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Abstract: Cancer diagnosis continuously evolves due to the better 
understanding of tumorigenic processes. DNA-methylation is consolidated 
as an effective biomarker for cancer prognosis and diagnostic even in 
tumors of unknown origin. The reversibility of this epigenetic mechanism 
also places it as a high-profile tool for the development of more 
sophisticated and personalized therapies. Current methodologies, such as 
bisulfite conversion or PCR amplification, rely on complex procedures that 
make difficult the standardization of epigenetics analyses. Here we 
present an optical biosensor methodology based on Surface Plasmon 
Resonance that employs poly-purine reverse-Hoogsten hairpin probes 
capable of interacting directly with ds-DNA fragments by triple helix 
formation. The direct interaction with the material of interest can greatly 
enhance the reliability of the analysis providing a more accurate and 
precise diagnosis. We have demonstrated the capabilities of our 
methodology for the direct capture of ds-DNA fragments and specific 



methyl-cytosine quantification. Our poly-purine hairpin probe 
demonstrated the specific capture of ds-DNA fragments while the 
standard duplex-forming probes failed to do so. In addition, the biosensor 
methodology showed a strong correlation with the different DNA 
methylation status between the sequences with a low signal variation 
(≤8%CV) along 35 hybridization/regeneration cycles. Through its 
straightforward procedure and versatility of detecting different DNA 
modifications related to the DNA methylation process, we anticipate that 
our strategy will enable a greater level of accuracy and precision in cancer 
diagnostics making a strong impact on the development of personalized 
therapies. 
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1. Introduction 
 

One of the main objectives in the improvement of cancer 
management is the finding of highly selective, targeted therapies. Cancers 
are heterogeneous not only in terms of histology and clinical outcome, but 
also at the molecular level (Ellsworth et al., 2017; Sartore-Bianchi et al., 
2016). Therefore, each cancer also differs in its response to therapeutic 
interventions depending on both, the cancer origin and the patient. The 
most common predictive biomarkers for cancer diagnosis are mainly 
proteins, produced as a consequence of the tumorigenic process 
(Sölétormos et al., 2016). Their presence in tissues or blood can be 
related to cancer, but little information can be inferred about which 
cellular mechanism has been altered. Identifying the mechanisms involved 
in the cancer will not only provide information of how to restore the 
alteration but also to foresee the tumorigenic process.  

Epigenetics plays a key role in cancer origin and great efforts have 
been made in order to decipher the exerted influence of these inherited 
marks in tumors (Heard and Martienssen, 2014). One of the most relevant 
epigenetic mechanisms is the methylation of DNA, which was the first 
epigenetic mark associated with cancer as a consequence of the alteration 
in normal gene regulation (Feinberg and Vogelstein, 1983). Since then it 
has been regarded as a promising biomarker for cancer prevention due to 
its reversibility and potential impact in the development of personalized 
medicine (Jankowska et al., 2015). 

DNA methylation consists of the addition of a methyl group (-CH3) 
at the C-5 position of the pyrimidine ring of cytosine nucleotide (5- 
methylcytosine, 5mC) mediated by DNA methyltransferase enzymes, 
assisting the cells with an epigenetic signaling tool to modulate the 
expression of the implicated genes at their convenience. Usually, the 
altered cytosine residues are immediately adjacent to a guanine 
nucleotide (CpG site) (Kundu and Rao, 1999), forming the denominated 



CpG islands in most human gene promoters (Saxonov et al., 2006). 
Recently, three derivatives of 5mC have been discovered in the DNA 
demethylation pathway: 5-hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011; 
Tahiliani et al., 2009), which are believed to confer unique transcriptional 
potential to genes (Kellinger et al., 2012; Li and Liu, 2011). 

Tumor cells are characterized by presenting a different methylome 
in comparison to normal cells and the change in the methylome does not 
occur randomly but it is unique for each cancer type (Marsit et al., 2006). 
As a consequence, aberrant cytosine methylation has been associated 
with the development of several cancers (Fang et al., 2011; Hughes et al., 
2012; Suzuki et al., 2006; Villanueva et al., 2015). Moreover, DNA 
methylation profiling has proven to give a consistent diagnosis of the 
primary tumor in cases of cancer of unknown primary site (Moran et al., 
2016). Quantitative analysis of these epigenetic marks is now considered 
for clinical applications since it can be useful in the early diagnosis and 
also in the monitoring of tumor progression and response to treatment. 

