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Microfluidic platforms for DNA methylation
analysis

Ryoji Kurita®* and Osamu Niwaf

In the field of genetics, epigenetics is the study of changes in gene expression without any change in DNA
sequences. Chemical base modification in DNA by DNA methyltransferase, and specifically methylation,
has been well studied as the main mechanism of epigenetics. Therefore, the determination of DNA methyl-
ation of, for example, 5’-methylcytosine in the CpG sequence in mammals has attracted attention because
it should prove valuable in a wide range of research fields including diagnosis, drug discovery, and therapy.
Methylated DNA bases and DNA methyltransferase activity are analyzed using conventional methods; how-
ever, these methods are time-consuming and require complex multiple operations. Therefore, new
methods and devices for DNA methylation analysis are now being actively developed. Furthermore, micro-
fluidic technology has also been applied to DNA methylation analysis because the microfluidic platform of-
fers the promising advantage of making it possible to perform thousands of DNA methylation reactions in
small reaction volumes, resulting in a high-throughput analysis with high sensitivity. This review discusses
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1. Introduction
1.1 Epigenetics and DNA methylation

Epigenetics is the genetic study of cellular and physiological
phenotypic trait variations and a mechanism for controlling
gene expression that does not depend on DNA sequence
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epigenetics and the microfluidic platforms developed for DNA methylation analysis.

changes."”> Namely, daughter cells inherit genetic characteris-
tics through cell division, but epigenetics is an independent
mechanism of change in DNA bases. Epigenetics is known to
be a chemically stable modification in DNA; however, DNA is
also known to be dynamically changed by environmental fac-
tors such as exposure to oxidative stress.>”> DNA methylation
and histone modification have received particular attention
as the main mechanisms of epigenetics. In this review, we
mainly focus on DNA methylation as indicated by our title.
DNA methylation, especially the addition of a methyl
group at the fifth position of the cytosine base (5'-
methlcytosine) in mammalian cells, was first discovered® in
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1948 in thymus-derived bovine DNA. It became clear that the
methylation of genomic DNA is related to various life
phenomena’ ™ that can be seen in a wide range of creatures,
Escherichia coli, plants and vertebrates. In particular, cytosine
methylation at CpG islands in mammals is becoming a cru-
cially important study in ontogeny and cytodifferentiation.
This is because the methylation of the CpG sequence has
been revealed to relate to the genetic silence mechanism. The
methylation of DNA is also known to be accompanied by a
change in the chromatin structure. The methylation of DNA
controls gene expression and functions as a storage system
for tissue-specific expressed genes.

The determination of the DNA methylation information
for various gene regions is important not only for basic biol-
ogy areas such as cytogenesis and reproduction but also for
nuclear cell transfer technology, tissue engineering and a
range of diagnostic techniques. Furthermore, epigenetic drug
discovery has been receiving a lot more attention lately. It is
clear that epigenetics research is essential in the life sciences
field. Epigenetics research is positioned between work on sta-
ble genome sequences and work on variable mRNA expres-
sion, and it represents a new life science paradigm.

1.2 Determination of 5-methylcytosine

The methylation of the 5 carbon of cytosine in DNA (5'-
methylcytosine) is an epigenetic modification that regulates
gene expression and plays crucial roles in embryonic develop-
ment.'® 5'-Methylcytosine at CpG islands has received partic-
ular attention as mentioned above because it is thought to be
involved in controlling genetic expression, including that in
cancer,” genomic imprinting,'" cellular differentiation and
Alzheimer's disease.'” 5'-Methylcytosine is now recognized as
the fifth DNA base containing heritable information. There-
fore, highly sensitive, accurate and quantitative information
concerning cytosine methylation in DNA would be valuable
with respect to genetic disease diagnosis.

Now, two major 5-methylcytosine detection methods have
been developed; bisulfite treatment followed by PCR and se-
quencing, and DNA restriction digests. A bisulfite-based de-
termination method is widely used to distinguish between cy-
tosine and 5-methylcytosine.”*® Treatment with bisulfite
converts cytosine to uracil, while 5-methylcytosine remains
unaffected. Therefore, information about 5-methylcytosine in
DNA can be obtained at the single base level by determining
the differences between the sequences of bisulfite-treated
and untreated samples. For example, bisulfite-sequencing,®
combined  bisulfite restriction analysis (COBRA),"
methylation-specific PCR'® and pyrosequencing'® provide the
methylation status of a specific sequence with a single CpG
level.

Methylation-sensitive restriction enzyme-based methods
have also been used for the site-specific detection of DNA
methylation.'”’® When nucleotides in the DNA recognition
sequence are subjected to methylation, certain kinds of
restriction enzymes are no longer able to cleave the DNA
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sequence. By combining the cleavage provided by a
methylation-sensitive restriction enzyme and genetic engi-
neering techniques such as real-time PCR, it is possible to
perform a cytosine methylation analysis of the target DNA
sequence.

