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Background: DNA methylation can induce carcinogenesis by silencing key tumor suppressor
genes. Analysis of aberrant methylation of tumor suppressor genes can be used as a prognostic
and predictive biomarker for cancer. In this study, we propose a colorimetric method for the
detection of DNA methylation of the paired box gene 1 (PAX1) gene in cervical scrapings
obtained from 42 patients who underwent cervical colposcopic biopsy.
Methods: A thiolated methylation-specific polymerase chain reaction (MSP) primer was used
to generate MSP products labeled with the thiol group at one end. After bisulfite conversion and
MSP amplification, the unmodified gold nanoparticles (AuNPs) were placed in a reaction tube and
NaCl was added to induce aggregation of bare AuNPs without generating polymerase chain reaction products. After salt addition, the color of AuNPs remained red in the methylated PAX1 gene
samples because of binding to the MSP-amplified products. By contrast, the color of the AuNP
colloid solution changed from red to blue in the non-methylated PAX1 gene samples because of
aggregation of AuNPs in the absence of the MSP-amplified products. Furthermore, PAX1 methylation was quantitatively detected in cervical scrapings of patients with varied pathological degrees
of cervical cancer. Conventional quantitative MSP (qMSP) was also performed for comparison.
Results: The two methods showed a significant correlation of the methylation frequency of the
PAX1 gene in cervical scrapings with severity of cervical cancer (n=42, P0.05). The results
of the proposed method showed that the areas under the receiver operating characteristic curve
(AUCs) of PAX1 were 0.833, 0.742, and 0.739 for the detection of cervical intraepithelial neoplasms grade 2 and worse lesions (CIN2+), cervical intraepithelial neoplasms grade 3 and worse
lesions (CIN3+), and squamous cell carcinoma, respectively. The sensitivity and specificity for
detecting CIN2+ lesions were 0.941 and 0.600, respectively, with a cutoff value of 31.27%.
The proposed method also showed superior sensitivity over qMSP methods for the detection of
CIN2+ and CIN3+ (0.941 vs 0.824 and 1.000 vs 0.800, respectively). Furthermore, the novel
method exhibited higher AUC (0.833) for the detection of CIN2+ than qMSP (0.807).
Conclusion: The results of thiol-labeled AuNP method were clearly observed by the naked
eyes without requiring any expensive equipment. Therefore, the thiol-labeled AuNP method
could be a simple but efficient strategy for cervical cancer screening.
Keywords: colorimetric detection, gold nanoparticles, DNA methylation, cervical cancer screening, UV-vis, high sensitivity, quantitative detection

Introduction
Cervical cancer is the second most common cancer in women worldwide and the
major cause of death in developing countries.1,2 Approximately 500,000 new cases
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of cervical cancer and 200,000 related deaths are reported
annually of which more than 80% occur in developing
countries.3–5 In the People’s Republic of China, 53,000 deaths
associated with and 131,500 new cases of cervical cancer are
recorded, which account for 30% of the global statistics. The
incidence of cervical cancer has decreased considerably since
the introduction of the thinprep cytologic test (TCT) for the
detection of cervical lesions.6–9 However, the prognosis of
cervical cancer remains poor.
DNA methylation, which is a type of epigenetic silencing in tumor suppressor genes, could be the mechanism
underlying carcinogenesis.10–12 DNA methylation has been
extensively studied and widely used in classification, early
diagnosis, treatment, and prediction of metastasis as well
as cancer recurrence.13,14 The aberrant methylation of CpG
islands in the promoter region of tumor suppressor genes
could impede DNA transcription, a key mechanism of
tumor.15 Consequently, DNA methylation could be an effective biomarker for early diagnosis of cancers and prediction
of prognosis in cancer patients. Previous studies showed
the presence of aberrant DNA hypermethylation of classic tumor suppressor genes in cervical cancer; these genes
include the paired box gene 1 (PAX1),16 genes for sex-determining region Y-box 1,17 epidermal growth factor receptor,
cyclooxygenase-2, genes for protein tyrosine phosphatase
receptor type R,18 and zinc finger protein 582.19 PAX1 shows
the highest potential to be a methylation biomarker. PAX1
could be used for the detection of cervical intraepithelial neoplasms (CIN) grade 3 and worse lesions (CIN3+) with a high
sensitivity and specificity.20 Moreover, incorporating detection of PAX1 methylation with human papillomavirus (HPV)
test of cervical cells could improve the efficacy of cervical
cancer screening.21 Hence, the detection of promoter hypermethylation is an effective tool for early diagnosis of cervical
cancer and can be valuable for monitoring the tumor behavior
and determining tumor responses to targeted therapy.
Researchers have developed novel nanotechnology-based
methods, such as DNA methylation detection based on
single-base extension reaction and surface-enhanced Raman
spectroscopy,22 surface plasmon resonance,23 methylationspecific microarray, and methylation-specific fluorescence
resonant energy transfer.24 These techniques utilize the
special properties of nanomaterials and thus show superior
performance in the detection of methylation.25 However,
these methods require professional design and operations,
thereby restricting their applications. Hence, a simple but
effective method, with high sensitivity, superior specificity, and easy operation must be developed for the detection
of DNA methylation; such a technique should not require
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the use of special equipment and should be based on novel
nanotechnologies.
Noble metal nanoparticles, particularly gold nanoparticles (AuNPs),26 are widely used as a biosensor for DNA
detection because of their special optical properties.27 DNAmodified AuNPs were used as a signal amplification unit in
a sensitivity and selective electrochemical method for the
detection of DNA methylation by Jing et al.28 Also, AuNPs
could be an effective biomarker for colorimetric detection
of DNA.29 The transition from dispersion to aggregation
states of AuNPs can induce color changes in the AuNP colloid solution; such changes can be monitored using various
optical spectra, including the corresponding peak shift in the
ultraviolet-visible spectrophotometry (UV-vis) or surface
plasmon absorption spectrum. Color changes can be easily
observed by the naked eyes in the AuNP colloid solution
with nanomolar concentration. Therefore, these nanoparticles
exhibit potential for colorimetric sensing. Colorimetric assays
based on AuNPs for the detection of cancer has been reported
in a previous study, it displayed many great advantages.30
Chen et al utilized AuNP probes for the DNA methylated
detection of E-cadherin, p15, and p16 genes in three human
colon cancer cell lines, which showed that this method is
simple, rapid, and has a high sensitivity to simultaneously
detect methylation.30 However, there were no studies utilizing
nanoparticles for the detection of cervical cancer.
In this study, we present a novel method for direct colorimetric detection of PAX1 gene methylation in cervical scrapings by using thiol-labeled primers and bare AuNPs. The
proposed method enables real-time detection by the naked
eyes without the need for any detection equipment.

