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Abstract
Currently, the determination of DNAmethylation is still a challenge due to the limited efficiency of enrichment, bisulfite modification,
and detection. In this study, a dual-modality loop-mediated isothermal amplification integrated with magnetic bead isolation is
proposed for the determination of methylated Septin9 gene in colorectal cancer. Magnetic beads modified with anti-methyl cytosine
antibody were prepared for fast enrichment of methylated DNA through specific immunoaffinity (30 min). One-pot real-time fluores-
cence and colorimetric loop-mediated isothermal amplification were simultaneously developed for detecting methylated Septin9 gene
(60 min). The real-time fluorescence generating by SYTO-9 dye (excitation: 470 nm and emission: 525 nm) and pH indicator (neutral
red) was used for quantitative and visualized detection of methylated DNA. This method was demonstrated to detect methylated DNA
from HCT 116 cells ranging from 2 to 0.02 ng/μL with a limit of detection of 0.02 ± 0.002 ng/μL (RSD: 9.75%). This method also
could discriminate methylated Septin9 in 0.1% HCT 116 cells (RSD: 6.60%), suggesting its high specificity and sensitivity. The
feasibility of this assay was further evaluated by clinical plasma samples from 20 colorectal cancer patients and 20 healthy controls,
which shows the potential application in simple, low cost, quantitative, and visualized detection of methylated nucleic acids.

Keywords Fluorescence detection . Dual-modality loop-mediated isothermal amplification . Immuno-magnetic beads
enrichment . Septin9methylatedDNA . Colorectal cancer

Introduction

DNA methylation is a key epigenetic variation caused by a
methyl group transferring to a cytosine residue at the 5′end of
CpG dinucleotide (5′-CG-3′), named as 5-methylcytosine
(5mC) [1–4]. Alterations in DNA methylation that trigger
the onset of diseases such as cancer [5–8] are used for clinical

diagnostics [9–13]. The current methods for detecting DNA
methylation are typically including bisulfite conversion or re-
striction endonuclease-specific cleavage coupled with poly-
merase chain reaction (PCR) amplification or/and genomic
sequencing [14, 15]. Bisulfite modification is a simple and
mature approach but often suffers from the incomplete con-
version or degradation of DNA due to the high GC content of
target or the strong concentration of bisulfite. Enzymatic treat-
ment is using restriction endonucleases such as HpaII to cat-
alyze the digestion of unmethylated DNA effectively, while
these enzymes are limited for some specific base sequences
(e.g., CCGG) [16, 17]. Methylation-specific PCR needs a
complex primer design according to the different methylation
levels [18, 19]. Sequencing can accurately and directly iden-
tify single nucleotide base; however, it requires relatively high
DNA concentration and purity as well as relies on professional
experimental operation and expensive equipment [20].
Therefore, it is highly desirable to develop a simple, efficient,
and universal method for the detection of low-abundance
methylated DNA (mDNA).
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Loop-mediated isothermal amplification (LAMP) is a pow-
erful alternative to PCR, which enables simple, low cost, rap-
id, and sensitive detection of nucleic acids at a constant tem-
perature (e.g., 60–65 °C), showing great application in clinical
detection because of its good performance to crudely proc-
essed samples [21–23]. Real-time fluorescence LAMP is ca-
pable of real-time monitoring and sensitive quantitative detec-
tion by using fluorescent dyes such as SYTO-9 and SYBR
Green. Colorimetric LAMP takes advantage of some colori-
metric indicators such as metal ion indicators (e.g., calcein and
Mn2+) and pH-sensitive dyes (e.g., neutral red) to sense the
products of isothermal reaction in a direct visualization way
without any readout equipment [24], showing great potential
in the application of point-of-care diagnosis [24–26].
Colorimetric-based LAMP methods have been developed in
a wide range of applications such as Zika virus detection [27],
SNP genotyping [24], and SARS-CoV-2 detection [28, 29].

