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ARTICLE INFO ABSTRACT

Keywords: DNA methylation is the predominant epigenetic modification that participates in many fundamental cellular

DNA mefhylatlorl processes through posttranscriptional regulation of gene expression. Aberrant DNA methylation is closely

E?‘ge“encs associated with a variety of human diseases including cancers. Therefore, accurate and sensitive detection of
10Sensor

DNA methylation may greatly facilitate the epigenetic biological researches and disease diagnosis. In recent
years, a series of novel biosensors have been developed for highly sensitive detection of DNA methylation, but an
overview of recent advances in biosensors for in vitro detection and especially live-cell imaging of DNA
methylation is absent. In this review, we summarize the emerging biosensors for in vitro and in vivo DNA
methylation assays in the past five years (2015-2020). Based on the signal types, the biosensors for in vitro DNA
methylation assay are classified into five categories including fluorescent, electrochemical, colorimetric, surface
enhanced Raman spectroscopy, mass spectrometry, and surface plasmon resonance biosensors, while the bio-
sensors for in vivo DNA methylation assay mainly rely on fluorescent imaging. We review the strategies, features
and applications of these biosensors, and provide a new insight into the challenges and future directions in this
area.

In vitro detection
In vivo imaging

1. Introduction

Epigenetics is defined as heritable and revisable change in gene
expression without the involvement of any changes in DNA sequence,
and it mainly includes DNA/RNA methylation, RNA silencing, histone
modification, noncoding RNAs, and chromosome remodeling (Campu-
zano et al., 2019; Cavalli and Heard, 2019; Greally, 2018; Holliday,
1987; Kouzarides, 2007; Pal and Tyler, 2016). Among them, the DNA
methylation occurring at cytosine in CpG island is regarded as the pre-
dominant epigenetic modification in mammals (Cheng and Roberts,
2001; Field et al., 2018; Koch et al., 2018; Neri et al., 2017), which
consists of four types of methylated bases including 5-methylcytosine
(5-mC), 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC),
and 5-carboxycytosine (5-caC) (Kitsera et al., 2017), with the 5-mC
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being the most abundant DNA methylation type and accounting for
approximate 1% of the total DNA bases. The abundance of 5-hmC is 10
to 100-fold lower than that of 5 mC, and the abundance of 5-fC and
5-caC is 40- to 1000-fold lower than that of 5ShmC, respectively (Liu
et al., 2019b; Povedano et al., 2019). The methylation of gene at the
promoter region can recruit methylation binding proteins (MBPs) to
prevent the binding of transcription factors and RNA polymerase to the
promoter, resulting in the repression of gene transcription (Chen et al.,
2017b). The normal DNA methylation participates in a variety of
cellular processes such as embryonic development, genomic imprinting,
cellular differentiation, and X chromosome inactivation (Bird, 2002;
Reik et al., 2001). However, the abnormal DNA methylation at both
locus-specific and global level induces the deregulation of gene
expression (Issa, 2004) and causes a variety of human diseases such as
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lung cancer, liver cancer, kidney cancer, breast cancer, and cervical
cancer (Boltze et al., 2003; Das and Singal, 2004; Esteller et al., 2001;
Laird, 2003; Miyamoto et al., 2005; Vanaja et al., 2009). For example, at
the regional level, the methylation of HIF3A promoter is associated with
insulin resistance and obesity (Wang et al., 2016a; Zhang et al., 2019);
DNA methylation in the NCAPH2/LMF2 promoter region is linked to
Alzheimer’s disease (Shinagawa et al., 2016); PGC-la promoter
methylation is association with Parkinson’s disease (Su et al., 2015b).
Moreover, at the global level, the global DNA methylation decreases in
Alzheimer’s disease patients (Chouliaras et al., 2013); the global loss of
DNA methylation is linked to kidney cancer (Chen et al., 2016) and
ovarian cancer (Tucker et al., 2018), and the global increase in DNA
methylation levels is observed in osteoarthritic chondrocytes (Taylor
et al., 2014). Consequently, the detection of methylation events at both
regional and global levels is crucial to physiological and pathological
researches. In addition, the alternation of DNA methylation level can be
applied for the classification of central nervous system tumors (Capper
et al., 2018) and the discrimination of intracranial tumors (Nassiri et al.,
2020), suggesting that DNA methylation may serve as the important
biomarker for disease diagnosis and treatment. Therefore, there is an
urgent need to develop efficient, selective and sensitive biosensors for
DNA methylation assay.

The conventional methods for DNA methylation assay mainly rely on
bisulfite conversion and methylation-sensitive restriction endonuclease
(MSRE) digestion (Nazmul Islam et al., 2017; Syedmoradi et al., 2016;
Taleat et al., 2015; Zhang et al., 2015). The bisulfite conversion assay is
currently considered to be the gold standard method for the detection of
DNA methylation, and it can convert cytosine to uracil, with methyl-
cytosine remaining unchanged (Rohde et al., 2008). It enables the
detection of methylcytosine (mC) at a single base resolution and at any
methylation sites. However, the process of bisulfite conversion is
cumbersome and time-consuming, and may even lead to DNA degra-
dation and incomplete conversion that can produce false positivity
(Tanaka and Okamoto, 2007). The MSREs are a class of enzymes that
can recognize and cleave the DNAs which contain unmethylated cyto-
sine sites, but it will not digest the methylated DNAs (Ramsahoye et al.,
1997). In comparison with the bisulfite conversion methods, the MSRE
digestion-based methods have significant advantages of mild reaction
conditions and simple operation. Nevertheless, only few MSREs (e.g.,
Hpall and Glal) are now available, resulting in the impossibility for the
detection of all DNA methylation sites. In addition, false positivity can
arise due to the incomplete MSRE digestion (Dahl and Guldberg, 2003).
Based on above two strategies, a variety of DNA methylation assays have
been established, such as MSRE-polymerase chain reaction
(PCR)/Souther (Liang et al., 2002; Singer-Sam et al., 1990), bisulfite
sequencing PCR (BSP) (Frommer et al, 1992; Susan et al., 1994),
methylation specific PCR (MSP) (Herman et al, 1996),
methylation-sensitive single-nucleotide-primer extension (Ms-SnuPE)
(Gonzalgo and Jones, 1997), and the combined bisulfite restriction
analysis (COBRA) (Xiong and Laird, 1997). Among them, the
MSRE-PCR/Southern is straightforward, but it involves large DNA
sample consumption and is prone to false positivity due to the incom-
plete digestion (Fraga and Esteller, 2002; Smith and Ford, 2006). BSP
has high accuracy and it can be used for high-throughput methylation
analysis, but it is relatively expensive and involves tedious procedures
(Susan et al., 1994). Besides its features of high sensitivity and low DNA
sample consumption, MSP enables the evaluation of DNA methylation
status within CpG islands in a short time without the involvement of
methylation-sensitive restriction enzymes, but it may suffer from false
positivity due to the incomplete bisulfite treatment (Deng et al., 1999; Li
et al., 1999). The Ms-SnuPE can quantitatively detect DNA methylation
levels with the involvement of only a small amount of DNA sample, but
the use of radioactive isotopes limits its wide applications (Gonzalgo and
Jones, 1997). The COBRA is simple, rapid and quantitative, but it can
only detect the methylation status which has a specific restriction
enzyme site (Goedecke et al., 2009; Karpinski et al., 2012).
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In recent years, a series of novel biosensors have been developed by
the integration of novel analytical methods (e.g., FOrster resonance
energy transfer, single-molecule detection, exponential amplification
reaction, ligase chain reaction, hybridization chain reaction, paired-end
tagging, supersandwich DNA structure assembly, reverse-Hoogsteen
hydrogen bonding, synthetic-molecule/protein hybrid probe, split flu-
orophore) and nanomaterials (e.g., quantum dot, gold nanoparticle,
upconversion nanoparticle, graphene oxide, gold nanorod) to improve
the performance of DNA methylation assays and meanwhile expand
their applications to the live-cell imaging. However, an overview of
recent advances in DNA methylation biosensors is absent. In this review,
we review the advances in biosensors for in vitro detection and in vivo
imaging of DNA methylation in the last five years (2015-2020). Because
5-mC is the most abundant and most widely studied methylation type,
this review mainly focuses on the biosensors for 5-mC detection. The
biosensors for in vitro detection of DNA methylation are categorized into
five types including fluorescent (Ma et al., 2015; Sun et al., 2018; Wang
et al., 2018; Wu et al., 2016; Xu et al., 2016), electrochemical (Chen
et al. 2017a, 2019; Feng et al. 2019, 2020; Huang et al., 2019; Wang
et al., 2017b), colorimetric (Li et al., 2018; Su et al., 2015a), surface
enhanced Raman spectroscopy (Wang et al., 2015, 2016b), mass spec-
trometry (Lin et al.,, 2016), and surface plasmon resonance (Huertas
et al., 2018), while the biosensors for in vivo imaging of DNA methyl-
ation are mainly based on fluorescent imaging (Hori et al., 2018; Lungu
et al., 2017). We will review the principles, features and applications of
these biosensors, and discuss the challenges and future directions in this
area as well.

