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Secondary structures in long circulating tumor nucleic acids have potential obstacles for specific location
point hybridized detection of gene fragments. The exploration of biosensing strategies requires selectively
changing the nucleic acids conformation and inducing signal switching. Herein, a self-assembled magnetic
composite probe (MCP) was fabricated by the hybridization reaction of Linker DNA and a "Y"-junction-DNA
nanostructure on the surface of magnetic beads, contributing to the capture, secondary structure
unlocking, and enrichment of the PML/RARa. DNA “L" subtype. Then, by integrating the MCP-actuated
reactor, a one-step “off-on” signal switching MoS,@FAM-probe biosensing method was developed for
the efficient detection of the PML/RARa. DNA “L" subtype. The proposed biosensor was capable of
detecting 100 bases PML/RARa DNA “L" subtype with a wide linear range of 1 pM to 200 nM and a limit

Received 21st July 2020 of detection down to 0.223 pM without signal amplification. In addition, the biosensing method was
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successfully applied for the detection of target in serum samples. It is worth pointing out that this simple

DOI- 10.1039/d0ay01398f biosensing strategy could enable long nucleic acids fragments with secondary structures from ctDNA

rsc.li/methods and ctRNA to be quantitatively assayed based on direct hybridization.

At present, many vital biosensing methods based on direct
hybridization have been developed and applied in the detection

1. Introduction
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The plentiful research on long nucleic acids has given us
multifaceted knowledge of their intricate structure and func-
tion. For example, the long non-coding RNA was found to take
part in the interaction of various proteins, RNA, and DNA in
regulating the expression of gene at different transcriptional
levels.” Moreover, recent literature reports provide evidence to
postulate the consequential role of long nucleic acids as carrier
of more gene mutation or fusion information.® Thus, the anal-
ysis of long cell-free nucleic acids would offer new opportunities
for the assessment of relevant diseases progress in the field of
molecular diagnosis.*
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of target genes, in which an oligonucleotide probe has specific
recognition and binds to its complementary target,” including
the L858R mutation occurring in the Epidermal Growth Factor
Receptor (EGFR) gene and the PML/RARo. DNA fusion gene.
However, only direct hybridization methods are capable of
detecting nucleic acids with a sequence length of up to 40 bases
without signal amplification;*” whereas the average size of the
cell-free L858R mutation gene and PML/RARa gene is about 130
bases in length,*® and these longer nucleic acids present severe
problems for detection, making direct hybridization detection
more difficult. For example, the long sequence PML/RARa. gene
can form thermodynamically stable secondary structures,
which impede the crosslinking between the specific target
fragment and probe. Correspondingly, the L858R mutant site
can be buried in stem loop structures from long sequences,
which can also affect the detection efficiency.'®" In addition,
the present assays face several other technical challenges
arising from low concentration of cell-free nucleic acids and
interference of the matrix on the analysis system, which greatly
reduces the accuracy of detection results.”” Therefore, there is
a crucial need to perform an in-depth investigation into the
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detection of long nucleic acids with secondary structures in
complex matrices.

Over the past few years, DNA self-assembly has been utilized
to fabricate various nanostructures by employing programmed
DNA as building units,” including DNA tiles,'* DNA den-
drimers," DNA tetrahedrons,'® DNA nanotweezers,"” and DNA
hydrogels."”® Moreover, several classes of DNA nanostructures
can serve as molecular probes for biosensing applications.*® For
example, Chen et al. reported a rationally designed double-
stranded probe with forked single-stranded overhangs (Y-
junction-structure), which exhibited reliable and efficient
performance for the detection of individual base pair changes
in long double-stranded DNA.*® However, the homogeneous
methods are susceptible to the interference of the endogenous
matrix in the sample during the detection process.”* Therefore,
to solve this problem, magnetic composite extraction materials
(MCEM) have been widely used for the extraction of a variety of
nucleic acids and protein molecules.”” For example, Xing et al.
reported an enrichment and analysis method based on
a reduced graphene oxide-based magnetic material, which
could achieve the ultrasensitive detection of miRNA.*® Inter-
estingly, a novel multifunctional nano-conjugate probe could be
assembled by a “Y”-junction-nanostructure (“Y”-Capture Probe,
“Y”-CP) and magnetic composite materials, which might play
an important role in the detection of long nucleic acids.