Magnetic beads (MB)-based immunorecognition has be-
come an attractive approach for the rapid capture and isolation
of specific analytes such as circulating tumor cell [30],
exosome [31, 32], and DNA [33–36]. MB-based immuno-
separation and enrichment offer a great number of advantages:
simplicity, high efficiency, low cost, non-destruction, fast
magnetic response capability, and good anti-interference abil-
ity. Therefore, compared with bisulfite conversion or restric-
tion endonuclease-specific cleavage, MB-based strategy is
more superior for the development of fast, easy, and effective
method for isolation and enrichment of mDNA, which will
help to improve sample recovery efficiency, release
labor-intensive operations, and promote clinical application.

Based on the advantages of LAMP and MB which com-
bines rapid, convenient, and low cost of nucleic acid enrich-
ment and detection, herein, anti-methyl cytosine antibody
(anti-5mC antibody) modified MB (immuno-MB, IMB)
enrichment-assisted dual-modality LAMP was constructed
for DNA methylation detection. IMB was fabricated to quick-
ly isolate mDNA from DNA extracts through the specific
binding between mDNA and anti-5mC antibody. Two signal
reporting strategies, real-time fluorescent and colorimetric
modality LAMP, were developed for simple, low cost, and
user-friendly detection of specific mDNA in a single-step re-
action. The proposed dual-modality LAMP signal readout en-
ables the assay to be applied in different settings with high
accuracy and flexibility.

Material and methods

Materials and reagents

Information about all the reagents, cultured cell, and nucleic
acid sequences are included in the electronic supplementary
material.

Instruments and characterization

Real-time fluorescence LAMP assay was performed on
LineGene 9640 real-time nucleic acids amplification detection
system (Hangzhou Bioer Technology Co., Ltd. Hangzhou,
China). The concentration of nucleic acids was measured by
SMA4000 UV–Vis Spectrophotometer (Meriton Ltd. Beijing,
China). Electrophoresis instrument (Tanon EPS 300,
Shanghai, China) was used in the analysis of nucleic acid
amplification products. The gels were imaged by the imaging
system (Tanon-4100). Zeta potential was measured by
ZetaSizer Nano ZS90 (Malvern Instruments, Worcestershire,
UK). To obtain the zeta potential of MB, IMB, and
IMB@mDNA (IMB captured with mDNA), 10 μL of MB
(4000 nm), IMB, and IMB@mDNA (each 10 mg/mL) was
washed three t imes and d i lu t ed in 1000 μL of
phosphate-buffered saline (PBS) and ultrasound for 10 min,
respectively. Scanning electron microscopy (SEM) images of
MB and IMB were performed with a Phenom ProX Desktop
scanning electron microscope (Phenom, Netherlands) at an
accelerating voltage of 4.8 KV. Of diluted samples, 2.5 μL
was dropped on the silicon wafer and dried at 37 °C.

Cell culturing, plasma samples, and DNA extraction

Lovo cells and CCD-18Co cells were cultured in 25-cm2 tis-
sue culture flasks in Roswell Park Memorial Institute (RPMI)
1640 medium. SW 480 cells and HCT 116 cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM). All media
were supplemented with 10% fetal bovine serum (FBS) (v/v)
and 1% penicillin/streptomycin. The culture medium was re-
placed every other day and cultured until cells approach 80–
90% confluence. Clinical plasma samples of 20 CRC patients
and 20 healthy controls were obtained from the central labo-
ratory of the Yangpu Hospital with informed consent
(Shanghai, China). Medical Research Ethics Committee of
Yangpu Hospital approved all experimental protocols.
Plasma was collected in a 1.5-mL tube and stored at −80 °C.
DNA samples from these cells and clinical plasma were ex-
tracted by DNA extraction kit (TIANGEN, China) according
to the manufacturer’s instruction, described in the electronic
supplementary material. The extracted samples were quanti-
fied using the SMA4000 UV–Vis Spectrophotometer and
used immediately or stored in −20 °C.