1.3 Determination of DNA methyltransferase activity

DNA methylation is carried out by the catalysis of DNA
methyltransferase. DNA methyltransferase can be divided
into three different groups on the basis of the chemical reac-
tions. These DNA methyltransferase groups generate N°-
methyladenine, N*-methyladenine, and C°-methylcytosine (5
methylcytosine). Riggs and Holliday first proposed the idea
that heritable DNA methylation provides a mechanism for
the developmental regulation of gene expression.>* They re-
vealed the existence of a maintenance methyltransferase that
does not add a methyl group to unmethylated bases; how-
ever, it promptly methylates hemi-methylated base pairs in a
DNA duplex. Some research groups subsequently demon-
strated the existence of such a maintenance methyl-
transferase activity by performing experiments showing the
clonal inheritance of methylation patterns in mammalian
cells.”>*® The first cloned mammalian DNA methyl-
transferase was DNA methyltranseferase-1 (Dnmt1).>*>® Puri-
fied Dnmt1 protein was confirmed to methylate a DNA du-
plex that contains hemi-methylated CpG sites more
efficiently than unmethylated DNA in vitro.® In the process
of DNA methylation, a methyl group is transferred from a do-
nor molecule to the target base in the unmethylated site.
S-Adenosyl-L-methionine (SAM) is a well-known donor mole-
cule that is used for various DNA methylation assays. Further-
more, new methyltransferases, namely the Dnmt2 and Dnmt3
families, were discovered and they exhibit de novo DNA
methyltransferase activity. Specifically, the murine Dnmt3
family consists of two genes, Dnmt3a and Dnmt3b, which are
highly expressed in undifferentiated ES cells but downreg-
ulated after differentiation and expressed at low levels in

adult somatic tissues.>**”
The  traditional = method for  detecting  DNA
methyltransferase activity is radioactive labeling with

[methyl-*H]-SAM or the separation of methylated fragments
using high-performance liquid chromatography and gel
electrophoresis.”® However, most of these methods have
unavoidable disadvantages related to measurement time,
complicated procedures and exclusive-use facilities for the ra-
dioactive materials. To avoid these disadvantages, alternative
measurement techniques have recently been proposed, for
example, fluorescence,”® colorimetry®® and electrochemical®
methods. Furthermore, microfluidic technology has been
used to reduce the measurement time and sample volume as
we will discuss later.

1.4 Microfluidics for epigenetics

Many researchers have reported integrated analysis systems
called lab-on-a-chip or micro total analysis systems (micro-

This journal is © The Royal Society of Chemistry 2016
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TAS) that are small, light, and capable of integrating all
sample-handling steps in microfluidic channels on a chip.
These techniques have made it possible to undertake various
biochemical and clinical measurements simply and rapidly.
These microfluidic devices for biochemical analysis have
been reviewed by many researchers in relation to such appli-
cations as drug discovery,®*** drug delivery,>**® microbiol-
ogy,”” immunosensors,*®?° PCR,* single-cell analysis,**
point-of-care testing,*™*” cell separation*®*® proteomics,>
nucleic acids,”** and diagnostics.>*> There is good chemis-
try between microfluidic technology and life science research
because microfluidic technology enables us to deal with valu-
able small-volume samples for analysis with high sensitivity
and a high throughput. Recently, microfluidic technology has
also been applied to epigenome analysis. A microfluidic plat-
form offers the advantage of making it possible to perform
thousands of methylation reactions in nanoliter reaction vol-
umes on a single device within isolated reaction units. A
microfluidics-based methylation assay technique has been
applied to the high-throughput screening of large-scale
chemical/biological libraries for novel DNA methyltransferase
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activity or cellular proteins involved in DNA methylation
regulation.®>’

2. Microfluidic DNA methylation
analysis

2.1 Pretreatment devices (bisulfite conversion, DNA
enrichment)

Bisulfite-based detection is the gold standard for DNA meth-
ylation analysis because it provides information about the
methylation status across the entire PCR-amplified region
with a single base level.'>*® However a significant limitation
of all bisulfite-based approaches is the duration of the bisul-
fite treatment, which usually requires an overnight reaction
and rigorous control for complete deamination.>**° Micro-
fluidic technology is known to be useful for reducing the to-
tal measurement time of various biomolecules because it al-
lows manipulation with fast response times. Moreover, it can
handle small fluid volumes, sense and control flows, and pat-
tern substrates on small length scales.®® Furthermore, an
arrayed microfluidic platform is a powerful tool for the high-
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Fig. 1 (a) Bisulfite conversion process composed of four main chemical reactions with three intermediate washing steps to prevent reagent
carryover. (b) Chemical reactions detailed for each step. (c) Photograph of aqueous reagents loaded onto a single lane of a droplet chip. Each
reagent is contained in a round well that holds the droplet within it. The wells are connected either by a single open channel to merge the
droplets or a narrow sieve to separate the beads from the droplet by surface tension. Reproduced with permission from Springer.
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throughput treatment and measurement of multiple samples.
Stark and Wang et al.®® reported a parallelized microfluidic
DNA bisulfite conversion module. Their module has three
parallelized microchannels made of polydimethylsiloxane
(PDMS), and each channel consists of one wide and five cir-
cular reservoir chambers, each containing aqueous reagent
droplets methylated on beads that are isolated within topo-
graphic walls (Fig. 1). They used their module to successfully
perform a simultaneous bisulfite conversion for all three
channels with high reproducibility.

