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A novel hybridization chain reaction-based branched rolling circle amplification combining the fabrication of multi-HRP-capped MNPs is developed
for chemiluminescence detection of DNA methyltransferase activities and
inhibitors with high sensitivity in a well-controlled manner.

DNA methylation, an epigenetic event, plays an essential role in
regulating gene expression in both prokaryotes and eukaryotes, which
is carried out with the aid of methyltransferase (MTase).1 As DNA
methylation alterations of tumor-related genes can be regarded as
biomarkers of early cancers and DNA MTases as a novel family of
pharmacological targets for anticancer therapy, detection of DNA
methylation and assay of MTase activities have become powerful
tools for early clinical diagnosis of cancer and cancer classification.2 In
addition, the inhibition of MTase activity to block DNA methylation
may provide a promising platform for therapeutic applications.3
To date, several methods have been developed for the determination of DNA methylation and the assay of MTase activity, such as PCRassisted methods,4 radio-labeling techniques,5 HPLC6 and gel electrophoresis.7 Recently, alternative approaches such as fluorescent,8 colorimetric,9 electrochemical,10 and chemiluminescent11 methods have
attracted more and more attention for detection of DNA methylation
and assay due to their advantages such as cheap instruments, simple
operation, high sensitivity and selectivity. The development of a
versatile, sensitive and accurate method for the detection of DNA
methylation and assay of MTase activity is still in urgent demand.
Rolling circle amplification (RCA), an isothermal amplification
technique, driven by DNA polymerase can replicate a circular oligonucleotide template in a linear fashion by using a short complementary
DNA or RNA strand as a primer.12 RCA has been used for the detection
of various targets, but the limited amplification eﬃciency (thousanda
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fold amplification in 1 h) has proven to be insuﬃcient for many assay
platforms. Alternatively, branched RCA (BRCA) is proposed by introducing a second primer that is complementary to the RCA products.13
Through the BRCA process, the RCA products are in turn replicated by
a strand displacement mechanism, yielding a billion-fold amplification
within 1 h. Unfortunately, it has been proven that the BRCA process is
diﬃcult to control and often generates circle-independent amplification
by-products. In addition, the BRCA products are often detected under
homogeneous conditions by using fluorescent dyes, such as SYBR
Green 1 (SG), as signals, which certainly could limit its sensitivity.14
Thus, although BRCA could achieve high amplification, it is not very
useful for sensitive and quantitative assay.
The concept of hybridization chain reaction (HCR), first proposed
by Piece and Dirks, has become a fascinating and eﬀective amplification technique in biosensing application.15 During the HCR process,
two species of metastable DNA hairpin probes coexist in solution,
which self-assemble into a long nicked double-stranded DNA structure upon the introduction of an initiator. Besides the high amplification, the most distinct advantages of HCR are its controlled kinetics
and enzyme free nature. Although the HCR technique has been
reported for fluorescent16 or electrochemical detection,17 studies on
using it for chemiluminescence (CL) measurement are rare.
Herein, we demonstrate a novel hybridization chain reactionbased branched rolling circle amplification (HCR-BRCA) strategy for
sensitive and accurate assay of MTase activity and the detection of
DNA methylation. In comparison with the traditional BRCA process,
the proposed strategy achieves high amplification in a highly
controlled manner. Moreover, this assay incorporates HRP-capped
magnetic nanoparticles (MNPs) to catalyze the CL readout. To the
best of our knowledge, this is the first report on using the CL
technique for the detection of DNA methylation, which is also
applied in the screening of suitable inhibitors for Dam MTase.
We choose Dam MTase and Dpn I restriction endonuclease as
models, both sharing the same special recognition sequence
50 -GATC-30 . Thus, when Dam MTase and Dpn I restriction endonuclease are both present in test solution, the enzyme-linkage reaction
can be carried out as shown in Scheme 1. First, the hybridization of
DNA strands 1 and 2 (S1 and S2) introduces the sequence 50 -GATC-30 ,
which makes Dam MTase catalyze the transfer of a methyl group from
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Scheme 1 Schematic representation of the proposed HCR-BRCA strategy for DNA
methylation detection and Dam MTase activity assay by fabricating the multi-HRPcapped MNPs to catalyze the CL signal of the PIP enhanced luminol–H2O2 system.

