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A site-specific DNA methylation biosensor for
both visual and magnetic determination based
on lateral flow assay†
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Tumorigenesis driven by abnormal DNA methylation has highlighted the need to develop a portable, rapid

and sensitive strategy for accurate methylation detection with a specific cancer-prognostic gene, which

caters to the popularization of precision medicine. In this study, a site-specific biosensor for both visual

and magnetic DNA methylation determination has been established based on lateral flow assay. By intro-

ducing digoxin- and biotin-labeled primers into PCR, the amplicons can be recognized and captured by

gold magnetic nanoparticles (GMNPs) in this biosensor. Working as a signal probe, the optical property of

GMNPs allows the amplicons to be interpreted with naked eyes avoiding any complex equipment and

cumbersome operation after PCR. Moreover, by virtue of the magnetic property of GMNP, the signal can

be explained and recorded by a magnetometer in clinical practice. The introduction of tailor-made

primer sets makes it possible to accurately distinguish 0.1% methylated variants in the presence of numer-

ous unmethylated variants as strong interferential background and vice versa at target cytosine–guanine

dinucleotide. A distinct signal can be observed with as low as 0.01 pg variants for both visual and mag-

netic analyses. As a significant tumor suppressor gene, the promoter methylation status of miR-34a is

accurately determined with not only cell lines but also with clinical samples, which demonstrates the

great potential of this biosensor for cancer diagnosis and prognosis.

1. Introduction

DNA methylation, a primary epigenetic modification, is
strongly involved in the regulation of gene expression without
the alteration of nucleotide sequence in mammalian
species.1,2 Aberration in DNA methylation, particularly in the
promoter of a cancer-prognostic gene, is a significant marker
in tumorigenesis from clinical perspective.3,4 As a promising
diagnosis index for clinical practice, DNA methylation has
served as a predictive biomarker for cancer diagnosis and
prognosis.5,6

Along with revealed cancer-related DNA methylation pat-
terns, DNA methylation determination has attracted extensive
attention, leading to establishment of numerous methods
dedicated to its clinical practice.7–12 In general, three
strategies are adopted for these methods, namely restriction
enzyme digestion,13,14 affinity enrichment15–17 and bisulfite

conversion.18–20 The restriction enzyme digestion-based
methods determine the status of DNA methylation through
digesting cytosine–guanine (CpG) dinucleotide while leaving
the methylated CpG dinucleotide intact.21 However, this strat-
egy restricts the exploration of desired sites because of the
limitation of the restriction enzyme. The affinity enrichment-
derived methods recognize methylated DNA by the methyl-
CpG-binding domain.22,23 However, this strategy cannot locate
the target CpG dinucleotide. The bisulfite conversion-based
methods, the most widely investigated strategy, translate
methylation discrepancy into sequence discrepancy by convert-
ing cytosine to uracil leaving methylcytosine unchanged,24

which facilitates numerous sequence determination techno-
logies to be integrated for locating any desired CpG sites.
Taking this advantage, a variety of bisulfite conversion-based
methods have been developed for site-specific DNA methyl-
ation identification, such as methylation-specific PCR,25 real-
time fluorescent quantitative methylation-specific PCR,26

methylation-sensitive high-resolution melting,27–29 capillary
electrophoresis30 and microarrays.31 Although the site-specific
DNA methylation status can be accurately determined, the
sophisticated and expensive instruments, or cumbersome
operations hinder the application of these methods in basic
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medical institution as well as for the popularization of pre-
cision medicine. In order to facilitate cancer diagnosis and
prognosis for clinical oncology, a portable and rapid strategy
for site-specific DNA methylation identification is highly
desirable.

A lateral flow assay (LFA), a portable and rapid biomarker
detection device integrated into a mini dimension, has been
extensively applied in point-of-care testing (POCT) such as the
detection of pathogens32,33 and genotyping,34,35 which indi-
cates its significant potential for clinical diagnosis. Xu et al.
were the first in employing LFA to perform portable DNA
methylation determination,36 which could obtain the results
from sequence discrepancy for about 150 min and 1% target
variants could be distinguished under the interferential
background.

