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A novel fluorescent biosensor based Rl

on dendritic DNA nanostructure in combination
with ligase reaction for ultrasensitive detection
of DNA methylation
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Background: DNA methylation detection is indispensable for the diagnosis and prognosis of various diseases includ-
ing malignancies. Hence, it is crucial to develop a simple, sensitive, and specific detection strategy.

Methods: A novel fluorescent biosensor was developed based on a simple dual signal amplification strategy using
functional dendritic DNA nanostructure and signal-enriching polystyrene microbeads in combination with ligase
detection reaction (LDR). Dendritic DNA self-assembled from Y-DNA and X-DNA through enzyme-free DNA catalysis
of a hairpin structure, which was prevented from unwinding at high temperature by adding psoralen. Then dendritic
DNA polymer labeled with fluorescent dye Cy5 was ligated with reporter probe into a conjugate. Avidin-labeled poly-
styrene microbeads were specifically bound to biotin-labeled capture probe, and hybridized with target sequence
and dendritic DNA. LDR was triggered by adding Taq ligase. When methylated cytosine existed, the capture probe
and reporter probe labeled with fluorescent dye perfectly matched the target sequence, forming a stable duplex to
generate a fluorescence signal. However, after bisulfite treatment, unmethylated cytosine was converted into uracil,
resulting in a single base mismatch. No fluorescence signal was detected due to the absence of duplex.

Results: The obtained dendritic DNA polymer had a large volume. This method was time-saving and low-cost. Under
the optimal experimental conditions using avidin-labeled polystyrene microbeads, the fluorescence signal was ampli-
fied more obviously, and DNA methylation was quantified ultrasensitively and selectively. The detection range of this
sensor was 107" to 1077 M, and the limit of detection reached as low as 0.4 fM. The constructed biosensor was also
successfully used to analyze actual samples.

Conclusion: This strategy has ultrasensitivity and high specificity for DNA methylation quantification, without requir-
ing complex processes such as PCR and enzymatic digestion, which is thus of great value in tumor diagnosis and
biomedical research.
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including DNA replication and repair, gene transcrip-
tion, X-chromosome inactivation, genomic imprint-
ing and cell differentiation, which is closely related to
the onset and progression of many cancers and thus
commonly used as the biomarker to assess cancer risk
and prognosis [5-9]. For instance, the tumor suppres-
sor genes of breast cancer are inactivated by abnormal
methylation of the promoter region. When the CpG
island of the promoter region is hypermethylated, the
expression of tumor suppressor gene may be decreased
or even suppressed, thus inducing cancer onset, pro-
gression and even metastasis [10-13]. Accordingly,
detecting the DNA methylation level has become a new
strategy for the clinical diagnosis, early warning and
susceptibility analysis of cancers.

In the past few decades, researchers have endeavored to
develop feasible analytic methods for DNA methylation.
Currently, methylation is detected mainly depending
on three methods, i.e. methylation sensitive restriction
endonuclease analysis established by restriction endo-
nuclease-specific cleavage [14—17], genomic methylation
sequencing established on the basis of bisulfite conver-
sion [18-22] and methylation array analysis [23-26].
However, all the above methods have limitations, such
as expensive apparatus, complicated operation, low sen-
sitivity, and narrow detection range which is suscepti-
ble to recognition by restriction endonuclease, so their
clinical applications are limited. The above issues have
been partly solved by recently emerging technologies.
For example, Wang et al. detected DNA MTase activity
based on single-ribonucleotide repair-mediated ligation-
dependent cycling signal amplification, with the limit
of detection (LOD) of as low as 4.8 x 107® U/mL [27].
Based on a dual signal amplification strategy combin-
ing terminal deoxynucleotidyl transferase (TdT)-assisted
enzymatic amplification with Ru(IlI) redox cycling, Cui
et al. detected DNA methylation by using a label- and
immobilization-free electrochemical magnetobiosensor.
Cytosine, 5-methylcytosine and 5-hydroxymethylcyto-
sine, as three major epigenetic variants in DNA bases,
were then accurately quantified and distinguished [28].
Besides, Huang et al. quantified multiple DNA methyla-
tion sites through specific capture of methylated cytosine
by graphene-conjugated anti-5-methylcytosine antibody.
The resulting steric hindrance effect was used to local-
ize a single methylation site [29]. In addition, Wu et al.
selectively labeled 5-hydroxymethylcytosine in aqueous
solution using various sulfonate reagents under non-
enzymatic reaction conditions. This method allowed
an efficient single binding step of biotin to hydroxym-
ethylcytosine in DNA for accurate identification [30].
Moreover, Yotani et al. [31] developed an anion column
to accurately distinguish methylated and unmethylated
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DNAs by high-performance liquid chromatography
based on electrostatic and hydrophobic properties.