A new pretreatment technique for biofluid samples such
as blood or cell suspension is also critical in terms of reduc-
ing the total assay time of DNA methylation and not simply
for bisulfite conversion. If it requires a lot of time to extract
and purify DNA from a biological sample, the total epi-
genomic assay time will be extremely long. Phenol/chloro-
form extraction has generally been used for genomic DNA
purification. Otherwise, anti-methylcytosine antibody and
methyl-CpG binding domain (MBD) proteins are used to pu-
rify and preconcentrate genomic DNA in biofluids. There
have been some reports of pretreatment with microfluidics
before epigenomic measurement with a view to obtaining ge-
nomic DNA that can withstand the bisulfite reaction. Two re-
search groups have reported unique solid-phase extraction
techniques in a microchannel for epigenomic analysis. Shin
and Park et al.®® reported a silicon microfluidic device that
employs dimethyl adipimidate-based solid-phase extraction
for the purification and extraction of nucleic acids from hu-
man body fluid samples for epigenetic analysis (Fig. 2). The
silicon microfluidic chip has three components, including a
pre-filtration part for cell separation, a micromixer consisting

B
A
I Blood or Urine |
solution solid
i —
I Real-time PCR |
Fig. 2 (A) Work-flow for DNA extraction with dimethyl adipimidate-

based solid-phase method. (B) Photograph of a microfluidic chip. The
microfluidic device consists of a microfilter, micromixer, and micro-
channel. (I-11) Inlets for addition of samples, lysis buffer, washing and
elution buffer. (IV) Outlet for collection of extracted DNA. Reproduced
from ref. 63 with permission from The Royal Society of Chemistry.
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of a two-stage spiral mixer for cell lysis, and a meander-
shaped microchannel for dimethyl adipimidate-based solid-
phase extraction to maximize the SiO, surface area. They con-
firmed that the device can be used to extract genomic DNA
with higher purity from human blood and urine samples
than other chaotropic methods. Furthermore, they showed
that the device effectively captured and purified DNA, includ-
ing methylated DNA, and improved the DNA amplification
for the epigenetic analysis of disease-related DNA
biomarkers.

On the other hand, De and Carlen et al.®* reported a rapid
microfluidic solid-phase extraction system for the capture
and elution of low concentrations of hyper-methylated DNA,
based on a methyl-binding domain protein modified surface,
in small volumes using a passive microfluidic lab-on-a-chip
platform (Fig. 3). They observed each assay step in Fig. 3
using a real-time surface plasmon resonance biosensor and
undertook a quantitative characterization using fluorescence
spectroscopy. The hyper-methylated DNA capture/elution pro-
cess was completed in less than 5 min with efficiencies of
71% and 92% using elution volumes of 25 and 100 pL,
respectively.

2.2 Bisulfite-based methylcytosine assay

A total system for measuring DNA methylation has been de-
veloped and not simply for the bisulfite reaction mentioned
above. It is very difficult to integrate all required chemical
and biological reactions into one chip, and at present a few
pretreatment and detection chips are needed. For example, a
two-module system for DNA methylation analysis was
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MBD2b-pillar array hm-DNA elution

Fig. 3 (a) SEM image of pillar array etched in silicon substrate. (b)
Optical image of glass-silicon bonded chips with inlet and outlet holes.
(c) Hyper-methylated DNA capture and elution protocol using an MBD
capture surface. Reproduced with permission from American Institute
of Physics.

Specific hm-DNA capture
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developed by Yoon and Shin et al.®® The system is based on
bisulfite conversion, which couples a sample pretreatment
module for on-chip bisulfite conversion and a label-free, real-
time detection module for the rapid analysis of the DNA
methylation status using an isothermal DNA amplification/
detection technique. The system consists of two modules,
one is a sample pretreatment module, and the other is a de-
tection module (Fig. 4). The pretreatment module for on-chip
DNA bisulfite conversion consists of a microchamber, a 3D
micromixer, and a microchannel. A Peltier heater is also in-
corporated with a microfluidic device to maintain the tem-
perature for the on-chip bisulfite reaction. The detection
module employs an isothermal solid-phase amplification/
detection technique after immobilization with either methyl-
or non-methyl-specific primer to analyze the DNA methyla-
tion status. The methylation status of the RARP gene in hu-
man genomic DNA extracted from MCF-7 cells was analyzed
by the system within 80 min (excluding the 16 h needed for
preparation). This is fast compared with a conventional
methylation-specific PCR technique which takes 24 h. The au-
thors also stated that the system is highly sensitive and can
detect as little as 1% methylated DNA in a methylated/un-
methylated cell mixture.

A. Sample pre-processing module

Duration: 50 min

Inlet 2
3D micromixer

Micro-chamber

Micro-Channel

Inlet 1

Peltier Heater
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Combined bisulfite restriction analysis (COBRA), which is
a bisulfite-based technique, involves the PCR amplification of
bisulfite converted DNA followed by the digestion of a restric-
tion enzyme.'"” COBRA is technically simple, and depending
on the region being investigated, information on the DNA
methylation status of several CpG sites can be explored in a
single reaction. For these reasons, various research laborato-
ries employ COBRA to screen large sample sets for DNA
methylation.®® Microfluidic electrophoresis was employed by
Brena and Plass et al. to confirm enzymatic digestion.®®®®
They called their method Bio-COBRA, which is a modified
COBRA protocol that incorporates an electrophoresis step in
microfluidic chips. They used an Agilent 2100 Bioanalyzer,
which provides quantitative results for DNA fragments by
electrophoresis in microfluidic chips. A DNA methylation assay
of 12 samples was completed within 1 h by using Bio-COBRA.