Forster resonance energy transfer (FRET) pairs consist of
a fluorophore and a quencher. Based on the distance between
a FRET pair, the fluorescence occurs upon conversion between
quenching and recovery, and can be coupled with a biomolec-
ular recognition process.”® Molybdenum disulfide (MoS,)
nanosheets contain three atomic layers as S-Mo-S metal layers,
which are covalently bonded with each other.?** As one of the
fluorescence quenchers in FRET, MoS, nanosheets can adsorb
5-carboxyfluorescein  (FAM)-labeled single-stranded DNA
(ssDNA) by the van der Waals force between the nucleobases
and the basal plane of MoS,. Then, the fluorescence of FAM is
quenched because the emission spectrum of the FAM molecule
overlaps with the absorption spectrum of the MoS, nanosheets.
On the contrary, after the target hybridizates with its comple-
mentary FAM-probe, due to the nucleobases being covered
between the densely negatively charged helical phosphate
backbones, the MoS, nanosheets cannot adsorb double-
stranded DNA (dsDNA), meaning that the FAM-labeled probe
separates from the MoS, nanosheets, resulting in a recovery of
the fluorescence signal.”””* Thus, the MoS, nanosheets-FAM
pair is suitable for the fabrication of efficient biosensors.”*?*"
For instance, Gao's group reported a simple detection method
for DNA methyltransferase activity by using MoS, nanosheets as
an effective fluorescence quencher.** Fu's group proposed
a sensitive and quick detection strategy utilizing uranyl ions
based on the fluorescence quenching of MoS, nanosheets and
specific DNAzyme.*” Also, MoS, nanosheets have the advantages
of low price and simple preparation. Thus, these results
demonstrate that MoS, nanosheets are a good candidate as
a biosensing interface for potential applications in “off-on”
fluorescence signal switching.
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Here, we report a new method for long PML/RARo. DNA
detection based on a MoS,@FAM-probe biosensing strategy in
combination with the magnetic composite probe (MCP)-
actuated recognition and extraction of a target. Initially, the
smart “Y”-CP is the key element responsible for specifically
capturing and unlocking the fusion site by triggering a confor-
mation change in the nucleic acids. Next, the MoS,@FAM-probe
biosensor can achieve “off-on” fluorescence signal switching
through a one-step hybridization. Using the long PML/RARa
DNA “L” subtype as the model analyte,**** the developed fluo-
rescence method achieved the facile and sensitive specific
fragment detection of 100 bases sequence without intricate
amplification, which is a breakthrough in the detection of long
nucleic acids with secondary structures. Furthermore, the
serum samples of PML/RARa DNA could be successfully iden-
tified by this assay. Thus, the biosensing strategy presents
a promising platform for the direct hybridization detection of
complex long nucleic acids in clinical biochemical analysis,
such as circulating tumor DNA and RNA (ctDNA, ctRNA).

2. Materials and methods
2.1. Materials and reagents

BioMag® Carboxyl as magnetic beads (MBs, 20 mg mL ™) was
purchased from Bangs Laboratories, Inc. (Indiana, U.S.A.). Bulk
MoS, powders and salmon sperm DNA were brought from
Sigma-Aldrich Chemical Co. (St. Louis, MO, U.S.A.). FAM,
dimethyl sulfoxide, DL500 DNA Marker was purchased from
TaKaRa Biotech (Dalian, China). Agarose was purchased from
Sangon Inc. (Shanghai, China). Fetal bovine serum was
purchased from Thermo Fisher Scientific (Massachusetts, USA).
All the oligonucleotides were synthesized by Sangon Inc.
(Shanghai, China) and the nucleic acid chains are listed in
Table S1 (ESIT). Also, 0.1 M imidazole buffer (pH 7.0) containing
8.22 mL of 1-methylimidazole and 900 mL of DEPC-treated
deionized water were used as the amide reaction solution.

2.2. Apparatus

The UV-vis absorption spectrum was recorded with a UV-2550
UV-visible spectrophotometer (Shimadzu, Japan). The fluores-
cence spectra were obtained by using a Cary Eclipse Fluores-
cence Spectrophotometer (Agilent Technologies, USA). Gel
electrophoresis was carried out using a DYY-6C electrophoresis
analyzer (Liuyi Instrument Company, China), and the imaging
was performed with Bio-rad ChemDoc XRS (Bio-Rad, USA).
Atomic force microscopy (AFM) (Bruker AXS, Germany), scan-
ning electron microscopy (SEM) (FeiNa. Phenom. Prox, Neth-
erlands), and transmission electron microscopy (TEM) (Hitachi
H7500, Japan) were employed to characterize the thickness,
size, and morphology of the MoS, nanosheets. Circular
dichroism (CD) spectra were recorded on a chirascan spec-
tropolarimeter (Applied Photophysics Ltd, UK). Image lab 3.0
was used to analyse the gray-scale values of the electrophoresis
band.

This journal is © The Royal Society of Chemistry 2020
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2.3. Synthesis of the MoS, nanosheets

MoS, nanosheets were synthesized as per the reported work
with minor modification as follows. First, 30 mg of MoS,
powders was added into a 25 mL flask. Then, 10 mL ethanol-
water (45%, v/v) used as the dispersion solvent was added into
the same flask. This was followed by continuous ultrasonication
for 8 h, and then the dispersion was centrifuged at 4000 rpm for
20 min to collect the supernatant.*® The MoS, nanosheets
dispersion was characterized by using an UV-vis spectropho-
tometer (wavelength range from 300 to 800 nm), AFM, SEM, and
TEM, and stored at 4 °C.