Preparation of IMB

The preparation of IMB was processed according to the man-
ufacturer’s standard protocol with some modifications. Ten
microliters of 10 mg/mL MB coated with carboxyl groups
was washed twice with 200 μL of 25-mM MES (pH = 6.0)
with good mixing at room temperature and separated from the
solution with a magnet strand. Fifty-fivemicroliters of 25-mM
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MES and 5 μL of 0.2 mg/mL anti-5-mC antibody were mixed
with the washed beads and incubated with slow rotation at
room temperature for 30 min. Then 30 μL of 10 mg/mL fresh
prepared EDC (in cold 25-mMMES) was added to the beads,
and 10 μL of 25 mM MES was added to a final volume of
100 μL. The whole mixture was incubated for 2 h at room
temperature with slow tilt rotation. After that, the IMB
(anti-5mC antibody modified MB) was washed three times
with 300 μL 0.01 M PBS solution and finally resuspended
in 100 μL of PBSwith 0.1% Triton X-100. The prepared IMB
was stored at 4 °C until use.

Enrichment of mDNA by IMB

For specific mDNA isolation, 50 μL of 10 ng/μL DNA sam-
ple was incubated with 10 μL of 1 mg/mL IMB at room
temperature for 30 min. Thereafter, three washing steps were
carried out using 100 μL of 0.01 M PBS solution each time to
ensure complete removal of other non-specifically adsorbed
nucleic acids. Then, the methylated DNA isolated by IMB
was eluted by a 50-μL TE buffer containing 5 μL 20 mg/
mL proteinase K (50 °C, 10 min). Subsequently, proteinase
K was inactivated at 95 °C for 10 min. The supernatant of
mDNA was collected and quantified using the SMA4000
UV–Vis Spectrophotometer for amplification experiments.

Primer design

The H. sapiens Septin9 (NCBI Reference Sequence:
NR_011683.1) was used as the target gene in this study.
Plasmid containing an 851-bp fragment of wild-type Septin9
gene was constructed and selected to design 5 sets of LAMP
primers by primer explorer V5 on the website (http://
primerexplorer. jp/e/ index.html, Eiken Chemicals
Corporation, Tokyo, Japan). PCR primers targeting Septin9
were designed on the NCBI website (https://www.ncbi.nlm.
nih.gov/). These specific primers are listed in Table S1. For
verification of specificity, the designed primers and target
sequences have been analyzed by the NCBI BLAST tool
with the use of the nucleotide database as the reference.
LAMP primers for β-actin genes were referred to a previous
report (Table S1) [37].

LAMP assay and amplification analysis

For LAMP reaction, the whole reaction was carried out in
12.5-μL mixture containing 1 × ThermoPol Buffer (20-mM
Tris-HCl, 10-mM (NH4)2SO4, 150-mM KCl, 2-mM MgSO4,
0.1% Tween 20), 6-mMMgSO4, 1-M betaine, 1.4-mM dNTP
mixture, 1.6-μM FIP/BIP primer, 0.2-μM F3/B3 primer, 8-U
Bst DNA polymerase, and 2.5-μL DNA sample with different
concentrations. For real-time fluorescent LAMP, SYTO-9
was used as the fluorescent signal molecule in this study with

an excitation at 470 nm and fluorescence emission at 525 nm,
and 500-nM SYTO-9 was pre-added to the mixture. As for
visualized detection, 100-μMneutral red was added before the
amplification. The LAMP solution was amplified for 60 min
at 65 °C on a LineGene 9640 real-time PCR system.
Immediately following LAMP, a melting curve was per-
formed by a dissociation analysis at 95–65 °C through detect-
ing the change of fluorescence intensity. Threshold time (Tt)
values were calculated using the built-in second-derivative
algorithm from the LightCycler 480 software.

