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ABSTRACT

Many types of diagnostic technologies have been reported for DNA methylation, but they require a
standard curve for quantification or only show moderate accuracy. Moreover, most technologies have
difficulty providing information on the level of methylation at specific contiguous multi-sites, not to
mention easy-to-use detection to eliminate labor-intensive procedures. We have addressed these lim-
itations and report here a cascade strategy that combines proportion competitive quantitative PCR (PCQ-
PCR) and lateral flow nucleic acid biosensor (LFNAB), resulting in accurate and easy-to-use assessment.
The P16 gene with specific multi-methylated sites, a well-studied tumor suppressor gene, was used as
the target DNA sequence model. First, PCQ-PCR provided amplification products with an accurate pro-
portion of multi-methylated sites following the principle of proportionality, and double-labeled duplex
DNA was synthesized. Then, a LFNAB strategy was further employed for amplified signal detection via
immune affinity recognition, and the exact level of site-specific methylation could be determined by the
relative intensity of the test line and internal reference line. This combination resulted in all recoveries
being greater than 94%, which are pretty satisfactory recoveries in DNA methylation assessment.
Moreover, the developed cascades show significantly high usability as a simple, sensitive, and low-cost
tool. Therefore, as a universal platform for sensing systems for the detection of contiguous multi-sites of
DNA methylation without external standards and expensive instrumentation, this PCQ-PCR-LFNAB cas-
cade method shows great promise for the point-of-care diagnosis of cancer risk and therapeutics.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wang et al., 2010; Suzuki et al., 2006). The development of sen-
sitive DNA methylation level detection platforms using funda-

The assessment of DNA methylation level is of particular im-
portance because DNA methylation is not only a major form of
epigenetic information in mammalian cells but also a highly spe-
cific biomarker for some cancers and aging (Razin and Riggs, 1980;
Tsou et al., 2002; Chodavarapu et al., 2010). In particular, the de-
tection of the proportion of site-specific DNA methylation can be
used to determine specific tissues and diseases (Porter et al., 2007;
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mental life science research and early cancer diagnosis has re-
ceived great attention in recent years. Various PCR-based strate-
gies demonstrated unique advantages such as high sensitivity and
rapid analysis with spatial resolution (Erlich et al., 1991; Bartlett
and Stirling, 2003; Watson, 2012) have been developed for ex-
amination of DNA methylation levels, including accurate ex-
amination methods, such as restriction enzyme-PCR (Hughes and
Jones, 2007), methylation-specific PCR (Herman et al., 1996), me-
thyLight (Ogino et al., 2006), pyrosequencing and digital PCR (Tost
and Gut, 2007; Shelton et al., 2014), and rapid detection techni-
ques, such as loop-mediated isothermal amplification (LAMP), and
hybridization chain reaction circle amplification (HCR) (Zerilli
et al, 2010; Bi et al, 2013). However, accurate determination
methods require a standard curve and present differences be-
tween each tube reaction in most cases, while rapid detection
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techniques exhibit only moderate accuracy and high contamina-
tion risk; all the above methods have difficulty in providing in-
formation on the level of methylation at specific contiguous multi-
sites. Moreover, traditional PCR product detection technologies
require labor-intensive procedures, harsh experimental conditions,
and high experimental cost to obtain data, dramatically hampering
their implementation for wider and more versatile applications.
Therefore, a novel PCR-based technique design as an ideal tool for
accurate, independence of stand curve, easy-to-use, cost-effective
and field-applicable detection of contiguous multi-sites of DNA
methylation is highly desirable.

