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Abstract

Sensitive quantification of microRNA (miRNA) plays a crucial role in early diagnosis and precise therapy of osteosar-
coma. Herein, we build a label-free and sensitive miRNA quantification approach based on the activation of split-DNA-
zyme initiated primer exchange reaction (PER). Target miRNA cooperates the activation of split-DNAzyme with Mg?*
through assisting the assembly of DNAzyme to correct conformation, which enables the performance of PER-based
nucleic acids amplification to produce a large amount of single-strand DNA (ssDNA) sequences. The G-quadruplexes
(G4) in ssDNA sequences products bind with N-methyl mesoporphyrin IX (NMM) to form G4-NMM complex with the
enhanced fluorescence respond. The results demonstrate that miRNA-21 can assist the activation of split-DNAzyme,
and the active DNAzyme exhibits a high specificity and efficiency in inducing the subsequent PER. Based on the split-
DNAzyme-assisted signal recycle and PER, the method eventually shows a high sensitivity and selectivity, providing a

promising prospect for the for early stage tumor diagnosis and more precise tumor therapy.
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Introduction

Osteosarcoma is a common primary malignant bone
tumor derived from mesenchymal tissue which has a high
propensity for local invasion (Chen et al. 2021; Kansara
et al. 2014). The lack of reliable biomarkers for the early
diagnosis of osteosarcoma leads to a high distant metas-
tasis rate (approximate 80%) and low 5-year survival rate
of 10-20% (Kaste et al. 1999). Therefore, it is of great sig-
nificance to develop reliable and effective biomarkers for
early diagnosis of osteosarcoma, and providing valuable
information for the long-term postoperative manage-
ment. MicroRNA (miRNA) is a kind of small non-coding
RNAs with the function of modulating gene expression,
which is involved in diverse pathological processes, e.g.,
cancers (Acunzo et al. 2015; Hussen et al. 2021; Sempere
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et al. 2021). Recent researches implied the crucial roles
of miRNA in regulating the proliferation and differentia-
tion of osteosarcoma cells and hold the view that miRNA
could be potentially applied for the diagnosis, prognosis
and treatment of osteosarcoma (Sekar et al. 2019; Singh
et al. 2021; Xu et al. 2021). For example, Hu reported that
serum miRNA-21 was up-expressed as the T-stage osteo-
sarcoma increased and demonstrated that miRNA-21
could inhibit the proliferation of osteosarcoma through
targeting PTEN and regulating the TGF-1 signaling path-
way (Hu et al. 2018). Therefore, it is in urgent demand
to develop a sensitive yet reliable miRNA detection
approach.

The conventional method for miRNA detection is qRT-
PCR, which is the gold standard for clinical and labora-
tory trials (Hu et al. 2021; Saliminejad et al. 2019). The
method contributes to the sensitive miRNA quantifica-
tion. However, qRT-PCR requires thermal cycle, compli-
cated primer design and lengthy incubation time, which
limited their further applications (Ren et al. 2015). To
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combat the issue, a variety of isothermal signal ampli-
fication strategies have been proposed in recent years
(Lobato and O’Sullivan 2018; Reid et al. 2018; Wong et al.
2018; Zhao et al. 2015), such as rolling circle amplifica-
tion (RCA) and primer exchange reaction (PER) (Deng
et al. 2020; Hollenstein 2018). Among them, PER has
attracted abundant attention due to its unique capability
of programmable autonomous synthesis of large amount
of signal-strand DNA (ssDNA). Based on this, diverse
PER-based miRNA detection approaches have been
proposed. For example, Zhang built a tumor-associated
biomarker initiated PER-based DNA machine and suc-
cessfully applied it for miRNA imaging and gene therapy
(Zhang et al. 2020). Despite that PER-based approaches
exhibit a favorable detection performance, the lim-
ited sensitivity made it difficult to detect low-abundant
miRNAs.

With this in mind, we depict here a label-free miRNA
detection approach with an improved sensitivity by com-
bining split-DNAzyme-based signal recycle with PER
and using G-duplex for NMM-based signal generation.
In this method, target miRNA-based activation of split-
DNAzymes turns on subsequent PER through generat-
ing a nicking site in the loop section in deigned dumbbell
structure probe. During the PER process, a large amount
of ssDNA containing G-quadruplexes (G4) are produced
and G4 sequences can bind with N-methyl mesopor-
phyrin IX (NMM) to form G4-NMM complex with the
enhanced fluorescence respond that is correlated with
the concentration of miRNA in the sensing system.

Material and experimental procedure

Materials and reagents

All oligonucleotides utilized in this research (listed in
Additional file 1: Table S1) were brought from Shanghai
Sangon Biological Engineering Technology (Shanghai,
China) and purified by HPLC water. The Klenow frag-
ment (KF) enzyme used for chain extension, deoxyribo-
nucleotides mixture (ANTPs) and corresponding buffer
solution were purchased from Sigma-Aldrich (Shang-
hai, China). NMM was obtained from Sangon Biological
Engineering Technology (Shanghai, China).

