosensing platform were validated. To confirm
the reproducibility of the biosensing platform, the necessary
index for real biomarker detection, four prepared biosensors
with 100 pM miRNA-21 were studied under the same
determination condition. As displayed in Figure 4A, a relative
standard deviation (RSD) of 8.98% was achieved. Moreover, a
set of electrodes with the same miRNA-21 (100 pM) were
detected after 5 days, and the RSD was 9.54%. The remarkable
results indicate that the combination of the evolved C-CHA for
biomarker detection presented an acceptable reproducibility.

To assess the selectivity of this biosensor, five interference
agents including miRNA-126, miRNA-141, miRNA-155, and
miRNA-182-5P were evaluated under the same experimental
condition. As shown in Figure 4B, the obvious current response
of the electrode could be observed only with miRNA-21 (100
pM, f). Oppositely, in the presence of the interference agents
including miRNA-126 (10 nM, b), miRNA-141 (10 nM, c),
miRNA-155 (10 nM, d), and miRNA-182-5p (10 nM, e), the
current responses were negligible. In addition, the mixed
analytical solution containing 100 pM target miRNA-21 was
also analyzed with the biosensing system, exhibiting an obvious
current response as expected (g). These abovementioned results
demonstrated high selectivity of the biosensor.

The stability, which was critical to its practical application,
especially in a complicated biomedical environment, was
evaluated by successive scans of the sensing platform with
detection of 100 pM miRNA-21 100 times. As displayed in
Figure 4C, when compared with the initial electrochemical
response, the SWV current intensity only changed from 93.6 to
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103.0% with the RSD = 2.79%, indicating desirable stability of
our biosensing surface.

Real Application of the Biosensing Platform in Cancer
Cells. The total RNA lysate solutions from the human cancer-
cell lines (MCF-7 and HeLa) were employed to study the
capacity of the developed biosensing platform for the
determination of miRNA-21 in real biological samples. As
depicted in Figure S, the SWV signal response gradually

1.2
7 Blank
09} Il Hela
Il MCF-7
E
~ 0.6F
~
0.3

a b ¢ d

Figure S. Current response of the developed biosensor from different
cancer-cell lysates: (a) Blank sample, (b) HeLa (100 cells) and MCF-7
(100 cells), (c) HeLa (1000 cells) and MCF-7 (1000 cells), and (d)
HeLa (10000 cells) and MCF-7 (10000 cells) (the cell lysates
incubated on the electrode were obtained from such cancer cells with
the corresponding number; error bars, SD, n = 3).

increased with the increased cell numbers, instructing an
obvious expression level of miRNA-21 in MCF-7, whereas no
obvious SWV responses were observed in blank samples and
HeLa cells, indicating a low expression level compared to that of
MCEF-7. The abovementioned results were consistent with
previous research,””*> further demonstrating that this quanti-
fication of miRNA-21 in cancer cells possesses the key potential
for clinical diagnosis of cancers.
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B CONCLUSIONS

In summary, unlike the traditional nucleic acid signal
amplification methods, the dikernel-assisted catalytic hairpin
assembly (DNNM-CHA) we proposed realizes the improved
collision probability and the decreased steric hindrance by
introducing AuNPs and Fe;O, MNPs as two kernels, which
promotes the proceeding of the whole hybridization reaction,
therefore achieving a high reaction speed and hyper conversion
efficiency compared with those of traditional catalytic hairpin
assembly (CHA). Benefiting from these advantages, the
DNNM-CHA is successfully applied as a high-efficiency DNA
signal amplifier to construct an immobilization-free biosensor
for the rapid and ultrasensitive detection of miRNA-21, which
carves out a span-new way to design a potential strategy for the
biosensing assay and clinic diagnosis. Otherwise, the DNNM-
CHA also proposes a creative insight to explore the inherent
property of nucleic acid amplification for advancing its
superiority and applicability in diagnostic applications, bio-
logical research, nanobiotechnology, and so on.
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