Fluorescent biosensors combine specific molecu-
lar recognition events with fluorescence conversion
processes [32, 33]. Fluorescence sensing systems have
the advantages of facile operation, real-time detec-
tion, high throughput and easy automation [34-36],
and have overcome the limitations of the above meth-
ods and thus attracted widespread attention [37-40].
Wang et al. developed a label-free fluorescence method
through ligation-mediated rolling-circle amplification
based on specific oxidation of 5-hydroxymethylcytosine
to 5-formylcytosine and then conversion into uracil. As
a result, 5-hydroxymethylcytosine and 5-methylcytosine
were well distinguished [41]. Subsequently, their group
developed a fluorescence-based method to sensitively
detect DNA adenine methyltransferase on the basis of
TdT-activated endonuclease IV-assisted hyperbranched
amplification [42]. Nevertheless, detecting DNA meth-
ylation with fluorescence biosensors is still limited, espe-
cially owing to false negativity caused by low analyte
concentration and sensitivity in actual sample detection.
Therefore, it is necessary to design a signal amplification
strategy to augment the sensitivity of a fluorescent bio-
sensor [43]. Dendritic DNA polymers are often used as
the signal amplification tags for biosensors because of
excellent performance, biostability and biocompatibility
[44, 45]. Dendritic DNA nanostructures are convention-
ally constructed based on Watson—Crick hydrogen bond
interaction. Briefly, three single strands are designed and
annealed to synthesize sticky Y-DNA which is further
hybridized with other Y-DNAs to gradually construct
dendritic DNA. However, this traditional method is both
time-consuming and laborious, also requiring high-con-
centration DNA [46, 47]. Thus, an efficient and low-cost
dendritic DNA nanostructure is in great demand to ele-
vate the sensitivity of a fluorescent biosensor.

Since methylated and non-methylated DNA sequences
differ only at a single site after bisulfite treatment, an eli-
gible method should have sufficiently high specificity.
This requirement can hardly be met by classical oligo-
nucleotide arrays, and the results may be false-positive
[48]. Ligation detection reaction (LDR), which can dis-
tinguish the specificity of single nucleotide mutation [49],
has become one of the most promising analytic meth-
ods for methylation and other epigenetic modifications.
LDR requires two oligonucleotide probes for each target
sequence. Only in the case of a perfect match, the two
probes can form a duplex with the target sequence, so
base mismatch sequences can be recognized selectively
[50].

