Microchimica Acta (2019) 186:574
https://doi.org/10.1007/500604-019-3689-x

ORIGINAL PAPER m

Check for
updates

Fluorometric determination of microRNA by using an entropy-driven
three-dimensional DNA walking machine based on a catalytic hairpin
assembly reaction on polystyrene microspheres

Tingyan Yang' - Jie Fang’ - Yongcan Guo? - Shangchun Sheng? - Qinli Pu' - Li Zhang' - Xinying Ou" - Ling Dai" -
Guoming Xie'

Received: 10 April 2019 / Accepted: 7 July 2019
© Springer-Verlag GmbH Austria, part of Springer Nature 2019

Abstract

An entropy-driven 3-D DNA walking machine is presented which involves catalytic hairpin assembly (CHA) for detection of
microRNA. A 3-D DNA walking machine was designed that uses streptavidin-coated polystyrene microspheres as track carriers
to obtain reproducibility. The method was applied to microRNA 21 as a model analyte. Continuous walking on the DNA tracks is
achieved via entropy increase. This results in a disassembly of ternary DNA substrates on polystyrene microspheres and leads to
cycling of microRNA 21. The release of massive auxiliary strands from ternary DNA substrates induces the CHA. This is
accompanied by in increase in fluorescence, best measured at excitation/emission wavelengths of 480/520 nm. On account of
entropy-driven reaction, the assay is remarkably selective. It can differentiate microRNA 21 from homologous microRNAs in
giving a signal that is less than 5% of the signal for microRNA 21 except for microRNA-200b. The assay works in the 50 pM to
20 nM concentration range and has a 41 pM detection limit. The method displays good reproducibility (between 1.1 and 4.2%)
and recovery (from 99.8 to 104.0%).

Keywords Enzyme-freeassay - Fluorescentbiosensor - Toehold-mediated strand displacementreaction - DNA machines - Nucleic
acid assay

Introduction predictability of well-defined Watson—Crick base pairing rule

[1, 2]. Various DNA machines have been constructed and
DNA machines are molecular machines constructed by DNA,  synthesized by highly programmable approaches, such as
which can be logically designed since the versatility and ~ DNA tweezers [3], DNA motors [4], DNA walkers [5] and
DNA robots [6]. Among them, DNA walking machines can be
controlled accurately in the programmed oligonucleotide
tracks on the microscale or nanoscale and possess significant
application potential in biosensors [7-9], biocomputing [10]
and drug-delivery [11]. Previous studies have reported
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able to achieve isothermal and homogeneous signal amplifi-
cation for specific nucleic acids detection [21]. Fan et al.
engineered an exonuclease I1I-powered stochastic DNA walk-
er, which can lead to cascade signal amplification for
ultrasensitive bioanalysis [22]. Liu and co-workers de-
scribed a 3-D DNA walker for determination of 8-hy-
droxy-2'-deoxyguanosine that was three orders of mag-
nitude lower compared to previously reported methods
[23]. Although these methods have exhibited high sen-
sitivity, they are enzyme-dependent with the disadvan-
tages of being vulnerable to complex experiment condi-
tions (e.g. buffer and temperature), high detection costs, and
bad long-term storage [24]. Accordingly, the research of non-
enzymatic 3-D DNA walking machines has received de-
sirable attention.