Materials and methods
Patients, gDNA isolation, and bisulfite
conversion
All participants provided written informed consent to participate in the study. This study was approved by the Institutional
Review Board of Department of Clinical Pharmacology,
Xiangya Hospital, Central South University (registration
number: CTXY-110009) and by Chinese Clinical Trial Registry (registration number: ChiCTR-DOD-14005446). Cervical
scrapings were obtained from TCT samples of 42 female
patients (aged 20 years) who underwent colposcopic
cervical biopsy from June to November in 2014 in Xiangya
Hospital. Approximately 8–10 mL of TCT sample was centrifuged at 3,000 rcf for 5 minutes. The centrifuged sediment was
washed with 200 μL of phosphate-buffered saline. Genomic
DNA (gDNA) was extracted from the tissue by using iSat
Nucleic Acid Extraction Kit (iStat Biomedical Co., Ltd.,
International Journal of Nanomedicine 2016:11
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New Taipei City, Taiwan) in accordance with the manufacturer’s protocol. gDNA concentration was determined using
a BioSpec-Nano spectrophotometer (Shimadzu Company,
Kyoto, Japan). Samples with DNA 500 ng were used for
further assay.
DNA bisulfite conversion was performed with iStat
Bisulfite Conversion Kit (iStat Biomedical Co., Ltd.) according to the manufacturer’s protocol. Bisulfite DNA concentration was determined using BioSpec-Nano spectrophotometer
(Shimadzu Company).

Quantification of DNA methylation
through qMSP
Quantitative methylation-specific polymerase chain reaction
(qMSP) by TaqMan-based technologies was performed in
Lightcycler LC480 real-time polymerase chain reaction
(PCR) system (Hoffman-La Roche Ltd., Basel, Switzerland)
to detect DNA methylation.
The methylation status of PAX1 was detected by quantitative PCR (qPCR) kits (iStat Biomedical Co., Ltd.), with the
VIC gene as an internal reference. The crossing point (Cp)
value for VIC indicates the validity of the test and should
be less than 35.
qMSP was performed in a mixture with a total volume
of 20 μL, including 2 μL of bisulfite template DNA,
1 μL of 2× custom detection mix, and 10 μL of 2× custom
Universal PCR Master Mix. The mixture was subjected to
pre-incubation at 95°C for 10 minutes; followed by 50 cycles
at 95°C for 10 seconds, annealing and extension at 60°C for
40 seconds, and detection using the LC480. Fluorescence data
were collected during annealing or extension to determine Cp.
The Cp values from the PAX1 and VIC genes were obtained
in each sample. The DNA methylation status was calculated
based on the differences between the two Cp values (ΔCp =
CpPAX1 − CpVIC). CaSki and C33A cancer cell lines were used
as methylation and non-methylation controls,31,32 respectively,
to ensure the quality of bisulfite conversion and qPCR.

AuNPs-based colorimetric assay

Real-time colorimetric detection of DNA methylation of the PAX1 gene

of the colloidal particles was filtered and characterized through
transmission electron microscopy (TEM) (Figure S1A). The
synthesized AuNPs were further characterized at 520 nm by
using a UV–Vis spectrometer (Figure S1B). The concentration of AuNPs was then calculated.