To further augment the sensitivity and specificity of a
fluorescent biosensor for DNA methylation, we herein
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developed a fluorescence detection strategy which used
dendritic DNA polymer formed by enzyme-free DNA-
catalyzed hairpin assembly for signal amplification in
combination with LDR, without needing PCR amplifi-
cation or restriction enzymatic digestion. The polymer
was fabricated by employing Y-DNA and X-DNA as the
donor and core acceptor molecule, respectively, and
self-assembling Y-DNA into X-DNA along a designated
direction. This strategy gave a larger polymer than the
conventional one prepared by assembling Y-DNA alone
to reach saturation at a certain generation. As a result,
the detection signal was obviously amplified, and the
time of preparing dendritic DNA through enzymatic
reaction can be shortened when the enzyme-free method
was utilized. In the meantime, the detection specific-
ity was substantially raised by combining with LDR. The
detailed process is schematized in Fig. 1a. Firstly, the pro-
moter fragment of human breast cancer BRCA1 gene was
selected as the target sequence and treated with bisulfite
to generate a DNA sequence difference between methyl-
ated and unmethylated cytosines. Secondly, the key ele-
ments of dendritic DNA, i.e. X-DNA and Y-DNA, were
synthesized by the Toehold-induced strand displacement
reaction catalyzing the hairpin structure, and then gradu-
ally self-assembled. Afterwards, psoralen was added to
prevent DNA from unwinding at high temperature, and
dendritic DNA polymer labeled by fluorescent dye Cy5
was ligated with reporter probe into a conjugate. Sub-
sequently, avidin-labeled polystyrene microbeads were
specifically bound to biotin-labeled capture probe and
hybridized with the target sequence and dendritic DNA.
LDR was thereafter triggered by adding Taq ligase. When
cytosine was methylated, the capture probe and reporter
probe completely matched the target sequence and
formed a stable duplex. In contrast, unmethylated cyto-
sine that underwent bisulfite treatment was converted
into uracil to cause a base mismatch instead of forming
a duplex. The methylation status of target sequence frag-
ment can thus be identified by analyzing its fluorescence
signal. Meanwhile, this method was successfully applied
to detect the methylation status of BRCA1 promoter in
actual samples, suggesting potential values in early can-
cer diagnosis and treatment outcome evaluation.

Results and discussion

Mechanism for synthesis of dendritic DNA polymer

The DNA hairpin structures designed in this study had
partially complementary sequences with overhang-
ing sticky ends. Since most complementary sequences
were in the stem loop of hairpin, the designed hairpin
structures cannot spontaneously hybridize, so the origi-
nal ones were maintained when there was no excitation
probe. After excitation probe was added, the hairpin
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structure of H1 was opened, producing a P-H1 interme-
diate. Then the newly exposed fragment of H1 was bound
to the sticky end of H2, which triggered the second
strand displacement reaction, forming a P-H1-H2 com-
plex. Finally, the hairpin structures of H3 and H4 were
opened in the same way, which generated an unstable
P-H1-H2-H3-H4 complex, readily forming X-DNA after
the excitation probe was displaced by the exposed frag-
ment of H4. The displaced excitation probe continued to
trigger another hairpin probe to produce new X-DNA.
Y-DNA was gradually constructed in the same way.

To fabricate dendritic DNA, Y-DNA and X-DNA were
employed as the donor and core acceptor molecule,
respectively. Its orientation was controlled by the sticky
end sequences of each branch of X-DNA, and Y-DNA
was spontaneously assembled into the receptor X-DNA
along a specific direction. In detail, during the formation
of dendritic DNA, one arm of YO-DNA was occupied by
fluorescent dye, one arm was designed to complement
the reporter probe, and the remaining one was bound to
X-DNA. The remaining three arms of X-DNA bound two
arms of Y1-DNA, followed by similar processes. A den-
dritic DNA polymer was eventually obtained (Fig. 1b).
During preparation, only 100 nM DNA was required,
which was 400-fold lower than those of conventional
methods [46, 47]. Besides, the preparation time was
shortened from 2-5 days to 2 h. Therefore, the disad-
vantages of high DNA concentration and long synthesis
time of dendritic DNA can be circumvented. Particularly,
this method gave a larger polymer than the conventional
one prepared by assembling Y-DNA alone to reach satu-
ration at a certain generation. Additionally, each Y-DNA
molecule emitted fluorescence signal, thereby facilitat-
ing signal capture and markedly elevating the biosensor
sensitivity. This dendritic DNA had a three-dimensional
structure with high density, which prevented against
nuclease degradation, thus being beneficial to application
in real samples as confirmed below.