Herein, a novel DNA methylation biosensor for specific
CpG dinucleotide determination has been established based
on LFA denoted as the methylation-specific lateral flow assay
(MS-LFA). By introducing digoxin- and biotin-labeled primers,
the detection result can be interpreted through recognition
and conjugation between amplicons and gold magnetic nano-
particles (GMNPs) integrated in this biosensor. Working as a
signal probe, GMNP provides not only optical signal, which
allows result interpretation with naked eyes in 5 min avoiding
any complex equipment and cumbersome operation after PCR,
but also magnetic signal that records automatically with a
magnetometer and computed result interpretation. The pro-
posed method satisfies the POCT requirements for portability,
rapidity and sensitivity, which make this biosensor a great
potential for DNA methylation determination in clinical
practice.

2. Experimental
2.1. Oligonucleotides

As a demonstrated, miR-34a, a significant tumor suppressor
gene,37–41 was chosen as the model for MS-LFA establishment.
For convenience, the methylation status was noted as “M” and
unmethylation status was noted as “U”. Two specific primer
sets were designed to distinguish the promoter methylation
status of miR-34a at the specific CpG dinucleotide site includ-
ing two biotin-labeled specific primers and one digoxin-
labeled common primer (M primer set to recognize the
methylated variant and U primer set to recognize the un-
methylated variant) using the Primer 5.0 software program
(Primer-E Ltd, Plymouth, UK). Besides, two other primers were
also designed for bisulfite sequencing. The sequence of all the
primers is shown in Table 1 and all the primers were syn-
thesized by Invitrogen Biotechnology Ltd (Shanghai, PRC).

2.2. Plasmid construction and identification

Plasmids were constructed using a pMD19-T Vector Cloning
Kit (Takara Bio Inc. Dalian, PRC) and were extracted from
transformed Escherichia coli DH5α cells (Takara Bio Inc.). All
the plasmids were identified by sequencing through TsingKe

Biotech Ltd (Beijing, PRC), and the concentration was deter-
mined using a NanoDrop 2000 ultraviolet-visible spectrophoto-
meter (Thermo Fisher Scientific, Wilmington, DE, USA).

2.3. Cell culture and clinical samples

Breast cancer cell lines (T-47D, MDA-MB-453 and Hs-578 T)
were purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, PRC) and routinely cultured in a DMEM/
F12 (1 : 1) medium (HyClone, Logan, UT, USA) containing 10%
FBS (GeminiBio, West Sacramento, CA, USA) at 37 °C in a
humidified atmosphere (95% air and 5% CO2). Paraffin-
embedded cancerous breast tissues from 5 breast cancer
patients and non-cancerous breast tissues from 5 non-breast
cancer patients were collected from Shanghai Histo Pathology
Diagnostic Center (Shanghai, PRC) with informed consent.
This research was approved by the Ethics Committee of the
College of Life Sciences, Northwest University (Xi’an, Shaanxi,
PRC). All operations were performed in accordance with the
Helsinki declaration.

2.4. DNA extraction and bisulfite modification

Genomic DNA from the cells was extracted using a TIANamp
Genomic DNA Kit (Tiangen Biotech Co., Ltd Beijing, PRC),
while genomic DNA from tissues was extracted using a
TIANquick FFPE DNA Kit (Tiangen Biotech Co., Ltd). The
bisulfite modification of genomic DNA was performed using a
EpiTect Bisulfite Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions.

2.5. MS-LFA design

MS-LFA contained two strategies including target DNA amplifi-
cation by PCR and amplicons interpretation by an LFA device.
For DNA amplification, two individual PCR amplification con-
taining M and U primer sets, respectively, were performed sim-
ultaneously to determine the promoter methylation status of
miR-34a at the specific CpG dinucleotide site. Both of the reac-
tion mixtures with a final volume at a 50 μL containing 1×
EpiTaq PCR Buffer (Takara Bio Inc.), 0.3 mM of each dNTPs
(ShineGene, Shanghai, PRC), 2.5 mM MgCl2 (Thermo Fisher
Scientific), 0.625 U HotMaster Taq DNA Polymerase (Tiangen
Biotech Co., Ltd), and 100 nM of each primer were incubated
using a 2720 thermal cycler (Applied Biosystems, Foster City,
USA) with the parameters: 5 min at 94 °C, 29 cycles of 10 s at
95 °C, 30 s at 59 °C and 30 s at 72 °C, and one step of 5 min
at 72 °C.