PCR with thiol-labeled primer and colorimetric assay
Unmethylated (NL) DNA was obtained from peripheral
blood of a healthy volunteer. Methylated controls (IVD) were
obtained from DNA of NL treated with CpG methyltransferase (Thermo Fisher Scientific, Waltham, MA, USA).
Specific sites of the PAX1 gene were amplified by
PCR reaction on Mastercycler Nexus (Eppendorf, Leipzig,
Germany) in a 50 μL solution containing 100 ng of the
template, 0.4 μM of each primer, 5 μL of 10× EpiTaq PCR
buffer, 0.3 mM dNTPs, and 1.25 U EpiTaq DNA polymerase
(TaKaRa EpiTaq™ HS for bisulfite-treated DNA; Takara,
Nagoya, Japan). The primers used were similar to those used
in the standard qMSP technique, except that the forward
primer was modified by adding thiol located at the 5′ end for
conjugation to AuNPs. PCR was programmed for 4 minutes
at 95°C; followed by 16 cycles at 95°C for 30 seconds, 55°C
for 30 seconds, and 72°C for 1 minute; and 7 minutes at
72°C. The PCR products were purified with QIA quick PCR
Purification Kit (Qiagen NV, Venlo, the Netherlands).
For colorimetric assay, 5 μL of the PCR product was
added to 20 μL of the gold colloid solution and mixed with
2 μL of 5 M NaCl.

Quantitative analysis
The defined methylation levels ranged from 100% of the total
100 ng of input DNA by varying the quantities of IVD diluted
in NL. The mixtures were used as input template for 16 cycles
of the PCR reaction with thiol-labeled PAX1 primers.

UV–vis spectroscopy
UV–vis absorbance spectra were recorded by BioSpec-Nano
spectrophotometer (Shimadzu Company) at 520 nm.

Synthesis of AuNPs

TEM characterization

AuNPs (13 nm diameter) were synthesized through citrate
reduction of HAuCl4 (Guo Yao Group, Shanghai, People’s
Republic of China). Briefly, 50 mL of 0.01 wt% HAuCl4 was
brought to a rolling boil with vigorous stirring. Five millilitres
of 38.8 mM sodium citrate (Guo Yao Group) was rapidly
added to the solution and boiled for 15 minutes. Subsequently,
heating was terminated, and the solution was continuously
stirred for another 15 minutes. The color of the solution
changed from pale yellow to deep red. The resulting solution

The mixture of AuNPs and PCR products was drop casted on
a carbon-coated copper transmission electron microscope grid
and dried at room temperature to prepare TEM samples. The
mixture was then analyzed using a field-emission transmission
electron microscope (JEM-2100, JEOL, Tokyo, Japan).
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Statistical analysis
The correlation between clinical characteristics and
methylated frequency was determined by chi-square test.
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The correlation among continuous variables was analyzed
by Mann–Whitney U-test. Percentage of methylation rate
(PMR) and ΔCp were evaluated to distinguish CIN grade 2
and worse lesions (CIN2+), CIN grade 3 and worse lesions
(CIN3+), or squamous cell carcinoma (SCC) by calculating
the area under the receiver operating characteristic (ROC)
curve (AUC). P0.05 was considered statistically significant. All statistical analyses were performed with IBM SPSS
19.0 (IBM Corporation, Armonk, NY, USA).

$

Results
Overall strategy
The overall strategy of the novel method for methylation
detection is illustrated in Figure 1. gDNA was extracted and
subjected to sodium bisulfite conversion; in this process,
unmethylated cytosines were converted into uracil, whereas
methylated cytosines were not affected. The target DNA
sequence was then amplified using thiol-labeled forward and
unlabeled reverse primers through PCR to form amplified
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Figure 1 Schematic representation of the new AuNP-based system for colorimetric detection of PAX1 gene DNA methylation.
Notes: (A) Sodium bisulfite conversion of unmethylated cytosines into uracil while methylated cytosines remain unconverted. (B) PCR amplified with thiol-labeled
methylation specific primer of PAX1. (C) Aggregation of AuNPs in unmethylated DNA sample and the color of AuNP colloid solution changed from red to purple-gray,
whereas no aggregation in methylated DNA sample and no color change were observed in AuNPs colloid solution upon salt addition.
Abbreviations: AuNPs, gold nanoparticles; PCR, polymerase chain reaction.
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nucleic acids with thiol groups at only one end. When mixed
with AuNPs, the DNA strands of the PCR product bound
to the unmodified AuNPs because of the strong interaction
between the thiol groups and surface of AuNPs. This structure could prevent particle interaction after salt addition.
By contrast, AuNPs in the absence of the thio-labeled PCR
products showed color changes from red to gray because of
aggregation upon salt addition. Consequently, the methylated
and unmethylated DNAs can be distinguished based on color
change upon salt addition. Moreover, the UV–vis spectra
differed between aggregated and well-dispersed AuNPs.

