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A B S T R A C T   

In this study, a very sensitive fluorescence nano-biosensor was developed using CeO2 nano-
particles for the rapid detection of DNA methylation. The characteristics of CeO2 nanoparticles 
were determined by transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) spectroscopy, UV–visible 
spectroscopy, and fluorescence spectroscopy. The CeO2 nanoparticles were reacted with a single- 
stranded DNA (ssDNA) probe, and then methylated and unmethylated target DNAs hybridized 
with an ssDNA probe, and the fluorescence emission was measured. 

Upon adding the target unmethylated and methylated ssDNA, the fluorescence intensity 
increased in the linear range of concentration from 2 × 10− 13 - 10− 18 M. The limit of detection 
(LOD) was 1.597 × 10− 6 M for methylated DNA and 1.043 × 10− 6 M for unmethylated DNA. The 
fluorescence emission intensity of methylated sequences was higher than of that unmethylated 
sequences. The fabricated DNA nanobiosensor showed a fluorescence emission at 420 nm with an 
excitation wavelength of 280 nm. The impact of CeO2 binding on methylated and unmethylated 
DNA was further demonstrated by agarose gel electrophoresis. 

Finally, the actual sample analysis suggested that the nanobiosensor could have practical ap-
plications for detecting methylation in the human plasma samples.   

1. Introduction 

One of the most common epigenetic modifications is DNA methylation, which is the enzymatically catalyzed covalent addition 
(DNA methyltransferases) of a methyl (-CH3) group from the methyl donor S-adenosylmethionine (SAM) to the 5′ position carbon of 
the cytosine base within the CpG dinucleotide [1]. This heritable epigenetic modification without altering the coding sequence can 
lead to a change in gene expression [2–5]. Aberrant methylation at CpG islands of promotor of tumor suppressor genes can change gene 
transcription and directly result in gene silencing, which correlates with tumorigenesis [2,4,6]. The ability to detect DNA methylation 
in various clinical samples, such as serum and whole blood, suggests its potential application as a diagnostic tool (from early detection 
to post-therapy monitoring) [3,4,6–10]. Thus, it is crucial to optimize detection techniques for high sensitivity and specificity as well as 
high throughput [3]. 
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Conventional methods for the detection of DNA methylation are mainly based on methylation-sensitive restriction enzyme 
digestion [11–13], affinity enrichment [14–16], and bisulfite treatment [17,18]. However, false-positive results caused by incomplete 
digestion [11–13], high cost and unstable antibodies [14–16], and incomplete conversion of unmethylated cytosine into uracil are 
disadvantages of these methods, respectively [17–20]. Recently, other methods are also used for the detection of DNA methylation, 
including (I) affinity enrichment techniques [21], (II) bisulfite treatment [22], and (III) sensitive restriction enzyme treatment 
[23–25]. These methods require specific chemical changes [26,27], which are costly and time-consuming. Thus, researchers are 
interested in using direct detection methods without chemical or enzyme treatments, as well as PCR methods to detect DNA 
methylation [28,29]. 

To overcome the limitations of traditional methods and the use of new evaluation methods, biosensor technology has been widely 
used to detect modifications and damages of biological molecules such as DNA, miRNA, and proteins [30,31]. 

Biosensors, as analytical devices for the detection of chemical species or events in biological samples, play a critical role in disease 
diagnosis as well as monitoring of disease progression and treatment efficacy [31]. Among various sensing methods, fluorescence 
technology is especially attractive due to its high sensitivity, better specificity, rapid detection, and low cost, easy operation and also its 
high sensitivity [32]. 

Fluorescence assays dominate some fields of biosensing because of high intrinsic sensitivity of this optical technique and the 
possibility of integration with receptors with high selectivity. In fluorescence detection, a specific wavelength of electromagnetic 
radiation excites fluorophore molecules and an optical transducer detects the intensity of shifted and emitted light. Three different 
approaches to bioassay target molecules using fluorescence methods including labeled, label free, and fluorescence resonance energy 
transfer (FRET) methods. The label free method is direct assay method of target molecules before and after the binding events. The 
labeled method is indirect detection method of target molecules by adding fluorescent labeling reagents such as organic dyes and 
nanoparticles (quantum dots, dye doped silica nanoparticles) [33]. 