2.4. Preparation of the MB@Linker DNA (magnetic bead
probe, MBP) and the magnetic composite probe

First, 10 pL of MBs and 200 uL of DEPC-treated water were
transferred into a reaction flask. Then, the resultant mixture
was shook vigorously and separated magnetically until the
supernatant was clear, followed by aspirating the supernatant
and leaving the MBs as a wet cake on the container wall (repeat
three times). Second, 38.4 mg of EDC was added into 1 mL of
0.1 M imidazole buffer as the coupling agent, and the resultant
mixture was gentle shook until complete dissolution occurred.
Next, 200 pL of 10 nM of amine-terminated oligonucleotide
(Linker DNA) was transferred into the 1 mL of EDC solution and
mixed well; followed by adding the oligonucleotide/EDC solu-
tion from the above section to the washed MBs and rotating
gently for 24 h at room temperature. Finally, the supernatant
was separated magnetically and aspirated to remove the un-
reacted Linker DNA as well as the coupling agent. The result-
ing MBPs were then rinsed three times with DEPC-treated water
following the above protocol, and re-suspended in a final
volume of 500 pL of hybridization buffer and stored at 4 °C for
further usage.

To obtain the MCPs, first 100 pL of 1 pM RARa-probe and 100
uL of 1 pM PML-probe were mixed together. Then, the mixture
was annealed to form the desired “Y”-CP with a 500 nM
concentration according to the following heating process: 90 °C,
5 min; 70 °C, 40 min; 50 °C, 40 min; 30 °C, 40 min; 20 °C,
40 min; 10 °C, 40 min; and 4 °C, 24 h. Second, 100 uL. MBPs were
added into 200 pL of 500 nM “Y”-CP and rotated gently for 2 h at
room temperature for the hybridization reaction. After that, the
free un-reacted “Y”-CP was separated from the final MCPs by
a controllable magnetic field. The MCPs were then washed with
the hybridization buffer three times to remove the non-
hybridized components, and re-suspended in a final volume
of 100 uL of hybridization buffer, and stored at 4 °C.

2.5. Fabrication of the fluorescence biosensor and long DNA
sequence analysis

Initially, MoS, solution was ultrasonicated for 1 h in deionized
water to obtain better dispersed nanosheets. Next, 50 uL of 1 uM
FAM-labeled probe was added into 50 uL of 22 ug mL ™' MoS,
nanosheets solution. The whole was fully mixed for 20 min at
room temperature to quench the fluorophore due to the ssDNA
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being firmly adsorbed on the surface of the MoS, nanosheets,
attributed to the strong m-7 stacking interaction.

The MCPs were first separated from the 100 puL resuspended
solution, leaving as a wet cake on the container wall. Subse-
quently, 1000 pL of various concentrations of the long DNA
target with stem loop structures was added to the EP tube
containing the MCPs. Then the mixture was rotated gently for
2 h at room temperature to capture the target, followed by
magnetically extracting the MCP@target to remove the un-
reacted components and the matrix. Next, 100 uL of 1 uM
assistant sequence was mixed with the MCP@target, and the
displacement reaction was performed for 30 min at room
temperature, followed by magnetically separating the “Y”-
CP@target and MBP@assistant sequence, leaving the “Y”-
CP@target in the supernatant. Then, 50 pL “Y”-CP@target
solution was added into 50 pL MoS,@FAM-labeled probe
solution for 20 min at room temperature. Finally, the fluores-
cence emission spectrum was determined in the wavelength
range of 500-650 nm with an excitation wavelength of 495 nm.
Both the silt widths of excitation and emission were 5 nm, and
the voltage was 700 V. The difference in fluorescence intensity at
515 nm was employed to calculate the concentration of the
target. After that, the MBPs could be regenerated by magneti-
cally separating and aspirating the supernatant at 95 °C for
5 min.

2.6. Gel electrophoresis

The feasibility of the “Y”-CP-actuated capture and separation of
long DNA target was analyzed by 2% agarose gel electropho-
resis. The gel was run at 120 V for 26 min in 1x TBE buffer (Tris/
boric acid/EDTA, pH 7.4). The image of the electrophoresis was
recorded with a Bio-Rad digital system.

2.7. Circular dichroism spectra

Here, 10 pL of 10 uM long target sample was dissolved in
hybridization buffer to achieve 200 pL of a 250 nM sample
concentration. The short target sample containing the exposed
fusion site after forming the “Y”-CP@target was synthesized
and prepared to achieve the same concentration as for the long
target sample. The circular dichroism (CD) spectra were recor-
ded in triplicate in the 220-350 nm range with a 1 nm data
interval and 100 nm min~" data collection rate. The buffer
spectrum was subtracted from the sample spectrum.