Previously, Ye and co-workers reported a rational
engineered DNA walker with 3-D tracks on AuNPs by
entropy-driven reaction (EDR) [25]. In contrast to enzyme-
depended signal amplification system, entropy-driven reac-
tion is a catalytically signal amplification strategy without
enzyme or precise temperature cycling. It is driven forward
by entropy increase and applies a string of single nucleic acid
strand to play multiple roles in the catalytic circuit via toechold-
mediated strand displacement reaction [26]. Benefiting from
its unique and extraordinary driving force, the total number of
base pairs of the system retains invariant during the amplifi-
cation process. Thus, this strategy offers fewer chances for
circuit leakage and providing a more reliable platform for
accurate detection [27]. With the assistance of EDR, the afore-
mentioned 3-D DNA walking machine has superior sensitivity
for microRNA imaging. Nevertheless, it used gold nanoparti-
cles (AuNPs) as 3-D track carriers have inevitable limitations.
On the one hand, DNA attachment to AuNPs is often
performed via a thiol label. Such adsorption force is not
strong enough and hard to avoid unintended DNA base
adsorption, which hinders DNA hybridization reducing
colloidal stability [28]. On the other hand, it requires
immobilization of affinity ligand and ternary DNA sub-
strates on the surface of AuNPs and optimization of
each concomitantly, which results in poor reproducibility of
the conjugate.

One plausible way to deal with above-mentioned troubles
rest on the exploration of other substrate carriers for DNA
immobilization. Due to the large surface area and high surface
reaction capability, monodisperse polystyrene microspheres
are widely applied in DNA barcode for detection [29, 30].
More importantly, commercialized streptavidin-coated poly-
styrene microspheres can be easily functionalized through
streptavidin-biotin conjugation and with promising reproduc-
ibility. The conjugation between streptavidin and biotin is
much more stronger than Au-S bond. Therefore,
streptavidin-coated polystyrene microspheres can serve as po-
tential substrate carriers to construct 3-D DNA walking
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machines. In the meantime, isothermal amplification strategy
has attracted increasing interest for constructing DNA ma-
chines for the sensitive detection of biomolecules [31].
Catalytic hairpin assembly (CHA) is a cost-effective and en-
zyme-free cascade amplification strategy [32-35]. The
advantages of both entropy-driven 3D-DNA walking
machines and CHA have attracted our interest in the
field of nucleic acid detection.

An entropy-driven 3-D DNA walking machine which in-
volves CHA cascade amplification was constructed to realize
sensitive detection of picomolar level of microRNA. We use
microRNA 21 as a model target that is closely related to a lot
of disease include cancer in blood. In this system, microRNA
21 acts as a catalyzer and stochastic DNA walker, which
moves continually over microspheres surface. This leads to
continuous disassembly of ternary DNA substrates and release
a large number of auxiliary strand (AS) to realize cycle of
microRNA 21. In addition, AS can catalyze CHA reaction
for producing high signal output. The entropy-driven
reaction has high specificity because it can clearly dis-
tinguish the change of one base. We anticipate that this
sensor would provide a potential platform for microRNA
analysis.

Experimental
Reagents and materials

All HPLC-purified oligonucleotide sequences used in this
work were synthesized by Shanghai Sangon Biological
Engineering Technology & Services Co. Ltd. (Shanghai,
China, http://www.sangon.com). Streptavidin-coated polysty-
rene microspheres were purchased from Spherotech (http://
www.spherotech.com). Agarose G-10 was supplied by
Biowest, Inc. (Spain, http://www.biowest.net). A 20 bp
DNA Ladder, loading buffer (6x) and Gel Red nucleic acid
dye were obtained from TaKaRa Biotechnology Co. Ltd.
(Dalian, China, http://www.takara.com cn). 5x Tris-borate-
EDTA (TBE), 50 x Tris-acetate-EDTA (TAE), 1 M Tris*HCI
buffer and DEPC H,O were purchased from Shanghai Sangon
Biological Engineering Technology& Services Co. Ltd.
(Shanghai, China, http://www.sangon.com). Deionized (DI)
water (Milli-Q 18.2 MQ-cm, Millipore System Inc. (https:/
www.rephile.com/).) was employed in all runs. Cutsmart
buffer was purchased from New England Biolabs. (the
United States of America, https://www.neb.com/). TNaK
buffer (20 mM TriseHCI, pH 7.5; 140 mM NaCl; 5 mM
KCD. Binding buffer (20 mM Tris*HCI, pH 7.5, 1 M NaCl,
1 mM EDTA, 0.0005% Triton X-100). and TEMg buffer:
(10 mM TriseHCI, 1 mM EDTA, 12.5 mM MgCI2, pH 8.0)
were used as the reaction buffer. All other chemicals were of
reagent grade and used as received.
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Apparatus and measurements