Generally, an optical biosensor consists of three components, including a biological recognition element to recognize the analyte, a 
transducer element to convert the bio-recognition process into a measurable optical signal, and a detector element to display the 
imaging signal [34]. Nanomaterials can improve the biological recognition element’s (biosensor’s) efficiency by increasing their 
sensitivity and lowering their detection limits and providing rapid, low cost, and easy-to-use analytical tools. This advantage is due to 
their high specific surface area, which enables (bio)receptors to be immobilized on the surface in higher amounts [8–16,19]. 

Cerium oxide (CeO2) is an essential n-type semiconductor metal oxide material with notable properties: high isoelectric point, 
biocompatibility, nontoxicity, wide band gap, and excellent electronic conductivity and stabilities [35]. Thus, this material has been 
widely investigated for its various applications as a biosensor [35–38], gas sensor [39], energy storage [40], and anticorrosion coat 
[41]. CeO2-NPs are used increasingly in nanotechnology and particularly in bioresearch. Cerium is the most abundant rare metal and 
shows high excitation energy. CeO2-NPs are a combination of Ce3+ and Ce4+ forms on the nanoparticle surface [42]. Thus, cerium 
oxide can exist in CeO2 and Ce2O3 states [43,44]. The catalytic, optical, magnetic, and chemical properties of cerium are due to 
shielded 4f electrons [42,45,46]. The redox properties of cerium oxide are due to its unsaturation, which makes it unstable and affects 
its chemical reactivity and physicochemical properties [47–50]. 

Therefore, CeO2 NPs possess multiple enzyme mimetic catalytic activities, including catalase (CAT), superoxide dismutase (SOD), 
phosphatase, peroxidase (POD), and mimetic properties, showing great potential to be used as a part of the optical biosensor for in vivo 
biomedical applications [51,52]. 

Recently, various studies have also been performed to apply the CeO2 NPs for DNA biosensor applications. Pautler et al. [53] 
synthesized CeO2 NPs for fluorometric biosensors to detect DNA. Nguyet et al. [54] designed a DNA biosensor based on CeO2-NR@Ppy 
nanocomposite to detect Salmonella. In this study, core-shell CeO2-NR@Ppy nanocomposite was prepared by in situ chemical oxidative 
polymerization of pyrrole monomer on CeO2-NRs, which provided a suitable platform for electrochemical DNA biosensor fabrication. 
The ss-DNA sequences onto nanocomposite coated-microelectrode were immobilized via the covalent attachment method. Cyclic 
voltammetry and electrochemical impedance spectroscopy were used to study DNA biosensor electrochemical responses. The linear 
range of concentration for this biosensor was 0.01–0.4 nM, and sensitivity was 593.7 Ω⋅nM-1⋅cm− 2. The low limit of detection and limit 
of quantification for the DNA biosensor were 0.084 and 0.28 nM, respectively. Gao et al. [55] prepared a modified cerium oxide 
nanowire (CeO2 NW) with carboxy fluorescein-labeled DNA for the determination of H2O2. In this study, they concluded that 1D CeO2 
NW has higher DNA binding affinity and more efficient fluorescence quenching capability than that of zero-dimensional CeO2 
nanoparticles due to the electron transfer between CeO2 NW and fluorophore-labeled DNA. By adding a high concentration of H2O2, 
the absorbed DNA was released from CeO2 NPs because of the stronger binding ability between H2O2 and Ce4+ than that between DNA 
and Ce4+. Therefore, fluorescence signals were increased. 

Nanoceria has also been extensively tested as an antioxidation agent and to stimulate the growth of stem cells [56–59]. Previous 
studies have used it for designing colorimetric biosensors [60,61]. Nanoceria has been reported to adsorb proteins based on elec-
trostatic interactions [62]. In recent years, DNA has become a central molecule in bionanotechnology. Materials that adsorb DNA are 
interesting for developing biosensors, analytical separation, and gene delivery [63,64]. A native B-form double-stranded (ds) DNA is a 
highly negatively charged rod that can interact with surfaces via electrostatic forces. On the other hand, for single-stranded (ss) DNA, 
many intermolecular forces can take place, including hydrophobic strength, metal coordination, electrostatic force, hydrogen bonding, 
and aromatic stacking. Adsorbed DNA can regulate oxidase activity, presumably due to blocking substrate accessibility. Interestingly, 
nanoceria also has strong fluorescence quenching ability, providing further potential in biosensor development. 