Two different strategies have been widely employed to achieve
the accurate quantitative detection of PCR products: real-time
quantitative PCR and competitive quantitative PCR. In the first
case, expensive equipment and a fluorescent chemical reagent
challenge promotion, and starting point quantitative technology is
not suitable for in situ detection; thus, it is not a reasonable so-
lution (Nolan and Bergkvist, 2013). In the second case, the concept
of an exogenous reference gene was introduced to achieve an ac-
curate end-point quantitative result without a standard curve;
instead, it measures the target sites and internal reference site
within the same tube, which was quantified simply and con-
veniently by proportion (Zachar et al., 1993; Zhou et al., 2015).
Here, we propose the proportion competitive quantitative PCR
(PCQ-PCR) by virtue of an internal reference gene for multi-me-
thylated site detection to achieve a novel sensing platform with a
predictably satisfactory accuracy and easy operation. To obtain
easy-to-use assessment of PCR products, the lateral flow nucleic
acid biosensor (LFNAB), as a new alternative technology, has at-
tracted significant attention in recent years due to being afford-
able, user-friendly, rapid and robust (Liana et al., 2012; Parolo and
Merkoci, 2013; Ge et al., 2014). The LFNABs were usually designed
for testing a wide variety of analytes, including genetically mod-
ified organisms (Mao et al., 2009); pathogenic organisms, such as
Escherichia coli (Noguera et al., 2011) and Salmonella (Fang et al.,
2014); viruses, such as influenza A virus (Kim et al., 2014) and Novel
Avian-Origin Influenza A (Ge et al., 2013); heavy metals, such as
copper (Fang et al., 2010); health states, such as tuberculosis
(Torres-Chavolla and Alocilja, 2011) and human African trypano-
somiasis (Njiru, 2011); or biomarkers of diseases, such as micro-
RNA (Gao et al,, 2014) and gene mutation (He et al., 2012). How-
ever, there has been not any report on DNA methylation analysis
using LFNAB, neither single-site nor multi-sites assessment.
Moreover, to the best of our knowledge, no research efforts have
yet found a way to combine these strategies into one system,
especially in the case of the production of PCQ-PCR that is ex-
tremely suitable for LFNAB to amplify the signal and obtain ac-
curately proportioned results.

In this study, we employed a cascade strategy combining PCQ-
PCR with LFNAB to develop a PCQ-PCR-LFNAB cascade system for
amplifying the sensing of contiguous multi-sites of DNA methy-
lation with accuracy and usability. The P16™? (p16) tumor sup-
pressor gene, also known as CDKN2A, MTS1, INK4a and CDK4I, was
chosen as the model and can show aberrant promoter region
methylation in many tumor types (Nakayama et al., 2011; Jha et al,,
2012). Moreover, a significantly higher proportion of hy-
permethylated p16 has been identified at advanced clinical stages
(Gu et al., 2013; Wang et al., 2014). As a model, the biosensor was
applied for the assessment of three contiguous methylated sites
(defined as “a”, “b” and “c”) and an internal reference site (defined
as “ir”) of the p16 gene. The attractive characterostics of the PCQ-
PCR-LFNAB cascade were reported in the following sections.

2. Materials and methods
2.1. Materials

Chloroauric acid tetrahydrate (HAuCl,-4H,0), sucrose, hydro-
xylamine, NaCl, NasPO, - 12H,0, Tween 20, Triton X-100, trisodium
citrate, sodium citrate dihydrate, bovine serum albumin (BSA),
sodium chloride-sodium citrate (SSC) buffer 20 concentrate (pH
7.0), phosphate buffered saline (PBS, pH 7.4, 0.01 M), and borate
buffer (BB, pH 9.0, 0.1 M) were purchased from Sigma Chemical
Company (St. Louis, MO, USA). The PCR buffer, rTaq DNA poly-
merase and deoxynucleotide solution mixture (ANTPs) were from
TaKaRa Biotech (Dalian, China). Biotin-dUTP was obtained from
Tiandz Gene Technology Co., Ltd. (Beijing, China). Bst DNA poly-
merase was from New England Biolabs (Beijing, China). The
QIAamp DNA blood mini kit was purchased from Qiagen (Hilden,
Germany). The anti-biotin antibody, anti-rhodamine antibody,
anti-digoxin antibody, anti-FITC antibody, anti-hex antibody and
goat anti-mouse IgG were purchased from Abcam Inc. (Cambridge,
MA, USA). Backing cards (HFOOOMC100), glass fiber sample pads
(CFSP001700), conjugation pad (GFCP000800), nitrocellulose
membranes (135 s) and absorbent pads (CFSP001700) were pur-
chased from Millipore (Bedford, MA, USA). Another type of ni-
trocellulose membrane (CN140) was purchased from Sartorius
(Gottingen, Germany).