Characterizations of X-DNA, Y-DNA, dendritic DNA polymer
and avidin-coated microbeads

X-DNA and Y-DNA were constructed as scaffolds for
dendritic DNA, which was evaluated by agarose gel elec-
trophoresis (Fig. 2). The rate of DNA migration depends
on base number and shape as well as degree of base pair-
ing [51]. The bands of hairpin structures G1, G2, G3, H1,
H2, H3, H4 and intermediates P-H1, P-G1 (lanes 1-4,
lanes 7-11) migrated fastest. An obvious band appeared
in the right lane (lane 5, lane 12), with the migration being
slightly lower than that of intermediates. Since P-G1-G2
and P-H1-H2 complexes indeed formed, two arms of
DNA had been successfully constructed. The migration
of P-G1-G2-G3 and P-H1-H2-H3-H4 products (lane 6,
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Fig. 1 Detailed process of the proposed method. a Scheme of DNA methylation detection by using the developed fluorescence biosensor. b
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lane 14) was as expected, which demonstrated successful
assembly of Y-DNA and X-DNA. The band of dendritic
DNA (lane 15) migrated slowest. There were no obvi-
ous by-products, so the yield and purity were both high.
Given that the band of the dendritic DNA sample stored

at 4 °C for 60 days (lane 16) remained almost unchanged,
it was highly stable.

Atomic force microscopy (AFM) (Additional file 1: Fig-
ure S1A), transmission electron microscopy (TEM) (Addi-
tional file 1: Figure S1B) and dynamic light scattering
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Fig. 2 Agarose gel electrophoresis results of different DNA structures. Lanes 1-3: Hairpin structures G1, G2 and G3; lane 4: intermediate P1-G1;
lane 5:intermediate P1-G1-G2; lane 6: Y-DNA; lanes 7-10: hairpin structures H1, H2, H3 and H4; lane 11: intermediate P1-H1; lane 12: intermediate
P1-H1-H2; lane 13: intermediate P1-H1-H2-H3; lane 14: X-DNA; lane 15: dendritic DNA; lane 16: dendritic DNA after 60 days of storage at 4 °C; M:

(DLS) (Additional file 1: Figure S1C) results revealed that
the prepared DNA nanopolymer had consistent struc-
ture and size with those reported previously [52, 53], but
the diameter was as large as (91.2+6.7) nm. Meanwhile,
scanning electron microscopy (SEM) showed that both
unmethylated LDR product (UMMB, Additional file 1:
Figure S2A) and methylated LDR product (MMB, Figure
S2B) were spherically shaped, with the average particle
size of 5.5 um. MMB had a rougher surface than that of
UMMB due to covering with the dendritic structure.

Feasibility of sensing system

Non-denaturing gel electrophoresis was conducted to
analyze methylated and unmethylated LDR products.
The band of ligation product has a consistent length with
that of the target. As shown in Additional file 1: Figure
S3, the 50 nt bands in lanes 1 and 2 represent methylated
and unmethylated target DNAs, respectively. Lanes 3 and
4 correspond to the bands of unligated capture probe (35
nt) and reporter probe (33 nt), respectively, and the band
at 68 nt in lane 5 represents the ligated product of cap-
ture probe and reporter probe. In the case of unmethyl-
ated DNA, three bands at about 700 nt, 50 nt and 35 nt
are present (lane 6), suggesting that a single mismatch of
guanine—uracil cannot induce LDR. In the presence of
methylated DNA, a band at approximately 785 nt (lane
7) appears, indicating that methylated DNA successfully
induced DNA-probe ligation.