Analysis of circulating nucleic acids in bodily fluids, referred to as “liquid biopsies”, is rapidly gaining prominence. Studies have 
shown that cell-free DNA (cfDNA) has great potential in characterizing tumor status and heterogeneity, as well as the response to 
therapy and tumor recurrence. DNA methylation is an epigenetic modification that plays an important role in a broad range of 
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biological processes and diseases. It is well known that aberrant DNA methylation is generalizable across various samples and occurs 
early during the pathogenesis of cancer. Methylation patterns of cfDNA are also consistent with their originated cells or tissues. 
Systemic analysis of cfDNA methylation profiles has emerged as a promising approach for cancer detection and origin determination 
[65]. 

In this study, CeO2 NPs were used as a fluorescent probe to fabricate a label-free DNA nanobiosensor to determine the DNA 
methylation of the APC gene. This was accomplished by adding an ssDNA probe to the solution containing cerium oxide nanoparticles 
(CeO2 NPs). Thus, a simple and sensitive fluorometric method was used, based on the unique interactions of methylated and unme-
thylated DNA sequences with CeO2 NPs, to detect methylation (Scheme 1). As shown in Scheme 1 and Fig. 3, the fluorescence emission 
was reduced by adding a pDNA sequence to cerium oxide nanocomposite. By adding unmethylated sequences to the pDNA and cerium 
oxide nanocomposite, the fluorescence emission was quenched, and by adding methylated sequences to the pDNA and cerium oxide 
nanocomposite, the fluorescence emission was increased. 

2. Material and methods 

2.1. Reagents and solutions 

All chemicals were of analytical grade and used without further purification. Ultrapure water (deionized and doubly distilled) was 
used throughout the reaction. The sequence of 24 bp oligonucleotide designed based on the APC gene sequence was purchased from 
Shanghai General Biotech Co (Shanghai, China). The oligonucleotide sequences are as follows.  

• Probe sequence (pDNA): TCCGCTTCCCGACCCGCACTCCGC  
• Complementary methylated sequence (target 1): GC(M)GGAGTGC(M)GGGTC(M)GGGAAGC(M)GGA  
• Complementary methylated sequence (target 2) with one base mismatched: GC(M)GGAGTAC(M)GGGTC(M)GGGAAGC(M)GGA;  
• Complementary unmethylated sequence (target 3): GCGGAGTGCGGGTCGGGAAGCGGA;  
• Complementary unmethylated sequence (target 4) with one base mismatched: GCGGAGTACGGGTCGGGAAGCGGA; 

All oligonucleotide stock solutions were prepared with TE Buffer (0.01 mol L− 1 Tris–HCl and 0.001 mol L− 1 EDTA; pH = 7.2) and 
kept in the refrigerator until use. 

2.2. Apparatus 

A PerkinElmer PF-750 spectrofluorometer (Japan) equipped with a 150 W xenon lamp as a source of excitation and a 1.0 cm quartz 

Scheme 1. Schematic representation of the direct interaction of methylated and unmethylated DNA (6 × 10− 13 M) with DNA nano-biosensor.  
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cell was used for fluorescence measurements. The spectral bandwidths of monochromators for excitation and emission were 5 nm. The 
size and shape of CeO2 nanoparticles were studied by transmission electron microscopy (TEM) (Zeiss, EM10C, 80 KV, Germany). All 
experiments were performed at room temperature. 

2.3. Synthesis of CeO2 nanoparticle 

CeO2 nanoparticles were prepared using our previously reported method [66]. The Ce(OH)4 particles were obtained by basifying an 
aqueous solution (10 cm3) of Ce(NO3)3. 6H2O (1.0 g) with NaOH solution (1.0 M; 10 ml). The obtained precipitate (Ce(OH)4) was then 
mixed with urea (1.0 g) as a fuel, and the residual solid was calcined at 400 ◦C for 5 h. 

2.4. Catalyst characterization 

The X-ray diffraction (XRD) technique was employed to determine the phase of the synthesized nanoparticles. The XRD profile of 
the CeO2 is presented in Fig. 1a, exhibiting conformity with the Fm3m cubic fluorite phase of CeO2 (JCPDS file no. 34–0394) [67]. The 
absence of distinctive peaks originating from impurities in the XRD pattern of the prepared particles indicates the high purity of the 
CeO2 nanoparticles. The presence of both cerium and oxygen in the CeO2 sample was confirmed through energy-dispersive X-ray 
spectroscopy (EDXS), as depicted in Fig. 1b. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were utilized to conduct imaging of CeO2 
particles, as illustrated in Fig. 2. The SEM and TEM images revealed that the particles exhibited a nearly spherical shape, with di-
mensions ranging from approximately 50 to 80 nm. 