SAM to the N6 position of the adenine residues. The methylated
double-stranded DNA then acts as the substrate for Dpn I and is
cleaved by Dpn I at the site of 50 -GAmTC-30 . The methylation/cleavage
reactions result in the dehybridization of the tethered duplex. The
newly produced 50 -terminals on S1 and S2 are then phosphorylated by
T4 phosphorylase to obtain the corresponding padlock probes, which
can be specifically ligated and circularized with templates P1 and P2
with the aid of T4 DNA ligase. The above procedures accomplish
‘‘Methylation and Circularization’’ as illustrated in Scheme 1A. Subsequently, the templates P1 and P2 serve as the primers to initiate RCA
reaction in the presence of DNA polymerase Klenow fragment exo-.
Furthermore, a linker DNA is introduced, whose central 24 bases are
complementary to every tandem sequence on the RCA product. It
should be noted that there are still 29 and 4 bases overhung at the 50 and 30 -terminals of linker DNA, which play important roles in the
following HCR process. The 30 -terminal sticky end is used to prohibit
the extension of linker DNA from 50 -30 due to the loss of 50 -30 and
30 -50 exonuclease activity of DNA polymerase Klenow fragment exo-,
while the 50 -terminal sticky end serves as the initiator to propagate
HCR events between two alternating hairpin DNA structures H1 and
H2 to form a nicked double helix. H1 and H2 used in this assay are
modified with biotin at each 30 -terminal, which specifically recognize
streptavidin-HRP (SA-HRP) to obtain HRP-labeled H1 and H2. Thus,
as the RCA products elongate, the linker DNA would continuously
bind to each complementary sequence on the tandem single-stranded
DNA, leading to the initiation of multiple HCR reactions. We call this
expanding cascade of HCR ‘‘branching’’ and the special RCA ‘‘HCRbased branched RCA (HCR-BRCA)’’ as shown in Scheme 1B. As a
result, numerous HRP molecules are labeled on the RCA products to
obtain the multi-HRP-capped magnetic nanoparticles (MNPs), which
catalyze the p-iodophenol (PIP) enhanced oxidation of luminol by
H2O2 to generate a significantly amplified CL signal for Dam MTase
assay (Scheme 1C).
MNPs play a significant role in improving the detection sensitivity.
First, the operations are eﬃciently simplified through easy magnetic
separation. For example, in the fabrication of multi-HRPcapped MNPs, the excess SA-HRP that does not bind to biotin
on MNPs can be magnetically removed, resulting in a simple
preparation step and an accurate signal by catalyzing the CL
system. Second, the procedures of reaction and detection are
separated by using MNPs, which ensure that the experiments
can be carried out under respectively optimum conditions.
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Fig. 1 Gel electrophoresis analysis of Dam MTase using S1 and S2 hybrid
probes. The samples are treated (lane a) without Dam MTase and Dpn I; (lane
b) without Dam MTase and with Dpn I; (lane c) with Dam MTase and Dpn I. The
methylation time for gel electrophoresis is 3 h.

To confirm the methylation process of Dam MTase, PAGE
experiments are carried out for the optimal methylation time of
3 h (see ESI†). In Fig. 1, the single band of the original hybrid
probe in lanes a and b suggests that no methylation/cleavage
event occurs when Dam MTase is absent even in the presence of
Dpn I (lane b). As a comparison, after the sample is treated with
both Dam MTase and Dpn I, a new band can be observed (lane c),
indicating that a methylation reaction happens, and the methylated DNA is then cut into cleavage segments.
Subsequently, we use the proposed HCR-BRCA strategy to investigate the mechanism of the assay. As shown in Fig. 2, a significant CL
signal is observed when both Dam MTase and Dpn I are present (d),
indicating the occurrence of methylation-induced cleavage of DNADam and the HCR-BRCA reaction to fabricate multi-HRP-capped MNPs
to catalyze the PIP enhanced luminol–H2O2 system. However, in the
absence of Dam MTase, there is no CL response due to the inhibition
of Dpn I to cleave the hybrid probe (c). In addition, when the sample is
treated with Dam MTase only without Dpn I (b), a weak CL signal that
is comparable to the blank (a) is observed, indicating that Dpn I plays
an essential role in methylation recognition and further reaction. The
above results demonstrate the feasibility of this method for the
detection of DNA methylation and assay of MTase activity.
The activity of Dam MTase is then investigated by the proposed
strategy. As shown in Fig. 3, an approximately linear increase in CL
intensity is observed with the increase in Dam MTase amounts from 1
to 10 U mL1, resulting from the generation of multi-HRP-capped
MNPs to catalyze the luminol–H2O2–PIP CL system. The detection
limit is calculated to be 0.52 U mL1 Dam MTase, which is 100- and
20-fold lower than those obtained by traditional RCA (50 U mL1) and
BRCA (10 U mL1) (see ESI†) and comparable to those obtained using
the methods reported previously (Table S2, ESI†). The background of