The sequences of oligonucleotides, including target template
DNAs [MO; M1 (M12, M1°, and M1€); M2 (M23®, M2%, and M2")
and M3 (M3?*%)], ddNTP-modified stem-loop primers (a, b, ¢, and
ir), universal forward (F) and specific reverse primers
(Rhodamine-R?, Digoxin-RP®, FITC-R® and Hex-R'™), that were used
in this work were synthesized by TaKaRa Biotech (Dalian, China)
and are presented in Table S1. Synthetic oligonucleotides M1 (M1%,
M1P, and M1€), M2 (M22°, M22¢, and M2"°) and M3 (M3?"), as the
methylated target template DNAs, and MO, as the unmethylated
target template DNA, were used in this study.

2.2. PCQ-PCR procedure

The three methylated sites (a, b and c) and a universal site (ir)
of the p16 gene were amplified by PCQ-PCR based on a previous
study with slight modifications (Chen et al., 2005). Briefly, the
detection was performed in a 50 pL reaction containing 1 x PCR
Buffer; 0.2 mM dATP, dGTP, and dCTP; 0.1 mM dTTP; 0.1 mM bio-
tin-dUTP; 0.4 pM each stem-loop primer (a, b, ¢, and ir); 0.8 pM
universal forward primer (F); 0.4 pM each specific reverse primer
(Rhodamine-R?, Digoxin-RP, FITC-R® and Hex-R"); 4 U of Bst DNA
polymerase; 2.5 U of rTaq DNA polymerase; and 1 pL of target.
First, the reactions were incubated in a Bio-Rad PCR thermal cycler
(California, USA) for 30 min at 16 °C, 30 min at 42 °C and 5 min at
95 °C. Then, the reactions went into the PCR cycle for 30 s at 95 °C,
30s at 60 °C and 30s at 72 °C in 35 cycles. Finally, the reactions
were held at 72 °C for 10 min and stored at 4 °C for further re-
search. The resulting PCQ-PCR products should contain rhodamine
(digoxin, FITC, or hex) at the end and biotin in the middle.

2.3. LFNAB procedure

The LFNAB consisted of the following five components: sample
pad, conjugate pad, nitrocellulose membrane, absorbent pad, and
backing. The sample pad was made from glass fiber and saturated
with a buffer (pH 8.0) containing 0.25% Triton X-100, 0.1 M BB, and
0.15 M NaCl. Then, the pad was dried at 37 °C for 2 h and stored in
a desiccator at room temperature. For the differentiation of the a-,
b- and c-methylated sites, three test lines (TL1, TL2, and TL3) were
prepared by dispensing anti-rhodamine antibody (1.0 mg/mL),
anti-digoxin antibody (1.0 mg/mL) and anti-FITC antibody
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(1.0 mg/mL) solutions at different locations on the nitrocellulose
membrane using BioDot BioJet BJQ 3000 dispenser (Irvine, CA). In
order to ensure the proper function of the PCQ-PCR and LFNAB, an
internal reference line (IRL) and a control line (CL) were added by
spraying anti-hex antibody (1.0 mg mL~') and goat anti-mouse
IgG (1.0 mg mL~") solutions, respectively. The distance between
each line was approximately 4 mm. The nitrocellulose membranes
were then dried overnight at 37 °C and stored at 4 °C in a dry state
until use. The different pads were assembled on a plastic adhesive
backing card with an overlap between them of approximately 1-
2 mm in order to ensure that the solution could migrate through
the strip. Strips were cut at a width of 3 mm using a Bio-Dot Paper
Cutter module CM4000 (Irvine, CA). Finally, the anti-biotin-Au-
NPs conjugates, whose functionalization process is described in
the Supporting information, were dropped on the conjugate pad
using Bio-Dot AirJet AJQ 3000 dispenser (Irvine, CA), used im-
mediately, or sealed and stored under dry conditions at room
temperature until use.