PCR assay

To further assess the accuracy of this developed method, clin-
ical plasma samples were also tested by the traditional PCR
method. MDNA from these samples were obtained by IMB
enrichment according to the aforementioned enrichment pro-
cedure. According to the instructions of the PCR kit (Hieff®
qPCR SYBR Green Master Mix from Yeasen Biotechnology
(Shanghai, China)), each PCR reaction was carried in a 20-μL
system composing of 0.2-μM forward primer (FP), 0.2-μM
reverse primer (RP), 10-μL PCR reaction buffer, and 2-μL
extracted sample. PCR was conducted on a LineGene 9640
real-time PCR system with a temperature profile of 95 °C for
5 min, followed by 40 cycles of amplification (95 °C for 10 s,
60 °C for 30 s).

Gel electrophoresis

The amplification products were analyzed using gel electro-
phoresis (Tanon EPS 300, Shanghai, China) to confirm the
presence and size distribution of the amplicons. Ten microli-
ters of amplified products mixed with 2 μL of loading buffer
was resolved in 2% agarose gel using 1 × TAE buffer at
110 V for 30 ~ 40 min, with 5-μL YeaRed DNA nucleic acid
gel staining. Five-microliter DNA Ladder (50 ~ 500 bp) was
mixed with 2 μL of loading buffer and used to confirm prod-
uct size. The gels were imaged by the imaging system
(Tanon-4100).

Results and discussion

Strategy of fluorescent and colorimetric LAMP for
mDNA detection

This mDNA detection platform composed isolation and en-
richment of mDNA using anti-5mC antibody coated MB and
a dual-modality (fluorescent and colorimetric) LAMP strategy
(Scheme 1). Briefly, the total DNA was extracted from sam-
ples (e.g., cells, blood) using lysis buffer and incubated with
IMB for 30 min, and mDNA was isolated due to the immu-
noaffinity between mDNA and anti-5mC antibody on the
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surface of IMB. After thoroughly washed three times to re-
move non-specifically adsorbed other nucleic acids and impu-
rities, the captured mDNA was eluted by TE buffer (contain-
ing proteinase K to digest antibody, thereby improving the
elution efficiency), and LAMP signal readout of eluted
mDNA template was identified by both real-time fluorescence
monitoring and directly naked-eye observation in one step. A
pH indicator (neutral red, range 6.8–8.0) was used as for col-
orimetric detection [24]. As the LAMP reaction proceeds, the
pH of the reaction solution reduced from 8.8 to less than 8.0
due to the continuously produced hydrogen ions (by-products
of LAMP reaction), leading to a visible color change from
yellow to pink, therefore making it a promising method for
the application in clinical diagnostics owning to the portabil-
ity, low cost, the independent of complicated equipment, and
visualized detection. In addition, IMB enrichment provides
the advantage of independence on bisulfite conversion and
enzyme digestion as well as simplifying and shortening oper-
ation; the dual-modality analysis enables real-time monitoring
and visualization with naked eyes, offering convenient, accu-
rate, and quantitative detection.

Characterization of IMB

The morphology of MB and IMB was characterized by SEM.
As shown in Fig. 1A, MB were monodispersed in water with
an average diameter of 4000 nm. IMB were slightly different
from pureMB due to the anti-5mC antibody conjugated on the
surfaces of MB (Fig. 1B). The zeta potential of MB was 0.70
±0.28 mV (Fig. 1C). After being modified with anti-5mC

antibody, the zeta potential of IMB decreased to −0.47±
0.05 mV (Fig. 1C), demonstrating the successful conjugation
of antibody on the surface of MB. When IMB was incubated
with DNA sample, the zeta potential of IMB@mDNA in-
creased to −0.15± 0.08 mV (Fig. 1C), indicating the mDNA
were successfully enriched by IMB.