2.8. Ultraviolet absorbance experiment for the MoS,
nanosheets and FAM

First, 9.40 x 10> g FAM solid was dissolved in 0.5 mL dimethyl
sulfoxide, and then the hybridization buffer was added to ach-
ieve a 1 x 107° mol L™" FAM sample concentration. Subse-
quently, 100 pL MoS, nanosheets solution was mixed with an
equal volume of hybridization buffer and FAM sample for
20 min, respectively. Then, the UV absorption spectra of the two
samples were detected by using a UV-visible spectrophotometer.

Anal. Methods
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3. Results and discussion
3.1. Design principle of the biosensor

The principle for the “Y”-junction-nanostructure to unlock
the stem loop structure of the PML/RARa DNA “L”
subtype is shown in Fig. S1.f Long sequence PML/RARo
DNA “L” subtype with the sequence of 5-CCCAA-
CAGCAACCACGTGGCCAGTGGCGCCGGGGAGGCAGCCATTGA-
GACCCAGAGCAGCAGTTCTGAAGAGATAGTGCCCAGCCCTCCC
TCGCCACCCC-3' could form stem loop structures, one of which
blocked the fusion site (italic and underlined base sequence
portions), resulting in the failure of hybridization between the
specific probe and the target. Meanwhile, the smart “Y”-CP self-
assembled by RARa-probe (green portion) with the sequence
of the 5-CACTATCTCTTCAGAACTTTTTGTCTCAAGCTTATGAA
ATGAACTCAAGGTACG-3' and PML-probe (red portion) with
the sequence of 5-TTCATAAGCTTGAGACAATTCACTGGCCA
CGTGGTTGC-3' contained two symmetric single-stranded
overhangs complementary to the target DNA. The overhang (a
portion) belonging to the PML-probe could invade and destroy
the thermal stability of the stem loop by the toehold-mediated
strand displacement reaction, exposing the blocked fusion
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site (italic base sequence portions). The purpose of the over-
hang belonging to the RARa-probe was to further reduce the
formation risk of extra secondary structures and locking the
detection region for the subsequent hybridization reaction.
After specific binding, the long target was transformed into
a short target for easy detection based on a conformational
change of the nucleic acids sequence. Thus, the “Y”-CP could
provide the prerequisite for achieving the specific fragment
hybridization detection of long nucleic acids.

Based on the above principle, the scheme for the fluorescence
biosensor for PML/RARa. DNA “L” subtype detection is shown in
Scheme 1. Initially, as illustrated in Scheme 1B, considering that
layered MoS, could adsorb the FAM-labeled single-stranded probe
(sequence: 5'-FAM-TGGGTCTCAATGGCTGCCTCCCC-3') via van
der Waals interactions and effectively quench the fluorophore
labeled at the end of absorbed single-stranded nucleic acids via
FRET, a MoS,@FAM-probe biosensor was developed for one-step
nucleic acids detection. Then, as shown in Scheme 1A, the Linker
DNA was anchored on magnetic beads by amide reaction to further
assemble the “Y”-CP onto its surface by sequence hybridization,
and the resultant MCP was employed for the stable capture and
enrichment of the target. In the presence of the target, once the
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Scheme 1 Schematic illustration of the "off-on” MoS,@FAM-probe biosensor for long PML/RARa DNA “L" subtype detection by integrating
MCP-actuated recognition, deblocking, and extraction of the target. (A) Recognition and conversion of PML/RARa DNA “L" subtype. (B) Fluo-
rescence signal output based on MoS,@FAM-labeled probe biosensor. (C) The procedure of sample testing.
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Fig. 1 (A) UV-vis absorption of MBs, MBPs, MCPs suspensions. Before (black curve) and after (red curve) Linker DNA incubation with MBs; after
“Y"-CP incubation with MBPs (blue curve). (B) Gel electrophoresis analysis of “Y"-CP concentration in the samples from before (Lane 3) and after
(Land 2) "Y"-CP incubation with MBPs, Land 1: DL 500 DNA ladder marker.

MCP specifically recognized and bound the PML/RARa DNA “L”
subtype, its hairpin was opened and the fusion region was exposed.
Subsequently, with the addition of assistant sequence, the “Y”-
CP@target was separated from MBP by a toehold-mediated strand
displacement reaction, thus leaving the captured target in the
supernatant after magnetic separation. This was followed by add-
ing “Y”-CP@target into the MoS,@FAM-probe solution, whereby
the “Y’-CP@target/FAM-probe formed by fusion region specific
hybridization could not be effectively adsorbed because the affinity
of the MoS, nanosheets to dsDNA was relatively low. As a result,
a strong analytical signal was obtained based on the fluorescence
quenching-restoration behavior. In addition, economically, the
MBP could be regenerated for recycling. Scheme 1C shows the
operation protocol for the assay, whereby, as expected, the
magnetic separation not only achieved enrichment of the target,
but also effectively avoided the interference of the matrix on the
fluorescence signal. Therefore, the developed strategy exhibited its
potential for the sensitive and accurate detection of PML/RARa
DNA “L” subtype by blocking the fusion site without signal
amplification.