Current research for DNA methylation routine diagnostics focuses 
on the development of efficient devices combining an accurate 
quantification with high sensitivity and specificity, minimizing both the 
resources and the time employed. It will allow for faster, cost-effective 
and more reliable diagnostics, promoting the development of 
individualized therapies and competent follow-up treatments, positively 
impacting on the wellbeing of the patient. In this regard, label-free optical 
biosensors have been highlighted as compelling candidates due to their 
outstanding potential which enables a fast, real-time analysis combined 
with high sensitivity, selectivity and simple-to-operate procedures 
(Carrascosa et al., 2016; Fan et al., 2008). Several label-free optical 
biosensor methodologies have been proposed for the detection of 
methylcytosine residues in the genome (Nazmul Islam et al., 2016; 
Syedmoradi et al., 2016). Most of them rely on the conversion of 
nonmethylated cytosine residues into uracil residues by DNA bisulfite 
treatment and subsequent amplification of the converted sequence by 
polymerase chain reaction (PCR) (Carrascosa et al., 2014; Shiddiky et al., 
2015; Shin et al., 2013). However, these steps make the detection time-
consuming and susceptible to error, concluding in misleading analyses 
that might hinder a proper diagnosis. Other approaches that avoid the 
sample manipulation have been proposed, such as the recognition of 
methylated DNA through methyl-CpG binding domain (MBD) proteins in a 
two-step analysis (Pan et al., 2010; Yu et al., 2010). These strategies 
avoid the use of bisulfite conversion, but the need for designing 
methylated probes hampers the standardization of the process. Another 
interesting approach avoiding pre-manipulation of the sample consists of 
a sequence-specific immunoassay for specific DNA methylation 



assessment by microfluidic-based SPR detection (Kurita et al., 2015). 
However, in this protocol, a pre-heating step is necessary for duplex 
hybridization, which may compromise the efficiency of the detection. 

A solution to skip the laborious steps prior detection is the analysis 
of the methylation status directly from double-stranded DNA (ds-DNA) 
fragments. This approach will exclude possible errors introduced during 
PCR amplification or bisulfite conversion by dealing directly with the 
biological material of interest. It would also prevent from loss in sample 
recovery after pre-heating steps. In this regard, an interesting approach 
based on poly-purine reverse-Hoogsteen (PPRH) oligonucleotides was 
described by Coma et al. (Coma et al., 2005) PPRH oligonucleotides are 
DNA molecules composed of two mirror-symmetrical polypurine stretches 
linked by a polythymidine loop. They can fold into reverse-Hoogsteen 
hairpins and bind to their polypyrimidine target sequence by Watson-Crick 
bonds forming a three-stranded (triplex) conformation. More interestingly, 
PPRH oligonucleotides are capable of interacting with ds-DNA by targeting 
pyrimidine tracks located in the desired sequences and producing a strand 
displacement of the complementary polypurine strand. Due to the ability 
of forming triplex structures with ds-DNA, this approach has been 
exploited for gene therapy either by knockdown gene expression (de 
Almagro et al., 2011) or correction of point mutations (Noé et al., 2017; 
Solé et al., 2016, 2014). 

We present here an optical biosensor methodology based on PPRH 
probes capable of capturing in a straightforward manner specific ds-DNA 
fragments by triple helix formation. For the demonstration, we have 
employed a portable custom-made SPR biosensor (Huertas et al., 2016a). 
Our biosensor methodology has been specifically designed for the analysis 
of DNA-methylation marks presented in a specific fragment of the 
promoter region of PAX-5 gene. PAX-5 gene plays an important role in cell 
differentiation and embryologic development and shows aberrant 
hypermethylation in tumor cell lines as well as in primary tumors of breast 
(Moelans et al., 2011) and lung cancer (Diaz-Lagares et al., 2016). 
Therefore, the assessment of the methylation level of such promoter gene 
region by a label-free optical biosensor is of great interest for the early 
detection, diagnosis, prognosis, therapeutic stratification and post-
therapeutic monitoring of these cancers. 

 

2. Materials and Methods 
 
2.1 Chemical reagents, buffers and DNA sequences  



The list of reagents, buffers and DNA sequences used in this work 
and procedure of preparation of DNA probes are provided in the 
Supplementary material. 

 

2.2 SPR biosensor Chemical Instruments 

We employed a portable custom-made SPR sensor as 
previously described (Huertas et al., 2016a). The SPR biosensor 
platform is based on Kretschmann configuration and monitors 
refractive index (RI) changes in real time. A p-polarized light of 670 
nm from a laser source is divided in two identical beams focused on 
the crystal-backside of the gold sensor chip (glass surface coated 
with 2 nm of chromium and 45 nm of gold, 10×10×0.3mm3, SSens, 
Enschede – The Netherlands). Measurements are performed at a 
fixed angle of incidence. Variations of the RI are detected due to the 
biointeraction events occurring at the sensor surface as changes in 
the reflected light intensity by a multielement photodiode. The flow 
system consists of two flow cells (300 nL each) for independent 
analysis. The device incorporates all optics, electronics and fluidics 
components necessary to operate autonomously. Sensograms 
reproduce the binding event by monitoring the increase (or 
decrease in case of unbinding events) of the intensity of the 
reflected light (ΔReflectivity (%), ΔR (%)) vs. time (seconds, s). 
This change of the intensity of the reflected light is directly related 
to changes in the RI of the dielectric medium caused by mass 
changes on the metallic surface. 
 