2. In vitro DNA methylation biosensors
2.1. Fluorescent biosensors for DNA methylation assay

Fluorescence detection is the most popular analytical method in
bioanalysis applications due to its high sensitivity and easy operation
(Ding and Tian, 2015; Li et al., 2010a). With inorganic nanomaterials
(Ma et al., 2015; Wu et al., 2016) and organic dyes (Sun et al., 2018; Xu
et al., 2016) as the fluorescence indicators, a series of homogeneous
(separation-free) and heterogeneous (separation-assisted) biosensors
have been constructed for sensitive and selective detection of DNA
methylation (Ma et al., 2015; Sun et al., 2018; Wu et al., 2016; Xu et al.,
2016).

FOrster resonance energy transfer (FRET) is a non-radiative energy
transfer process from the donor fluorophore with high energy to the
acceptor fluorophore with lower energy (Andrew and Barnes, 2000).
The FRET strongly depends on the center-to-center separation distance,
and it requires a non-zero integration of spectral overlap between the
donor emission and the acceptor absorption. FRET enables the homog-
enous target detection without separation steps (Masters, 2008; Stryer,
1978). Quantum dots (QDs) are a new type of semiconductor nano-
crystals with the merits of broad and continuous distribution of excita-
tion spectra, narrow and symmetrical emission spectra, large Stokes
shift, high molar extinction coefficient, high quantum yield, good pho-
tostability and long fluorescence lifetime (Ma et al., 2018; Resch-Genger
et al., 2008; Zhou et al., 2013). Mao et al. reported a QD-based FRET
biosensor for sensitive detection of DNA methylation using the QD as the
FRET donor (Ma et al., 2015). As shown in Fig. 1A, in the presence of
endonuclease Hpall, the methylated DNA remains unchanged. The un-
changed methylated DNA is subsequently amplified by PCR to produce
multiple Alexa Fluor 647 (A647)-labeled DNA products through the
incorporation of A647-dNTPs. These A647-labeled PCR products can
bind the QDs through electrostatic interactions, resulting in efficient
FRET from the QD to A647. In contrast, the unmethylated DNA will be
digested by endonuclease Hpall, and consequently no PCR reaction
occurs and no A647-labeled DNA binds the QD to cause FRET. This
biosensor can detect DNA methylation levels of three tumor suppressor
genes including PCDHGB6, HOXA9 and RASSF1A in lung cancer tissues.
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Fig. 1. (A) Schematic illustration of QD-based fluorescent biosensor for the detection of DNA methylation. Reproduced from Ma et al. (2015) with permission from
The Royal Society of Chemistry. (B) Schematic illustration of UCNP and AuNR-based fluorescent biosensor for the detection of DNA methylation. Reproduced from
Wu et al. (2016) with permission from The Royal Society of Chemistry. (C) Schematic illustration of EXPAR-based fluorescent biosensor for the detection of DNA
methylation. Reproduced from Sun et al. (2018) with permission from The Royal Society of Chemistry. (D) Schematic illustration of enzyme-free fluorescent
biosensor for the detection of DNA methylation. Reproduced from Xu et al. (2016) with permission from The Royal Society of Chemistry.

Moreover, the use of the dye-labeled nucleotide triphosphates instead of have distinct optical properties including good photochemical stability,
the dye-labeled DNA probes can greatly simplify the assay design and scarce photobleaching/blinking, minimal autofluorescence background,
large anti-Stokes shift and good biocompatibility (Wu et al., 2009).

reduce the assay cost.
Moreover, UCNPs exhibit high emission in the visible region (Wang

Lanthanide-doped fluoride upconversion nanoparticles (UCNPs)
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et al., 2005), while gold nanorods (AuNRs) have strong absorption in the
visible region (Storhoff et al., 1998). Therefore, UCNPs and AuNRs can
serve as the FRET donors and the FRET acceptors, respectively. Guo
et al. developed a fluorescent biosensor based on FRET between UCNPs
and AuNRs for the detection of DNA methylation (Wu et al., 2016). As
shown in Fig. 1B, a methylated ssDNA is labeled with biotin at the 5’ end
and disulfide at the 3’ end, and it can hybridize with the methylated
target strand S2 to form a double-stranded dsDNA2. The dsDNA can
subsequently bind with the streptavidin-labeled UCNPs and AuNRs
through streptavidin-biotin interaction and S—-Au bond formation to
obtain the UCNPs-dsDNA2-AuNRs complex. Upon the addition of
endonuclease Hpall, the dsDNA2 remains unchanged, resulting in effi-
cient FRET between the UCNPs and the AuNRs. When methylated target
S1 is present, the UCNPs-dsDNA1-AuNRs is formed. Because the
dsDNAL1 is sensitive to endonuclease Hpall, the UCNPs-dsDNA1-AuNRs
complex is destroyed by Hpall, leading to no occurrence of FRET be-
tween the UCNPs and the AuNRs. This biosensor enables the simple and
sensitive detection of DNA methylation with a limit of detection as low
as 7 pM, without the involvement of PCR amplification.