3.2. Characterization of the MCP and MoS, nanosheets

To verify that the Linker DNA was bound to the MBs, the UV-vis
absorptions of MBs and MBPs suspension were measured before
and after Linker DNA conjugation to the MBs due to the charac-
teristic absorption peak of DNA at 260 nm. As shown in Fig. 1A, the
characteristic absorption peaks of nucleic acids appeared after the
Linker DNA coupling with the MBs at 260 nm (red curve), indi-
cating that the Linker DNA successfully was bound to the MBs.
Then, to further investigate the formation ability of the MCPs, the
UV-vis absorption of the MCPs suspension was measured after “Y”-
CP conjugation to the MBPs. As shown in Fig. 1A, the absorption
peaks of nucleic acids from MCPs was higher than that from the
MBPs at 260 nm (blue curve), indicating that “Y”-CP was
successfully bound to the MBPs. Simultaneously, the gel electro-
phoresis analysis of the “Y”-CP concentration was performed

This journal is © The Royal Society of Chemistry 2020

before and after the specific hybridization between the MBPs and
“Y”-CP. The electrophoresis samples before and after the reaction
consisted of “Y”-CP solution and the hybridization buffer (1 : 1),
the supernatant after magnetic separation, and the MCPs rinsed
buffer (removing the nonspecific adsorption) (1 : 1), respectively,
which had equal volumes. As shown in Fig. 1B, the band of Lane 2
(after hybridization) was thinner than the band of Lane 3 (before
hybridization). Then, the gray-scale values of the two bands were
analyzed by using Image Lab 3.0. As shown in Fig. S2,7 the gray-
scale mean values were 652 (Lane 2) and 1103 (Lane 3), indi-
cating about 40% “Y”-CP was bound to MBPs. The electrophoresis
results were in agreement with the change un UV-vis absorption,
proving MCP could be successfully constructed based on the
designed assembly process.

Typical AFM and TEM images of the MoS, nanosheets are
depicted in Fig. 2A and B respectively, which exhibited the
morphology of the MoS, nanosheets with a mean thickness of
0.9 + 0.2 nm and diameter of 213.5 £ 3.8 nm. The morphology
of the MoS, nanosheets was also surveyed by SEM (Fig. 2C),
where it could be seen that the as-prepared MoS, nanosheets
had an average diameter of 212 + 3.4 nm, which was in agree-
ment with the TEM results. The synthetic MoS, suspension
(Fig. 2D, inset) was brown. Also, the UV-vis spectrum is shown
in Fig. 2D, where two characteristic absorption peaks of MoS,
nanosheets could be seen located at around 610-690 nm, which
was in agreement with the reported work,”®* indicating the
existence of MoS, nanosheets in the dispersed solvent. Based on
the Lambert-Beer law, the concentration of the MoS, nano-
sheets solution was calculated to be 22.19 ug mL ™" (extinction
coefficient = 3400 mL mg™ ' m™" at 670 nm).>**®

3.3. Comparison of the ultraviolet spectra of the MoS,
solution and MoS, + FAM solution

To rule out other fluorescence quenching mechanisms beside
FRET between FAM and MoS, nanosheets, we assumed that
FAM and MoS, nanosheets could form compounds or take part

Anal. Methods
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Fig.2 (A) AFM images of the MoS; nanosheets with 140 nm scale. (B) TEM images of the MoS, nanosheets with 100 nm scale. (C) SEM images of
MoS, nanosheets with 1 um scale. (D) UV-vis spectrum of MoS, nanosheets. Inset: photograph of the MoS, nanosheets suspension.

in electron transfer. In this case, the UV absorption spectrum
position of MoS, nanosheets could shift, or a new absorption
peak of MoS, nanosheets could appear after adding FAM into
MoS, solution. However, as shown in Fig. S3,T the UV absorp-
tion spectra of the MoS, nanosheets were consistent before and
after the addition of FAM. Therefore, the results demonstrated
that there had not been the formation of compounds and
electron transfer had not occurred between FAM and MoS,,
which ruled out the fluorescence quenching mechanism caused
by electron transfer and by the formation of nonfluorescent
compounds between FAM and MoS, nanosheets.

3.4. Feasibility of the biosensing strategy

To confirm the deblocking function of “Y”-CP, the CD spectra
were used to determine the possible changes in the stem loop
structure of the long nucleic acids triggered through “Y”-CP. As
shown in Fig. S4,7 the CD spectra pattern for the long target
with stem loop structures was characterized by a peak at around
270 nm, and a valley in the 310-320 nm wavelength range (black
curve), which was similar to the reported work.*® By contrast,
the CD spectra for the short target with an exposed fusion site

Anal. Methods

showed no characteristic peak or valley (red curve), indicating
that “Y”-CP really unlocked the stem loop structures of the long
nucleic acids target and could achieve the exposure of the
fusion site.