A unique COBRA-based method utilizing an electropho-
retic feature has also been reported for analyzing electropho-
retic separation differences in an ssDNA conformation with a
self-complementary strand. Chen and Chang et al.®® reported
the combination of COBRA and electrophoresis with laser-
induced fluorescence for determining the heterogeneity of
DNA methylation. Chang's group further reported”® a

B. Detection module

Duration: 30 min
\ m,  Bisulfite modified DNA
NNl
/™ N
R
&Y
Output
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Laser Input
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Reference ring loading well
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Fig. 4

On-Chip Desulfonation | ijii

Label-free detection of methylated DNA

Unmethyl-specific Primer

(A) Sample pre-processing module for on-chip DNA bisulfite conversion consisting of a microchamber, 3D micromixer, and microchannel.

(i) Human gDNA with bisulfite solution was loaded into the module using inlet 1 and incubated at 70 °C for 20 min in a continuous flow passing
through the microchamber region. (ii) Then, the bisulfite-converted DNA was mixed with chaotropic buffer through the 3D micromixer and bound
to the surface of the microchannel for the desulfonation and purification steps. (B) Detection module employing the isothermal solid-phase ampli-
fication/detection technique after immobilization with either methyl- or non-methyl-specific primer for analysis of the DNA methylation status.
The modified DNA was loaded onto the sensing window, and resonant wavelength shifts were observed during the reaction. (iii) Amplification of
methylated DNA occurs on the sensor functionalized with the methyl-specific primer, while no amplification occurs on the chip with the non-
methyl-specific primer. Reproduced from ref. 65 with permission from The Royal Society of Chemistry.
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screening method for DNA methylation based on single-
strand conformation polymorphisms and electrophoresis
with laser-induced fluorescence. PCR products that were am-
plified from bisulfite-treated genomic DNA were denatured,
followed by immediate chilling in ice water to form ssDNA.
The ssDNA was separated with poly(ethylene oxide) in the
presence of an electroosmotic flow according to the different
conformations represented by their methylation states. The
method does not require a restriction endonuclease or spe-
cific saturating dye; thus it would be suitable for the large-
scale screening of DNA methylation.

The analysis of bisulfite-based methylation by comparing
differences between the target sequences of bisulfite-
converted and unconverted samples is one of the most fre-
quently used methods in conventional epigenomic research.
An important point is to find a simple way of distin-
guishing the sequence differences in microfluidics on a
chip because it is very hard to integrate all the functions
of a DNA sequencer onto a single chip with the current
technology. COBRA-based methods are considered to be
suitable for microfluidics. This is because assay results
obtained by digestion with a restriction enzyme can be
quickly observed by employing electrophoretic separation or
a hybridization assay with microfluidic technology. The con-
ventional COBRA technique is unsuitable for making multi-
ple simultaneous measurements of DNA methylation.
Microfluidic technology will provide a high-throughput

View Article Online
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assay by employing parallel processing for multiple measure-
ments. In fact, a DNA methylation assay of 12 samples has
been completed within 1 h on a microchip,**®® which is
much faster than the conventional polyacrylamide gel electro-
phoresis (PAGE) technique.

2.3 Bisulfite-free methylcytosine assay

The main drawbacks of the bisulfite-based determination
methods are the degradation of the sample DNA and the
treatment time. More than 99% of the original DNA is report-
edly destroyed after a 16 h standard bisulfite treatment.””
This is mainly caused by depurination under the required
acidic and thermal conditions. Therefore, to avoid mislead-
ing results, the quality of the bisulfite-treated DNA must be
assessed before a detection assay is undertaken. Moreover,
the bisulfite treatment makes the analyte DNA thymine-rich
since unmethylated cytosine is converted to thymine, and
this complicates the design of specific probes for PCR ampli-
fication.”” Therefore, bisulfite-free techniques have been pro-
posed such as chemical or protein modification. These tech-
niques are simple because assay results can be obtained by
measuring the interaction between the target DNA and the
methylcytosine recognition molecules. This allows us to de-
sign the microfluidics very simply. New recently reported
methods and devices for DNA methylation analysis are listed
in Table 1.

Table1 New methods and devices for determining epigenetic base modifications

Biological Detection

Discrimination molecule Target Response range Detection limit application principle Ref.
Antibody 5-mC 0.5-10 nM 0.5 nM — Electrochemical 73

5-mC 1x107-5x107°M 2x107° M Spiked test in serum Electrochemical 74

mé6A 0.01-10 nM 2.57 pM Rice seeding Electrochemical 75

5-mC 50-3200 fM 50 fM Spiked test in serum SPR 76

5-mC 0.1-10 pM 6 amol Human cancer cell SPR 77

5-mC 0.5-3 nM 0.5 nM ADNA Absorbance 78

5-mC, 5-hmC 3x10P-5x10"M  42x10%°M — Optical 79

microcavity

Chromatographic or 5-mC, m6A — Single cell Circulating tumor MS 80
electrophoretic separation cells