All fluorescence signals were carried out on a Cary Eclipse
Fluorescence Spectrophotometer (Agilent, California, http://
www.agilent.com/) with quartz cuvette. Parameters:
excitation wavelength, 480 nm; emission wavelength,
520 nm; excitation slit=5 nm; emission slit=10 nm.
Electrophoresis apparatus DYY-6C (DYY6C, LiuYi, China,
http://www.ly.com.cn/) was used in the electrophoresis
experiment. Gel images were photographed by a UV digital
imaging system (BioRad Laboratories, USA, http://www.bio-
rad.com/). Parameters: voltage =90 V, time = 60 min.
Scanning electron microscope (SEM, SU8010, Hitachi,
Japan) was employed to monitor the structures of
streptavidin-coated polystyrene microspheres.

The fabrication of 3D DNA walking machine

Purified LS, AS, S and TEMg bufter were refolded to prepare
LS/AS/S complex (C3) by annealing. The ratio of LS:
AS: S is 1:1. 5:1.5. Annealing consisted of heating the
solution to 95 °C for 5 min followed by slowly decreas-
ing the temperature to 25 °C at a rate of 0.1 °C esec-
ond™! in PCR instrument.

Streptavidin-coated polystyrene microspheres (PS, 50 pL)
were washed two times with 50 puL binding buffer by
centrifuging the particles at 12000 rpm for 5 min following
by decanting the supernatant. After resuspension with 50 pL
of binding buffer, 5 uL of 20 uM C3 was added into the 50 uL
re-suspended PS. After incubation for 15 min at 37 °C, the
complex was washed three times with 50 uL of TEMg buffer
by centrifuging the microspheres at 12000 rpm for 5 min fol-
lowing by decanting the supernatant. Finally, C3/PS was pre-
pared by resuspension with 50 uL of TEMg buffer.

Detection of microRNA by 3D DNA walking machine
coupling CHA

Hairpin probe (H1), Hairpin probe2 (H2) were refolded by
heating the solution to 95 °C for 5 min followed and slowly
decreasing the temperature to 25 °C. An amount of 50 nM
stock of RepF:RepQ complex was prepared by annealing
10 uM RepF and 20 uM RepQ in 1 x TNaK buffer.

For a typical 3D DNA walking machine operation, a reac-
tion mixture containing 5 pL C3/PS, 2 uL of 10 uM fuel
nucleic acid (FS), 33 uL cutsmart buffer, and 10 uL of the
target with various concentrations was incubated at 37 °C for
60 min. After centrifuging, 40 uL of the supernatant was
added to the mixture of 5 uL of 1 uM HI, 2 pL of 10 uM
H2, 10 puL of 50 nM RepF: RepQ complex and 23 pL 1 x
TNaK buffer, and reacted in the dark at 25 °C for 60 min to
activate CHA reaction. Finally, fluorescence signals were
measured using the spectrophotometer.

Gel electrophoresis

The 3.5% agarose gel was freshly prepared and agarose gel
electrophoresis was carried out at a constant voltage at 90 V
for 60 min. Different samples were added into lane 1: 20 bp
DNA marker, lane 2: 1 uM C3, lane 3: 1 uM (C3 + F), lane 4:
1 uM (F +9S), lane 5: 1 uM (C3 + F + microRNAZ21), lane 6:
2 UM microRNA21, lane 7: 2 uM F, lane 8: 2 uM S, lane 9:
1 uM (AS+HI1 + H2), lane 10: 1 uM (H1 + H2), lane 11:
2 uM AS. The dye was GelRed™ nucleic acid gel stain.
Electrophoresis apparatus (DYY-6C, LiuYi, China) was uti-
lized for the electrophoresis experiments. Finally, the gels
were recorded by Bio-Rad digital imaging system.