In order to confirm whether the Linker DNA@“Y”-CP and
assistant sequence-actuated work worked as expected, the
hybridization products of the reaction system were character-
ized by gel electrophoresis. As shown in Fig. 3A, with the
hybridization of the PML probe and RARa probe, the clear band
exhibited the efficient “Y” assembly products in Lane 2. Lane 3
was loaded with the mixture of Linker DNA and “Y”-CP, which
exhibited a lower mobility compared to Lane 2. The hybridiza-
tion products after “Y”-CP@Linker DNA conjugation to the long
DNA target gave a more obvious macromolecule band compared
to that of the single “Y”-CP and “Y”-CP@Linker DNA in Lane 4.
After further addition of the assistant sequence, the Linker DNA
was successfully separated from the “Y”-CP@long DNA target in
Lane 5. These results demonstrated the programmed assembly
protocol worked, as anticipated.

To further confirm the key role of “Y”-CP in signal “off-on”
switching and the validity of the biosensor, the fluorescence
emission spectra of MoS,@FAM-probe biosensor were explored

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) 2% agarose gel electrophoretic characterization of the hybridization products of the reaction system. Lane 1 and 6: DL 500 DNA ladder
marker; Lane 2: "Y"-CP (PML probe + RARa probe); Lane 3: Linker DNA + "Y"-CP; Lane 4: Linker DNA + "Y"-CP + target; Lane 5: Linker
DNA@assistant sequence and "Y"-CP@long DNA target. (B) Fluorescence emission spectra of FAM without MoS, nanosheets (black curve), FAM
with MoS, nanosheets (red curve), target + FAM-probe with MoS, nanosheets (green curve), and target@"Y"-CP + FAM-probe with MoS,
nanosheets (blue curve). Negative control (purple curve). (C) Fluorescence signals based on Sample A, Sample B, and Sample C. Error bar

represents the standard deviation (n = 3).

in the presence and absence of “Y”-CP, respectively. As shown in
Fig. 3B, in order to prove that MoS, nanosheets had no
quenching effect on FAM in the absence of single stranded
nucleic acid, we mixed FAM with MoS, nanosheets and carried
out fluorescence detection. The results showed that there was
no significant signal change compared with the fluorescence
signal based on FAM without MoS, (curve black, red). This
experiment further confirmed the feasibility of our method-
ology. Then, the FAM without MoS, and FAM with MoS, were
employed as positive controls in the experiment. First, the two
positive controls (curve black, red) obtained high signals, which
indicated the effectiveness of the testing process. Second, it
could be clearly observed that the pure long DNA target with the
stem loop structure had a very low fluorescence intensity owing
to its inability to effectively crosslink with the FAM-probe
absorbed on MoS, (curve green). By contrast, the signal of the
“Y”-CP@long DNA target (curve blue) was about 18 times that of
the pure long target due to the fluorescence restoration
behavior mediated by the double-stranded DNA formation. The
purple curve represents the negative control in the experiment.
All the above facts suggested that the “Y”-CP worked as
expected.

The fluorescence biosensing system might be interfered with
by the matrix in serum. To verify the accuracy of the detection
results after magnetic separation of the serum specimen, the
fluorescence detection results of the MoS,@FAM-probe bio-
sensing system were examined with three different test samples
with the same concentration of target. The matrix of Sample A
was a hybridization buffer, representing the case with no serum
matrix interference throughout the experiment. Thus, Sample A
acted as the control. The original matrix of Sample B was serum;
however, the serum matrix was displaced by hybridization
buffer after magnetic separation, which represented the case
where there was no serum matrix interference in the fluores-
cence detection stage. The matrix of Sample C remained as

This journal is © The Royal Society of Chemistry 2020

serum in the fluorescence analysis stage, representing the case
with the presence of serum matrix interference in the process of
signal detection. As shown in Fig. 3C, the fluorescence signal
from testing Sample B showed almost no difference with the
signal from testing Sample A, while the fluorescence signal of
testing Sample C was higher than the fluorescence signal of
Samples B and A, indicating that the serum matrix probably
promoted the non-specific fluorescence signals. Therefore,
these results demonstrated the biosensing strategy could
effectively eliminate the matrix interference based on magnetic
separation to ensure the accuracy of the detection results in
serum specimens.