2.3. DNA probes immobilization 

Prior to probe immobilization, gold sensor chips were cleaned 
by consecutive sonication cycles (1 min) with solvents of increasing 
polarity (i.e. acetone, ethanol and dH2O) previously heated up to 
their boiling point. Then, substrates are dried under nitrogen flux 
and placed in an UV/O3 generator (BioForce Nanosciences, USA) for 
20 min. After that, gold sensor chips were subsequently rinsed with 
ethanol and water and dried under nitrogen flux. The gold sensor 
chip is then placed into the SPR device. 

Formation of self-assembled monolayers (SAMs) of DNA-
probe/ horizontal spacer (1 μM) was carried out in-situ on the gold 
sensor chip by flowing 250 μL of the mix in PB buffer solution at a 
12 μL/min rate. Different horizontal spacer molecules (MCH and SH-
PEG-CH3 2000 MW) were employed depending on the experiment 
carried out. 
 
2.4. DNA hybridization 

Single-stranded and double-stranded DNA detections were 
performed by injection of 250 μL of the samples into the SPR 
biosensor at 15 μL/min rate. The samples were dissolved in 5x 



saline sodium citrate (SSC) buffer with different percentages of 
formamide (0%, 10%, 15%, 20%, 25% and 30%). Finally, target-
probe interactions were disrupted by employing 20mM NaOH. 
Double-stranded DNA fragments were obtained by incubating both 
strands (sense (+) and -antisense (-)) of PAX-5 fragment at 95 °C 
for 5 min. Regarding the possibility of finding free PAX-5+ strands 
in the tested samples (i.e. not forming ds-DNA), an excess of PAX-5 
– was employed for the incubation (1:3M ratio) to completely 
reduce the number of free PAX-5+ strands. After that, we cooled 
down the sequences at room temperature for 1 h. Once generated 
the ds-PAX-5 fragments, we injected the samples in the SPR 
biosensor. 
 
2.5. 5-methylcytosine quantification 

Anti-5mC and anti-5hmC antibodies (GeneTex, Inc., USA) 
were diluted 2 μg/mL concentration in 0.5x SSC-0.1% Tween 20 for 
5-methylcytosine residue recognition in differently methylated DNA. 
250 μL of the samples containing the antibodies were injected into 
the SPR biosensor at 15 μL/min rate. 
 
2.6. Data analysis 

The sensor data were analyzed and processed using Origin 
8.0 software (OriginLab Northampton, MA). Bioanalytical chemistry 
analysis was performed by Graphpad Prism (Graphpad Software, 
Inc., California, USA). The experimental detection limit (LOD) was 
defined as the target concentration giving a ΔR (%) in the 
hybridization signal at least three times higher than the one from 
the standard deviation of the DNA control signal. The coefficients of 
variation were obtained as the ratio of the standard deviation of the 
mean, expressed in percentages (% CV). 
 
 
 
3. Results and Discussion 
 
3.1. DNA methylation biosensor 

The SPR biosensor employed in this work is integrated in a reduced 
platform (30×30×14 cm3) and can be employed as a portable and user-
friendly device (Huertas et al., 2016a). The gold sensor surface where the 
biomolecular interaction takes place is in contact with two identical flow 
cells of 300 nL volume each one. The laser beam is divided in two 
identical intensity beams using a light splitter to enable the simultaneous 
evaluation in the two independent flow cells. Biological events occurring at 
the sensor surface are detected as changes in the reflected light intensity 
(ΔReflectivity (%), ΔR (%)) by a photodiode. This part of the set-up is 
mounted on a rotatory platform in order to select the optimum incidence 
angle that maximizes the changes of reflected light intensity. The platform 
also incorporates all electronics and fluidics components necessary to 
operate autonomously. The fluidic system consists of a peristaltic pump, 



which keeps a continuous flow and a set of tubing and valves for the 
sample handling and injection to the flow cuvette. 

 
 

 
 
Fig. 1. Scheme of the DNA methylation biosensor methodology. 

The methodology follows a two-step molecular recognition event: (1) 
Capture of biological ds-DNA fragments obtained after restriction enzyme 
treatment by the PPRH probe and subsequent (2) quantification of 5mCpG 
islands by specific anti-5mC antibody. 

 
The scheme of the employed methodology is shown in Fig. 1. The 

biosensor methodology is designed for capturing specific ds-DNA 
fragments generated by restriction enzymes. We have designed a PPRH 
probe consisting of two antiparallel poly-purine domains connected by a 
tetra-thymidine loop (Table S1). The PPRH probe was designed to capture 
the fragment of interest by nucleotide complementarity. Therefore, we 
selected a 14-homopurine sequence that hybridizes to a 14-
homopyrimidine sequence located in one DNA strand of the PAX-5 gene 
promoter region of interest by the formation of a triple helix, inducing the 
displacement of the other strand (Fig. S1). During this strand 
displacement, the homopurine portion is extended in order to hybridize 
the target sequence by Watson-Crick interactions and the inverted 
homopurine portion of the clamp forms a triplex helix by reverse- 
Hoogsteen hydrogen bonding to the newly formed duplex. The designed 
probe introduces an innovative structural feature compared to the one 
previously described (Coma et al., 2005) by modifying the tail-clamp with 
three 8-amino-2′-deoxyguanosine, which has been demonstrated to 
stabilize the hybridization, improving the biosensor performance (Aviñó et 
al., 2016). In addition, a thiol (SH-) group has been added to the 5′ edge 
of the hairpin sequence in order to provide a linker for the 