Subsequently, the feasibility of the constructed fluores-
cent biosensor for DNA methylation detection was vali-
dated (Fig. 3). Curve a corresponds to the blank control.
Curve b representing an unmethylated sample only exhib-
its a negligible fluorescence signal, indicating that the
reporter probe non-specifically adsorbed on the micro-
bead surface barely emitted fluorescence. In contrast, the
methylated sample emitted a significantly higher fluores-
cence signal (curve c), suggesting the occurrence of LDR.
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Fig. 3 Fluorescence emission spectra of methylated (red) and
unmethylated (blue) DNAs. Curve a: Blank control; curve b:
unmethylated sample; curve c: methylated sample. Concentrations of
methylated and unmethylated DNAs: 1 pM
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Therefore, methylated and unmethylated DNAs can be
well differentiated through the binding of fluorescent dye-
labeled reporter probe to the target sequence.

Evaluation of sensor signal amplification

To evaluate the signal amplification of the proposed fluo-
rescent biosensor, we compared the fluorescence signal
generated by the dual signal amplification system based
on dendritic DNA and polystyrene microbeads with that
of microbeads only (Additional file 1: Figure S4). In the
presence of 1 nM target DNA, the response signal of the
dual signal amplification strategy was about (4.32+0.14)
times stronger than that of polystyrene microbeads
alone, indicating that the proposed strategy prominently
augmented the biosensor sensitivity.

Optimization of experimental conditions

To optimize the analytical performance, we evaluated the
effects of reporter probe concentration, hybridization
temperature, hybridization time and ligase concentration
by changing one experimental condition while maintain-
ing others constant (Additional file 1: Figure S5). Finally,
the conditions were optimized as 80 nM reporter probe,
hybridization at 38 °C for 90 min and 1.5 U ligase.

Performance of sensing system

To study the sensitivity of the proposed strategy, the
fluorescence intensities after addition of different con-
centrations of methylated target sequence of BRCA1
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gene were measured under optimal conditions (Fig. 4).
Clearly, with rising concentration (107'°~1077 M) of
methylated sequence, the fluorescence signal was gradu-
ally enhanced. The regression equation was I,;=105.1
logC+1709 (R: 0.993), where AF =F-FO0 (F: fluorescence
signal of methylated DNA; FO: blank signal), IAF is the
relative fluorescence intensity and C is the methylated
DNA concentration. Notably, LOD was 0.4 fM (based on
3o/slope) [54]. As evidenced by both low LOD and wide
linear range, this ultrasensitive fluorescent biosensor can
be applied to detect low-level DNA methylation. Mean-
while, this method was superior to previously reported
ones (Additional file 1: Table S2).

Sensor specificity and reproducibility
The performance of the designed sensor was further
tested by studying its specificity (Additional file 1: Fig-
ure S6) and reproducibility (Additional file 1: Figure
S7). The specificity was confirmed through exposure to
three types of target sequences under identical condi-
tions, including methylated, unmethylated and non-
complementary DNAs. The fluorescence intensity of
blank control was basically the same as those of 1 pM
unmethylated and non-complementary DNAs. However,
the fluorescence intensity of 1 pM methylated DNA was
markedly raised, suggesting high selectivity of the pro-
posed biosensor.

We then tested the reproducibility of the proposed
method by independently detecting 1 pM methylated
DNA with six freshly prepared biosensors under identical
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Fig. 4 a Fluorescence emission spectra of methylated DNA sequences at different concentrations. a—I: 0 M, 10719M, 107" M, 1071 M, 10713 M,
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conditions. The fluorescence intensities of 5-methylcy-
tosine measured three consecutive times had a relative
standard deviation (RSD) of 2.86% (Additional file 1: Fig-
ure S7), indicating that this method was reproducible.

Analysis of actual samples

Afterwards, we replaced reaction buffer with undiluted
human serum, and repeated the above-mentioned test
to assess the clinical feasibility of this strategy (Table 1).
Methylated target sequences at five different concentra-
tions were added into the reaction system. The recoveries
ranged from 98.60% to 104.00%, and RSDs ranged from
3.34% to 6.06%. Taken together, the buffer background
hardly interfered with this detection method.