Nucleic acid amplification is able to efficiently amplify target signal
for the improvement of assay sensitivity (Zhao et al., 2015). Among
different nucleic acid amplification approaches, exponential amplifica-
tion reaction (EXPAR) has distinct advantages of isothermal reaction
temperature, high amplification efficiency, and rapid amplification ki-
netics, and it can achieve more than 10°%-fold signal amplification within
a short time (Liu et al., 2018b; Ma et al., 2014). Li et al. developed a
EXPAR-based fluorescent biosensor for specific and sensitive detection
of DNA methylation (Sun et al., 2018). As shown in Fig. 1C, endonu-
clease Glal can specifically recognize methylated DNA target M and
cleaves it in the middle of sequence GmCGmC (Tarasova et al., 2008),
leading to the release of X sequence under heat denaturation. The
EXPAR template X'-Y-X’ contains two repeat X' sequences complemen-
tary with X and a recognition site for nicking endonuclease (Nt.BstNBI).
The released X sequence can hybridize with the EXPAR template to
initiate EXPAR in the presence of Vent (exo-) DNA polymerase, gener-
ating a dsDNA duplex with a recognition site for Nt.BstNBI. Subse-
quently, Nt.BstNBI nicking enzyme cleaves the upper strand of the
dsDNA duplex to trigger the cyclic polymerization, generating abundant
X sequences. The X sequences can hybridize with new free EXPAR
templates to initiate new cycles of polymerization, nicking and strand
displacement amplification, leading to exponential signal amplification.
The DNA products of EXPAR can be real-time detected with SYBR Green
I as the fluorescent indicator. In contrast, the unmethylated DNA target
N cannot be recognized and cleaved by Glal. As a result, the DNA target
remains intact and no EXPAR is initiated. Due to the high specificity of
Glal and the high signal amplification of EXPAR, this biosensor exhibits
ultrahigh sensitivity with a low detection limit of 200 aM, and it can
distinguish as low as 0.01% methylation levels from the mixture.

The above-mentioned biosensors require specific enzymes for target
recognition and detection, which increases both the experimental
complexity and assay cost. Zhou et al. developed a simple and enzyme-
free fluorescent biosensor for the detection of DNA methylation based on
DNA strand exchange reaction and gel separation (Xu et al., 2016). As
shown in Fig. 1D, a 21-nt ssDNA labeled with FAM serves as the
detection probe. In the presence of methylated DNA, the detection probe
can bind to its complementary strand of target DNA, inducing base pair
exchange to form a stable heteroduplex product. As a result, the target
DNA is labeled with FAM, which can be analyzed by fluorescence-based
native polyacrylamide gel electrophoresis. In contrast, the detection
probe cannot exchange with the unmethylated DNA, and consequently
no target DNA can be labeled by FAM. This biosensor is enzyme-free,
and the whole assay can be completed within 2 h under physiological
conditions. Moreover, this biosensor can be applied for simultaneous
detection of multiple DNA methylation sites by using different fluores-
cent labels.

Single-molecule fluorescence detection enables the investigation of
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biomolecules at the single-molecule level, and provides a simple and
ultrasensitive platform for quantifying target molecules by counting the
individual fluorescence signals (Song et al.,, 2016; Walt, 2012). In
comparison with the ensemble fluorescence measurements,
single-molecule fluorescence detection has advantages of high
signal-to-noise ratio, high sensitivity, and low sample consumption
(Hsin and Yeung, 2007; Hu and Zhang, 2014; Ma et al. 2016a, 2016b;
Medintz et al., 2005; Somers et al., 2007; Wang et al., 2017a; Xu and
Yeung, 1997). Zhang et al. developed a single QD-based biosensor for
DNA methylation detection (Wang et al., 2018). As illustrated in Fig. 2A,
two sets of DNA probes (X and Y, X' and Y') are employed for DNA
methylation assay, with probes X and Y being complementary to target
DNA sequence and probes X' and Y’ being complementary to the se-
quences of probes X and Y, respectively. The methylated DNA remains
unchanged after bisulfite treatment, and it can hybridize with probes X
and Y to generate the ligated XY products by thermostable DNA ligase.
The XY strand can serve as the template for ligating probes X’ and Y’ to
generate the X’Y’, and X’Y’ strand may in turn act as the template for
ligating probes X and Y to generate the XY. As a result of cyclic ligase
chain reaction, a large number of XY products are produced. Because the
phosphorothioate modification at the 3’ end of probe Y, the XY product
is preserved after exonucleases I and III digestion, and it can hybridize
with the capture and reporter probes to obtain the sandwich hybrids.
Subsequently, the sandwich hybrids assemble on the surface of 605QDs
to form the 605QD-DNA-Cy5 nanostructures through biotin-streptavidin
interaction, resulting in efficient FRET between 605QD and Cy5 and
consequently the emission of Cy5. The Cy5 signals can be simply
quantified by total internal reflection fluorescence (TIRF)-based single
molecule imaging. In contrast, when the methylated DNA is present, the
cytosine is converted to uracil which cannot trigger the ligase chain
reaction (Fig. 2B). As a result, neither XY strand nor the
605QD-DNA-Cy5 nanostructure is produced, and no FRET between
605QD and Cy5 occurs. This biosensor can detect DNA methylation at
both CpG and non-CpG sites with single 5-mC resolution. Moreover, this
biosensor exhibits high sensitivity with a detection limit of as low as 1.0
aM, and it can detect as low as 0.01% methylation level in human lung
cancer cells.

2.2. Electrochemical biosensors for DNA methylation assay

Electrochemical biosensors have distinct advantages of intrinsic
simplicity, low cost, field portability, and fast response time, and they
enable sensitive quantification of target molecules through the mea-
surement of coulometric, amperometric, and potentiometric signals
(Feng et al., 2020; Kato et al., 2008; Krejcova et al., 2017; Li et al.,
2014). A variety of electrochemical biosensors have been developed for
DNA methylation assay with tetramethylbenzidine (TMB) (Chen et al.
2017a, 2019), methylene blue (MB) (Feng et al. 2019, 2020), ferrocene
(Fc) (Feng et al., 2019), and hydroquinone (Huang et al., 2019; Pove-
dano et al. 2019, 2020) as the electrochemical tags.

Zhao et al. developed a paired-end tagging-based electrochemical
biosensor for the detection of DNA methylation (Chen et al., 2017a). As
shown in Fig. 3A, upon the treatment of NaHSOs, the methylated DNA
remains unchanged and it can be amplified by PCR using 5'-digoxigenin
(Dig)-labeled forward primer and 5'-biotin-labeled reverse primer. The
resultant DNA products with paired-end tagging (i.e., Dig and biotin) are
captured by anti-Dig-modified Au electrode and subsequently bind with
avidin-labeled-horseradish peroxidase (HRP) to form the Au-DNA-HRP
structure. HRP is able to catalyze the oxidization of tetramethylbenzi-
dine (TMB) to generate a distinct electrochemical signal. In contrast, the
NaHSOg treatment of unmethylated DNA enables the conversion of
cytosine to uracil, and the resultant DNA cannot be recognized by primer
for the initiation of PCR amplification. As a result, no Au-DNA-HRP
structure is formed and no electrochemical signal is generated. This
biosensor is simple and sensitive, and it can identify as little as 40 pg of
methylated genomic DNA and distinguish as low as 1% methylation
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Fig. 2. Scheme illustration of a single-QD-based fluorescent biosensor for the detection of DNA methylation. Reproduced from Wang et al. (2018) with permission

from The Royal Society of Chemistry.

level from the mixture. Moreover, this biosensor can detect
tumor-specific DNA methylation in clinical serum samples with 91%
sensitivity.