biofunctionalization of the sensor surface. A sequence consisting of a poly-
thymidine sequence -(T)10- is also placed between the functional group 
and the hairpin, acting as a vertical spacer, enhancing the target 
accessibility to the immobilized PPRH probes (Carrascosa et al., 2012). 
Thermal denaturation studies demonstrate the stronger affinity of the 
polypurine hairpin (83.2 °C) compared with duplex-forming sequences for 
the PAX-5 polypyrimidine target (76 °C) by a more than 7 degrees (Table 
S2). Furthermore, CD spectra of duplex and triplex solutions were clearly 
different providing experimental proofs for the formation of an antiparallel 
triplex (Fig. S2). The sum of the CD spectra indicated the formation of a 
new structure (antiparallel triplex) that is the responsible of the increased 
stability. 

In order to determine the cytosine DNA methylation status we 
employed an anti-5-methylcytosine (anti-5mC) antibody. This antibody 
has been previously reported to recognize specifically cytosine residues 
from a DNA sequence modified with methyl groups (Kurita et al., 2015). 
The immunochemical recognition is performed once captured the ds-DNA 
fragment of interest, which produces a sensor signal proportional to the 
quantity of methyl groups, allowing the determination of the methylation 
status of the specific promoter region.  

The probe accessibility was assessed by testing the influence of the 
introduction of horizontal spacers during the SAM formation, which 
promotes the orientation of the probes (Satjapipat et al., 2001), reduces 
their density and improves the resistance to non-specific adsorptions of 
nucleic acids to the surface (Lee et al., 2006). We compared the biosensor 
performance employing two different horizontal spacers: (i) 6-mercapto-
1-hexanol (MCH) spacer, a commonly used backfiller, and (ii) thiolated 
polyethyleneglycol (SH-PEG-ME, 2000 MW) polymer, which has shown to 
minimize the non-desired adsorptions to the sensor surface (Cerruti et al., 
2008). Poly(ethylene glycol) (PEG) SAMs are commonly used to modify Au 
substrates for both, as a horizontal spacer and to prevent nonspecific 
adsorptions. Therefore, PEG SAMs in Au surfaces have been characterized 
extensively with many different techniques for a long time and proven 
their capabilities for surface functionalization. 

We performed several hybridization cycles over each SAM by 
flowing samples containing ss-PAX-5 + sequence at 100 nM concentration 
and monitoring the interactions in real time. The interaction between the 
PPRH probe and the target sequence was interrupted by flowing a mild 
concentration of sodium hydroxide (NaOH), usually employed to reuse the 
biosensor surface in subsequent analyses and to test the reproducibility of 
the different monolayer configurations (Ulianas et al., 2014). As it can be 
observed in Fig. S3, SAMs incorporating the horizontal spacers showed 
higher signal intensity than the homogeneous one (P<0.0003, one-way 
ANOVA test). However, the different horizontal spacers combined with our 
PPRH probe showed different stabilities. PEGylated monolayers provided 
with more reproducible signals after several cycles of 
hybridization/regeneration, presenting a Coefficient of Variation (CV) of 
8%, versus the MCH spacer, with a signal variation of 52% (Fig. S4). In 
addition, the latter one showed a decrease in the signal intensity by 73% 
after each cycle, jeopardizing the reliability of the analysis. 

Due to the higher consistence and reproducibility provided by the 
PEGylated surface, we employed this monolayer for further experiments. 



In order to improve the hybridization efficiency between the target and 
our PPRH probe, we investigated the effect of employing formamide (FA) 
during the detection. Solutions containing an adequate percentage of FA 
are known to reduce the presence of secondary structures and increase 
the specificity by lowering the melting temperature of oligonucleotides 
(Fuchs et al., 2010). Thus, one can obtain the best hybridization efficiency 
by a simple adjustment of the FA content without the need for a 
temperature controller. It also reduces the likelihood of interactions from 
non-fully complementary sequences, improving both the selectivity and 
the specificity with a reduction of potential biases from non-specific 
interactions. 

We tested different concentrations of FA from zero to 30% in the 5x 
SSC hybridization buffer for the hybridization of ss-PAX-5 + at 30 nM 
concentration. As can be observed in Fig. 2A, the addition of 20% FA to 
the hybridization buffer helped to increase the signal by 221% 
(P<0.0001). On the contrary, higher percentages of FA largely reduced 
the sensor signal by decreasing the hybridization efficiency of the target 
with the PPRH probe, which could be due to a destabilization of the 
hybridization process by the highly stringent conditions employed. 