Fig. 2 Relative CL signals in response to (a) no Dam MTase and Dpn I (blank),
(b) only Dam MTase (4 U mL1), (c) only Dpn I (16 U), and (d) both Dam MTase
(4 U mL1) and Dpn I (16 U). The error bars represent the standard deviation of
three replicate measurements.
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Fig. 3 (A) CL kinetic curves in response to diﬀerent amounts of Dam MTase: 0, 1,
2, 4, 6, 8, and 10 U mL1. (B) Corresponding relative CL intensities at 60 s versus
Dam MTase amounts. The error bars represent the standard deviation of three
replicate measurements. In the equation, DI is calculated as I  I0, where I0 and I
are the CL intensities without and with Dam MTase, respectively and C represents
the concentration of Dam MTase.

the blank in this assay could be attributed to an intrinsic enzyme
mimetic activity of MNP that is similar to peroxidases. Thus, as
observed in the case of Dam MTase, the proposed assay can be
applied to sensitive and accurate detection of MTase activity.
The pharmacological inhibition of DNA MTase has great potential
in therapeutic applications. We choose 5-fluorouracil, an anticancer
drug, as a model to investigate the influence of inhibitors on DNA
methylation. Given two enzymes (Dam MTase and Dpn I) involved in
the DNA methylation process, the influence of 5-fluorouracil on the
activity of Dpn I is first evaluated by absolutely methylating the hybrid
probes since Dpn I only recognizes and cleaves the specific methylation
sequence. The results indicate that 5-fluorouracil has no influence on
the activity of Dpn I when its concentration is no more than 10 mM.
However, when the concentration of 5-fluorouracil is up to 100 mM, the
activity of Dpn I is inhibited, which could be attributed to the toxicity of
antitumor drugs (Fig. 4A).
The eﬀect of the inhibitor concentration on the activity of Dam
MTase is subsequently studied. Given the mechanism of the methylation process, if the transfer of the methyl group from SAM to the DNA
residue is prohibited by inhibitors, the recognition and cleavage of
endonuclease at specific sites of DNA molecules will decrease, which
sequentially blocks the HCR-BRCA reaction and reduces the formation
of HRP-capped MNPs and the CL signal. As shown in Fig. 4B, even if
the concentration of 5-fluorouracil is less than 1 mM, decreased CL
signals can be observed. The inhibition eﬀect on Dam MTase is
enhanced as the concentration of the inhibitor increases. Therefore,
the approach can be used to study the MTase inhibitor and applied for
screening of MTase inhibitors.
In summary, we have developed a CL method for site-specific
methylation detection and MTase activity assay by a novel HCRBRCA strategy to enhance the sensitivity. This method takes advantage of specific recognition of MTase and methyl-sensitive endonuclease, high amplification eﬃciency of RCA, well controlled

Fig. 4 Eﬀect of inhibition of 5-fluorouracil on (A) Dpn I activity and (B) Dam
MTase activity. The concentration of Dam MTase is 4 U mL1.
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kinetics of HCR, and signal amplification of the fabricated multiHRP-capped MNPs. Compared with the traditional methods, this
assay does not require expensive instruments, complicated PCR
amplification, or a high background, achieving sensitive assay of
Dam MTase activity with a low detection limit down to 0.52 U mL1.
Moreover, the proposed assay is successfully applied in screening of
inhibitors for Dam MTase, which holds great promise for the
discovery of anticancer drugs. Although the present analytical strategy
is relatively complex, the operation is easy, robust and cost-eﬀective.
Therefore, the developed method has potential application in cancer
risk assessment and molecular diagnostics and therapeutics through
monitoring the DNA methylation level and change.
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