It should be noted that PCR reaction requires a sophisticated ther-
mocycler to precisely control the reaction temperature. Alternatively,
the exonuclease III (Exo III) digest reaction can be carried out under
isothermal conditions, and it can be used to construct target recycling-
based signal amplification strategy with high sensitivity, simple assay
design, and ease operation protocol (Liu et al. 2018¢, 2019a, 2020).
Wang et al. developed an Exo Ill-assisted target recycling-based elec-
trochemical biosensor to detect DNA methylation (Feng et al., 2020). As
shown in Fig. 3B, the DNA probe with stem-loop structure is modified
with MB tag at the 5 end and immobilized on the surface of
nano-Au-modified glassy carbon electrode (GCE) through Au-S bond.
The auxiliary DNA can partially hybridize with the DNA probe to break
its stem-loop structure, resulting in the separation of MB from the GCE
surface and consequently the decrease of electrochemical signal. Upon
NaHSOs treatment, the methylated DNA remains unchanged, and it can
bind with auxiliary DNA to initiate the Exo IlI-assisted cycling digestion
of auxiliary DNAs, facilitating the restoring of the stem-loop structure of
probe DNA which brings MB tag into close proximity with the GCE
surface for the generation of a distinct electrochemical signal. In

contrast, when the unmethylated DNA is treated with NaHSOs3, cytosine
is converted to uracil which hybridizes with auxiliary DNA to form a
mismatched dsDNA. Because Exo III exhibits significantly reduced
cleavage activity toward the mismatched dsDNA (Liu et al., 2018¢), few
auxiliary DNA can be digested, leading to a weak electrochemical signal.
Due to the efficient Exo Ill-assisted signal amplification, this biosensor
enables the sensitive detection of DNA methylation with a detection
limit of 4 fM, and it can be further applied for accurate detection of DNA
methylation in human serum samples.

To improve the detection specificity, Zhao et al. developed a tetra-
hedral DNA-based electrochemical biosensor to detect methylated DNA
(Wang et al., 2017b). The use of tetrahedral DNA as the capture probes
can significantly increase target accessibility and minimize the
non-specific adsorption due to the rigid scaffold, ordered orientation
and well controlled spacing (Ge et al., 2014; Liang et al., 2014; Liu et al.,
2018a). As shown in Fig. 3C, the circulating DNA is extracted and
converted with NaHSOg treatment, and the unchanged methylated DNA
can be discriminated using biotin-labeled primers and subsequently
amplified through asymmetric methylation-specific PCR (AMSP), pro-
ducing a large number of biotin-labeled ssDNA products. The tetrahedral
DNA probes can be self-assembled on a gold electrode surface via Au-S
bond, and they can capture the biotin-labeled ssDNA products through
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Fig. 3. (A) Schematic illustration of paired-
end tagging-based electrochemical
biosensor for DNA methylation assay.
Reproduced from Chen et al. (2017a) with
permission from American Chemical Soci-
ety. (B) Schematic illustration of Exo
Ill-assisted target recycling-based electro-
chemical biosensor for DNA methylation
assay. Reproduced from Feng et al. (2020)
with permission from Elsevier B.V.. (C)
Schematic illustration of tetrahedral
DNA-based electrochemical biosensor for
DNA methylation assay. Reproduced from
Wang et al. (2017b) with permission from
The Royal Society of Chemistry. (D) Sche-
matic illustration of supersandwich DNA
structure assembly-based electrochemical
biosensor for DNA methylation assay.
Reproduced from Feng et al. (2019) with
permission from American Chemical Soci-
ety. (E) Schematic illustration of electro-
chemical biosensor based on hybridization
chain reaction and tetrahedral DNA for
DNA methylation assay. Reproduced from
Chen et al. (2019) with permission from
American Chemical Society. (F) Schematic
illustration of GO-based electrochemical
biosensor for DNA methylation assay.
Reproduced from Huang et al. (2019) with
permission from Elsevier B.V.. (G) Magnetic
beads-based electrochemical biosensor for
simultaneous detection of 5 mC and 5-hmC
methylation. Reproduced from Povedano
et al. (2019) with permission from Amer-
ican Chemical Society. (H) Magnetic
beads-based electrochemical biosensor for
the detection of 5-hmC methylation.
Reproduced from Povedano et al. (2020)
with permission from American Chemical
Society.
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specific base pairing. Subsequently, the avidin-conjugated HRP can bind
with the ssDNA products through avidin-biotin interaction, and they can
oxidize TMB to generate a distinct electrochemical signal. In contrast,
the cytosine of unmethylated DNA is converted to uracil upon NaHSO3
treatment, which is not complementary to the primers, leading to no
occurrence of AMSP. As a result, no biotin-labeled ssDNA product is
produced and no electrochemical signal is detected. In this biosensor,
the AMSP significantly reduces the primer dimer artifacts and the
tetrahedral DNA probes dramatically inhibit the non-specific adsorption
of amplification byproducts, enabling the identification of single-copy
methylated DNA even in the presence of more than 1000-fold unme-
thylated alleles.

It should be noted that polymerase and Exo III involved in above
electrochemical biosensors are relatively expensive and require strict
experimental conditions. Wang et al. developed a supersandwich DNA
structure assembly-based electrochemical biosensor for sensitive
detection of DNA methylation without PCR amplification (Feng et al.,
2019). The supersandwich DNA structure assembly is a kind of hybrid-
ization chain reaction that can achieve enzyme-free signal amplification
through target-induced cascaded self-assembly of two liner DNA probes
(Jiang et al., 2012; Liu et al., 2013). As shown in Fig. 3D, the electrode
surface is coated with Au nanoparticle-modified MoS; nanocomposites
(AuNPs@MoS2) to improve both the charge-transfer efficiency and the
capture DNA loading ratio. Upon NaHSOs3 treatment, the methylated
DNA remains unaltered, and it can hybridize with the capture DNA
probe to form a partially complementary dsDNA which enables the
capture of ferrocene-labeled probe 1 (probe 1-Fc) and methylene
blue-labeled probe 2 (probe 2-MB) through cascaded hybridization
chain reaction. As a result, multiple Fc and MB molecules are brought
close to the electrode surface, generating a distinct current signal in a
dual-signal manner. In contrast, the cytosine of unmethylated DNA is
converted to uracil which cannot bind with capture DNA probe to
initiate the hybridization chain reaction. Consequently, neither Fc nor
MB is captured, and no electrochemical signal is detected. This biosensor
possesses high accuracy due to dual-signal readout of two independent
potentials (Fc and MB) and efficient signal amplification originated from
supersandwich DNA structure assembly, and it can achieve a low
detection limit of 450 aM without the involvement of any enzymatic
reaction. Moreover, this biosensor can accurately quantify methylated
DNA extracted from human blood serum samples.

Taking advantages of tetrahedral DNA probe and hybridization chain
reaction, Zheng et al. developed an electrochemical biosensor for ul-
trasensitive detection of DNA methylation (Chen et al., 2019). As shown
in Fig. 3E, the tetrahedral DNA nanostructure probe (TSP) with a capture
probe sequence at the vertice is immobilized on the Au nanoparticle
(AuNP)-coated electrode. The methylated DNA B1 remains intact after
treatment with restriction endonuclease Hpalll, and it can hybridize
with the capture probe of TSP to trigger hybridization chain reaction
(HCR) between two biotin-tagged probes (i.e., HCR-H1 and HCR-H2). As
a result, multiple biotin moieties are brought close to the electrode
surface and subsequently bind with HRP, which in turn oxidize TMB to
generate a distinct electrochemical signal. In contrast, the unmethylated
DNA B0 will be completely digested by restriction endonuclease Hpall,
resulting in neither the occurrence of HCR reaction nor the generation of
an electrochemical signal. This biosensor exhibits good specificity,
excellent stability, and high sensitivity with a detection limit of 0.93 aM,
and it possesses a wide dynamic range of 6 orders of magnitude from 1
aM to 1 pM.