Validation of the assembly of split-DNAzyme

Fluorescence assay

To test the assembly of split-DNAzyme, 10 pL synthe-
sized split-DNAzyme-1 (20 uM), 10 uL synthesized split-
DNAzyme-2 (20 uM) and 10 uL miRNA-21 (10 uM) were
mixed with the buffer solution containing 100 mM Tris—
HCI, 500 mM NaCl, 100 mM MgCl, and 10 mM DTT.
The mixture was firstly heated to 90 °C for 10 min and
gradually cooled to room temperature within 30 min.
10 pL m sequences (10 pM) was then added in the
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mixture and incubated for 30 min at room temperature.
The fluorescence signal of the mixture was then detected
by the Hitachi F-4700 fluoro spectrophotometer (Tokyo,
Japan).

PAGE analysis

Procedures of PAGE analysis were performed accord-
ing to former reports. The samples were prepared as fol-
lows: Lane 1: miRNA (final concentration: 2 pM); Lane
2: mixture of split-DNAzyme-1 and split-DNAzyme-2
(2 uM, respectively); Lane 3: miRNA-21+ split-DNA-
zyme-2 + split-DNAzyme-1 (2 uM, respectively); Lane
4: m sequences (2 uM); and Lane 5: miRNA-21 + split-
DNAzyme-2 + split-DNAzyme-1 + m sequences.

PER-based miRNA-21 detection

To verify the feasibility of the approach, 10 uL miRNA-
21 (2 uM) was mixed with 10 pL synthesized split-DNA-
zyme-1 (2 uM) and 10 pL synthesized split-DNAzyme-2
(2 uM). The mixture was firstly heated to 90 °C for 5 min
and gradually cooled to room temperature. 10 uL dumb-
bell probe (2 uM) was then added to the mixture and
incubated for 15 min at room temperature. Afterward,
10 pL primer sequence (2 uM), 2 pL KF, 2 uL buffer solu-
tion and 6 pL DEPC water were added to the mixture.
The mixture was incubated at 55 °C for 100 min and
then incubated at 70 °C for 5 min to degrade KF enzyme.
NMM was added in the mixture, and the fluorescence
signal was detected after incubating for 10 min.

Results and discussion

Mechanism and design of the PER-based approach

The working mechanism of the PER-based label-free
miRNA detection approach is depicted in Fig. 1. Two
split-DNAzyme sequences were first designed with three
functional sections, respectively. The a sections in the
two split-DNAzyme sequences could bind with miRNA-
21; b section in the two sequences was complementary
and could form a duplex only when a sections were
hybridized with miRNA-21; the rest section in the two
split-DNAzyme sequences could bind with loop section
in the designed dumbbell probe. The dumbbell-shaped
probe in the PER process was designed with two loop sec-
tions. In detail, the ¢ sections could provide biding sites
for primer; e section could transcribe G4 sequence; and d
section assisted the formation of dumbbell probe. Based
on the miRNA-21-assisted formation of correct second-
ary conformation of DNAzyme and Mg”"-assisted acti-
vation, split-DNAzyme-miRNA-21 complex bound with
loop section in the dumbbell probe and generated a nick-
ing site, exposing the recognizing section that could be
identified by primer. When split-DNAzyme-miRNA-21
complex was discharged from a dumbbell probe, it could
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Fig. 1 The working principle of the established approach for the construction of PER-based miRNA detection approach

bind with a next dumbbell probe to form a signal cycle.
With the aid of DNA polymerase (Klenow fragment, KF),
a nascent ssDNA sequence was appended to the 3’ ter-
minal of the primer, which was extended until the stand
displacing extension reaction was haltered at the stop
sequence on the dumbbell hairpin probe. The d section
competed with copied d’' section and via the random
walk process of three-way migration. As a result, the d
section was released from dumbbell probe, and dumbbell
probe was free to bind with another primer and induce a
next PER. Therefore, a large amount of ssDNA sequences
(¢’ sequence) containing G4 sequences were generated,
which could be identified by NMM to form G4-NMM
complex with the enhanced fluorescence respond.