Results and discussion
Principle of the method

The schematic principle of this biosensor is depicted in
Scheme. 1. Entropy-driven 3-D DNA walking machine con-
sists of streptavidin-coated polystyrene microspheres and
ternary DNA substrates which include linker strand (LS),
auxiliary strand (AS), substrate strand (S). Sequences of the
designed oligonucleotides are listed in the Supporting
Information (Table S1) and all of the sequences used in this
work were designed with Nupack (Fig. S1 and Fig. S2). The
5" terminal of link strand (LS) was labeled with biotin to
immobilize ternary DNA substrates (C3) on streptavidin-
coated polystyrene microspheres via streptavidin-biotin
conjunction. The overall reaction started with the displace-
ment of AS by microRNA21 (T) through the toehold do-
main 1 (in Scheme 1). This initiated the entropy-driven re-
actions and led to the release of the AS. Subsequently, an-
other toehold domain 2 was exposed for hybridization with
a fuel nucleic acid (F) to substitute and release T. The strand
displacement reaction between the F and a substrate strand
(SS) generated recycling of T (Cycle 1) and a waste strand
(F/S). Furthermore, AS as an initiator to interact with free
terminal of H1. Branch migration then opened hairpin H1
and formed AS/H1 intermediates. The newly generated toe-
hold domain 3 (in Scheme 1) of H1 opened hairpin 2 (H2) to
form H1:H2:AS complexes. Due to the instability of the
complexes, AS was separated from it. This allows AS to
serve as a catalyst to trigger the hybridization of additional
pairs of H1 and H2 (Cycle 2). Two complementary oligo-
nucleotide probes which consist of two strands, one labeled
with FAM (RepF) at 5" terminal and the other labeled with
BHQ1 (RepQ) at 3’ terminal, were used as signal
probes. Hybridization of these two oligonucleotide
probes indeed result in efficient quenching of FAM. In
the case of existing H1/H2 duplex, the free terminal of HI in
the H1/H2 duplex can hybridize with RepF through the
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Scheme 1 Schematic presentation of the principle of the 3-D DNA walking machine combines with CHA

toehold domain 4. This resulted in increase in fluorescent
signal of FAM.

Characterization of polystyrene microspheres

The scanning electron microscope (SEM) was used to charac-
terize the streptavidin-coated polystyrene microspheres. Fig.
S3 a and b show the SEM images of polystyrene microspheres
at low and high magnification respectively. It can be observed
that the polystyrene microspheres are highly uniform and
well-dispersed. The average size is about 800 nm. The high
quality of polystyrene microspheres insure the good perfor-
mance of our 3-D DNA walking machine.

Feasibility of the method

The feasibility of the entropy-driven reaction was firstly ver-
ified. As displayed in Fig. 1a, the 5’ terminal of LS was labeled

with biotin and the 3" of S was labeled with FAM. In the
presence of T and F, ternary DNA substrates were dissociated
and a new band F/S was formed in solution. Then the fluores-
cence of the supernatant was detected by centrifugation (Fig.
1b, curve b). On the contrary, S will not be separated from the
surface of polystyrene microspheres without target, and the
supernatant will not have fluorescence (Fig. 1b, curve a). As
depicted in Fig. 2, 3.5% agarose gel was used to testify the
feasibility of EDR and CHA reaction separately. The slow
mobility of C3 in Lane 2 clearly demonstrated the formation
of ternary DNA substrates. Compared with lane 3 which was
just in the presence of C3 and F, a new band F/S was observed
and the lane of C3 was significantly disappeared in lane 5
Simultaneously, the bands of AS and HI/H2 complex were
appeared in lane 9, which may be attributed to AS catalyzed
CHA reaction. In addition, other lanes were used as marker or
references. Therefore, the result of 3.5% agarose gel prelimi-
narily verified the feasibility of EDR and CHA reaction.