Once improved the accessibility and the hybridization efficiency, we 
assessed the interaction between the fragment of interest and the probe. 
Optical biosensors monitor changes in the refractive index taking place in 
the sensor area generated by the interaction of any biomolecule. 
However, some of these interactions can be unspecific, either by 
crosshybridization of other molecules or by non-specific adsorptions of 
molecules to the surface, giving up to false positive signals. Therefore, for 
the study of DNA interaction, it is essential to employ control sequences to 
prove the specificity of the signal given by the biosensor. To that purpose, 
we monitored the SPR response after flowing over the sensor surface two 
control sequences at 50 nM concentration: (i) ss-PAX-5 – sequence, and 
(ii) a 100-nt control sequence. As can be appreciated in Fig. 2B, the 
signals from both sequences dropped to the baseline level after their 
interaction with the monolayer, indicating that no-hybridization or non-
specific adsorptions took place. Such results evidenced the specificity of 
the PPRH probe only to ss-PAX-5 + sequence in contrast with the 
negligible signal of the hairpin with the complementary strand ss-PAX-5 -. 

After finding the most suitable detection conditions and having 
demonstrated the specificity of the probe for ss-PAX-5 + in contrast with 
ss-PAX-5 -, a calibration curve was obtained by employing different 
concentrations of ss-PAX-5 + (from 2 to 50 nM) (Fig. 2C). The theoretic 
limit of detection (LOD), defined as the target concentration giving a ΔR 
(%) in the hybridization signal at least three times higher than the one 
from the standard deviation of the DNA control signal, was 115 pM (R2 = 
0.98) which is within the appropriate range of detection in SPR biosensors 
(Šípová and Homola, 2013). The signal variation (8%) is found below the 
maximum variability recommended for analytical methods (~ 15%) 
(Wood, 1999) up to 35 hybridization/regeneration cycles, after which the 
monolayer started losing its hybridization efficiency (Fig. 2D), which 
demonstrated the capability of our methodology to be reused for several 
analyses. 
 

 



 

 
 
Fig. 2. Optimization of ss-PAX-5 + fragment detection with the 

PEGylated monolayer. (A) Influence in the hybridization efficiency by the 
addition of different percentages of FA (from 0% to 30% v/v) to the 
hybridization buffer. All p-values indicated significant variation between 
the measurements (P<0.0001, one-way ANOVA test). (B) PPRH probe 
hybridization assessment by real-time monitoring of the response to 
different DNA sequences (ss-PAX-5 +, ss-PAX-5 – and a 100-nt control 
sequence). (C) SPR calibration curve for ss-PAX-5 + fragment. Solid line 
(red) corresponds to the non-linear fit of the calibration curve. All data 
show mean±SD of triplicate measurements. (D) Detection cycles after 
consecutive interactions of ss-PAX-5 + (50 nM) with the specific PPRH 
probe and subsequent surface regenerations with NaOH 20 mM. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
 
 
3.2. Anti-5-methylcytosine antibody-capture assessment 

The specificity of the anti-5mC antibody for 5-methylcytosine 
modifications was assessed. For that purpose, we monitored the DNA 
hybridization and the antibody recognition sequentially in real time. We 
employed two different ss-PAX-5 + sequences, one with no methyl groups 
(non-methylated) and other one modified with 4 methyl groups (4 × 
5mC) (Table S1). The DNA sequences were diluted in 5x SSC at 20-nM 
concentration. Once hybridized, we flowed a solution containing 2 μg/mL 
of anti-5mC antibody. As can be observed in the sensogram (Fig. 3A), 
both targets produced the same increment in the reflectivity, showing the 
same hybridization efficiency despite of the 5-methyl-cytosine content. 
However, when evaluating the antibody capture, only the sequence 
containing the 5mCs gave rise to a positive signal (ΔR (%) = 0.7). These 
results indicated that the antibody capture was specific for the methylated 
sequences and no interaction occurs when the hybridized fragment is not 



methylated. Also, in order to check the cross-reactivity of methyl-groups 
with other antibodies, we tested the interaction of DNA methylated 
sequences with anti 5-hydroxymethylcytosine (5hmC) antibody, an 
antibody that specifically recognizes 5hmC residues in DNA sequences 
(Ladopoulos et al., 2013). For that purpose, 4 times methylated PAX-5 + 
fragment and subsequent antibody interaction were analyzed at the same 
conditions. As it can be observed in Fig. S5, no signal increment was 
perceived when employing the anti-5hmC control antibody, suggesting 
that no crossreaction took place. 