Table 1 Primer sequences for MS-LFA and Bisulfite sequencing

Application Primer Sequence (5′–3′)

Bisulfite
sequencing

Forward GTGAAGGGGATGAGGATTAGGA
Reverse ACATCTCCTCCACCTAAAAAAAAA

MS-LFA Common GAAGGGGATGAGGATTAGGATTT
Methylation-
specific

ATAAAAACGACGCCAACACAG

Unmethylation-
specific

ACACATAAAAACAACACCAACACAA
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For amplicons interpretation, an LFA device was employed
that contained GMNP as the signal generator. The LFA device
was assembled from five components including sample pad,
conjugate pad, nitrocellulose membrane, absorbent pad and
plastic cushion to interpret the amplicons (Fig. 1B). GMNP
was synthesized and conjugated with the digoxin antibody
according to a previous report,42 which was sprayed onto the
conjugate pad using a BioJet HM3010 dispenser (BioDot Inc.,
California, USA). Streptavidin (Promega Biotech Inc., Madison,
WI, USA) and goat anti-mouse IgG (Joey Bioscience Inc.,
Shanghai, PRC) were immobilized in the defined test line (T
line) and control line (C line) on the nitrocellulose membrane,
respectively. All reaction solutions were pipetted onto the
sample pad of LFA after PCR was complete.

The signal presentation in this biosensor depended on the
bridge connection of amplicons between GMNP and streptavi-
din immobilized on the T line, which indicated the presence
of target amplicons. The target DNA methylation status could
be interpreted via both the naked-eye and a magnetometer
(Magna Bio Sciences, USA). Moreover, the performance of

MS-LFA was optimized with different concentrations of primer
(60, 80, 100, 120 and 140 nM), annealing temperatures (57, 58,
59, 60 and 61 °C) and cycle numbers (28, 29, 30, 31 and 32
cycles).

2.6. Bisulfite sequencing

The promoter fragment of miR-34a was amplified with the
bisulfite-modified genomic DNA as the template, and the frag-
ment was embedded into the pMD19-T Vector subsequently
and transformed into Escherichia coli DH5α cells. Five positive
recombinant clones of each sample were selected randomly for
sequencing by TsingKe Biotech Ltd.

3. Results and discussion
3.1. MS-LFA design

Two specific primer sets were tailor-made to achieve the best
discrimination between methylated and unmethylated var-
iants. In order to increase the specificity of this biosensor, an

Fig. 1 Schematic of MS-LFA. (A) Primer sets and amplification process of target variants. (B) Structure of LFA and signal generation. (C) Methylation
status identified with MS-LFA based on visual and magnetic interpretation.
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additional mismatch was introduced at the 3′-penultimate
base of each specific primer according to the principle of the
amplification-refractory mutation system. The candidate
primers were selected through the thermodynamic analysis to
maximize the coupling between the matched primer and
variant but hinder the coupling between unmatched primer
and variant. According to the Primer 5.0 software program, the
selected primers varied greatly in the standard free energy,
reflecting the specificity of primer sets to distinguish the
methylated and unmethylated variants.

Two individual PCR amplifications containing M and U
primer sets, respectively, were performed simultaneously to
determine the target CpG dinucleotide methylation status of
each specimen. Taking advantage of the amplification-refrac-
tory mutation system, the amplicons were produced only when
the 3′-terminus of the specific primer is completely comp-
lementary to the corresponding variant (Fig. 1A). Thus,
whether the amplicons produced or not could indicate the
DNA methylation status directly. Therefore, an LFA device was
employed in this biosensor. By introducing digoxin- and
biotin-labeled primers, the amplicons could be recognized
and conjugated by GMNP-anti-digoxin once the reaction solu-
tion was pipetted onto the sample pad of LFA after PCR

(Fig. 1B). Driven by the capillary force, the amplicon-GMNP
complexes migrated along the nitrocellulose membrane and
aggregated on the T line via the conjugation between biotin-
labeled amplicons and streptavidin. Excess GMNP-anti-digoxin
migrated along the nitrocellulose membrane continually and
aggregated on the C line through the conjugation between the
digoxin antibody and goat anti-mouse IgG, demonstrating the
validity of this biosensor. Based on the optical and magnetic
property of GMNP, the aggregation of GMNP provided two
signal forms for result interpretation. The optical signal
allowed the result interpretation by visual observation, while
the magnetic signal allowed the result interpretation by mag-
netometer automatically (Fig. 1C).