m6A 0.00005-0.002% in 0.42 fmol Human cell lines MS 81

DNA and plants

5-mC, 5-hmC, — 0.10, 0.06, 0.11, and Human cancer cell MS 82

5-fC, and 5-caC 0.23 fmol, respectively

Various RNA 0.21-4.0 fmol 63 amol-1.2 fmol Human ES cells MS 83

modifications

5-mC, 5-hmC 2-64 nM 50 pM, 100 pM Mouse stem cell MS 84

5-mC 1-50 pM 0.02 pmol Blood Fluorescence 85
B-Glucosyltransferase 5-hmC 0-0.1087% in DNA 0.0012% (0.489 pg) Mouse tissues and  Electrochemical 86

cancer cell lines

5-hmC 0.01-50 nM 1.43 pM — Electrochemical 87
MBD 5-mC — 200 pg (input DNA) Cancer cell lines SERS 88
Oxidation potential 5-mC 0.6-400 UM 0.23 uM — Electrochemical 89
Silver nanocluster 5-mC 2.0%10°-6.3x10 M 9.4x10 '°M Spiked test in serum Fluorescence 90

5-mC, 5-methylcytosine; 5-hmcC, 5-hydroxymethylcytosine; 5-fC, 5-formylcytosine; 5-caC, 5-carboxylcytosine; SRP, surface plasmon resonance;
MBD, methyl-CpG binding domain; m6A, N°-methyladenosine.
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Two proteins have mainly been used to label the methyl-
ated regions of a genome; one is an anti-methylcytosine anti-
body and the other is a methyl-CpG binding domain (MBD)
protein.’>°* The anti-methylcytosine antibody recognizes
single-stranded molecules containing one or more methyl-
ated CpG sites. In contrast, the MBD protein recognizes
double-stranded methylated CpG sites in DNA fragments.
MBD has a unique characteristic whereby different methyla-
tion densities can be analyzed depending on the salt fraction-
ation employed;” lower salt fractions contain hypomethyl-
ated DNA fragments, while higher salt fractions contain
hypermethylated DNA fragments.”*

Small artificial molecules such as osmium complexes
and vanadium complexes® were also designed for labeling
methylcytosine. Unfortunately, thymine in DNA as well as
methylcytosine is labeled via OsO,. Therefore, it is difficult to
distinguish methylcytosine from thymine in a methylcytosine
determination of natural DNA sequences. Mixtures of V,0s5 or
NalO, and LiBr were used in an anaerobic condition to differ-
entiate methylcytosine from both cytosine and thymine
followed by a hot piperidine treatment and electrophoretic
analysis.”® A sequence-selective cleavage assay technique with
a metal complex at a DNA bulge has been reported;”® how-
ever, this approach requires a hot piperidine treatment and
electrophoresis. The main drawbacks of the chemical modifi-
cation methods as regards methylcytosine assay are the rela-
tively long detection time and the need for a high concentra-
tion (around uM) DNA sample, and in many cases this is
insufficient to detect DNA methylation in genomic DNA with-
out PCR amplification.

Recently, several bisulfite-free methylcytosine assays were
further integrated with microfluidics. Heimer and Sikes
et al.”” reported a microfluidic device for detecting methyl-
ated DNA fragments from the MGMT gene promoter. Target
oligonucleotides from the test sample hybridize directly to
capture probes printed in 300 pm diameter spots on a chip
without the bisulfite conversion. They detected methylated
DNA duplexes using an MBD protein by interaction between
the MBD protein and the methylated DNA using either fluo-
rescence or photo-polymerization-based signal amplification
(Fig. 5). They also fabricated a reusable PDMS-based micro-
fluidic device so that they could use a recirculating mixing
method to improve DNA hybridization efficiency and provide
an assay format suitable for automation. They stated that sig-
nals in the microfluidic device were enhanced by about one-
third compared with those obtained with static DNA
hybridization.

A microfluidic system integrating the entire experimental
process for a DNA methylation assay was reported by Wang
and Lee et al.°® The system includes target DNA isolation,
Hpall/Mspl endonuclease digestion, and nucleic acid amplifi-
cation (Fig. 6). Instead of employing a bisulfite reaction, they
attempt to shorten the entire process using endonuclease di-
gestion. In their system, all the genomic DNA from the cul-
tured cell lines was directly extracted and purified with a spe-
cific nucleotide probe conjugated on the surface of magnetic

71,94
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Fig. 5 (a) Biochips were spotted with capture probe ssDNA having
two, one or no methylated CpG in order to epigenotype the target
DNA. Unmethylated ssDNA served as the negative control. (b)
Schematic representation of the area within each group of spots
following hybridization with 100 nM doubly methylated target ssDNA
and detection. Fluorescence (c) and colorimetric (d) readout of MBD
binding to methylated DNA. (e) Diagram of the microfluidic channel
etched in PDMS. (f) Supporting glass was added to the unetched side
of the microfluidic device, and it was clamped to the biochip. Inlet and
outlet tubing was connected to each end of the channel, fed into a
microcentrifuge tube reservoir, and passed through a peristaltic pump
for recirculation. Reproduced from ref. 97 with permission from The
Royal Society of Chemistry.

beads. Methylated DNAs of tumor suppressor genes, HAAO,
HOXA9 and SFRP5, were chosen as candidates for the detec-
tion of ovarian cancer cells. The detection limit of their
microfluidic system was found to be 10> cells per reaction.
Three hours were required to complete the entire process
from sample loading to analysis, which is much faster than
the conventional protocols. They concluded that different
sources of biosamples, for example, other cell lines, ascites
and serum, would be applicable to the detection of DNA
methylation, indicating that the developed microfluidic sys-
tem will be useful for clinical use.