2.4. PCQ-PCR-LFNAB cascade procedure

Following PCQ-PCR, 50 pL of running buffer (4 x SSC, 2% BSA,
and 0.05% Tween-20, pH 7.0) was mixed with 50 pL of the
amplification product solution; then, the mixture was applied
to the sample pad of the LFNAB and migrated up by capillary
force. The lines were evaluated visually within 5 min. The
naked-eye detection of DNA methylation was performed simply
by observing the relative intensity of TLs and IRL of each single
LFNAB, which differed between methylated and unmethylated
samples. For quantitative measurements, the LFNAB was in-
serted into the portable “strip reader” instrument DT2050
purchased from Shanghai Goldbio Tech. Co., Ltd. (Shanghai,
China), and the optical intensities of the red lines were re-
corded with “Goldbio strip reader” software, which could de-
termine parameters, such as peak height and area integral. Each
sample was detected 3 times, and the average value of three
measurements was used.

3. Results and discussion
3.1. Design of the PCQ-PCR-LFNAB cascade sensing system

The design of this novel cascade is shown in Scheme 1. PCQ-
PCR is used to generate numerous of biotin- and rhodamine (di-
goxin, FITC, and hex)-attached duplex DNAs. In a typical assay, in
the presence of target with three methylated sites (M32>°), the four
competitive stem-loop primers recognize and hybridize with
complementary a, b, ¢ and ir sites, respectively (step 01). The
specific stem-tail at the 3’-end of stem-loop primer thus anneals
with the stem and triggers a polymerization reaction in the pre-
sence of dNTP solution mixed with biotin-dUTP and Bst DNA
polymerase (step 02). Next in the process of denaturation, the
stem-loop primer then undergoes a conformational change, lead-
ing to stem separation (step 03). Finally, the universal forward
primer and the rhodamine (digoxin, FITC, or hex)-modified reverse
specific primer in excess were used to complete the PCR process in
the presence of rTaq DNA polymerase and dNTP solution mixed
with biotin-dUTP, after which a complementary DNA is synthe-
sized, forming a biotin- and rhodamine (digoxin, FITC, or hex)-
attached duplex DNA (step 04). The accuracy of the PCQ-PCR
procedure was based on the approximately equal amplification
efficiencies of the primers, as demonstrated by real-time PCR ex-
periments in Fig. S1. Throughout this cyclical process, numerous
biotin- and rhodamine (digoxin, FITC, or hex)-attached duplex
DNA complexes are produced.
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Scheme 1. Schematic illustration of the design of the PCQ-PCR-LFNAB cascade
sensing system.

The easy-to-use detection of the amplified duplex DNA com-
plexes, by using the LFNAB, is illustrated in step 05. The principle
of the LFNAB measurement is based on the sandwich type of
“(anti-biotin-Au-NPs)-(target DNA complexes)-(relevant anti-
body)” hybridization reactions. The sample solution containing the
desired amount of target DNA products with three methylated
sites (M32*°) and running buffer was applied to the sample pad.
Subsequently, the solution migrated by capillary action and passed
the conjugate pad, anti-biotin-Au-NPs conjugates were rehy-
drated, hybridization between the target DNA and anti-biotin-Au-
NPs conjugates occurred, and the formed (anti-biotin-Au-NPs)-
(target DNA) complexes continued to migrate along the strip.
When the resulting complexes reached TLs and IRL, they were
captured by the second hybridization between the target DNA and
anti-rhodamine antibody, anti-digoxin antibody, anti-FITC anti-
body, and anti-hex antibody, respectively. The four characteristic
red bands could be observed because of the accumulation of Au-
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NPs when migrating along the LFNAB. Then, the excess anti-biotin-
Au-NPs conjugates continued to migrate through CL and were
captured by a secondary antibody, thus forming another red band.
The red band on IRL indicated that the PCQ-PCR amplification
worked properly, and the red band on CL indicated that the bio-
sensor worked properly.