The graphene oxide (GO) obtained by the oxidation of graphite is a
novel carbon material with large surface area and considerable func-
tional groups (e.g. hydroxyl and carboxyl), and it can be easily conju-
gated with various functional probes for the development of different
biosensors (Feng et al., 2020; Kudr et al., 2020; Zhou et al., 2009). Zheng
et al. developed a GO-based electrochemical biosensor for DNA
methylation assay (Huang et al., 2019). As shown in Fig. 3F, the capture
DNA is immobilized on the electrode surface via Au-S bond. When
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methylated DNA hybridize with capture DNA, the anti-5-methylcytosine
(5 mC) antibody-modified GO will specifically bind with CpG methyl-
ation sites through immune recognition. The immunoglobulin G (IgG)
labeled with HRP can subsequently bind with anti-5mC antibody,
facilitating the capture of HRP by the electrode. The captured HRP can
catalyze the oxidation of hydroquinone to benzoquinone, generating a
distinct electrochemical signal. In contrast, the unmethylated DNA does
not have CpG methylation site, and neither anti-5mC antibody-modified
GO nor HRP-labeled HRP can be captured for the generation of an
electrochemical signal. This biosensor employs anti-5mC antibody for
methylation site discrimination, eliminating the use of complicated
bisulfite treatment and enzyme digestion. Moreover, this biosensor is
very sensitive with a detection limit of 1 fM.

The Campuzano and Pingarron’s group developed a magnetic beads
(MBs)-based PCR-free and bisulfite treatment-free electrochemical
biosensor for DNA methylation assay (Povedano et al., 2019). As shown
in Fig. 3G, the methylated ssDNA can be captured by DNA
methylation-specific antibody-modified MBs and labeled with
HRP-anti-ssDNA antibody and FITC-Dp/HRP-anti-FITC Fab fragments.
The resultant bioconjugates are then magnetically assembled on the
surface of screen-printed carbon electrodes (SPCEs) to generate a
distinct electrochemical signal via the HRP-catalyzed oxidation of hy-
droquinone by H»O5. This biosensor can simultaneously detect 5 mC and
5-hmC at both global and gene-specific levels, and the whole assay can
be completed in less 90 min with good reproducibility. Moreover, this
biosensor can be successfully applied for the detection of DNA methyl-
ation in colorectal tissues and cells and even serums from breast and
lung cancer patients.

Recently, Campuzano and Pingarron’s group developed a MBs-based
electrochemical biosensor for the detection of 5-hmC methylation at
localized sites (Povedano et al., 2020). As shown in Fig. 3H, the bio-
tinylated complementary probe (bCp) is conjugated to streptavidin—MB
via biotin-streptavidin interaction, and the anti-5-hmC antibody is
modified with multiple HRPs by using commercial bioreagents Pro-
tA—polyHRPg, and Histostar. The target 5-hmC methylation target can
be captured by MB through the hybridization with bCp and subsequently
binds to HRPs-modified anti-5-hmC antibody through immune recog-
nition. The resultant MB-HRPs bioconjugates are then magnetically
assembled on the surface of SPCEs to generate an electrochemical signal
via HRP-catalyzed oxidation of hydroquinone by HoO». Notably, the use
of ProtA—polyHRPg, and Histostar for the labeling of single antibody
with multiple HRPs can achieve an amplification factor of 43.6 and 55.2,
respectively, enabling the detection of 5-hmC with single-base sensi-
tivity. This biosensor can be applied for the detection of 5-hmC
methylation in MGMT promoter extracted from cells and tissues of
colorectal cancer patients.

2.3. Colorimetric biosensors for DNA methylation assay

The colorimetric biosensor enables target detection through direct
observation of the color change by the naked eye, and it has significant
advantages of easy operation, fast response, low cost, and simple
instrumentation (Elghanian et al., 1997). The aggregation of gold
nanoparticles (AuNPs) (Su et al, 2015a) and the formation of
HRP-mimicking DNAzymes (Li et al., 2018) have been used as the effi-
cient strategies to develop the colorimetric biosensors for DNA
methylation assay.

Apart from functioning as the DNA probe carrier in the super-
sandwich DNA structure assembly-based electrochemical biosensor, the
AuNPs possess high extinction coefficient and unique size- and distance-
dependent color changes, making them promising in the construction of
colorimetric biosensors (Elghanian et al., 1997; Rosi and Mirkin, 2005).
Li et al. developed a AuNP-based colorimetric biosensor for DNA
methylation assay (Su et al., 2015a). In this biosensor, ligase chain re-
action (LCR) is introduced to improve the detection sensitivity. LCR
facilitates the exponential signal amplification via thermostable DNA
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ligase-assisted cyclical DNA ligation reaction to achieve comparable
sensitivity as PCR (Barany, 1991; Ma et al., 2019). As shown in Fig. 4A,
after treatment of methylated DNA target M with sodium bisulfite
(NaHSO3), the methylcytosine remains unchanged. Consequently,
probes A and probe B can hybridize with target M at the position of
methylcytosine, followed by ligation by DNA ligase to form the AB
strand. The obtained AB strand can serve as new template to ligate probe
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A’ and probe B’ to produce A’B’ strand. Through cyclic ligation, dena-
turation and hybridization, the LCR amplification is achieved for the
generation of abundant AB/A’B’ dsDNA products. Because the 3’ end of
probe B’ is modified with phosphorothioate, the A’B’ strand is preserved
after Exonuclease I and Exonuclease III digestion. The remained A’B’
strand can hybridize with the AuNP-labeled A strand and the
AuNP-labeled B strand, inducing the aggregation of AuNPs accompanied
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Fig. 4. (A) Schematic illustration of the AuNP-based colorimetric biosensor for DNA methylation assay. Reproduced from Su et al. (2015a) with permission from The
Royal Society of Chemistry. (B) Schematic illustration of the DNAzyme-based colorimetric biosensor for DNA methylation assay. Reproduced from Li et al. (2018)
with permission from The Royal Society of Chemistry.
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by the color change from red to blue. In contrast, when the unmethy-
lated DNA target N is treated with NaHSOs, the cytosine is converted to
uracil which is not complementary to probe A, resulting in no occur-
rence of LCR reaction. Consequently, the AuNPs remain dispersed and
no color change is observed. This biosensor enables visual detection of
DNA methylation with a low detection limit of 0.01 fM, and it can even
detect 0.1% methylated DNA in the presence of large amounts of
unmethylated DNAs. Moreover, this biosensor does not require any
expensive instruments, facilitating its applications in common
laboratories.