An anti-methylcytosine antibody has been used for epige-
netics analysis; however, its use has been limited to the im-
munoprecipitation or pre-concentration of methyl-CpG re-
gions in a DNA sample.”” " Recently, immunochemical
methods for detecting methylcytosine with an anti-
methylcytosine antibody have been reported for analyzing the
methylation level. The reported methods employ a microtiter
plate,’®* capillary electrophoresis,'® magnetic particles,'**

Lab Chip, 2016, 16, 3631-3644 | 3637
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(a) Illustration of working principle for detection of DNA methylation. (b) Schematic diagram of integrated microfluidic chip. (c) Exploded

view of integrated microfluidic chip consisting of two PDMS layers and one glass substrate. A thick PDMS structure with air chambers and a thin
PDMS membrane as a fluidic channel layer are used for flow control. (d) Photograph of integrated microfluidic chip. The measured dimensions of
the chip were 6.5 cm (length) x 7.0 cm (width) x 0.5 cm (height). Reproduced with permission from Springer.

microspheres,'®® a nitrocellulose membrane'®® and a DNA

microarray.'”” However, previously reported immuno-
chemical methods for detecting methylcytosine have no se-
quence specificity and so only the total amount of methyl-
cytosine in the analyte DNA was quantified. One of the
authors found that an anti-methylcytosine antibody can rec-
ognize mismatched methylcytosine especially in a bulge re-
gion but cannot recognize methylcytosine in a pair.”*'°® This
is because methylcytosine at a single-base bulge is predomi-
nantly in a looped-out state due to the n-m stacking forma-
tion between the flanking bases of bulged methylcytosine. In
contrast, methylcytosine paired with guanine is in a stacked
state in a duplex. This makes it possible to perform a site-
specific methylation analysis of genome DNA on a conven-
tional microtiter plate with a biotinylated probe DNA that has
a sequence to form a single base bulge at the target cytosine.
We further reported”” a sequence-specific microfluidic chip
for DNA methylation assessment by surface plasmon reso-
nance detection (Fig. 7a). This was achieved by utilizing an

3638 | Lab Chip, 2016, 16, 3631-3644

affinity measurement involving the target, (methyl-) cytosine,
in a single-base bulge region and an anti-methylcytosine anti-
body in a microchannel, following hybridization with a bio-
tinylated bulge-inducing DNA probe. The probe alters the tar-
get cytosine in a looped-out state because of the n-n stacking
between flanking bases of the target. The probe design is
simple and consists of the elimination of guanine paired
with the target cytosine from a fragmented full-match se-
quence. The single methylation status in 6 attomoles (48
femtograms) of DNA was obtained within 45 min, which is
the fastest DNA methylation assessment yet reported
(Fig. 7b). The discrimination of the methylation status of sin-
gle cytosine in genomic HCT116 human colon cancer cells
was also carried out with the microfluidic device.

Some quick bisulfite-conversion kits are commercially
available; however, the degradation of the input DNA remains
an unavoidable problem. Ultimately, bisulfite-free assay is
considered to be ideal; therefore the development of a new
bisulfite-free methylation assay technique is being actively

This journal is © The Royal Society of Chemistry 2016
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(a) Photographs of microchip for assessing DNA methylation (top left)s and hand-held surface plasmon resonance equipment (bottom left).

Schematic of antibody binding with target methylcytosine in a DNA bulge region (right). (b) Calibration curves for methylated and unmethylated
lambda DNAs with a microfluidic chip. Reproduced with permission from American Chemical Society Publications.

studied as mentioned in this section. Affinity measurements
with an antibody to methylated bases or MDB proteins are a
valid approach to a bisulfite-free assay; however, these affin-
ity measurements cannot be combined with PCR amplifica-
tion, i.e. in many cases the sensitivity is insufficient to detect
DNA methylation in genomic DNA. Microfluidic technology is
known to be useful for improving sensitivity with small sam-
ples and should prove to be a powerful tool for DNA methyla-
tion analysis. In fact, we showed that the methylation status
of less than a pM of genomic DNA could be evaluated within
1 h by utilizing microfluidic technology.

2.4 DNA methyltransferase activity

The determination of DNA methyltransferase activity has been
attracting attention. One reason for this is that DNA methyl-
transferase and its inhibitors are reported to be a novel family
of pharmacological targets for the treatment of tumors.'*!
Therefore, there is a strong need for sensitive, selective and
high-throughput methods for performing DNA methyl-
transferase activity assays.'*> However, traditional methods
for DNA methyltransferase activity assay rely on radioisotope
materials.'” Therefore, radioisotope-free approaches have
been developed, including electrochemical,"®™"® electro-
chemiluminescence,'°*** photo-electrochemical,"** fluorom-
etric,"**** surface-enhanced Raman scattering (SERS),"*¢"3#
and circular dichroism (CD) spectroscopy,®® and surface
plasmon resonance’*® based DNA methyltransferase mea-
surement techniques have recently been proposed as summa-
rized in Table 2 to realize simple, quick and easy monitoring.