2.5. Preparation of DNA nano biosensor 

First, a solution of CeO2 nanoparticles (100 μl) was prepared with a concentration of 1 mg ml− 1 in doubly distilled water. The 
ssDNA probe (2 μL of 10− 13 M) was added to the microtube containing CeO2 nanoparticles. The ssDNA probe was preheated at 90 ◦C 
for 2 min before use, and after reaching 50 ◦C, they were reacted with CeO2 nanoparticles. The reaction mixture was then centrifuged 
at 1200 rpm for 10 min to mix and complete the interaction between CeO2 nanoparticles and bases of the ssDNA probe (Fig. 3). 

2.6. Fluorescence measurements 

The hybridization reaction was performed by gently stirring at 37 ◦C and pH = 7.2. However, 4 μl of ssDNA target with 10− 13 M 
concentration was denatured at 90 ◦C for 2 min and the temperature then was reduced to 50 ◦C [45,66]. The ssDNA target was then 
added to the microtube containing the prepared DNA nano-biosensor and was incubated at 37 ◦C for 40 min, as optimized hybridi-
zation time [68]. Fluorescence evaluation was carried out at excitation and emission wavelengths of 280 nm and 400–440 nm, 
respectively (Fig. 3). 

Note: In performing each part of the test, we repeated the test at least three times and then obtained an average of the results and 
compared the average of the data and determined the standard error for each group of data and plotted the error bar. 

3. Results and discussion 

3.1. Interaction of CeO2-NPs with ssDNA probe 

Generally, surface groups such as carboxyl, carbonyl, epoxy, and hydroxyl and C, O, and H elements can participate in the 

Fig. 1. a) XRD pattern; b) EDXS analysis of CeO2 nanoparticles.  
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Fig. 2. a) SEM images; b) TEM image of CeO2 nanoparticles.  

Fig. 3. Preparing steps of DNA nano-biosensor (steps 1,2) and its hybridization to methylated ssDNA target (step 3) and unmethylated ssDNA target 
(step 4). 
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formation of hydrogen and electrostatic bonds [69–73]. In addition, metal elements containing positive charge can participate in the 
formation of electrostatic adsorption and metal coordination. For example, Zhou et al. applied chitosan-modified CeO2 nanorods to 
immobilize DNA probes onto the electrode surface through electrostatic adsorption and metal coordination [74]. 

The interaction of the ssDNA probe with CeO2-NPs caused a sensitive quenching. To have a better understanding of the fluorescence 
quenching mechanism, different concentrations of ssDNA probes were reacted with CeO2-NPs, and the Stern-Volmer curve was drawn. 
Fig. 4 shows that the increase in the concentration of the ssDNA probe caused a decrease in the emission intensity. The value of the 
linear equation with regression coefficient (R) was 0.5903. Thus, CeO2-NPs and the ssDNA probe (phosphate, sugar groups, and bases) 
bind together and form a stable complex. According to the regression equation of the Stern-Volmer curve, F0/F = − 0.6009x + 23.989 
(unit of C is M). Hence, we found that the ssDNA probe was located on the surface of CeO2 NPs, which agrees with previously reported 
work [20]. 

3.2. Influence of ssDNA target sequences on fluorescence intensity 

To prove the effect of hybridization on fluorescence intensity, the DNA nano-biosensor (CeO2-NPs + pDNA)) was titrated with 
different concentrations of methylated and unmethylated ssDNA targets under optimal conditions. The fluorescence emission intensity 
gradually decreased with the increased concentration of complementary methylated and unmethylated ssDNA targets from 10− 18 to 2 
× 10− 13 M. The reduced values of fluorescence intensity for unmethylated ssDNA concentration were linear with a regression equation 
of ΔF = 1.5541C + 7.1923 (unit of C is M), and the regression coefficient (R) of the linear curve was R2 = 0.986. Also, the increased 
values of fluorescence intensity for methylated ssDNA concentration were linear with a regression equation of ΔF = 2.578C + 17.259, 
and the regression coefficient (R) of the linear curve was R2 = 0.9492. The detection limit was estimated at 1.043 × 10− 6 M. It is 
possible that both complementary sequences exhibited the fluorescence response because CeO2-NPs could bind to both hybridized 
DNA. However, a significant difference was noted since the emission intensity of different concentrations of methylated DNA was 
consistently higher than the emission intensity of different concentrations of unmethylated DNA (Figs. 5 and 6). 