The determination of the DNA methylation status was
based on the signal generation by the LFA device from the M
and U reaction mixture. When the signal presented on the T
line came only from the M reaction, it indicated the permethyl-
ation status. In contrast, the signal observed only on the T line
from the U reaction mixture pointed out the unmethylation
status. However, a signal showing on both T lines communi-
cated the partial methylation status of tested specimen
(Fig. 2A and B). Besides, the threshold value for positive result
interpretation by magnetic determination was defined

Fig. 2 Methylation status identification results. Identification result provided by (A) MS-LFA through visual interpretation, (B) MS-LFA through mag-
netometer, automatically, (C) electrophoresis and (D) bisulfite sequencing.

Analyst Paper

This journal is © The Royal Society of Chemistry 2021 Analyst, 2021, 146, 2248–2254 | 2251

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
5/

15
/2

02
1 

8:
24

:4
0 

A
M

. 
View Article Online

https://doi.org/10.1039/d0an02277b


(Fig. S1†). Moreover, comparison with the identification
results of electrophoresis (Fig. 2C) and bisulfite sequencing
(Fig. 2D) indicated that this biosensor has the same accuracy
as standard method for the DNA methylation status
determination.

3.2. MS-LFA optimization

For preliminary development of MS-LFA, the plasmids contain-
ing bisulfite-modified promoter sequence of miR-34a were
used as the standard sequence control. The performance of
MS-LFA was evaluated with a series of primers at different con-
centrations. When the primer concentration was lower than 80
nM, the amplification could not produce enough amplicons
for signal observation. However, distinct tinctorial bands were
observed on the T line for the accurate result determination
with other primer concentrations (Fig. S2A†). Finally, 100 nM
was selected as the optimal concentration in MS-LFA to ensure
the specificity of this biosensor. The influence of the anneal-
ing temperature for this biosensor was also evaluated. A non-
specific signal was observed at and below 57 °C, while accurate
the result was obtained with other tested temperatures
(Fig. S2B†). Thus, 59 °C was chosen to balance the specificity
and sensitivity of this method. For the thermal cycle, the non-
specific signal was observed with 32 cycles, while no obvious
difference was observed among other tested cycles (Fig. S2C†).
Hence, 29 cycles were selected in order to reduce the turn-
around time.

3.3. Performance evaluation of MS-LFA

To evaluate the performance of this biosensor, a series of
plasmid mixtures containing 1%, 0.5%, 0.1% and 0% target
variants, respectively, with a final concentration at 10 pg were
prepared to determine the specificity and sensitivity of
MS-LFA. The signal intensity of the T line increased gradually
along with the increasing concentration of target variants, and
no signal was generated with 100% unmatched variants
(Fig. 3). Therefore, as few as 0.01 pg target variants could be
accurately distinguished under the strong interferential back-
ground with both visual and magnetic determination.

3.4. Cell lines and clinical samples analysis with MS-LFA

In order to evaluate the ability of this biosensor for actual
specimen, the promoter methylation status of miR-34a was
determined with genomic DNA extracted from breast cancer
cell lines. The unmethylation status was found with T-47D and
MDA-MB-453, while the permethylation status was observed at
the target CpG site with Hs-578 T. Moreover, the determination
results of all cell lines using MS-LFA were consistent with
those provided by bisulfite sequencing, and the most authori-
tative method for the DNA methylation analysis, which indi-
cated that this biosensor could accurately discriminate the
original DNA methylation pattern (Fig. 4). In addition, 5 can-
cerous and 5 non-cancerous breast tissues were taken as actual
clinical samples for the analysis. Among the 10 specimens, 3
cases had optical signal only from the U reaction mixture and
the signal was observed from both M and U reaction mixtures

for the remaining 7 cases, which indicated 3 unmethylated
specimens and 7 partially methylated specimens (Fig. S3†).