By combining these DNA methyltransferase biosensors
with microfluidic technology, they have the potential to re-
duce both the assay time and the required sample volume.
Microfluidic DNA methyltransferase activity measurement is
a challenge for the future. However, Ronen and Gerber
et al®® have published a preliminary report on a
microfluidic-based fluorometric assay technique for studying

This journal is © The Royal Society of Chemistry 2016

DNA methylation in vitro. The microfluidic device consists of
a 64 x 16 reaction unit array in a flow channel, which is
accessed through several input holes and drained into a sin-
gle output (Fig. 8). The microfluidic device was compartmen-
talized with micromechanical valves into 16 separate reaction
conditions on a single device within isolated columns. For
the methylation reaction, a mixture solution containing DNA
methyltransferase and SAM was injected into the microfluidic
device, and the immobilized DNA substrate was incubated in
the mixture solution. After washing, the endonuclease
containing reaction buffer was injected and incubated. Fi-
nally, the cleaved DNA fragments were washed away and the
fluorescence intensity of Cy5-modified DNA was measured.
The same platform was then used to demonstrate a two-step
approach for the high-throughput in vitro identification and
characterization of small-molecule inhibitors of DNA methyl-
ation. The microfluidic device enabled the authors to per-
form thousands of simultaneous DNA methylation reactions
on a one-chip device.

Various enzymatic activities have been measured with
microfluidic technology to obtain quick and highly sensitive
results by utilizing a large surface-to-volume ratio. Micro-
fluidic technology is also considered a promising approach
for measuring DNA methyltransferase activity. Moreover, in
epigenetic research, huge numbers of samples must be evalu-
ated during, for example, epigenetic drug screening. This is a
challenge; however, it will be realized in the near future be-
cause the simultaneous monitoring of 64 x 16 reactions has
already been achieved on a chip.”®

2.5 Single cell epigenetics

The goal of single cell epigenetics is to analyze information
from a single cell to obtain a holistic understanding of the
cell population. This reductionist approach allows re-
searchers to unravel the way in which molecular events
within a single cell link to the behaviour of tissues, organs,

Lab Chip, 2016, 16, 3631-3644 | 3639
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Table 2 New methods and devices for determining DNA methyltransferase activity
Response Detection Biological
Detection principle Target range (UmL™) limit (UmL™) application Signal generator Ref.
Electrochemical Dam 0.1-20 0.04 — 1-Naphthyl phosphate 109
Dam 0.075-30 0.02 Human serum Methylene blue 110
Dam 0.27-60 0.27 Human serum Methylene blue 111
Dam 0.05-40 0.031 — Ferricyanide 112
Dam 1-40 0.96 — Hydroquinone 113
M.SssI  0.5-0.6 0.12 Human serum Aniline 114
Dam 1-60 0.31 — Hydroquinone 115
M.SssI  0.28-50 0.28 — Methylene blue 116
Dam 0.04-4 0.004 — Methylene blue 117
M.SssI  0.05-200 0.025 — Ascorbic acid 118
Dam 0.12-20 0.04 — Methylene blue 119
Electrochemiluminescence M.SssI  1-120 0.05 Cancer human serum  CdS quantum dot 120
Dam 0.1-100 0.03 — Tris (2,2"-bipyridine) ruthenium 121
Dam 0.1-50 0.03 — Luminol 122
Photo-electrochemical M.SssI  0.01-150 0.0042 — CdSe quantum dot 123
Fluorometric Dam 0.1-8 0.1 — Thioflavin 124
M.SssI  0.02-40 0.0082 Human serum Molecular beacon/FAM 125
M.SssI  0.01-50 0.0024 HeLa cells Sybr green I 126
Dam 1.2-10 0.57 LB medium Molecular beacon/FAM 127
Dam 0.0005-50 2x107* E. coli cells Molecular beacon 128
Dam 0-50 0.0025 E. coli cells FAM 129
Dam 0.05-10 0.015 LB medium FAM 130
Dam 0.0005-0.01 1.5x107* E. coli cells Molecular beacon/FAM 131
Dam 0-15 0.1 — FAM 132
Dam 1-100 1 — Fluorescent silver nanocluster 133
Dam 0.2-20 0.14 — FAM 134
Dam 0.0002-20 8.6 X107 Human serum Zinc protoporphyrin 135
SERS Dam 0.001-10 2.57x 107" Human serum Au nanoparticles 136
M.SssI  0.1-10 0.067 — Silver nanoparticles 137
Dam 0.1-10 0.02 — Mesoporous silica nanoparticels 138
CD spectroscopy M.SssI  0.5-150 0.27 Human serum Gold nanoparticles dimer 139
Surface plasmon resonance Dam 0.5-120 0.2 HeLa cells Gold nanorod 140

Dam, deoxyadenosine methylase; M.SssI, CpG methyltransferase.
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Fig. 8 a) Photograph and schematic representation of a microfluidic
device consisting of flow and control layers. b) Schematic
representation of microfluidic-based methylation assay using bio-
tinylated hairpin-shaped DNA probe substrate. The DNA probe is
immobilized to the surface through biotin-avidin interactions. The rec-
ognition site becomes resistant to Hpall activity only when there is a
methylation event. Otherwise, the unprotected DNA probe is digested
and the unbound Cy5-containing DNA piece is washed out leading to
an overall reduction in fluorescence signal. Reproduced from ref. 56
with permission from The Royal Society of Chemistry.
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and eventually entire organisms.'** The small dimensions of
microfluidic systems offer a great advantage as regards single
cell epigenomics because minimal dilution is required,
resulting in a highly sensitive epigenomic analysis. Further-
more, microfluidic systems offer several potential advantages
for the study of single cells including facile automation, para-
llelization and reagent reduction.'**