Typical picture of LFNABs in the present of other variety targets
was presented in Fig. S2. Red band on any of TLs indicated a
“methylated-site” result, while no red band indicated an “un-
methylated-site” result. A qualitative analysis was simply per-
formed by observing the color change of TLs, and the quantitative
measurements were accurate by using self-contained quantitative
system of the biosensor instead of a traditional standard curve
quantitative system to avoid individual differences. The relative
intensity is defined as the peak area of TL divided by the peak area
of the IRL of each individual biosensor. Therefore, the different
relative intensity reflected the various exact level of DNA methy-
lation at different sites (see details in Fig. S3), indicating that PCQ-
PCR-LFNAB cascade sensing system can detect DNA multi-
methylation.

3.2. Optimization of the LFNAB

To improve sensitivity of the LFNAB, various preparation and
detection parameters were systematically investigated by com-
paring the analytical performances of the LFNAB, including
membrane materials, the concentration of the anti-biotin antibody
for preparing anti-biotin-AuNP conjugates, the amount of anti-
biotin-AuNP conjugates dispensed on the conjugate pad, the
concentration of antibody dispensed on the lines, reaction time,
and running buffers (see detail discussion in Supporting in-
formation). As shown in Fig. 1A, the better performance of LFNAB
was obtained with Millipore 135 s nitrocellulose membrane. The
concentration of 1 pugmL~" anti-biotin antibody was the best
option to prepare the anti-biotin-Au-NP conjugates (Fig. 1B). And
1.5 pL of anti-biotin-AuNP conjugates on the conjugate pad was
used as the optimal volume (Fig. 1C). Besides, 1.0 mg mL~"' anti-
rhodamine antibody, 1.0mgmL~! anti-digoxin antibody,
1.0 mg mL~! anti-FITC antibody, and 1.0 mg mL~! anti-hex anti-
body were used to prepare the lines (Fig. 1C). The best reaction
time of LFNAB was greater than 3 min (Fig. 1D). In Fig. 1E, the
4 x SSC+2% BSA+0.05% Tween-20 buffer provided the optimum
combination for clear bands, rapid tests, and background elim-
ination was choosed as porper running buffer to detect the PCQ-
PCR products on the LFNAB.

3.3. Analytical performances

Under optimal experimental conditions, we evaluated the
analytical performance of the PCQ-PCR and LFNAB analytical
procedure in the following aspects:

(1) Specificity and sensitivity: because practical samples are
always a mixture of different concentrations of methylated and
unmethylated DNA sites, we tried to detect the mixture of M3 and
MO target DNA. Fig. 2 displays the typical photo image of the
LFNAB with the current increase percentage of the M3/(M3 +MO)
mixture at ratios of 0%, 5%, 25%, 40% and 100%. The sensitivity of
LFNAB was set as the minimal ratios of PCQ-PCR products that
resulted in specific lines on TLs. In contrast, the unmethylated DNA
did not produce a detectable signal, indicating the excellent de-
tection specificity of this method for methylated DNA. For visual
qualitative detection, the red band in the TLs could be detected at
levels as low as 5% of M3. The intensity of the test band increased
with the increasing of M3 DNA proportions up to 100%. The un-
methylated DNA did not produce a detectable signal indicating the
excellent detection specificity of this method for methylated DNA.
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Fig. 1. (A) Effect of membrane materials on the peak area of LFNAB; (B) Effect of the con-
centrations of anti-biotin antibody on the peak area of LFNAB; (C) Effect of the amount of
anti-biotin-AuNPs conjugates on the peak area of LFNAB; (D) Effect of the concentrations
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Fig. 2. Typical photograph images (bottom) and corresponding intensities (top) of
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tween M3 and MO. The intensities of the bands were recorded by strip reader. M% is
the percentage of M3 present in all samples: M%=M3/[M3 +MO0]. For left to right,
the ratios of M% are 0, 5%, 25%, 40% and 100%. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)