Moreover, the stability of a biosensor is critical to its
practical application, especially in complex biomedi-
cal environments. Therefore, we evaluated the effects of
28 days of storage at 4 °C, nuclease and cell lysate on the
stability of the constructed fluorescent biosensor. Addi-
tional file 1: Figure S8A shows the fluorescence signals
of 1 pM methylated target DNA measured for the first
time and every 7 days. The fluorescence intensity gradu-
ally decreased with extended time and remained as high
as 92.47% of the original one on the 28th day. The fluo-
rescence intensity barely changed after treatment of den-
dritic DNA with cell lysate for 0-5 h (Additional file 1:
Figure S8B) and with DNase I (1 U/mL, a considerably
higher concentration than that in living cells) for 0-24 h
(Additional file 1: Figure S8C). Hence, this biosensor had
high stability.

We further applied this method to study the meth-
ylation status of CpG island in the BRCA1 promoter
in breast cancer MDA-MB-231 cells and actual tissue
samples. According to the study of Naushad et al. [55],
MDA-MB-231 cells with BRCA1 hypermethylation
were herein selected as a positive experimental group,
and MCEF-10A cells were used as a negative control
group. The fluorescence intensity of the MDA-MB-231
group increased with rising amount of DNA, whereas
the feeble fluorescence intensity of the MCF-10A
group remained unchanged (Fig. 5), indicating that the

Table 1 Experimental results of the recovery test
in human serum (n=3)

Sample Spiked Found Recovery (%) RSD (%)

1 1.00 fM 1.04 fM 104.00 5.66

2 5.00 fM 5.14 fM 102.84 438

3 50.00 fM 4930 fM 98.60 6.06

4 500.00 fM 49295 fM 98.95 419

5 5.00 pM 4,95 pM 99.00 334
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Fig. 6 Fluorescence emission intensities of BRCAT with methylation
in the promoter region in human genomic DNA sample

methylation status of breast cancer cells can be sensi-
tively analyzed by this method.

The designed strategy was further validated by using
human genomic DNA with methylation at — 28 bp of
the BRCA1 promoter. After PCR amplification, the
product exhibits a strong band between 100 and 200 bp,
being consistent with the length of the target (136 bp)
(Additional file 1: Figure S9). In the presence of 1 nM
DNA, the fluorescence intensity of adjacent tissue was
significantly lower than that of breast cancer tissue
(Fig. 6). The results are in good agreement with those of
sequencing (Additional file 1: Figure S10). Accordingly,
the methylation status of breast cancer samples can
also be sensitively analyzed by the proposed biosensor.

Conclusions

In summary, we herein reported a simple, sensitive,
rapid and novel fluorescence-based method for spe-
cifically detecting DNA methylation. Through an
enzyme-free DNA-catalyzed hairpin structure based on
strand displacement, the signal of dendritic DNA was
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subjected to cascade amplification, thereby allowing
ultrasensitive, label-free detection of DNA methylation.
This method had an LOD of 0.4 fM which was much
lower than those of most currently available methods.
In combination with LDR, this method also had high
specificity. In addition, the method was facile and fast,
without needing complicated operation steps such as
PCR amplification. Notably, DNA methylation detec-
tion can be completed within only 2 h. Hence, this
strategy is potentially applicable to the early diagnosis
of breast cancer and other related diseases.

Material and methods

Reagents and apparatus

All oligonucleotide sequences were synthesized by
Sangon Biotech (Shanghai) Co., Ltd. (China) (Addi-
tional file 1: Table S1). All oligonucleotide stock solu-
tions were prepared by using TE buffer and stored at
—20 °C. 3-Aminopropyltriethoxysilane was purchased
from Sigma-Aldrich (USA). Streptavidin-coated micro-
spheres (size: 5.5 um) were bought from Bangs Labo-
ratories (USA). Taq DNA ligase was obtained from
NEB (USA). EZ DNA Methylation-Gold™ kit was
provided by Zymoresearch (USA). DNA Mini genomic
DNA extraction kit was purchased from Qiagen (USA).
Deionized water with a resistivity of over 18 MQ cm
was prepared by Millipore Milli-Q system (USA). All
other chemicals were of analytical grade.