As mentioned above, the damage to DNA that occurs dur-
ing bisulfite conversion is serious. Therefore, direct DNA
methylation analysis in a single cell with a bisulfite-based as-
say requires great skill. ChIP-on-chip, which is a technology
that combines chromatin immunoprecipitation with a DNA
microarray, is currently used for single cell epigenetics. The
results of epigenetic modifications of chromatin by tradi-
tional methods usually include blended responses from many
cells in a tissue; however, such bulk measures miss the spa-
tial and temporal differences that occur from cell to cell and
cannot uncover novel or rare populations of cells."*® As
regards combining micro- and nanofluidic technology,
Cipriany and Craighead et al.'*® reported a method using
nanofluidics and multicolor fluorescence microscopy to de-
tect DNA and histones in individual chromatin fragments at
about 10 Mbp min™'. They demonstrated its utility for

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 (Top) Schematic of DNA preparation. (Middle) Samples were
loaded into the input of a bifurcated nanofluidic device. An applied
voltage flowed molecules through the device. As each fluorescently
labeled molecule passed through the input inspection volume its
fluorescence signature was detected and then evaluated in real time.
In this panel, an MBD bound to methylated DNA was identified by its
two-color fluorescence signature. This signature actuated a sorting
trigger and a pair of opposing switches to direct the molecules toward
the sorted output. After a molecule was delivered to the sorted output,
the flow was redirected to the default output. (Bottom) At the conclu-
sion of a sorting experiment, material in the sorted output was recov-
ered with a pipette and the amounts of pUC19 and pML4.2 were mea-
sured by gPCR analysis.

epigenetic analysis by identifying DNA methylation on indi-
vidual molecules. They further reported'*” a nanofluidic de-

This journal is © The Royal Society of Chemistry 2016
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vice that combines real-time detection and the automated
sorting of individual molecules based on their epigenetic
state. Fluorescently labeled antibodies or proteins were
bound to epigenetic modifications located on histone pro-
teins or DNA, and then the mixture solutions were injected
into the nanofluidic device (Fig. 9) to identify these mole-
cules and their corresponding modifications by their fluores-
cence color signature. Each molecule with a color signature
that matches the criteria for collection is then sorted during
a brief actuation, or pulse, that redirects the flow to the
sorted output. Sorted molecules are collected downstream,
and then the collected samples are analyzed by quantitative
PCR. They stated that up to 98% accuracy was achieved in
sorting molecules from femtogram quantities of genetic
material.

3. Conclusions and future prospects

In this review article, we have presented and discussed epi-
genomic research undertaken with microfluidic devices. Epi-
genetics is a biological application that can take advantage of
the features included in microfluidic technology, and it con-
tinues to be a fascinating research area. Many examples of
application to bio-sensing devices have been reported for
measuring DNA methyltransferase activity. This is because
DNA methyltransferase activity can be detected by using rela-
tively simple chemical and biological reactions with a
methylation-sensitive restriction enzyme. The cleavage with
the methylation sensitive restriction enzyme was monitored
with electrochemical and optical measurements and involved
a relatively minor change in existing biosensors. By
employing nanomaterials such as carbon nanotubes,
graphene, quantum dots and metal nanoparticles, sensitivity
was improved and these results have been reported. Quick
and highly sensitive measurements with small sample vol-
umes can be expected by integrating the methods and mate-
rials with microfluidics. In the future, microfluidic devices
will be reported that employ the above materials, and their
device performance is promising. Because most of them are
being developed to obtain high sensitivity with a similar ap-
proach to conventional affinity biosensors, there have been
some problems as regards non-specific adsorption and selec-
tivity when measuring real samples. Unless these problems
are overcome, industrial application will be difficult; there-
fore it might also be useful to integrate pretreatment systems
utilizing microfluidic technology.

When measuring base methylation in DNA, the detection
principle is somewhat more complicated than that used for
methyltransferase activity; therefore coming up with a bio-
sensing device for DNA methylation analysis remains a chal-
lenging proposition. There have been several reports on PCR-
free measurement of DNA methylation. However, the sensitiv-
ity and selectivity are insufficient for genomic DNA measure-
ment; therefore results with genomic DNA are limited. It is
difficult to integrate all the complicated chemical and biolog-
ical reactions into a single chip. Therefore, each elemental

Lab Chip, 2016, 16, 3631-3644 | 3641
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technology, for example, genomic extraction, pretreatment,
and detection, is currently being developed. Epigenomic anal-
ysis in a single cell, which is difficult the conventional analyt-
ical technique, may be realized by integrating these devices.
This work does not relate solely to biomolecular researchers;
it is certain that the need to detect DNA methylation is high
in the fields of diagnosis and drug development. The micro-
fluidic approach will provide a promising way to realize a
DNA methylation sensor which can obtain epigenomic infor-
mation quickly and with a high throughput.
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