Quantitative detection was performed by recognizing the peak
areas of lines with a portable strip reader. Well-defined peaks
occurred, and the peak areas increased with an increase in the M3
concentration. Fig. 2 also shows the relationship between the I (%)
(the ratio of peak area of TLs and IRL) and the M% (M%=M3/
[M3+MO]). The correlation equation was Ai (%)=0.9634 M%+
1.1317 with a correlation coefficient of 0.9906. The moderate linear
correlation is a main flaw for the proposed method. The reason is
that labeled conjugates show a different behavior in releasing from
conjugate pad and linear correlation is weak when labeled con-
jugate materials are partially released (Saji et al., 2015). There was
a linear range over 1-100%, and the limit of detection (LOD) was
1% of M3, which is reasonable and suitable for quantitative work of
in-situ measurement according to previous studies (see details in
Supporting information).

(2) Discrimination of the methylation level: to implement the
detection of DNA methylation with contiguous sites in real sam-
ples, it is essential to assess the discrimination of methylation le-
vels against cross-reactivity in biological samples. Six DNA sam-
ples, 25:75 M1P:MO target DNA, 50:50 M1%:MO target DNA, 100:0
M1%:MO target DNA, 25:75 M22:MO target DNA, 50:50 M23°:MO
target DNA and 100: 0 M1°%:MO target DNA, were used for the
PCQ-PCR-LFNAB. The images are shown in Fig. 3. When contiguous
multi-methylated sites were detected in one assay, no smear or
false positive lines were observed on the strip. As expected, a
bright red band was observed on the one of the TLs with M1 DNA
(Fig. 3A-C), and a higher concentration of target DNA appears with
a darker TL. The selectivity was further demonstrated by detecting
M2 DNA, which has two methylated sites (Fig. 3D-F). The intensity
difference of the red bands on two of the TLs in the presence of M2
DNA demonstrated the excellent selectivity of the assay. These
results demonstrate that the sensing system can distinguish dif-
ferences in the level of methylated sites.
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Fig. 3. Typical photograph images (bottom) and corresponding intensities (top) of
the LFNABs in the presence of 25:75 M1°:MO target DNA (A), 50:50 M1%:MO target
DNA (B), 100:0 M1°:MO target DNA (C), 25:75 M2*:MO target DNA (D), 50:50
M23P:MO target DNA (E) and 100: 0 M1°°:MO target DNA (F). The intensities of the
bands were recorded by strip reader. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

(3) Reproducibility and stability: the signal reproducibility and
analytical stability were two of the most important criteria in
evaluating the sensing system. The reproducibility included two
parts: device-to-device reproducibility and experimental error
reproducibility. The device-to-device reproducibility of the pro-
posed method was evaluated by analyzing one sample for six re-
plicate determinations. Sample solutions containing 0:100 and
50:50 of M3:MO DNA were used to examine the performance of
the LFNAB. As shown in Fig. 4A, similar responses could be obtained
against each concentration. The corresponding RSD values of optical
responses for 0 and 50% were 1.7% and 2.6%, indicating the excellent
device-to-device reproducibility of the measurements.

Experimental error occurred frequently during in situ mea-
surement, such as human error, inhibitory factor existence, DNA
extraction efficiency, amplification efficiency, etc. Thus, it is pos-
sible for amplification products from the same sample to hold
different concentrations under the same operating conditions. The
experimental error reproducibility was evaluated by a series of
doubling dilutions from the sample solution containing 100:0 of
M3:MO DNA (0.4 pM). As shown in Fig. 4B, although the absolute
intensity decreases with the concentration, the relative intensity,
namely the proportions of DNA methylation, was approximately
equal in samples, indicating the excellent self-correcting capability
and experimental error reproducibility of the assay.

The stability was tested by storing the LFNAB at room tem-
perature. Their responses did not change significantly after one
month of storage. The intensities of the test bands on the LFNAB
for 50:50 of M3:MO0 DNA were less than 7% compared to those
obtained with the newly prepared LFNAB (data not shown), in-
dicating that the LFNAB has a good stability. These LFNAB ap-
proaches are very promising with respect to application for the
facile and rapid detection of DNA methylation in real biological
samples (see Table S3 in Supporting information).