3.5. Optimization of the experimental conditions

In order to achieve the perfect construction of MCPs and the
highly efficient detection of the target, crucial experimental
variables were investigated to attain the optimal sensing
performance. The coverage of the “Y”-CP on the MBPs surface
had a great influence on the capture efficiency of MCPs; thus,
the ratio of “Y”-CP and MBPs was first optimized. As shown in
Fig. S5A,T four different proportions of “Y”-CP to MBPs were
explored. While 2 times “Y”-CP to MBPs achieved the maximum
signal-to-noise ratio, a higher ratio of “Y”-CP on the MBPs
surface did not continue to increase the signal output. Thus,
a 2:1 ratio of “Y”-CP to MBPs was selected for the further
experiments. According to the calculation based on the working
concentration of MBPs and “Y”-CP, 200 pL of “Y”-CP (500 nM)
was added into 100 L MBPs (0.4 mg mL "), which could obtain
the perfect MCPs.

Since the fluorescence signal from the “off-on” switching
induced by MoS, nanosheets served as the analytical signal in
this work, it was crucial to determine the appropriate concen-
tration of MoS, nanosheets to obtain the best analysis perfor-
mance. Thus, five concentrations of MoS, nanosheets were
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explored in this experiment. As shown in Fig. S5B,T it could be
clearly observed that the noise decreased gradually with the
increasing concentration of MoS, nanosheets due to the
increase in the fluorescence quenching effect. However, when
the concentration of MoS, nanosheets was over 11 ug mL ™", the
analytical signal started to decrease due to producing an
excessive quenching effect, resulting in the quenching of the
double-stranded DNA-labeled fluorophores. Thus, 11 ug mL ™"
of MoS, nanosheets was selected as the fluorescence quencher
in this work with the maximum signal-to-noise ratio.

In addition, to further determine the appropriate hybrid-
ization time between the FAM-labeled probe and the “Y”-
CP@long DNA target, the reaction time was optimized. As
shown in Fig. S5C,7 the signal-to-noise ratio increased with the
prolonged reaction time and plateaued at 20 min, indicating
that the reaction between the FAM-labeled probe and the “Y”-
CP@long DNA target had reached equilibrium. As a conse-
quence, 20 min was chosen as the optimal reaction time.

3.6. Sensitivity and specificity of the biosensor

Under the respective optimal reaction conditions, we investi-
gated the detection sensitivity of the biosensing method to the
target of long PML/RARa “L” subtype DNA. As exhibited in
Fig. 4A, the elevated target concentrations led to a proportional
increase in the fluorescence response signal. The plots of the
fluorescence signal vs. the logarithm of long PML/RARa. DNA
concentrations showed a strong linear relationship in the range
from 1 pM to 200 nM (Fig. 4B). The resulting linear equation is Y
= 123.71 x lg ¢ (pM) + 39.68 with a correlation coefficient of
0.9983. Based on the 3¢ rule, the limit of detection (LOD) for the
target was calculated to be 0.223 pM. The data of analytical
sensitivity was compared with different assays for the detection
of PML/RARa (Table 1), and indicated that this developed
method had a better linear range or sensitivity in the case of
being amplification-free. Of course, in consideration of the low
abundance of the target in real samples, this method could also
be combined with appropriate signal amplification technology
to further improve the sensitivity of detection.

A

Fluorescence intensity (a.u.)

500 550 600 650
Wavelength (nm)

View Article Online

Paper

Moreover, the specificity of the biosensor was evaluated for
long DNA targets with stem loop structures by testing the long
PML/RARa DNA (“L” subtypes) and four non-targets, including
long PML DNA, long RARo. DNA, and long PML/RARa DNA of
different subtypes (“S” and “V” subtypes) (secondary structure
of non-targets shown in Fig. S6-597). The hybridization buffer
as the control was simultaneously tested under the same
experimental conditions. As shown in Fig. 5, the signal of the
long PML/RARa DNA “L” subtype was significantly higher than
for the non-targets and control, indicating the remarkable
specificity of the biosensor. These results clearly showed that
the detection system only obtained a low background signal
with non-targets. On the contrary, when the target appeared, the
developed method could obtain a significant enhancement of
the fluorescence signal due to the specific recognition, enrich-
ment, and good signal response of the biosensing strategy.
Based on the above results, this method demonstrated good
analytical performance and has potential value in the specific
detection of long nucleic acids from real samples.

3.7. Selectivity, stability, repeatability, reproducibility, and
reusability of the strategy

Three DNA mismatch (a portion) PML/RARa “L” subtype DNA
samples were used to evaluate the selectivity of the assay,
including single-base mismatch (SM), three-bases mismatch
(TM), non-complementary DNA (NC). Also, one two-bases
mismatch (TWM) (RARa portion) PML/RARa “L” subtype was
also used to evaluate the stability of assay. A short target was
employed as a positive control in the experiment. As shown in
Fig. S10,7 the fluorescence signal of target DNA at 1 nM was
about 3 times that of SM and 10 times that of TM, and the signal
from NC was similar to that for the blank. On the contrary,
TWM obtained almost an equal fluorescence signal with that of
the target DNA. These results showed that this method dis-
played good selectivity and stability.