Primer screening

Septin9 is a tumor suppressor gene; the hypermethylation of
CpG islands in the promoter of Septin9 can repress the pro-
moter activity and lose its tumor suppressor function [38].
Consequently, hypermethylated Septin9 serves as a biomarker
for early cancer detection and monitoring treatment [39–41],
which has been approved by the US FDA for colorectal cancer
(CRC) screening [42]. Here, five pairs of LAMP primers (1, 2,
3, 4, 5) were designed according to the Septin9 gene
(Table S1). Real-time fluorescence LAMP was developed
for screening reliable primers to specifically target Septin9
using CRC cells (HCT 116) and normal colon cells
(CCD-18Co) as positive control and negative control, respec-
tively. In the presence of target, primer sets 2, 3, 4, and 5 could
successfully trigger LAMP reaction before 20 min with high
amplification efficiency (Fig. 2A), while primer set 1 only
generated weak fluorescence signal in about 50 min. In the
absence of target, primer sets 1 and 5 displayed the accurate
negative signal; however, primer sets 2, 3, and 4 triggered
either weak or strong false-positive signal unfortunately
(Fig. 2B). As a result, primer set 5 was the most suitable
primer pair for distinguishing positive samples from negative

Scheme 1 Scheme of fast IMB enrichment-assisted dual-modality LAMP detection of specific methylated DNA target
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samples fast and accurately; thereby, primer set 5 was used for
methylated Septin9 detection in the subsequent assay.

Sensitivity of fluorescent and colorimetric LAMP for
mDNA detection

To achieve the optimal performance of IMB enrichment-
assisted LAMP, the experimental conditions—size of MB
(4000 nm), the ratio of anti-5mC antibody and MB (5 μg/
mg), and incubation time for isolatingmDNA (30min)—were
optimized (Fig. S1, see detailed results and discussion in the
electronic supplementary material).

The sensitivity of LAMP was investigated by detecting
methylated Septin9 using the three types of CRC cells (HCT
116 cells, SW480 cells, and Lovo cells) as targets. On the
basis of the aforementioned optimization, mDNAwas isolated
through the specific immunoaffinity with IMB andmethylated
Septin9 was detected by the developed dual-modality LAMP.
The fluorescence amplification signals were generated from
15 to 35 min or so by varying the concentration of mDNA
fromHCT 116 cells, SW480 cells, and Lovo cells (Fig. 3A, B,
and C, respectively). The amplification Tt values were in lin-
ear correlation to the log of the initial concentration of target,
according to the criterion of the detection limit of nucleic acid

amplification detection [43, 44]; the detection limit of this
method was the lowest detectable concentration—0.02 ±
0.002 ng/μL (RSD: 9.75%), 0.1 ± 0.04 ng/μL (RSD:
10.68%), 0.1± 0.03 ng/μL (RSD: 3.48%), respectively (Fig.
3D, E, and F)—indicating a potential of this method in quan-
tification detection through real-time fluorescence LAMP.
According to the result, as few as 0.25 ± 0.025 ng of mDNA
(0.02 ng/μL in LAMP system with a total volume of 12.5 μL)
could be detected by LAMP owing to its high sensitivity,
excellent amplification efficiency, and good anti-interference,
and the detection limit is much lower than that of the recently
reported electrochemical sensing strategy [33] and field-effect
transistor [41]. The distinct colorimetric discrimination (Fig.
3G, H, and I) implies that the method is able to detect the low
abundant mDNA target. Gel electrophoresis analysis of these
LAMP products in Fig. 3J, K, and L confirmed the accurate
amplification of Septin9. The performance of this platform is
much simpler, faster, inexpensive, and easy-to-use compared
to the existing methods such as MS [45, 46] and
high-resolution melting analysis (HRM) [47].