Agarose gel electrophoresis was performed on Biom-
etra gel electrophoresis apparatus (Germany). DLS was
carried out to measure particle sizes, and data were
analyzed with Malvern ZEN3690 particle sizer (UK).
Fluorescence measurements were conducted with
Hitachi F-7000 fluorescence spectrometer (Japan).

Synthesis of dendritic DNA nanopolymer

Eight DNA hairpin structures were designed (Addi-
tional file 1: Table S1). Four kinds of hairpin probes H1,
H2, H3 and H4 were denatured at 95 °C for 5 min, and
cooled to room temperature at a rate of 1 °C/min. After-
wards, excitation probe P as well as hairpin probes Hl,
H2, H3 and H4 were dissolved in buffer (10 mM Tris,
pH 8.0, 1 mM EDTA, 50 mM NacCl, 12.5 mM MgCl,)
to the final concentrations of 5 nM, 100 nM, 100 nM,
100 nM and 100 nM, respectively. Then they were incu-
bated at 25 °C for 60 min to synthesize X-DNA which
was referred to as X-DNA.

Similarly, four hairpin DNAs GO, G1, G2 and G3 were
designed. GO, G2 and G3 or G1, G2 and G3 were mixed
and incubated to synthesize two types of Y-DNAs which
were referred to as YO-DNA and Y1-DNA, respectively.
Y0-DNA, Y1-DNA and X-DNA were mixed at a molar
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ratio of 1:6:2 to form a dendritic DNA polymer which
was finally reinforced by adding a non-specific cross-
linking agent psoralen [56, 57]. The assembled dendritic
DNA was stored at 4 °C for 60 days to test its stability.

Characterizations of dendritic DNA

Dendritic DNA was characterized by using TEM, AFM,
DLS and agarose gel electrophoresis. For agarose gel
electrophoresis, 1 pL of loading buffer and 5 pL of sample
were uniformly mixed, loaded into each lane, and electro-
phoresed at 100 V for 5 min and then at 80 V for 60 min.

Bisulfite treatment of DNA

DNA was subjected to bisulfite conversion using EZ
DNA Methylation-Gold™ kit according to the manufac-
turer’s instructions. Briefly, 130 pL of CT conversion rea-
gent was added into 20 pL of DNA sample, and placed in
a thermocycler at 98 °C for 10 min and at 64 °C for 3.5 h.
After being cooled to 4 °C, the sample was transferred to
a Zymo-Spin IC column containing 600 puL of M-binding
buffer, and mixed upside down. Then the column was
centrifuged at 10,000xg for 30 s. After removal of the
supernatant, the residue was added 200 pL of M-desul-
phonation buffer, left still for 15-20 min, and centrifuged
for 30 s. Subsequently, 200 uL of M-wash buffer was
added into the column, centrifuged for 30 s, added 200
uL of M-wash buffer and centrifuged for another 30 s.
The column was thereafter placed in a 1.5 mL centrifuge
tube, added 10 pL of M-elution buffer and centrifuged for
30 s to elute DNA. The obtained DNA was used immedi-
ately or stored at — 20 °C.

Microbead functionalization of DNA probe

Microbeads were prepared according to a modified pro-
cedure of instructions, and bound with DNA capture
probe to form a complex (MB-CP). Avidin-coated micro-
beads (1 pM) were washed twice with 100 pL of bind-
ing buffer (20 mM Tris, pH 7.5, 1 M NaCl, 1 mM EDTA,
0.0005% Triton X-100), and centrifuged at 10,000xg for
3 min. The resulting supernatant was discarded. The
microbeads were resuspended in 20 pL of binding buffer
and added 5-10 pg of biotinylated capture probe. The
final bead concentration was kept at 40 mg/mL. The mix-
ture was gently shaken for 15 min at room temperature
with a vortex mixer and centrifuged. After the superna-
tant was discarded, the residue was washed twice again
with 100 pL of binding buffer to remove the unbound oli-
gonucleotides. After centrifugation, the precipitate was
resuspended in 100 pL of binding buffer and stored at
4.°C prior to use.
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Sample detection