Considering the great potential of DNA methylation detec-
tion for cancer diagnosis and prognosis, developing a portable,
rapid and sensitive strategy for site-specific methylation deter-
mination is desired for the popularization of precision medi-
cine. Although numerous DNA methylation identification tech-
niques have been developed such as sequencing-based
methods,43 fluorescence-based methods26 and electro-

Fig. 3 The signal intensity of MS-LFA with different proportions of
target variant. (A) The signal intensity of MS-LFA with combination of
methylated primer set and different proportions of methylated variant
diluted in unmethylated variant ((a) The brightness of T line and C line,
(b) Curve graph of magnetic signal on LFA, (c) Magnetic signal peak
value of T line and C line). (B) The signal intensity of MS-LFA with combi-
nation of unmethylated primer set and different proportions of un-
methylated variant diluted in methylated variant ((a) the brightness of T
line and C line, (b) curve graph of magnetic signal on LFA, (c) magnetic
signal peak value of T line and C line).

Fig. 4 Methylation status identification result with cell lines.
Identification result provided by (A) MS-LFA and (B) bisulfite sequencing
with cell lines.
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chemical-based methods,44,45 the time-consuming process and
cumbersome manual operation are required as well as the
sophisticated instruments, which severely hinder their appli-
cation for clinical practice. In order to simplify the operation
and minimize the device, LFA, a portable and rapid bio-
molecule detection device integrated into a mini dimension,
was first introduced by Xu et al. for DNA methylation detec-
tion, which enables the detection result to be obtained in a
more convenient way.36 However, this method not only
requires over 150 min to obtain the result from sequence dis-
crepancy, but also merely 1% target variants can be distin-
guished under the interferential background. Thus, although
this method blazes a trail to perform portable DNA methyl-
ation identification, the timely diagnosis information for clini-
cal oncology and the determination of trace biomarkers in
highly heterogeneous specimens are hardly achieves. In the
present research, by taking advantage of bio-labeled oligonu-
cleotides, the amplicons could be interpreted by a portable
mini device within 5 min dispensing with any complex instru-
ment and cumbersome operations, which makes the site-
specific DNA methylation status to be accurately determined
by this novel biosensor from sequence discrepancy within
90 min. As a signal generator in MS-LFA, GMNP contains both
optical and magnetic properties, which equips this biosensor
with two signal forms for data interpretation. The optical
signal allows us to obtain the result with naked-eyes, while the
magnetic signal facilitates the analysis for larger sample in
clinical practice.

The trace of the biomarker in the early stage of tumorigen-
esis extremely yearns a highly sensitive strategy for cancer diag-
nosis and prognosis. However, the colloidal gold-based lateral
flow assay such as the method mentioned above can only
provide optical signal generated by the colloidal gold aggre-
gated on the surface of the porous nitrocellulose membrane,36

which mutes their sensitivity gravely. Owing to the magnetic
property of GMNP, all aggregated GMNPs are responsible for
magnetic signal generation, which makes this biosensor
achieve a high sensitivity. Moreover, by introducing additional
mismatch nucleobases, the tailor-made primer sets increase
the specificity and sensitivity further, which makes it possible
to accurately detect as low as 0.01 pg target variants under the
strong interferential background for both visual and magnetic
interpretations. The promoter methylation status of miR-34a,
for instance, is accurately determined with cell lines and
actual clinical samples, which indicate the great potential of
this biosensor for cancer diagnosis and prognosis. As a
general DNA methylation detection platform, this biosensor
can be easily extended to any other desired biomarkers by
tailor-made primer sets redesigned.

Conclusions

In summary, a site-specific methylation biosensor has been
established, which enables single-locus DNA methylation
determination with both visual and magnetic interpretations.

This biosensor not only achieves high sensitivity, specificity
and speediness but also avoids any expensive and sophisti-
cated instruments or complicated operations. The perform-
ance of this biosensor has been verified with real-world
samples in the determination of DNA methylation patterns of
the miR-34a promoter, which indicates the great potential of
this DNA methylation biosensor for cancer diagnosis and
prognosis.
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