In order to simulate the real detection settings, the perfor-
mance of fluorescent and colorimetric LAMP for methylated
Septin9 detection was further evaluated by using the mixed
cancer cells with non-cancer cells containing different ratios

Fig. 1 SEM images ofAMB andB IMB.C Zeta potential ofMB, IMB, and IMB@mDNA. Scale bar, 5 μm. Error bars represent the standard deviation
from the mean based on three independent experiments. Number of experiments n = 3

Fig. 2 LAMP primers screening for detecting methylated Septin9 gene.
A Real-time fluorescence monitoring LAMP reactions for positive con-
trol (HCT 116 cell as the target, mDNA 5 ng/uL) triggered by five primer
sets. B Real-time fluorescence monitoring LAMP reactions for negative

control (CCD-18Co cell as the blank, mDNA 5 ng/uL) triggered by five
primer sets. The fluorescence of SYTO-9 was used as a fluorescence
signal. LAMP condition: 65 °C, 1 h. Number of experiments n = 3
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as targets. Each type of CRC cells (HCT 116 cells, SW480
cells, and Lovo cells) was mixed with the normal colon cells
(CCD-18Co cells), respectively, to obtain a final percentage of
these cancer cells ranging from 50 to 0%. Total DNA extract-
ed from these mixed samples was diluted to 10 ng/μL.

Similarly, mDNA were enriched by IMB and methylated
Septin9 was detected by the dual-modality LAMP.
Real-time fluorescence LAMP curves (Fig. 4A, B, and C)
showed that methylated Septin9 was successfully detected in
all mixed cell samples containing only 0.1% HCT 116 cells

Fig. 3 Evaluation of the sensitivity of dual-modality LAMP for detecting
methylated Septin9 using HCT 116 cells, SW 480 cells, and Lovo cells as
target samples, respectively. Real-time fluorescence monitoring LAMP
with different mDNA concentrations from A HCT 116 cells, B SW 480
cells, and C Lovo cells. The fluorescence of SYTO-9 was used as a
fluorescence signal. The linear relationship between the threshold time
(Tt) and the logarithm of target concentrations using D HCT 116 cells, E
SW 480 cells, and F Lovo cells samples. The Tt value indicates how long
it took to detect a real signal from the samples: lower Tt values indicate a

higher concentration of initial target. No Tt values were obtained from the
amplification of negative controls in any of the above experiments.G,H,
and I Corresponding colorimetric results after LAMP reaction displayed
in A, B, and C. J, K, and L Gel electrophoresis analysis of LAMP
products from A, B, and C. LAMP condition: 65 °C, 1 h. NC: negative
control, CCD-18Co cells. Error bars represent the standard deviation from
the mean based on three independent experiments. Number of experi-
ments n = 3
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(RSD: 6.60%, Fig. 4D), SW480 cells (RSD: 0.72%, Fig. 4E),
and Lovo cells (RSD: 10.74%, Fig.4F). The corresponding
colorimetric LAMP in Fig. 4G, H, and I also proved these
results, suggesting the feasibility, robustness, and sensitivity
of the dual-modality LAMP, which has the potential for clin-
ical application.

Application to clinical plasma samples

Plasmas taken from 20 CRC patients and 20 healthy controls
were tested to evaluate the performance of dual-modality
LAMP in real plasma samples. First, the feasibility of
dual-modality LAMP assay for clinical detection was validat-
ed by targeting a housekeeping gene (β-actin) using total
DNA extracted from clinical samples as template [37]. As
shown in Fig. 4,β-actin genes from all CRC patients’ samples

and all negative samples were successfully detected by both
fluorescence LAMP detection (Fig. 5A and B) and colorimet-
ric LAMP detection (Fig. 5C and D) at different amplification
times, proving the potential of this assay for practical medical
settings. Then, mDNA samples from these clinical samples
were obtained using IMB enrichment and detected by
dual-modality LAMP assay. Both fluorescence LAMP results
(Fig. 6A and B) and the colorimetric results (Fig. 6C and D)
demonstrated that methylated Septin9 was detected in CRC
patients, while there was no methylated Septin9 in all healthy
controls. Simultaneously, the accuracy of this result was val-
idated and showed high consistency with the gold standard
PCR method (Fig. S2).