 

 
 
Fig. 3. Anti-5-mC antibody specificity assessment. (A) SPR sensogram 
showing the antibody interaction with two differently methylated ss-PAX-5 
+ sequences: unmethylated (green) and four 5-methylcytosines (pink). 
(B) Interaction of anti-5-methyl-CpG antibody with three different 
methylation profiles (0x, 1x and 4x CpGs). All p-values indicated 
significant variation between the signals from the different CpG content 
(P<0.0014, one-way ANOVA test). All data show mean±SD of triplicate 
measurements. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 
 

Then, we assessed the quantitative analysis of methylcytosines by 
employing 20-nM concentration of ss-PAX-5 + fragments showing 
different methylation profiles: non-methylated, 1 × 5mC and 4 × 5mC 
(Table S1). The different sequences were flowed to the sensor surface at 
the optimized conditions and the quantification of 5-methylcytosines was 
performed by subsequent anti-5mC antibody recognition. As it can be 
observed in Fig. 3B, the antibody signal increased significantly (P<0.0014) 
with increasing number of methyl groups in the captured DNA sequence. 
While fragments with no methyl-modifications gave rise to negligible 



sensor responses, the presence of methyl groups in the sequence 
produced positive sensor signals. Moreover, the sensor response to the 
anti-5mC antibody increased by 75% in fragments containing four methyl 
groups compared with the ones with only one methyl-modification. This 
increase corresponded with a 4 times sensor response, which highly 
correlates with the different DNA methylation status between the two 
sequences. These results corroborated the capacity of the biosensor for 
the correct quantification of DNA-methyl groups. In addition, this 
immune-recognition step allows bisulfite-conversion free detections, 
increasing the speed of the analysis and preventing possible bias 
introduction by a wrong conversion. 
 

 
3.3. Double-stranded PAX-5 gene fragment capture 

Once optimized the biofunctionalization and hybridization conditions 
for ss-PAX-5 + detection, we tested the capability of our methodology for 
capturing ds-DNA fragments and determining their methylation status. 
Thus, we compared the performance of a standard duplex-forming probe 
with the PPRH probe, both complementary to the same sequence 
contained in the ss-PAX-5 + strand. Taking advantage of the full 
specificity of ss-PAX-5 + to our hairpin in contrast with the null specificity 
showed by ss-PAX-5 – strand, we analyzed the methylation status of the 
latter one, which will only be possible if ds-DNA PAX-5 fragment is 
captured. We employed 2-times methylated version of ss-PAX-5 – strand. 
Therefore, only if ds-PAX-5 fragments hybridized with our probes by a 
strand displacement process, the sensor would produce a positive signal 
in the second step of antibody capture. On the contrary, if no interaction 
took place, no sensor response would be appreciated. As in previous 
assays, the ds-PAX-5 fragments were diluted in 5x SSC- 20% FA at 20 nM 
concentration and flowed over the sensor surface.  

The sensor response for the ds-PAX-5 fragment capture and 
subsequent interaction with the anti-5mC antibody for both probes are 
shown in Fig. 4. As can be appreciated, while the sensor signal from the 
PPRH probe (pink) showed an increase in the baseline level (ΔR (%) = 
0.27), the signal coming from the duplex-forming probe (green) 
recovered the initial baseline level after ds-PAX-5 fragment injection, 
which indicates that no interaction took place. These results demonstrated 
the PPRH probe capabilities for capturing ds-DNA fragments by strand-
displacement in contrast with the inability of standard duplex-forming 
probes to hybridize with the double-stranded fragment. In addition, during 
the antibody capture, only the triplex-forming probe led to the specific 
detection of the antibody, which corroborated the proper capture of ds-
PAX-5 by this probe and the specific antibody recognition of the methyl 
group in the PAX-5 – strand. Although the hybridization efficiency of the 
ds-DNA fragments at 20 nM concentration was reduced by 50% (ΔR = 
0.35) in comparison with the single-stranded PAX-5 + fragment (ΔR = 
0.7), probably due to the different kinetics of the ds-DNA fragment 
hybridization, the PPRH probe was able to capture ds-DNA fragments 
directly from the sample. Thus, our methodology can be easily 
implemented without the need for laborious pre-manipulation steps such 
as bisulfite conversion or PCR amplification. 

 



 
 
Fig. 4. Sensogram of the ds-DNA recognition assessment. ds-PAX-5 

fragment interaction with both, PPRH probe (pink) and conventional 
duplex probe (green), and subsequent quantification of 5mC by the 
specific anti-5mC antibody. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this 
article.). 
 
4. Conclusions 
 
The determination of the DNA methylation status in patients is of 
paramount relevance in order to determine the cancer of primary 
origin at very early stages. Moreover, monitoring DNA methylation 
profiles before and after cancer treatment may yield evidence 
concerning the efficiency of the applied therapy or to detect disease 
recurrence. Aware of the necessity of faster and more efficient 
diagnostic tools, we have developed an innovative methodology for 
DNA methylation analysis through a label-free optical biosensor. 
Based on the demonstrated capabilities of PPRH oligonucleotides for 
inducing strand displacement in ds-DNA, we designed an 
antiparallel hairpin probe capable of directly hybridizing ds-DNA 
fragments. The employment of our PPRHprobe skips previous DNA 
strand de-hybridization or PCR amplification, avoiding the 
introduction of potential errors since we are dealing directly with the 
biological material of interest. We increased the strength of the 
capture by modifying the hairpin probe sequence with 8-aminoG 
modifications, which has been previously demonstrated to enhance 
the stabilization of the triple helix structure (Aviñó et al., 2003; 
Robles et al., 2002; Soliva et al., 2000).  