The G-quadruplex DNAzymes are catalytic ssDNA molecules with
enhanced horseradish peroxidase (HRP)-mimicking activity, and they
can catalyze the oxidation of 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (ABTS) to generate a distinct colori-
metric signal (Li et al., 2010b). Tang et al. developed a DNAzyme-based
colorimetric biosensor for DNA methylation assay (Li et al., 2018). As
shown in Fig. 4B, the sodium bisulfite treatment enables the conversion
of cytosine in methylated DNA to uracil, while methylcytosine remains
unchanged. The 5'-phosphorylated methylation specific primers can
hybridize with the methylated DNA, triggering PCR reaction to generate
abundant amplification products. Because lambda exonuclease can
selectively digest the 5'-phosphorylated DNA (Avci-Adali et al., 2009),
the 5'-phosphorylated strand of the PCR products is digested by lambda
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exonuclease, releasing single-stranded DNAs without 5'-phosphoryla-
tion. The free single-stranded DNAs can subsequently bind with hairpin
probes containing a blocked DNAzyme sequence to induce the digestion
of blocking sequence by lambda exonuclease, generating free DNA-
zymes. The DNAzyme sequence can form the G-quadruplex structure to
bind hemin, which exhibits peroxidase-like activity and enables the
oxidization of ABTS to radical ABTS" with green color. In contrast, the
methylation-specific primers are not complementary to the unmethy-
lated DNA, leading to no occurrence of PCR reaction. As a result,
DNAzyme is still blocked in hairpin probe and no color change is
observed. This biosensor can be used for qualitative and semi-
quantitative analysis of DNA methylation, and it can distinguish as low
as 1/10° of methylated DNA from the mixture. Moreover, this biosensor
can be applied to detect DNA methylation in human hepatoma cell line
(HepG2 cells), holding potential in clinical diagnosis.

2.4. Biosensors based on surface enhanced Raman scattering

Surface enhanced Raman spectroscopy (SERS) refers to the phe-
nomenon that the sample is adsorbed on the surface of nanomaterial to
enhance the Raman signal of sample (Kneipp et al., 1997; Schliicker,
2009; Wang and Schliicker, 2013), and it has the features of narrow
spectral band, no light fading/self-quenching of fluorescent groups, and
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fast analysis speed (Kneipp et al. 1997, 1999). Especially, SERS has a
unique advantage over fluorescence in multiplexed detection due to the
narrow and distinct bandwidths of vibrational Raman bands (Schliicker,
2009; Wang and Schliicker, 2013), while the overlap of fluorescence
emission spectra greatly limits the assay multiplexing. The SERS bio-
sensors employ AuNPs as the SERS substrates to enhance the signal of
Raman reporters for sensitive detection of DNA methylation (Wang
et al., 2015, 2016Db).

Trau et al. integrated AuNPs with LCR to develop a SERS biosensor
for multiplexed detection of DNA methylation (Wang et al., 2015). As
shown in Fig. 5A, after bisulfite conversion, the methylated cytosine (C)
remains unchanged, while unmethylated cytosine is converted to uracil
(U). Subsequently, both methylated and unmethylated targets are
amplified by PCR, followed by being further amplified using LCR. The
LCR products of methylated and unmethylated targets can assemble on

Biosensors and Bioelectronics 171 (2021) 112712

4-mercapto-3-nitro benzoic acid (MNBA) and 4-mercaptobenzoic acid
(MBA)) modification to generate distinguishable SERS signals, with
MBA signal indicating the unmethylated DNA targets and MNBA signal
indicating the methylated DNA target, respectively. This biosensor en-
ables multiplexed detection of single-base change with a detection limit
of 0.5 pM, and it can be further applied for sensitive detection of
methylation in breast cancer cell lines (e.g., MDA-MB 231 cells,
MDA-MB 468 cells, and HCC 1937 cells) and serum samples.

To avoid the complicated PCR and LCR amplification steps involved
in the above biosensor, Trau et al. developed a amplification-free SERS
biosensor for DNA methylation assay using methyl binding domain
protein (MBD) (Wang et al., 2016b). The MBD has high affinity to
methylated DNA in vitro and in vivo (Fatemi and Wade, 2006), and it
can efficiently and directly recognize DNA methylation without the
involvement of bisulfite treatment. As shown in Fig. 5B, the dimer and

gold nanoparticles (AuNPs) with two Raman reporters (i.e., trimer gold nanoparticles (AuNPs) coated with silica are used as the
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SERS substrates, and they are labeled with MBD for methyl-CpG site
recognition. The genomic DNA is digested into 5’ overhang fragments by
Hpall. Subsequently, biotin-dNTPs are incorporated into the DNA frag-
ments with the assistance of Klenow DNA polymerase, generating
biotin-labeled DNA fragments which can be captured by the
streptavidin-magnetic beads (MB) via streptavidin-biotin interaction.
The MBD-labeled SERS substrate can bind with methylated DNA frag-
ments rather than unmethylated ones, generating distinct SERS signals
after washing off the unbound SERS substrates. This biosensor can detect
methylation from 0.2 ng of genomic DNA, and it can distinguish as low
as 6.25% methylation level from 500 pg of total DNA. Moreover, this
biosensor can be applied to detect DNA methylation in de-methylating
drug-treated human cancer cell line (Jurkat cells) and breast cancer
biopsy samples.

2.5. Biosensors based on mass spectrometry (MS) and surface plasmon
resonance (SPR)

Mass spectrometry (MS) can provide accurate molecular weight and
structure information, and possesses distinct advantages of high sensi-
tivity, high accuracy, and high throughput (Alley et al., 2013; Angel
et al., 2012; Wei et al., 2013). In recent years, MS has drawn increasing
attentions in characterization of DNA/RNA damages (Wang et al., 2011)
and epigenetic modifications (Fu et al., 2015). Jiang et al. developed a
MS-based biosensor (named target fragmentation assay (TFA)) for ul-
trasensitive analysis of DNA methylation in specific sequences (Lin et al.,
2016). As shown in Fig. 6A, the restriction endonucleases Bbvl. is used to
digest genomic DNA into small DNA fragments. The biotinylated capture
probes are assembled onto the streptavidin-coated magnetic beads via
streptavidin—biotin interaction to enrich the DNA fragments through
magnetic separation. The resultant DNA fragments are then completely
degraded into nucleobases by formic acid, and the released nucleobases
containing methylated cytosine can be directly profiled by MS/MS. This
biosensor exhibits high sensitivity with a detection limit of as low as
0.056 amol, and it can directly detect DNA methylation from human
genomic DNA without the involvement any amplification steps. More-
over, this biosensor can be used to evaluate DNA methylation level in
prostate tissue samples.

Surface plasmon resonance (SPR) enables label-free detection of
target molecules in real-time with high sensitivity through measuring
the change of refractive index (Aoki et al., 2019; Rich and Myszka, 2000;
Zhou et al., 2019). Lechuga et al. developed a SPR-based biosensor for
label-free detection of DNA methylation (Huertas et al., 2018). As shown
in Fig. 6B, the detection probe is a single-stranded poly-purine
reverse-Hoogsteen (PPRH) DNA containing two antiparallel poly-purine
domains separated by a tetra-thymidine loop. The detection probe is
immobilized on the gold surface via Au-S bond, and it can hybridize
with target methylated DNA to form a triple helix through both
Watson-Crick interaction and reverse-Hoogsteen hydrogen bonding.
Then the anti-5mC antibody is captured by the biosensor through
binding with 5 mC of methylated DNA, generating a distinct SPR signal.
In contrast, unmethylated DNA does not have 5 mC, and the anti-5mC
antibody cannot be captured by the biosensor for the generation of a
SPR signal. This biosensor enables direct and label-free detection of DNA
methylation in dsDNA with a detection limit of 115 pM, and it can be
reused for up to 35 hybridization/regeneration cycles.