Feasibility of methylation detection by
thiol-labeled AuNPs in cervical cell lines
The influence of thiol-labeled primers on PCR efficiency was
analyzed in Figure S2. PCR was performed using unlabeled
primers (lane 1) as well as thiol-labeled forward primer and

$

unlabeled reverse primer (lane 2) under identical conditions
for comparison. PCR efficiency was investigated by gel electrophoresis. Analysis of the gel bands showed PCR efficiency
was not reduced when thiol-labeled primers were used.
Control experiments were conducted using the extracted
DNA of IVD and NL, which represent unmethylated PAX1
gene (PAX1 m-) and methylated PAX1 gene (PAX1 m+),
respectively. Instantaneous color change from red to purplegray was observed from 0 to 6 minutes in the AuNP colloid
solution containing the PAX1m- specimen. The color change
could be due to salt addition. UV–vis spectroscopy showed
a narrow peak located at 520 nm at the beginning, and the
peak shifted from 520 to 660 nm within 6 minutes. The band
became broad, and the optical density value of absorbance
decreased as the time increased. This finding indicated the
aggregation of AuNPs after salt addition (Figure 2A). By
contrast, the color of the AuNP colloid solution with the
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Figure 2 Qualitative detection of methylation status of PAX1 gene by novel methods.
Notes: (A) Representative time-dependent AuNP-dsDNA UV–vis spectra upon treating with NaCl within 6 minutes. (B) Value of A650/A520 in various percentages in 6 min
in comparison between PAX1m+ and PAX1m− samples. Inset shows the visible color changes of the AuNPs. (C) TEM images of 13 nm bare AuNPs (C1), thiol-labeled AuNPs
after salt addition to PAX1m+ sample (C2) and PAX1m− sample (C3). Scale bar: 100 nm.
Abbreviations: AuNPs, gold nanoparticles; PAX1m+, case of methylated PAX1 gene; PAX1m−, case of unmethylated PAX1 gene; TEM, transmission electron microscope;
UV, ultraviolet.
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PAX1m+ gene remained red after salt addition. In addition,
no peak shift was observed and the color of the solution
remained red.
Changes in the UV–vis spectra were recorded using the
ratio of absorbance at 650 and 520 nm to confirm the differences between the methylated and unmethylated samples of
the PAX1 gene. Figure 2B shows that the UV–vis spectra
for PAX1m- and PAX1m+ samples shifted after 6 minutes.
A620/A520 was observed after salt addition every minute.
The A650/A520 of AuNPs for the PAX1m- sample was 0.3 at
the beginning, increased rapidly, and then slowed down.
At 4 minutes, the A650/A520 reached 1.4 and remained stable.
This condition showed that AuNPs functionalized with
the amplified DNA fragment of the PAX1 gene should
be treated with salt for 6 minutes in the following experiment. The AuNP solution underwent rapid color change
from red to purple-gray; this change was associated with
AuNP aggregation after salt addition. The results observed
from the case of PAX1m+ differed from those of the PAX1m-.
The A650/A520 of AuNPs for PAX1m+ remained unchanged
all the time. The AuNP solution retained its reddish color,
indicating that AuNPs remained well dispersed. PAX1m+
case also led to a small degree of AuNP aggregation especially when high salt concentrations were used. However,
the color change (from red to purple-gray) in the case of
PAX1m+ can be clearly distinguished from PAX1m- even by
the naked eye.

%



Quantification of methylation by
thiol-labeled AuNPs
The gDNA of PAX1m+ and PAX1m- was mixed in different
ratios and analyzed at the PAX1 promoter with methylationspecific primers through UV–vis spectroscopy after 16 cycles.
Figure 3A shows that the value of A650/A520 decreased with
increasing amount of input methylated DNA in the mixture
(with a fixed total DNA concentration). The corresponding
relationship between DNA methylated rates with the value of
A650/A520 was calculated by curve fitting. The relationship is
Y = 1.45−0.03 * X − 1.22 * X2,
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where X represents the methylation rate, and Y represents the
value of A650/A520 in the UV–vis spectra. A standard curve
was created to quantify and compare the methylation status
of unknown samples.
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TEM analysis was performed to confirm the results of
PAX1m+ and PAX1m- cases after salt-induced aggregation
of AuNPs (Figure 2C). Bare AuNPs without thiol-labelling
were well dispersed (Figure 2C1). AuNPs labeled with the
amplified PAX1m+ fragment after salt addition were well
dispersed but more sparsely distributed during dilution in the
PCR amplification (Figure 2C2). However, the thiol-labeled
AuNPs for the PAX1m- sample were aggregated (Figure 2C3)
because of the lack of the amplified PCR products.
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Figure 3 Quantitative detection of methylation status of PAX1 gene by novel methods.
Notes: (A) Curve fitting between methylated DNA rate and absorbance ratio A650/A520. (B) Changes of UV–vis spectra of AuNPs with different percentages of methylated
DNA and unmethylated DNAs within 6 mins. (C) Six minutes after the addition of NaCl, the color of AuNPs colloid solution for various percentages of mixed PAX1m+.
Abbreviations: AuNPs, gold nanoparticles; UV-vis, ultraviolet-visible spectrophotometry.
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Changes in A650/A520 in various percentages of mixed
gDNA of PAX1m+ as the time increased within 6 minutes
were recorded (Figure 3B). After the addition of NaCl, the
A650/A520 in every group started to increase, which indicated
the aggregation of AuNPs in the colloid solution. However,
mixing of large amounts of methylated DNAs resulted in
rapid increase in A650/A520. Finally, the value of A650/A520
remained stable after 4 minutes. The instability of the nanoparticles could be due to poor protection of ssDNA molecules
coated on the nanoparticle surface.
The color of the AuNP colloid solutions of every group
was recorded (Figure 3C). The color of the AuNP colloid
solution remained red in 100% PAX1m+ but turned gray in 0%
PAX1m+. The mixing of high amounts of methylated DNA led
to a red AuNP colloid solution after 6 minutes.