This biosensor methodology has proven to be useful for the 
complete characterization of the methylation status in DNA 
fragments. No cross-reactivity was observed when employing a 
non-specific antibody. Therefore, it can be also employed for the 
screening of other DNA modifications such as 5-



hydroxymethylcytosines, 5-formylcytosine and 5-carboxylcytosine. 
Alterations in the percentage of these different epigenetic 
modifications have been reported in cancer by enzyme-based 
immunoassay (Chowdhury et al., 2014). Thus, our methodology 
could enable the detection of each of these epigenetic marks 
independently by employing the specific antibody required for each 
one. This biosensor strategy provides a more reliable and fast 
analysis than conventional techniques, which is essential for the 
complete screening of these epigenetic marks in cancer patients 
whose epigenetic status has been altered. Table S3 compares the 
performances of the existing DNA-methylation optical biosensors. 
These results also place our methodology in the front line for the 
development of biosensor devices that may require the direct 
capture of ds-DNA fragments, such as circulating cell-free DNA, and 
the presence of bacteria or viruses in the host organism. In order to 
improve the accessibility of the ds-DNA, which probably endure 
higher steric hindrance repulsions during the interaction due to the 
double-stranded conformation fragments, a re-establishment of the 
biofunctionalization conditions by employing different PPRH probe: 
SHPEG ratios may be required. Further experiments should be 
performed with the established conditions for the evaluation of real 
samples from cancer patients and healthy individuals and properly 
validated with the corresponding conventional techniques in order 
to demonstrate the feasibility of our methodology. Also, to achieve 
a competent sensitivity for the evaluation of DNA methylation in 
genomic DNA, our future research is focused on the transference of 
the methodology to a highly sophisticated biosensor platform based 
on bimodal waveguide (BiMW) interferometers. This nanophotonic 
biosensor has demonstrated a high sensitivity, reaching limits of 
detections up to the low-attomolar level in a direct detection 
(Huertas et al., 2016b), avoiding any type of amplification process, 
such as PCR amplification. 
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Chemical reagents and buffers 

Solvents used for gold sensor chip cleaning were purchased from Panreac Applichem 

(Barcelona, Spain): Acetone 99.5% and Ethanol 99%. Main salts and chemical 

reagents for sensor cleaning, buffer preparation and biofunctionalization were 

acquired from Sigma-Aldrich (Germany): Sodium Dodecyl Sulfate (SDS), 

hydrochloric acid (HCl), sodium phosphate monobasic (NaH2PO4) 99%, sodium 

phosphate dibasic (Na2HPO4) ≥99%, sodium chloride (NaCl) ≥99.5%, sodium citrate 

dihydrate ≥99%, Tween 20, 6-mercapto-1-hexanol (MCH) 97%,  and formamide 

≥99.5%. Thiolated methyl-PEG (SH-PEG-CH3, MW: 2000 g/mol) was purchased 

from Laysan Bio 

Buffer solutions: PBS 50 mM (50 mM Phosphate buffer, 0.75 mM NaCl –pH 7-), 

20xSSC (3 M NaCl, 0.3 M sodium citrate –pH 7-). Buffer solutions were prepared by 

using milliQ water incubated O/N with 2% DEPC and autoclaved at 121ºC during 1 

hour. 

DNA sequences 

DNA sequence for PAX-5 gene promoter region was obtained from Ensembl gene browser 

(http://www.ensembl.org/index.html). The employed DNA probes and sequences are listed in 

Table S1. PPRH probes were synthesized as follows. Oligonucleotide hairpin and duplex 

probes carrying thiol groups were assembled on an Applied Biosystems 3400 synthesizer 

using polystyrene solid supports (LV200) according to the protocols of the manufacturer. 

Oligonucleotides containing 8-aminoG were prepared using commercial available 

phosphoramidite derivative of 8-amino-2’-deoxyguanosine protected with the 

dimethylformamidine group (Berry and Associates, USA). The oligonucleotides carrying 8-

aminoG residues were deprotected using concentrated aqueous ammonia (32%) carrying 

0.1M dithiotreitol (DTT) for 24 h at 55 °C. All DNA probes incorporate a functional group at 

the 5’-end, i.e. SH-, to enable coupling directly to the gold sensor surface. The thiol group 



was introduced using the 5′ thiol modifier–C6 S-S CE phosphoramidite (Link Technologies, 

Scotland). Thiolated oligonucleotides without 8-aminoG residues were deprotected using 

concentrated ammonia carrying 0.1M DTT (16 hrs, 55ºC).  In addition, a spacing region 

which consists of a 10 or 15 thymidines (T10 or T15) sequence is placed between the thiol 

group and the matching region for enhancement of target accessibility. Unmodified and 5-

methylC-modified DNA sequences were purchased from Microsynth AG (Switzerland).  

 

Table S1. Probe and target sequences for the methylation status of PAX-5 gene ds-DNA 
fragments assessment. 