(Note: this part should be put after the Table 1)a ND: not determined. Abbrevi-
ations: AuNP, gold nanoparticle; AuNR, gold nanorod; EXPAR, expo-
nential amplification reaction; Exo III, exonuclease III; HCR,
hybridization chain reaction; LCR, ligase chain reaction; MB, magnetic
bead; MBD, methyl binding domain protein; MS, mass spectrometry;
POCT: point-of-care testing; PPRH, poly-purine reverse-Hoogsteen; QD,
quantum dot; SERS, surface enhanced Raman spectroscopy; UCNP,
upconversion nanoparticle.
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2.6. Biosensors for in vivo imaging of DNA methylation

In addition to the biosensors for in vitro DNA methylation assay,
several biosensors for in vivo detection of DNA methylation in living
cells have been developed based on the engineered DNA methyl binding
domain (MBD) (Hori et al., 2018; Lungu et al., 2017). These biosensors
enables in vivo quantification of endogenous DNA methylation level and
real-time monitoring of DNA methylation dynamic changes, facilitating
the study of the potential roles of DNA methylation in psychological
processes, disease developments, and drug responses.

Recently, Kikuchi et al. developed a fluorescent biosensor based on
synthetic-molecule/protein hybrid probe for live-cell imaging of DNA
methylation (Hori et al., 2018). As shown in Fig. 7A, a PYP3R-tag is
fused to MBD for the construction of a synthetic-molecule/protein
hybrid probe. The oxazole yellow (YO) can generate significantly
enhanced fluorescence signal upon binding with DNA, and it is
employed as the fluorogen (Furstenberg et al., 2007). The YO is conju-
gated with PYP-ligand (YOCNB) to facilitate its binding with
PYP3R-tag-MBD hybrid probe. When the YO-PYP3R-tag-MBD binds
with methylated DNA, the YO is brought close to DNA, generating a
distinct fluorescence signal. In contrast, the YO-PYP3R-tag-MBD cannot
bind with unmethylated DNA, and no enhanced signal is observed. This
biosensor can be used for the imaging of DNA methylation in living
NIH3T3 cells, monitoring of dynamic changes of methylated DNA dur-
ing the mitosis process in real-time (Fig. 7B). Moreover, this biosensor
can be applied for the screening of DNA methylation inhibitors, holding
great potential in drug discovery.

Jeltsch et al. employed a split fluorophore-based bimolecular anchor
detector (BiAD) to develop a fluorescent biosensor for live-cell imaging
of DNA methylation (Lungu et al., 2017). As shown in Fig. 7C, this
biosensor consists of an anchor module (zinc finger protein, transcrip-
tion activator-like effectors, or CRISPR/dCas9) for DNA
sequence-specific recognition and a detector module (MBD) for the
recognition of target DNA methylation. The mVenus fluorophore is split
into two non-fluorescent parts (i.e., VenN and VenC), with VenN being
fused to anchor module and VenC being fused to detector module. In the
absence of target DNA methylation, VenN and VenC are separated from
each other, and no fluorescence signal is detected. In contrast, when
target DNA is methylated, the anchor module and the detector module
are close to each other, resulting in the reconstitution of a functional
mVenus fluorophore and consequently the generation of a distinct
fluorescence signal. This biosensor exhibits good specificity, and it en-
ables real-time imaging of locus-specific DNA methylation changes in
single NIH3T3 cell.

Besides their involvement in cell development, disease onset, and
drug response, DNA methylation plays curial roles in other biological
events. For example, the cadmium-induced toxicity in the red seaweed
Gracilaria dura can be alleviated through the regulation of DNA
methylation by selenium and spermine (Kumar et al., 2012); maternal
nutrition status during early pregnancy leads to persistent and systemic
DNA methylation changes of human metastable epialleles (Domi-
nguez-Salas et al., 2014); Hop stunt viroid infection induces dynamic
DNA methylation changes of ribosomal RNA genes in host cucumber
(Martinez et al., 2013); the transposable element genes are demethy-
lated upon infection of bacterial pathogen Pseudomonas syringae in host
Arabidopsis (Yu et al., 2013). Therefore, the in vivo biosensors that en-
ables real-time monitoring and tracking of DNA methylation in living
cells will find wide applications in DNA methylation-related researches
of toxicology, nutritional response, pathogen-host interaction, and
antibacterial defense.

3. Conclusions and perspectives
DNA methylation is a critical post-transcriptional modification, and

it plays crucial roles in epigenetic regulation of gene expression.
Abnormal DNA methylation of genomic DNA is implicated in various
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Fig. 7. (A) Principle of hybrid probe-based fluorescent biosensor for live-cell imaging of DNA methylation. (B) Real-time imaging of methylated DNA by using hybrid
probe-based biosensor. Reproduced from Hori et al. (2018) with permission from American Chemical Society. (C) Principle of split fluorophore-based fluorescent
biosensor for live-cell imaging of DNA methylation. (B) Real-time imaging of methylated DNA by using split fluorophore-based biosensor. Reproduced from Lungu

et al. (2017) with permission from Nature Publishing Group.

human diseases including cancers. In the past five years (2015-2020), a
series of novel biosensors have been developed for sensitive and selec-
tive detection of DNA methylation in vitro and even in living cells. In this
review, we summarize the recent advances in biosensors for in vitro
detection and in vivo imaging of 5-mC DNA methylation. The biosensors
for in vitro detection of DNA methylation are categorized into fluores-
cent (Ma et al., 2015; Sun et al., 2018; Wang et al., 2018; Wu et al., 2016;
Xu et al., 2016), electrochemical (Chen et al. 2017a, 2019; Feng et al.
2019, 2020; Huang et al., 2019; Wang et al., 2017b), colorimetric (Li
etal., 2018; Su et al., 2015a), SERS (Wang et al., 2015, 2016b), MS (Lin
et al., 2016), and SPR biosensors (Huertas et al., 2018), while the bio-
sensors for in vivo imaging of DNA methylation is rarely available and
they mainly rely on fluorescent imaging (Hori et al., 2018; Lungu et al.,
2017). These biosensors facilitate the DNA methylation-related biolog-
ical and biomedical researches, disease diagnosis, and drug discovery.
Moreover, we assess the suitability of these biosensors for point-of-care
testing (POCT) by comprehensive evaluation of the assay complexity,
cost, analysis time, performance (including detection range, sensitivity,
and repeatability), and real sample analysis capability (Table 1). Among
them, the fluorescent biosensor based on DNA strand exchange (Xu
et al., 2016), electrochemical biosensor based on MB (Povedano et al.,
2019), electrochemical biosensor based on MB and multiple
HRPs-modified antibody (Povedano et al., 2020), and SPR biosensor
based on PPRH probe (Huertas et al., 2018) are most promising for
POCT applications due to their distinct features including the avoidance
of bisulfite treatment, the elimination of any enzymes, simple operation,
low cost, low sample consumption, and good assay performance.
However, there are still some limitations that remain to be solved in
the development of biosensors for DNA methylation assay. (1) The
bisulfite conversion is the gold standard method for DNA methylation
assay, but the requirement of harsh chemical treatment and relatively
laborious and time-consuming procedures greatly limit their wide ap-
plications. (2) Restriction endonucleases have been successfully used for
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DNA methylation recognition, however only few DNA methylation-
specific endonucleases (e.g., Hpall, Glal, and Bbvl.) are currently
available (Table 1). (3) To improve the detection sensitivity, nucleic acid
amplification strategies including PCR, LCR, and EXPAR are employed
for the amplification of DNA methylation signal, but they are usually
expensive with the involvement of complicated procedures due to the
requirement of specific enzymes (e.g., polymerase, ligase, and nicking
enzymes) to achieve the signal amplification. (4) The biosensors for in
vivo imaging of DNA methylation are rarely reported and they mainly
exploit recombinant proteins as the fluorescent labels and recognition
elements (Hori et al., 2018; Lungu et al., 2017). Nevertheless, the con-
struction of recombinant protein is technically difficult and relatively
cumbersome. (5) Most biosensors are suitable for 5-mC detection, but
few biosensors are available for the detection of other methylation types
such as 5-hmC, 5-fC, and 5-caC.