Quantitative detection of methylation
status of PAX1 in cervical scrapings by
using thiol-labeled AuNPs
Cervical scrapings were obtained from 42 patients who
underwent colposcopic cervical biopsy in Xiangya Hospital
to validate the clinical application of the proposed method
for methylation detection. Methylation status was detected
by the thiol-labeled AuNP method. The value of A620/A520
of the UV–vis spectrum was recorded using the amplified DNA fragment of the PAX1 gene in cervical scraping
samples. PMR was calculated by Equation (1). The PMR
for the PAX1 gene significantly increased with worsening
cervical lesions (Figure 4D). Table 1 lists the PMR for each
disease category. The median PMR for PAX1 was 45.14%,
74.64%, 67.81%, and 82.64% in CIN1, CIN2, CIN3, and
SCC, respectively. These values are significantly higher
than that in normal controls (33.11%). Moreover, the PMR
calculated by A620/A520 can significantly distinguish CIN2+
and CIN1− (including CIN1 and normal cervix). In the detection of CIN2+, CIN3+, and SCC lesions, the AUCs of PAX1
methylation detected by UV–vis spectroscopy of AuNPs
were 0.833, 0.742, and 0.739, respectively (Figure 4B).
The cutoff values of PMR for detection of CIN2+ and

CIN3+ were both 31.27%, whereas that of SCC was 75.20%
(Table 2). At a cutoff value of 31.27%, the sensitivity and
specificity of PAX1 for detection of CIN2+ were 0.941 and
0.600, respectively.
Table 3 shows the distribution of PMR in terms of different clinical and pathological characteristics. The methylation
of the PAX1 gene was not associated with patients’ age,
cytology results, or HPV.

Comparison of the novel method and
conventional qMSP for quantitative
detection of PAX1 methylation
The methylation status of this region of PAX1 gene was
verified in a small scale of individual clinical samples by
methylation-specific polymerase chain reaction (MSP). The
results of agarose gel electrophoresis (Figure S3) showed that
methylation of PAX1 gene occurred in CIN2, CIN3, and SCC,
while it did not occur in normal and CIN1 samples.
Furthermore, the methylation level ΔCp of the PAX1
gene was detected by qMSP as controls to validate the
accuracy of the proposed method. The results are similar to
those obtained using AuNP-labeled method. The methylation status of PAX1 increased along with cervical cancer
severity (Figure 4C). Table 1 lists the methylation level
ΔCp in each disease category. The median ΔCp values for
PAX1 were 14.9, 8.9, 4.2, and 3.9 in CIN1, CIN2, CIN3,
and SCC, respectively, which are significantly lower than
that in the normal controls (15.0).
The AUC values of PAX1 methylation detected by qMSP
were 0.807, 0.844, and 0.795 for CIN2+, CIN3+, and SCC
lesions, respectively (Figure 4A). The cutoff value for the
detection of CIN2+ was 10.57, whereas that of CIN3+ and
SCC was 5.65 and 5.60, respectively (Table 2). At a cutoff
value of 10.57, the sensitivity and specificity of PAX1 for the
detection of CIN2+ were 0.824 and 0.840, respectively.
We adopted 10.57 as the end-point of ΔCp for qMSP and
31.27% the end-point of PMR for AuNP-labeled method
because of the same cutoff value for CIN3+ and CIN2+.
Methylated frequency was calculated using different clinical

Table 1 Methylation level ΔCp of PAX1 detected by qMSP and PMR detected by AuNP-labeled method at various disease stages
Pathology
Normal
CIN1
CIN2
CIN3
SCC

Case
number

qMSP
Median (∆Cp)

SD

AuNP-labeled method
Median (PMR %)