(4) Application in real samples: to further confirm that PCQ-
PCR-LFNAB can be applied for contiguous DNA methylation sites
analysis in biological samples, performances were challenged in
the complex mice plasma system. In the samples 1-5, genome in
mice plasma samples without and with spiked target DNA were
extracted using the QlAamp DNA blood mini kit according to the
manufacturer's protocol and detected according to the previously
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Fig. 4. (A)Typical photograph images (bottom) and corresponding intensities (top) of the LFNABs in the presence of 0:100 M3:MO target DNA (left) and 50: 50 M3:MO target
DNA (right). The intensities of the bands were recorded by strip reader. (B) Typical photograph images (bottom) and corresponding intensities (top) of the LFNABs in the
presence of a series of doubling dilutions from the sample solution containing 100:0 of M3:M0 DNA (0.4 uM) from right to left. The intensities of the bands were recorded by

strip reader.

Table 1
Real sample results in the complex blood plasmas system.

Sample Methylation type Spiked Spiked Detected

DNA (%) DNA (%)

Recovery (%)

No.1  M1% (M1%+MO) - 0 0
M1 30 283 94.3 +0.375
No.2  M1°: (M1P+MO) - 0 0
M1 50 484 96.8 + 0.249
No.3  MI% (M1°+MO) - 0 0
M1¢ 70 67.9 97.0 +0.318
No.4  M3%c (M3**+M0) - 0 0
M3 70 67.4 96.3 +0.335
No.5  M1*+M1°+M1%: - 0 0
(M13+M1°+M1¢
+MO0)
M1 30 28.2 94.0 +0.331
M1® 50 47.7 95.4 +0.193
M1¢ 70 67.0 95.7 + 0.343

described method. The result for each single sample was sum-
marized in Table 1, which showed that all of the recoveries were
greater than 94%. Compared with literatures, the proposed method
owns a satisfactory recovery (see Table S2 in Supporting in-
formation). Furthermore, the genome of spiked sample 5 was
amplified by PCR, cloned into the PGEM-T vector and screened the
positive cloning by IPTG-Xgal trial. The plasmid was extracted
from positive clones and the inserted target sequences were
identified by sequencing in ABI3730XL genetic analyzer (Foster
City, Calif) (see details in Supporting information). As a result,
there are 110 sequences owning methylated a site, 185 sequences
owning methylated b site and 258 sequences owning methylated ¢
site in 384 positive white colonies. The proportion of methylation
on site a, b and ¢ are 28.6%, 48.2% and 67.2% respectively, which
nearly the same with the results of the proposed method. The
above results indicate that the sensing system own satisfactory
accuracy and potential applicability for contiguous DNA methyla-
tion sites detection in real samples.

4. Conclusions

In summary, we have developed an easy-to-use analysis based
on LFNAB for analyzing the PCQ-PCR products in aqueous solutions
and biological samples, resulting in accurate quantitative propor-
tion. The proposed assay offers the following distinct advantages
over other published methods: (1) identification of the methyla-
tion levels of contiguous multi-sites both in aqueous solutions and
biological samples; (2) accurate detection due to the proportion
competitive system of amplification and the excellent self-cor-
recting capability of the cascade sensing system; (3) high sensi-
tivity from biotin-dUTP to generate multiple biotin attached tar-
gets and high selectivity because of a set of specific primers in
competition; (4) easy-to-use assay owning self-contained pro-
portion quantitative system are independent of external standard;
and (5) only requires inexpensive instrumentation for quantitative.
This portable, integrated test model provides a universal platform
and shows great promise for in-field and point-of-care diagnosis
for other gene's methylation levels by making slight modifications.
Furthermore, the biosensor can be extended to detect more sites of
DNA methylation with corresponding immune affinity recogni-
tions and be applied to test the reliability of the approach with
some real samples from local hospitals and clinics, which will help
in disease detection, therapy validation and point of care.
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