Repeatability and reproducibility, which are two important
analytical parameters of the method, were further studied by
the intra-assay and inter-assay imprecision, which were
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Fig.4 (A) Fluorescence emission spectra for the detection of PML/RARa DNA “L" subtype at 2 x 10°, 1 x 10°, 1 x 10% 1 x 10%, 1 x 102,10, 1, 0 pM
(from a to h). (B) Calibration plots of the fluorescence signals vs. the logarithm of PML/RARa DNA “L" subtype concentrations from 1 pM to

200 nM. Error bar represents the standard deviation (n = 3).
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Table 1 Comparison of different methods for PML/RARa DNA detection

Target Strategy Dynamic range LOD Reference
PML/RARa. Enzyme-amplified electrochemical biosensor 1 pM to 100 nM 83 fM 37
PML/RARa. Gold electrode electrochemical biosensor 60 pM to 220 pM 6.7 pM 38
PML/RARa. Sequence-specific electrochemical biosensor 500 pM to 10 nM 1 pM 39
PML/RAR«. MoS,@FAM-probe biosensor based on MCP 1 pM to 200 nM 223 M This work
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Fig.5 Fluorescence emission spectra (A) and fluorescence response signals (B) for specificity of PML/RARa detection against PML/RARa DNA “L”
subtype (a) and different non-targets: RARa DNA (b), PML/RARa DNA “S” subtype (c), PML DNA (d), PML/RARa DNA “V" subtype (e), blank (f). Error

bar represents the standard deviation (n = 3).

investigated five times with 10 nM target in one batch and in
five different batches of MCPs and MoS,@FAM-probes,
respectively. As shown in Table S2,T the coefficient of varia-
tion (CV) and relative standard deviation (RSD) analyzed from
the intra-assay were 1.05% and 5.72%, respectively. The CV and
RSD analyzed from the inter-assay were 1.31% and 7.07%,
respectively. These results indicated this biosensing system had
acceptable repeatability and reproducibility.

Furthermore, the reusability of the MBPs was explored in
regeneration experiments performed on the same batch MBPs.
Taking a CV less than 5% as an acceptable result, after 40 times
regenerations, the fluorescence signal of 100 nM target retained
95.1% of the original signal (619 : 651), indicating the MBPs
could be reused with great analytical performance and the
biosensing strategy had good cost-efficiency.

3.8. Real samples

To evaluate the reliability of the method in a relatively complex
matrix serum sample, three different concentrations of samples
for recovery experiments were prepared by adding synthetic
PML/RARa. DNA “L” subtype into serum samples containing
1 mg mL™" salmon sperm DNA. From Table S3,7 it can be seen
that the recoveries varied from 98.6% to 105%, which proved
that the developed protocol could indeed eliminate the matrix
effect. The high accuracy resulted from the efficient extraction
and enrichment of the target, avoiding the interference of the
serum protein on fluorescence detection. Therefore, the
method offered a new insight into sensitively and selectively
detecting long DNA strands with secondary structures in real

This journal is © The Royal Society of Chemistry 2020

serum samples, in favor of the detection of circulating tumor
DNA from serum.

4. Conclusions

In summary, the specific “Y”-Capture Probe (“Y”-CP) was first
applied to unlock the stem loop structure of the PML/RARa DNA
“L” subtype via triggering conformational change of the nucleic
acids in this work. As a result, an “off-on” MoS,@FAM-labeled
probe biosensor was successfully developed for the specific
fragments analysis of long nucleic acids with secondary struc-
tures in human serum samples by using an MCP-actuated
reactor. This biosensing method could effectively eliminate
the obstacles associated with conformation hindrance and
achieved target separation, making feasible direct hybridization
detection of specific fragments in long nucleic acids based on
nanomaterial interface. Most importantly, the protocol for 100
bases PML/RARa. DNA “L” subtype detection exhibited
outstanding sensitivity, specificity, a low matrix effect, and good
stability without intricate amplification, demonstrating the
strategy is promising to achieve the simple and rapid liquid
biopsy of nucleic acids. As a future direction, the present assay
provides a potential strategy for the detection of long nucleic
acids from ctDNA and ctRNA.

However, some issues need to be further studied. First, there
may be longer nucleic acid chains and more complex chains of
hierarchical conformations in real samples. Therefore, a probe
with more stability and efficiency needs to be precisely
designed, avoiding any interference from irrelevant conforma-
tions and ensuring the accurate detection. Second, if base
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mutation occurs in the binding site between the nucleic acid
and probe, that would reduce the work-efficiency of the probe.
Thus, the combined application of dual-probes or multi-probes
may be a consideration, which would not only improve the
detection efficiency of long nucleic acids, but would also offer
a chance for the identification of mutant sites. Overall, the
fabricated biosensing strategy is a valid approach, which is
worth further exploration.
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