SD

12
13
7
7
3

15.0
14.9
8.9
4.2
3.9

6.069
6.175
9.873
3.626
2.230

33.11
45.14
74.64
67.81
82.64

0.149
0.295
0.309
0.298
0.074

Abbreviations: AuNP, gold nanoparticle; CIN1, cervical intraepithelial neoplasia type 1; CIN2, cervical intraepithelial neoplasia type 2; CIN3, cervical intraepithelial neoplasia
type 3; qMSP, quantitative methylation-specific polymerase chain reaction; PMR, percentage of methylated rate; SCC, squamous cell carcinoma; SD, standard deviation.
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Figure 4 Comparison of methylation status of PAX1 gene by thiol-labeled AuNPs methods and qMSP.
Notes: (A) Receiver operating characteristic (ROC) curve analysis by qMSP and (B and C) thiol-labeled AuNPs methods. Methylation distribution at various disease stages
by histopathology detected by qMSP method. The y-axis is ΔCp, which represents the DNA methylation level of the PAX1 gene. The dashed line represents the cut-off with
a ΔCp of 10.57. (D) Methylated rate distribution at various disease stages detected by thiol-labeled AuNP method. The y-axis is percentage of methylation rate. The dashed
line represents the cut-off with a methylated percentage of 31.27% (*P-value 0.05, **P-value 0.001).
Abbreviations: AUC, area under the ROC curve; AuNPs, gold nanoparticles; CI, confidence interval; CIN1, cervical intraepithelial neoplasia type 1; CIN2, cervical intraepithelial
neoplasia type 2; CIN3, cervical intraepithelial neoplasia type 3; qMSP, quantitative methylation-specific polymerase chain reaction; SCC, squamous cell carcinoma.

and pathological characteristics (Table 3). In accordance
with the degrees of cervical cytology results, the samples
were divided into atypical squamous cells of undetermined
significance (ASCUS), high-grade ASCUS (ASCUS-H),
low-grade squamous intraepithelial lesion (LSIL), highgrade squamous intraepithelial lesion (HSIL), cervical SCC,

and healthy controls. The methylated percentages detected
by AuNP-labeled method in ASCUS, ASCUS-H, LSIL,
HSIL, and SCC were 41.67%, 62.50%, 71.43%, 80%, and
100%, respectively. The methylated percentages detected by
qMSP in ASCUS, ASCUS-H, LSIL, HSIL, and SCC were
25%, 37.50%, 57.14%, 50%, and 100%, respectively. The

Table 2 Area under the ROC curve analysis for distinguishing different diagnosis groups by the two methylation detection methods
Methods

Case/control

Cutoff value

AUC

(95% CI)

Sensitivity

Specificity

qMSP

CIN2+/CIN1CIN3+/CIN2SCC/SCCCIN2+/CIN1CIN3+/CIN2SCC/SCC-

10.57
5.65
5.60
31.27%
31.27%
75.20%

0.807
0.844
0.795
0.833
0.742
0.739

(0.660–0.954)*
(0.726–0.962)*
(0.666–0.924)
(0.706–0.958)**
(0.591–0.893)*
(0.590–0.889)

0.824
0.800
1.000
0.941
1.000
1.000

0.840
0.844
0.769
0.600
0.500
0.692

AuNPs
labeled

Notes: *P-value 0.05 obtained using the Mann–Whitney U-test. **P-value 0.001 obtained using the Mann–Whitney U-test.
Abbreviations: AUC, area under the ROC curve; AuNPs, gold nanoparticles; CI, confidence interval; CIN1, cervical intraepithelial neoplasia type 1; CIN2, cervical
intraepithelial neoplasia type 2; CIN3, cervical intraepithelial neoplasia type 3; ROC, receiver operating characteristics; SCC, squamous cell carcinoma; +, the descriptive and
worse diagnosis; −, the better diagnosis.
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Table 3 Associations between methylation frequencies detected by the two methods and clinical pathology
Characteristics

N

AuNPs
M

qMSP
Percentage (%)

Age (n=42)
Mean (SD) (range)
30
30–50
50
Cytology results
SCC
HSIL
LSIL
ASCUS-H
ASCUS
Normal
Pathology results
SCC
CIN3
CIN2
CIN1
Normal
HPV
Positive
Negative

P-value

M

Percentage (%)

0.828
47 (10.5) (20–74)
6
24
12

2
10
6

33.33
41.67
50.00

2
10
7
8
12
3

2
5
4
3
3
1

100.00
50.00
57.14
37.50
25.00
33.33

3
7
7
13
12

3
7
4
2
2

100.00
100.00
57.14
15.38
16.67

35
7

16
2

45.71
28.57

P-value
0.506

3
14
9

50.00
58.33
75.00

2
8
5
5
5
1

100.00
80.00
71.43
62.50
41.67
33.33

3
7
6
6
4

100.00
100.00
85.71
46.15
33.33

23
3

65.71
42.86

0.389

0.305

0.006

0.001

0.344

0.236

Notes: P-value was obtained using chi-square test. P0.05 was considered statistically significant difference.
Abbreviations: ASCUS, atypical squamous cells of undetermined significance; ASCUS-H, high-grade atypical squamous cells of undetermined significance; AuNPs, gold
nanoparticles; CIN1, cervical intraepithelial neoplasia type 1; CIN2, cervical intraepithelial neoplasia type 2; CIN3, cervical intraepithelial neoplasia type 3; HSIL, high-grade
squamous intraepithelial lesion; HPV, human papillomavirus; LSIL, low-grade squamous intraepithelial lesion; M, methylated number; qMSP, quantitative methylation-specific
polymerase chain reaction; SCC, squamous cell carcinoma; SD, standard deviation.