Many nanomaterial-based methods have been developed
for mDNA detection (Table S2). Gold nanoparticles
(AuNPs)-based colorimetry provides a relatively simple

Fig. 4 Evaluation of the sensitivity of dual-modality LAMP for detecting
methylated Septin9 using the CRC cells mixed with normal colon cells
(CCD-18Co cells) at different ratios as simulated samples. HCT 116 cells,
SW 480 cells, and Lovo cells were mixed CCD-18Co cells at a series of
ratios (50–0%), respectively. The total number of cells is about 50,000 for
each level. Real-time fluorescence monitoring LAMP for detecting meth-
ylated Septin9 in A HCT 116 cells, B SW 480 cells, and C Lovo cells at
different percentages. The linear relationship between the threshold time

(Tt) and the logarithm of the percentage of D HCT 116 cells, E SW 480
cells, and F Lovo cells. No Tt values were obtained from the amplifica-
tion of negative controls in any of the above experiments. G, H, and I
Corresponding colorimetric results after LAMP reaction displayed in A,
B, andC. LAMP condition: 65 °C, 1 h. NC: negative control, CCD-18Co
cells. Error bars represent the standard deviation from the mean based on
three independent experiments. Number of experiments n = 3
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Fig. 5 Evaluation of dual-
modality LAMP for detecting β-
actin genes in clinical samples.
Real-time fluorescence monitor-
ing LAMP for plasma samples
fromA 20 CRC patients andB 20
healthy controls. Corresponding
colorimetric results after LAMP
reaction from C 20 CRC patients
and D 20 healthy controls (C1 to
C20 represent plasma samples
from 1 to 20 CRC patients; H1 to
H20 represent plasma samples
from 1 to 20 healthy controls. NC:
negative control, ultrapure water)

Fig. 6 Evaluation of dual-
modality LAMP for detecting
methylated Septin9 gene in clini-
cal samples. Real-time fluores-
cence monitoring LAMP for
plasma samples from A 20 CRC
patients and B 20 healthy con-
trols. Corresponding colorimetric
results after LAMP reaction from
C 20 CRC patients and D 20
healthy controls (C1 to C20 rep-
resent plasma samples from 1 to
20 CRC patients; H1 to H20 rep-
resent plasma samples from 1 to
20 healthy controls. NC: ultrapure
water)
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strategy for global methylation detection, while it needs more
than 1 day to obtain the detection results [48]. Quantum or-
ganic semiconductor (QOS)–based surface-enhanced Raman
spectroscopy (SERS) requires substantial skills to prepare
QOS and its stability and accuracy for clinical application
remain to be assessed [49]. Carbon nanoparticle-based fluo-
rescence method [50] and MB-based electrochemistry [34]
offer high sensitivity but suffer from multiple operations as
well as the limited throughput of testing samples. Compared
to these current methods, IMB enrichment simplifies the as-
say’s procedure and the LAMP technique enables high-
throughput detection, which makes it more favorable for clin-
ical applications. In particular, the one-pot dual-modality
LAMP allows determining multiple methylation genes by de-
signing specific primers and provides two signal reporting
strategies. Nevertheless, the performance of this method
(e.g., sensitivity) is expected to be further improved by im-
proving enrichment and amplification efficiency, which
makes it possible to be used for the early diagnosis of cancer.

Conclusions

In this study, we proposed a dual-modality LAMP that success-
fully detected methylated Septin9 from CRC cells and plasma
samples. Taking advantage of the intrinsic isolation capability
MB, IMB was employed to separate and enrich mDNA with
high efficiency and simplicity, which avoids complicated pre-
treatment steps. Two signal reporting strategies, fluorescence
and colorimetric LAMP, were developed for methylated
Septin9 detection with the detection limit of 0.02 ± 0.002 ng/
μL (RSD: 9.75%) as well as 0.1% CRC cells (RSD: 6.60%).
This method was demonstrated to be highly consistent with the
PCR method when applied for clinical samples testing, showing
significant potential in specific methylation analysis for clinical
diagnosis. The capability of this method to early diagnosis of
cancer needs to be further assessed and improved via improving
enrichment and amplification efficiency tomeet the requirements
of clinical applications.
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