According to previous studies, single-stranded DNA is more effectively adsorbed by cerium nanoparticles than ds-DNA, is reflected 
by fluorescence quenching. Adsorption of DNA is possible not only by electrostatic interaction through the binding of its phosphate 
backbone to cerium oxide but also by Lewis acid-base interaction. Nanoceria is a strong and general fluorescence quencher. Adsorption 
of DNA blocks the surface access of substrate molecules and inhibits the oxidase activity of nanoceria [76,77]. On the other hand, 
Rafiei and colleagues [75] investigated the interaction of methylated and unmethylated DNA with GQD nanoparticles. They showed 
that DNA methylation affects not only the mechanism of DNA interaction with GQD but also the helix structure of DNA and changes the 
conformation of the DNA structure. So, changing the conformation of methylated DNA probably reduces its interaction with cerium 
oxide nanoparticles, which increases the fluorescence emission of cerium oxide nanoparticles. 

Thus, the results indicated that developed DNA nanobiosensor can discriminate methylated DNA from unmethylated DNA. Table 1 
compares the detection limit of the present study with previous studies. According to the results of last in Table 1 and by comparing the 
concentration range, detection limit, and structure of nanocomposites used in previous studies with the present study, it can be 
concluded that the detection limit and concentration range of current study is in accordance with the results of previous studies. 

3.3. Effect of hybridization time on the fluorescence intensity of DNA nano-biosensor 

To study the effect of hybridization time on the intensity of fluorescence emission after the hybridization of cerium oxide nano-
particles with a DNA probe, the intensity of fluorescence emission was evaluated at different times. It was observed that 40 min is the 
optimum reaction time. This was consistent with the observed hybridization time of 40 min. Thus, the reaction time of 40 min was 
chosen as the appropriate reaction time (Fig. 7). 

Fig. 4. A) Fluorescence spectra of fabricated DNA nano-biosensor (CeO2-NPs + pDNA) reaction with various concentrations of pDNA (3 × 10− 13, 2 
× 10− 13, 1 × 10− 13 M), (CeO2-NPs = 5 × 10− 3 M). 
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3.4. Specificity and selectivity study of CeO2-NPs 

The specificity and selectivity of the CeO2-NPs were studied using hybridization of the CeO2-NPs with different oligonucleotide 
sequences including (A) unmethylated complementary sequence, (B) unmethylated sequence with one-base mismatched (in non-CpG 
sites), (C) methylated complementary sequence, (D) methylated complementary sequence with one-base mismatched (in non-CpG 
sites), with the same concentration (6 × 10− 13 M) and the results were compared (Fig. 8). Fluorescence emission intensity for 

Fig. 5. (A) Fluorescence spectra of fabricated DNA nano-biosensor (CeO2-NPs + pDNA) with the concentration of 10− 13 M probe DNA and various 
concentrations of unmethylated ssDNA target sequences (2 × 10− 13, 10− 13, 10− 14, 10− 15, 10− 16, 10− 17, 10− 18 M from “a” to “g” in order), and 
incubation time of 40 min. 

Fig. 6. (A) Fluorescence spectra of fabricated DNA nano-biosensor (CeO2-NPs + pDNA) with the concentration of 10− 13 M probe DNA and various 
concentrations of methylated ssDNA target sequences (2 × 10− 13, 1 × 10− 13, 10− 13, 10− 14, 10− 15, 10− 16, 10− 17, 10− 18 M from a to g in order), and 
incubation time of 40 min. 

Table 1 
Comparison of LOD (limit of detection) of fluorescence biosensing strategies for DNA methylation detection.  

Method Gene Nanomaterial Linear range/M Limit of detection (LOD)/M Ref. 

Labeled 
fluorescence 

adenomatous 
polyposis coli (APC) 

Fe3O4/Au core/shell, 
Dipyridamole 

3.2 × 10− 15 –8.0 
× 10− 13 M 

0.3 × 10− 15 M [76] 

Label-free, 
fluorescence 

APC Graphene quantum dots (GQDs) 10.0− 10 M to 
10.0− 6 M 

73 × 10− 6 M [77] 

Label-free, 
fluorescence 

APC thionine-based polymer 10− 21-0.3 ×
10− 12 M 

10− 21 M [78] 

Label-free, 
fluorescence 

APC toluidine blue-based polymer 10− 21-0.3 ×
10− 12 M 

10− 21 M [79] 

Label-free, 
fluorescence 

APC Thioglycolic acid (TGA)-capped 
CdTe quantum dots (QDs) 