methylated percentages detected by AuNP-labeled method in
normal, CIN1, CIN2, CIN3, and SCC were 16.67%, 15.38%,
57.14%, 100%, and 100%, respectively. The methylated percentages detected by qMSP in normal, CIN1, CIN2, CIN3,
and SCC were 33.33%, 46.15%, 85.71%, 100%, and 100%,
respectively. The results of the two methods showed that
the percentage of methylation of the PAX1 gene is higher
in HSIL or SCC than that in minor cervical lesions, such as
ASCUS, ASCUS-H, and LSIL.
The distribution of methylation level ΔCp in different
clinical and pathological characteristics is shown in Table 3.
The methylation status of the PAX1 gene was not associated
with patients’ age, cytology, and HPV. The results of both
methods showed that the methylated frequency of the PAX1
gene was significantly associated with pathological features.

Discussion
DNA methylation could be a suitable biomarker for the
detection of cervical cancer. The methylation of the PAX1
gene showed clinical potential as a biomarker in cervical
screening. The PAX1 gene is a tumor suppressor belonging to
the PAX family.33 The PAX gene family is classified into four
classes. PAX genes of class 1 and 3 play an essential role in

International Journal of Nanomedicine 2016:11

maintaining tissue-specific stem cells and are overexpressed
in the development of several cancers. However, members of
class 4 genes are less overexpressed in cancers. The PAX1
proteins are transcription factors important in developmental
processes, such as self-renewal in embryogenesis. PAX1
participates in some events in carcinogenesis with normal
function in the development of the skeleton, thymus, and
parathyroid glands. In the development of cervical cancer, the PAX1 gene is silenced by hypermethylation. The
methylation of PAX1 showed a great clinical potential as a
biomarker in cervical cancer screening. In the present study,
we used the thiol-labeled AuNP method to quantitatively
analyze the methylation level of the PAX1 gene in cervical
scrapings obtained from 42 patients. The results showed
that the methylated frequency as well as the PMR of the
PAX1 gene increased with worsening cervical cancer. The
sensitivity of PAX1 is higher than 90% for the detection of
CIN2+, CIN3+, and SCC; the corresponding AUC values
are higher than 0.700.
Cervical scraping could be a suitable target for testing
for cervical neoplasia. Assessment of DNA methylation in
cervical scrapings, instead of tissues, could be effectively
used for clinical cervical screening. In previous studies,
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cervical scraping was used to detect cancer-specific gene
methylation.34 Detection of methylation in cervical scrapings
combined with HPV test may improve the unsatisfactory
sensitivity for CIN3+ detection in cervical cancer.35 This
study is the first to apply novel nanotechnology for the
detection of methylation in cervical scrapings, with high
efficiency. As to the methylated gene in cervical tissues, the
negative control groups were normal-appearing adjacent
tissues but not in the remote tissues. Moreover, collecting
cervical scrapings is more convenient than obtaining cancer
tissues from patients.
In addition to the novel method using thiol-labeled PCR
primers with AuNPs, we used conventional qMSP to detect
methylation status of the PAX1 gene in the same cervical
scraping samples. Comparatively, conventional qMSP
showed detection results consistent with that of the AuNPlabeled method. The proposed method showed excellent
feasibility and is superior to conventional qMSP in several
aspects. The proposed method is easier to operate and
less expensive than traditional methods, such as qMSP or
pyrosequencing. The proposed method is faster, consuming
6 minutes from beginning to finish, and utilizes only 16 PCR
cycles, which is lower than the 50 cycles required by qMSP.
This condition will greatly reduce the probability of base
mismatches during the PCR reaction and greatly improve the
accuracy of PCR. Moreover, ROC curves used to evaluate
specificity and sensitivity of CIN2+ displayed higher AUC
values with AuNP-labeled method (0.833) than those with
conventional qMSP method (0.807). The sensitivity for the
detection of CIN2+, CIN3+, and SCC by AuNP-labeled
method is all higher than that by conventional qMSP method.
Specially, the sensitivity for the detection of CIN3+ and SCC
by AuNP-labeled method both reached 100%.
The high sensitivity of the novel method is mainly attributed to the excellent optical characteristics of AuNPs. In a
previous study,36 AuNPs showed large surface area, good
conductivity, and excellent porosity, which led to a high sensitivity in DNA detection by colorimetric assay and UV–vis
spectroscopy. In previous studies, the excellent optical performance was characterized through detection of the activity
of DNA adenine methylation (Dam) methyltransferase
(MTase) and endonuclease Dpn I by using DNA-modified
AuNPs coupled with enzyme-linkage reactions. As such,
the detection limit of endonuclease is 0.3 U/mL, which is
lower than that in previous reports. Detection was performed
within 500 seconds, which is faster than that in other methods.
Moreover, another research of colorimetric detection method
to identify PCR-amplified nucleic acids by thiol-labeled PCR
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primers and AuNPs was performed for the detection of the
disease causing bacterium Chlamydia trachomatis in human
urine sample.37 As few as 100 copies of the target template