a (Detection of supernatant by centrifugation) €—— — b —~ 80 .
+ 3
W 1L 1[ = g0
PN 2 ' £
Cycle L g
+ § 20+
Polystyrene Microsphere () AS —\ SFAM ——— g a
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520 540 580

0
500 560
Wavelength (nm)

Fig. 1 a Schematic illustration of single entropy-driven 3-D DNA walking machine. b Verification of entropy-driven 3-D DNA walking machine alone:

(@) C3+F, (b)) C3+F+T
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Fig. 2 The 3.5% agarose gel
electrophoresis analysis of the
biosensor. Different samples were
added into lane 1: 20 bp DNA
marker, lane 2: 1 uM C3, lane 3:
1 uM (C3 +F), lane 4: 1 uM
(F+S), lane 5: 1 uM (C3 +

F + microRNA 21), lane 6: 2 uM
microRNA 21, lane 7: 2 uM F,
lane 8: 2 uM S, lane 9: 1 uM
(AS+H1 + H2), lane 10: 1 uM
(H1 +H2), lane 11: 2 uM AS

Subsequently, we proved the feasibility of our combined strat-
egy. Figure 3a shows in the absence of entropy-driven
3-D DNA walking machine, the CHA displayed negligi-
ble background fluorescence. And then there was a
small increased background signal in combining entro-
py-driven 3-D DNA walking machine and CHA (curve
b). In contrast to background signal, in the presence of

a

200 e

= _

2150 ¢

g

£

2100

c

[}

@ 50

S

3

E O v L] L]
500 520 540 560 580

Wavelength (nm)

Fig.3 a Feasibility of the combined biosensor: (¢) CHA in the absence of
target; (b) entropy-driven 3-D DNA walking machine and CHA in the
absence of target; (¢) entropy-driven 3-D DNA walking machine and
CHA in the presence of target. b The kinetics of the reaction system:

Fluorescence intensity (a.u.) T

10 nM T, the signal increased remarkably (curve c) at
520 nm which means the combination of entropy-driven
3-D DNA walking machine and CHA strategy was fea-
sible. It is noteworthy that the signal-to-noise ratio of
entropy-driven 3-D DNA walking machine alone (Fig.
1b) indeed lower than the combined biosensor
(Fig. 3a), which has more excellent and efficient signal
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(a) CHA in the absence of target; (b) entropy-driven 3-D DNA walking
machine and CHA in the absence of target; (c) entropy-driven 3-D DNA
walking machine and CHA in the presence of target
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Fig. 4 Analytical performance of the biosensor. Parameters: excitation
wavelength, 480 nm; emission wavelength, 520 nm; excitation slit=
5 nm; emission slit=10 nm. a Fluorescence emission spectra in the
presence of target at different concentrations (from a-h: 50 pM, 200 pM,

amplification efficiency. The kinetics of the reaction system
is illustrated in Fig. 3b.

Analytical performance of the method

To explore the sensitivity of the developed fluorescent biosen-
sor, various concentrations of microRNA were used under the
optimum conditions. As shown in Fig. 4a, it is obvious that a
gradual enhanced fluorescence signals in the fluorescent peak
at 520 nm is observed with an increase in the concentration of
microRNA. In addition, the signals vary linearly with loga-
rithm of microRNA concentration in the range from 50 pM to
20 nM (Fig. 4b). The linear regression equation is F =126.
651 + 66. 460log[C] (nM) (C represents the concentration of
microRNA, F denotes the intensity) with a correlation coeffi-
cient (R?) 0f 0.997. The limit of detection (LOD) is calculated
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500 pM, 1 nM, 5 nM, 10 nM, 20 nM). b linear relationship between the
intensity and the logarithm of various target concentrations. Error bars
represented standard deviations of the measurements (n = 3)

to be 41 pM. Besides, the comparison with other methods
is listed in Table. S2, which means the strategy was
superior to those of some reported methods.