1.0 × 10− 10 to 
1.0 × 10− 6 M 

6.2 × 10− 11 M [75] 

FAM-labeled, 
FRET 

P53 gold nanoparticles (AuNPs) 5–100 pM 2.2 pM [80] 

Label-free, 
fluorescence 

APC CeO2 NPs 2 × 10− 13-10− 18 

M 
1.597 × 10− 6M for methylated DNA and 
1.043 × 10− 6M for unmethylated DNA 

This 
report  
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hybridization with the unmethylated sequence was lower than methylated sequence. The fluorescence intensity of sequences con-
taining one-base mismatch for methylated and unmethylated sequences was higher than that of entirely complementary sequences 
(one-base mismatch for methylated DNA = 14.2, methylated DNA = 14, one-base mismatch unmethylated sequences = 12, unme-
thylated sequences = 11.8). These results demonstrated the high selectivity of our DNA biosensor. We showed that a mismatch in the 
DNA sequence increased the fluorescence emission of both methylated and unmethylated DNA. Thus, partial hybridization affects 
fluorescence emission. Therefore, our DNA nano-biosensor has high specificity and sensitivity for detecting DNA damage. 

3.5. Gel electrophoresis of DNA-CeO2 Complexes 

The interaction of CeO2 nanoparticles with methylated and unmethylated DNA was assayed using agarose gel electrophoresis in 
Tris–HCl buffer solution (pH 7.2). The image of agarose gel electrophoresis demonstrated the interaction effect of CeO2 on methylated 
and unmethylated DNA (Fig. 9). The intensity in the bands related to methylated sequences was higher than unmethylated sequences. 

Different fluorescence emissions will appear as fluorescence emissions. Fig. 9 shows that the addition of CeO2 to methylated and 
unmethylated DNA caused an increase in fluorescence emission in the electrophoresis assay. These results demonstrated that gel 
electrophoresis could distinguish methylated and unmethylated DNA sequences. 

According to the results of previous researches in Table 1 and by comparing the concentration range, detection limit, and structure 
of nanocomposites used in previous studies with the present study, it can be concluded that the detection limit and concentration range 
of the current research is in accordance with the results of previous studies. We also provided a data set table to compare the present 
obtained results with the previous studies on methylation recognition by different nanoparticles. From the view of linear range and 
detection limit, our proposed method showed the priorities over the mentioned reports. This nanocomposite can identify methylated 
and unmethylated sequences and non-complementary sequences, and even sequences with a non-complementary base from each 
other. Its disadvantages include its high detection limit. Also, the different sequences identified by the fluorescence emission are very 
little different. In the studies carried out by other publications, the fluorescence of different identified sequences at a specific con-
centration has not been compared. 

4. Conclusion 

In this study, a fluorometric DNA nano-biosensor, based on cerium oxide molecules, was designed to detect DNA methylation. 
Cerium oxide nanoparticles were characterized using TEM and SEM microscopy, FTIR, and EDXS. This label-free fluorometric method 
could distinguish methylated from unmethylated sequences. Also, the presence of non-complementary nucleotides in the DNA 
sequence could be detected with this nanoparticle. Here, due to the critical role of the APC gene, part of the sequence of this gene was 
selected to evaluate the efficiency of our CeO2-NPS. The results of fluorescence evaluations showed that the emission intensity of 
methylated DNAs was higher that of unmethylated DNAs, and sequences containing non-complementary bases showed higher 
emission intensity. The gel electrophoresis results further confirmed the difference in fluorescence intensity of methylated and non- 
methylated sequences. In general, this designed nano-biosensor has high sensitivity and selectivity in detecting DNA methylation. 

Additional information 

No additional information is available for this paper. 

Fig. 7. Fluorescence intensity of CeO2 NPs (concentration: 10− 13 M) at different times.  
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Fig. 8. Fluorescence spectra of CeO2-NPs in the presence of different DNA sequences, including unmethylated complementary sequence, unme-
thylated sequence with a one-base mismatch (in non-CpG sites), methylated complementary sequence, methylated complementary sequence with a 
one-base mismatch (in non-CpG sites), and non-complementary sequence at same concentrations (6 × 10− 13 M). 

Fig. 9. Image of agarose gel electrophoresis of methylated and unmethylated DNA with addition CeO2: 1: DNA ladder. 2,3: methylated DNA + CeO2 
4,5: unmethylated DNA + CeO2. 
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