can be detected by observing the color of the AuNP colloid
solution because of the advantages of AuNPs. Also, the latest
research that applied upconversion nanoparticles to the detection of CDKN2A methylation also showed more sensitivity
than that by either qPCR or pyrosequencing.38
The proposed quantitative method is mainly based on
the relationship between the ratio of absorbance A620/A520
of AuNPs and methylated ratio of PAX1 gene. The more
methylated DNAs were mixed in the template, the more
thiol-labeled DNAs were amplified. Then, an increasing
resistance to salt-induced aggregation of AuNPs was caused
by negative charges on the AuNP surface in the presence of
thiol-labeled DNA. The absorbance of 520 nm represents
the original state of AuNPs before aggregation, whereas the
absorbance of 620 nm represents the salt-induced aggregation
of AuNPs. Consequently, the value of A620/A520 could represent the degree of the salt-induced aggregation of AuNPs,
which was consistent with the degree of color change of
AuNP colloid solution. These results were in good agreement
with the previous reports. For instance, in the colorimetric
detection of PCR-amplified nucleic acids for the disease
causing bacterium C. trachomatis in human urine sample,
the results37 also showed that the degree of color change
of AuNP colloid solution and ratio of absorbance A522/A700
of AuNPs are linearly dependent on the concentration of
thiol-labeled-amplified DNA. The results36 of the detection
of Dam MTase by AuNPs coupled with enzyme-linkage
reactions showed that with the increase of the inhibitor
concentration, the velocity of methylation decreased and the
ratio of absorbance A620/A520 increased slowly.
Apart from the direct colorimetric methods of AuNPs and
UV–vis spectroscopy, many studies have demonstrated that
AuNPs exhibit various optical properties for the detection
of DNA in cancer therapy.39–41 AuNPs hold great promises
in the detection of cancer because of their good biocompatibility, easy synthesis and functionalization, chemo-physical
stability, and optical tunable characteristics. AuNPs, such
as gold nanorods or nanoshells,42 have optical properties
of light absorbance and scattering in near-infrared (NIR)
wavelengths (650–900 nm).43 The therapy with NIR laser
and AuNPs was effective in cancer cell lines in vitro.44,45
AuNPs could act as contrast agents by microscopy for the
diagnosis for cancer. For instance, two-photon-induced
photoluminescence could be used to visualize tumor cells
embedded with AuNPs in vivo.46
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Conclusion
This study proposes a novel and improved method for colorimetric detection of the methylation of the PAX1 gene by
using thiol-labeled MSP primers and unmodified AuNPs.
To our knowledge, this study is the first to employ thiollabeled PCR primers with AuNPs for colorimetric detection
of DNA methylation. On the basis of the colorimetric assay
and ratios of absorbance A620/A520, the quantitative detection of methylation level of the PAX1 gene was performed
using cervical scrapings obtained from 42 patients in various cervical neoplasias. Methylation level at a cutoff value
of 31.27% detected by the method proposed in this study
could be a prognostic and diagnostic tool for the screening
of cervical cancer. However, prospective population-based
studies are still necessary for further implementation of this
novel method for the detection of methylation for the PAX1
gene. The results were further verified by conventional
qMSP method. Both two methods demonstrated that the
methylation status and frequencies of PAX1 increased along
with disease severity in cervical cancer. Compared with
conventional qMSP method, the novel method proposed in
this study possessed several significant advantages in the
quantitative detection of DNA methylation, including more
effective, less time consuming, superior sensitivity, and less
probability of base mismatches during the PCR process,
greatly improving the accuracy of PCR results. Therefore,
the thiol-labeled AuNP method could be a substitute for
conventional qMSP in clinical applications. This simple
colorimetric method exhibits potential to be a novel and
effective method for early cervical cancer screening and
other clinical research.
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Figure S1 Characterization of self-synthesized 13 nm gold nanoparticles.
Notes: (A) TEM image of 13 nm gold nanoparticles. Scale bar: 50 nm. Inset image shows a single 13 nm gold nanoparticle. (B) UV–vis spectrum of 13 nm gold nanoparticles.
Abbreviations: TEM, transmission electron microscope; UV-vis, ultraviolet-visible spectrophotometry; OD, optical density.
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Figure S2 Influence of thiol-labeling of primer of PAX1 gene on PCR efficiency.
PCR was performed by using both unlabeled primers (lane1), thiol-labeled forward
primer and unlabeled reverse primer (lane 2).
Abbreviation: PCR, polymerase chain reaction.

Figure S3 MSP results in DNA agarose gel for PAX1 gene in selected individual
normal, CIN1, CIN2, CIN3 and SCC samples.
Notes: 1-normal, 2-CIN1, 3-CIN2, 4-CIN3, 5-SCC.
Abbreviations: CIN1, cervical intraepithelial neoplasia type 1, CIN2, cervical
intraepithelial neoplasia type 2; CIN3, cervical intraepithelial neoplasia type 3;
MSP, methylation-specific polymerase chain reaction; M, methylation-specific
primers; SCC, squamous cell carcinoma; U, nonmethylation-specific primers.
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