In 20 pL of hybridization buffer, 20 pL of MB-CP and tar-
get sequence were well mixed, incubated for 1 h in dark
at the optimum temperature, added 20 pL of hybridized
conjugate of dendritic DNA/reporter probe, and hybrid-
ized under mild stirring for 1 h in dark at the optimum
temperature. After centrifugation to discard the super-
natant, the residue was washed 3 times with 100 uL of
hybridization buffer to remove excess unbound conju-
gate. DNA ligase was added to the microbead conjugate
suspension to trigger LDR at 94 °C for 30 s and at 56 °C
for 3 min. The product was then centrifuged, and the
residue was washed twice with 0.1 M pre-warmed PBS
(pH 7.0, containing 0.2% Tween 20) and doubly distilled
water. Methylated and unmethylated LDR products were
referred to as MMB and UMMB, respectively, and dis-
solved in 100 pL of hybridization buffer each, from which
3 uL was characterized by SEM. Afterwards, each LDR
product was dissolved in 1 mL of hybridization buffer
that was transferred to clean quartz cells for fluorescence
spectroscopy using Hitachi F-7000 fluorescence spec-
trometer controlled by FL Solution software. The emis-
sion wavelength range was 500-800 nm, the excitation
wavelength was 625 nm, and the excitation and emis-
sion slits were both 10 nm. The performance of the pro-
posed sensing system was assessed using the fluorescence
intensity at 650 nm. All measurements were carried out
at room temperature.

Collection of clinical samples and preparation of genomic
DNA

MCF10A cells were cultured in DMEM/F12 medium
containing 5% horse serum, 20 ng/ml epithelial growth
factor, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera
toxin, 10 pg/ml insulin, 100 IU/mL penicillin and 100 pg/
mL streptomycin. MDA-MB-231 cells were cultured
in DMEM supplemented with 10% fetal bovine serum,
100 IU/mL penicillin and 100 pg/mL streptomycin. All
cells were cultured in a 37 °C incubator with 5% CO,,
and those in the logarithmic growth phase were prepared
into a suspension. Genomic DNA was extracted using
TIANamp genomic DNA kit (Tiangen Biotech (Beijing)
Co., Ltd., China). Fresh normal breast tissue and breast
cancer tissue samples were collected from Department
of Breast Surgery, Affiliated Hospital of Guizhou Medi-
cal University. All tissue samples were in accordance
with the WHO criteria and histologically examined by
senior pathologists in Department of Pathology of our
hospital. In the early morning, 8 mL of fasting peripheral
blood was taken from patients with breast cancer, natu-
rally coagulated at room temperature and centrifuged
at 4000 rpm for 10 min. The resulting serum was stored
at — 80 °C prior to use. This study has been approved by
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the ethics committee of our hospital and conducted in
accordance with ethical guidelines. Genomic DNA of tis-
sue samples was extracted by TIANamp FFPE DNA kit
(Tiangen Biotech (Beijing) Co., Ltd., China).

PCR amplification and methylation sequencing

After bisulfite conversion of the extracted genomic DNA,
a 50 uL reaction system was used for PCR: 1.25 U Hot
Master Taq polymerase, 5 pL of 10 x Taq buffer, 0.1 uM
forward and reverse primers (forward primer: ATGTGT
TTGAGGAGGATTTA; reverse primer: ATTTCTAAT
TATTTTCTTTTTCTTACA), 40 uM dNTP and 20 ng
genomic DNA. There were 30 cycles of reaction at 95 °C
for 30 s, at 58 °C for 30 s and at 65 °C for 30 s, as well as
5 min of extension at 65 °C. The methylation status was
examined by DNA methylation sequencing as described
above.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512951-019-0552-5.
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