Specificity and reproducibility of the method

As is known to all, specificity is a necessary feature for eval-
uating the success of the proposed biosensing strategy. Thus,
the specificity of the proposed system was investigated in the
presence of four homologous kinds of microRNA, including
let-7d, microRNA 141, microRNA 15a, microRNA 200b un-
der identical conditions. As shown in Fig. 5, the signal of
AFs50 nm 18 strong in the presence of 10 nM microRNA 21.
We defined AFss¢ nm = (F-Fo)/ Fy, where F is the measured
data of fluorescence intensity at 520 nm, F is the control at
520 nm measured without microRNA-21. It is remarkable that

b
(:é 200- RSD=1.1%
>
)
o 1501 RSD=3.8%
€
@ 100
2 RSD=4.2%
3
g 50+
o
3
o O
0.1nM 1TnM 10nM

Concentration (nM)

Fig. 5 a Specificity investigation of different microRNA. The concentration of microRNA was 10 nM. b Reproducibility of the method in different
concentration. Error bars represented standard deviations of the measurements (7 =3)
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Table 1  Analytical recoveries of the proposed assay in detecting
microRNA-21 spiked human serum samples

Sample Add RNA Found RNA (Mean + SD) Recovery (%)
1 200pM 199.6+ 6.4 pM 99.8

2. 1 nM 1.0+0.1 nM 100.0

3 5 oM 52+0.2 nM 104.0

low signals are observed in contrast to the high fluorescence
signals triggered by the target microRNA. The signal of let-
7d, microRNA 141, microRNA 15a, microRNA 200b each
accounted for 1.1%, 3.7%, 6.5% and 9.0% of the signal of
microRNA 121, respectively. Therefore, the method shown
superior selectivity and specificity for microRNA detection.
In fact, the ability of the biosensor to differentiate homologous
microRNA is benefiting from entropy-driven reaction. In this
system, the thermodynamics and kinetics of the reaction are
firmly coupled, thus the binding free energy (AG) of this
DNA circuit reach dynamic equilibrium. Even though the
change of one base greatly impacts the AG and decreases
the hybridization efficiency. Reproducibility of the method
was further tested by repeating three different concentrations
of microRNA21 including 0.1 nM, 1 nM and 10 nM. As is
depicted in Fig. 5b, the relative standard deviations (RSD)
towards the mentioned-above concentration were 4.2%,
3.8% and 1.1%, respectively. These results suggest that this
sensing strategy has satisfactory reproducibility.

Practicability of the microRNA detection platform

To evaluate the practicability of the proposed method in bio-
logical samples, the target microRNA-21 was detected using a
standard addition to spiked human serum samples.
Different target concentrations were added with standard
addition method in 10-fold diluted (DEPC H,0O) human
serum samples, which are collected from the first affil-
iated hospital of Chongqing Medical University. As
shown in Table. 1 the calculated recovery values were
between 99.8% and 104.0%, implying that the strategy repre-
sented a satisfactory mean for nucleic acid detection in com-
plex sample.

Conclusions

We designed an entropy-driven 3-D DNA walking machine
coupling CHA reaction. The proposed biosensor was success-
fully used for microRNA-21 detection at picomolar level,
which manifested several attractive features. Firstly, it is an
enzyme-free system without rigorous reaction conditions and
abandons tedious thermal cycling protocol. Furthermore, we

use streptavidin-coated polystyrene microspheres as track car-
rier with promising reproducibility and view target as a sto-
chastic DNA walker with a simple design of structure. Finally,
the composite biosensor shows outstanding specificity toward
homologous microRNAs and satisfactory performance in re-
producibility test (between 1.1% and 4.2%). However, the
major limitations of our work include: A. the detection limit
of the assay is not low enough compared with those enzyme-
based methods; B. Validation of the method in real samples
has not been done. An improved strategy of robust enough
assay for quantification of serum microRNA in lower abun-
dance will be adapted for the point-of-care clinical diagnosis
in our future work.
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