Feasibility of split-DNAzyme assembly and PER

Target miRNA-based assembly of split-DNAzyme deter-
mined the activation of DNAzyme and imitation of
subsequent PER. The assembly of split-DNAzyme was
firstly investigated through PAGE analysis. The Lane 1 in
Fig. 2a was target miRNA-21, and Lane 2 was the com-
plex of split-DNAzyme and miRNA-21. To test the cleav-
age activity of the active DNAzyme, a ssDNA sequence
(m sequence) was synthesized to mimic the loop sec-
tion in dumbbell probe. In Lane 3, a band was observed
that moved faster than DNAzyme, indicating that m
sequences were digested by the active DNAzyme. PAGE
result of dumbbell probe-assisted formation of active

DNAzyme is listed in Additional file 1: Fig. S1, indicat-
ing a same conclusion. Fluorescence assay was performed
on FAM and BHQ-2 labeled m sequence, and the result
showed a greatly enhanced signal when active DNAzyme
existed (Fig. 2b). PER process was validated in the PAGE
result in Fig. 2c. A hairpin probe was utilized to mimic
the dumbbell probe which has a nicking site in the loop
section. When the hairpin probe was mixed with primer,
a new band appeared in Lane 3, moving slower than hair-
pin probe alone. After KF-based chain extension, a band
between hairpin probe and primer appeared, which was
considered the produced ¢’ sequences.

Analytical performance of the approach

For a better detection performance, several experimental
parameters were optimized, including the length of b sec-
tion in the two split-DNAzyme sequences, concentration
of KF and incubation time. From the result in Additional
file 1: Fig. S2, the length of b section was determined 5 nt;
concentration of KF was 1 U/L; and the incubation time
of the whole system was 1.5 h. In addition, the concen-
tration ratio of split-DNAzyme for assembly was deter-
mined 1:1; the reaction temperature after adding the
target miRNA-21 was optimized to 37 °C; and the con-
centration of NMM was determined 250 uM (Additional
file 1: Fig. S3). Under the obtained optimized experi-
mental conditions, we then studied the detection per-
formance of the approach. To test the sensitivity of the
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Fig. 2 Investigation of assembly of split-DNAzyme and feasibility of PER. a PAGE analysis of the assembly of split-DNAzyme; b Fluorescence
intensity of the m sequences when they were incubated with different combination of S1 (split-DNAzyme-1), S2 (split-DNAzyme-2), miRNA-21 and

approach, the approach was utilized to detect a series of
samples containing synthesized miRNA-21 which was
firstly diluted to different concentrations ranging from
10 fM to 1 nM. The detected fluorescence signal gradu-
ally increased when the concentration of miRNA in
samples increased (Fig. 3a). The peak value of detected
fluorescent signals was correlated with the logarithmic
concentration of miRNA-21 in the sample. The correla-
tion equation was determined Y=1181*1gC+ 10,135,
with R? of 0.9954 (Fig. 3b). In addition, the limit of detec-
tion (LOD) of the method was computed as 2.43 fM
based on the general 30 method. Selectivity of the
approach was verified through detecting miRNA-21 and
other miRNAs (miRNA-211, miRNA-155, Let-7a, 1 pM
respectively). The result in Fig. 3c showed that fluores-
cence signal of the approach when detecting miRNA-21
was significantly high compared with control (without
miRNA-21). When miRNA-211, miRNA-155 and Let-7a,

the approach exhibited neglectable signal enhancements
compared with control group, indicating a high selectiv-
ity of the approach. As a conventional approach, qRT-
PCR is a gold-strand for miRNA quantification in clinical
applications. Herein, we compared the detection perfor-
mance of the established approach with qRT-PCR. The
method and qRT-PCR were utilized to quantify 6 sam-
ples containing different concentrations of miRNA-21,
respectively. The result in Fig. 3d showed a good corre-
lation between the calculated miRNA concentrations by
the established approach and by qRT-PCR, indicating a
promising applicable potential of the approach.

Clinical application of the approach

As a crucial biomarker, the expression level of miRNA-
21 is up-regulated in osteosarcoma patients. Thus, we
applied the approach to quantify miRNA-21 in MG-63
cell extraction and normal cell extraction (hOB cell). The
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result in Fig. 4a showed that miRNA-21 level in MG-63
cell extractive is much higher than that in the hOB cell
extractive. The repeatability was verified through detect-
ing 10 sample duplicates containing 100 pM miRNA,
respectively. The result in Fig. 4b showed a coefficient
of variation (CV) of 4.65%. Compared with former
approaches, the established method exhibited a low LOD
in a label-free manner which could meet the require-
ments of clinical practice (Additional file 1: Table S2).

Conclusion

In summary, we developed a label-free and sensitive
miRNA detection approach. The approach was initiated
by target miRNA-based assembly of split-DNAzyme

to form active DNAzyme and to induce subsequent
PER through generating a nicking site in the loop sec-
tion in dumbbell probe. As a robust isothermal signal
amplification tool, a large amount of ssDNA products
containing G4 sequences were produced through PER,
which could bind with NMM to form G4-NMM com-
plex with enhanced signals. Based on the integration of
DNAzyme-assisted signal recycle and PER, the method
exhibited a wide detection range with a high sensitiv-
ity and eventually was successfully applied to distin-
guish miRNA-21 from a variety of miRNAs. Moreover,
the capability of the approach to quantify miRNA-21 in
MG@G-63 cell extractive and in serum samples indicates a
promising prospect of the approach as a robust tool in
clinical and laboratory applications.
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