To solve these issues, great efforts should be made in the future
research. (1) Some bisulfite-free conversion methods are established
based on Friedldnder synthesis reaction (Xia et al., 2015) and the
combination of ten-eleven translocation (TET) oxidation and pyridine
borane reduction (Liu et al., 2019b). The development of new
bisulfite-free conversion methods and further adoption of them in bio-
sensors development will greatly facilitate DNA methylation profiling.
(2) The discovery of new methylation-sensitive restriction endonuclease
is required to facilitate the detection of DNA methylation existed in
different sequences and locations. (3) With the development of DNA
nanotechnology, DNA machines (e.g., hybridization chain reaction
(Chen et al., 2019), entropy-driven reaction (Liang et al., 2017) and
catalytic hairpin assembly (Karunanayake Mudiyanselage et al., 2018))
enable efficient signal amplification without the usage of any enzymes,
with potential application in the amplified biosensing of DNA methyl-
ation. (4) Nanomaterials are attractive in bioimaging applications due to
their excellent size-dependent optical, chemical, electronic, and me-
chanical features, and a series of nanomaterials such as QDs (Muro et al.,
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Table 1

Summary of biosensors for in vitro detection of DNA methylation .
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Strategy Target discrimination approach Detection range Detection limit Real sample type Suitability for ~ Ref.
POCT
Fluorescent biosensor Hpall digestion ND ND lung medium Ma et al. (2015)
based on QD cancer
tissue
Fluorescent biosensor based ~ Hpall digestion 0-100 nM 7 pM ND low Wu et al. (2016)
on UCNP and AuNR
Fluorescent biosensor based on Glal digestion 200 aM - 200 pM 200 aM ND low Sun et al. (2018)
EXPAR
Fluorescent biosensor based strand exchange kinetic ND ND ND high Xu et al. (2016)
on DNA strand exchange
Fluorescent biosensor based  bisulfite treatment 10 aM - 10 pM 1aM lung cancer cells medium Wang et al.
on single-molecule H157 and H209 (2018)
detection
Electrochemical biosensor bisulfite treatment 50 pg - 5ng 40 pg lung cancer plasma medium Chen et al.
based on paired-end (2017a)
tagging
Electrochemical biosensor bisulfite treatment 10 fM - 100 pM 4 fM ND low Feng et al.
based on Exo III digestion (2020)
Electrochemical biosensor bisulfite treatment 3-150 pg ND lung cancer plasma medium Wang et al.
based on tetrahedral DNA (2017b)
Electrochemical biosensor bisulfite treatment 10 fM - 1 nM 450 aM ND medium Feng et al.
based on supersandwich (2019)
DNA structure
Electrochemical biosensor Hpall 1 aM - 100 nM 0.93 aM ND medium Chen et al.
based on tetrahedral DNA digestion (2019)
and HCR
Electrochemical biosensor antibody recognition 1fM-10nM 1fM ND medium Huang et al.
based on GO (2019)
Electrochemical biosensor antibody recognition 4.0 pM-250 pM for 1.2 pM for 5-mC, U-87, SW48, and high Povedano et al.
based on MB 5-mC, 1.44 pM-100 0.43 pM for 5-hmC SW620 cells, (2019)
pM for 5-hmC colorectal cancer
tissue
Electrochemical biosensor antibody recognition 77 pM-7500 pM 23 pM using colorectal cancer high Povedano et al.
based on MB and multiple using ProtA—polyHRPg, cell, tissue (2020)
HRPs-modified antibody ProtA—polyHRP80, 13 pM using
44 pM-5000 pM Histostar
using Histostar
Colorimetric biosensor bisulfite treatment 0.01-1 fM 0.01 fM healthy volunteer low Su et al. (2015a)
based on AuNP blood
Colorimetric biosensor bisulfite treatment 100 - 107 copies 100 copies hepatoma cell medium Li et al. (2018)
based on DNAzyme HepG2
SERS biosensor based on bisulfite treatment 0.5-500 pM 0.5 pM breast medium Wang et al.
LCR cancer cells MDA- (2015)
MB 231, MDA-MB
468, and HCC 1937
SERS biosensor based on Hpall 20-1000 pg 200 pg breast cancer tissue medium Wang et al.
MBD digestion (2016b)
MS biosensor based on target Bbvl. digestion 0.5-200 pM 0.11 pM prostate tissue medium Lin et al. (2016)
fragmentation assay
SPR biosensor based on antibody recognition 0-50 nM 115 pM ND high Huertas et al.

PPRH probe

(2018)

2010), AuNPs (Sun et al., 2010), graphene oxide (Sun et al., 2008), and
silver nanocluster (Yu et al., 2007) have been successfully applied of the
imaging of intracellular biomolecules. The introduction of functional
nanomaterials may greatly simplify the protocols and improve the per-
formance of DNA methylation imaging. (5) Recent studies show that
5-mC can be oxidized by ten-eleven translocation (TET) enzymes to
successively produce 5ShmC, 5 fC and 5caC, and subsequently 5 fC and
5caC can be excised by thymidine DNA glycosidase to restore unmodi-
fied C, leading to the demethylation of methylated DNA (Maiti and
Drohat, 2011). Although it is hypothesized that 5hmC, 5 fC and 5caC can
serve as the stable epigenetic markers (Chen et al., 2017b), their bio-
logical roles are largely unknown because their abundance is extremely
low and difficult to be accurately detected. The available methods for
5hmC, 5 fC and 5caC detection mainly rely on mass spectrometry (Zhang
et al., 2016), thin layer chromatography (Khare et al., 2012), immuno-
precipitation (Jin et al., 2011), and DNA sequencing (Neri et al., 2016),
which may suffer from the sophisticated instruments, complicated la-
beling, laborious procedures, and long assay time. Therefore, the
development of novel biosensors for sensitive and accurate detection of
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5hmC, 5 fC and 5cacC is urgently required for deeper understanding their
biological roles and clinical relevance. With the devotion of these ef-
forts, we believe that the DNA methylation biosensors will greatly
contribute to fundamental biomedical researches, clinical applications
and drug discovery in the near future.
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