Name Sequencea 

Antiparallel 3x 
8aminoG PAX-5 

gene hairpin probe 

5’SH-(T)10-GGAAGGAAGGGAGG-(T)4-
GGAGG*GAAG*GAAG*GCTTCAGCCTG 3’ 

Duplex PAX-5 gene 
probe 

5’SH-(T)15-GGAGGGAAGGAAGGCTTCAGCCTG 3’ 

PAX-5 + strand 

Non-methylated 

5’TCCCGTAGGTGCGCTGGCTAGCGCCCGGCGCAGGCTGAAGCCTTCC
TTCCCTCCCCCCAACCCCTATAAAAGTCTGGGGCGGCG3’ 

PAX-5 + strand 

1x 5mCpG 

5’TCCCGTAGGTGCmGCTGGCTAGCGCCCGGCGCAGGCTGAAGCCTTC
CTTCCCTCCCCCCAACCCCTATAAAAGTCTGGGGCGGCG3’ 

PAX-5 + strand 

4x 5mCpG 

5’TCCCmGTAGGTGCmGCTGGCTAGCGCCCmGGCGCAGGCTGAAGCCTT
CCTTCCCTCCCCCCAACCCCTATAAAAGTCTGGGGCmGGCG3’ 

PAX-5 – strand 

Non-methylated 

5’CGCCGCCCCAGACTTTTATAGGGGTTGGGGGGAGGGAAGGAAGGCT
TCAGCCTGCGCCGGGCGCTAGCCAGCGCACCTACGGGA3’ 

PAX-5 – strand 

2x 5mCpG 

5’CGCCGCCCCAGACTTTTATAGGGGTTGGGGGGAGGGAAGGAAGGCT
TCAGCCTGCGCCmGGGCGCTAGCCAGCGCACCTACmGGGA3’ 

100-nt length DNA 
sequence (control) 

5’ATGTGAACATGGAATCATCAAGGAATGCACACTCACCAGCAACACC
AAGTGCAAAGAGGAAGTGAAGAGAAAGGAAGTACAGAAAACATGCAGA
AAGCACAGAAA 3’ 

a 8-aminoG modified nucleotides are indicated in bold followed by (*) symbol (G*). 5-
methyl-CpGs are indicated in red followed by (m) (Cm). DNA target sequence carrying the 
14 bases polypyrimidine track (CCTTCCTTCCCTCC) is underlined. 

 



3'GTCCGACTTCGGAAGGAAGGGAGG-T15-SH-5' Duplex PAX-5 gen probe

ANTIPARALLEL
TRIPLEX

G*=8-aminoG  Antiparallel 3x8aminoG PAX-5 gene hairpin probe

PAX-5+strand5'……CGGCGCAGGCTGAAGCCTTCCTTCCCTCCCCCCCA…3'

3'GTCCGACTTCGG*AAGG*AAGG*GAGG

PAX-5+strand5'……CGGCGCAGGCTGAAG CC  TTCC  TTCC  CTCCCCCCA…3'

T4
5'-SH-T15-GG AAGG AAGG GAGG

DUPLEX

 

 

 

 

 

 

 

 

 

 

 

 

G:8-aminoG●C TRIAD 

 

Figure S1. Scheme of the antiparallel triplex and duplex structures between PAX-5 + strand 

(target) and duplex and antiparallel gene hairpin probes. The design of the hairpin or tail-

clamp and the number and position of the 8-amino-G are based in previous literature results. 

The stabilization of the antiparallel triplex is due to the formation of the triad G:8-aminoG●C 

(see scheme of the triad). The amino group in position 8 replaces the water in the minor-

minor groove (entropic effect) and introduces an extra H-bond (enthalpic effect).     

 



Table S2. Thermal denaturation studies demonstrating the stronger affinity of polypurine 

hairpins compared with duplex-forming sequences for the PAX-5 polypyridimide target 

because of the formation of an antiparallel triplex. 

 

# Oligonucleotide sequence (5’-3’) Transition Tm 
(ºC)* 

1 GGAGGGAAGGAAGGCTTCAGCCTG Duplex1→ss 76.1 

2 AGGGAGGGAGGGAAT4GGAGGGAAGGAAGGCTTCAGCCTG Duplex2→ss 76.0 

3 GGAAGGAAGGGAGGT4GGAGGGAAGGAAGGCTTCAGCCTG Triplex→ss 83.2 

*10 mM sodium cacodylate, 50 mM MgCl2 pH 7.0; in all cases the complementary oligonucleotide 
carrying the PAX-5 polypyrimidine target sequence was 5’-CAGGCTGAAGCCTTCCTTCCCTCC-3’ 
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3'GTCCGACTTCGGAAGGAAGGGAGG

5'-CAGGCTGAAGCCTTCCTTCCCTCC-3'
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3'GTCCGACTTCGGAAGGAAGGGAGG-5'

5'-CAGGCTGAAGCCTTCCTTCCCTCC-3'

3'GTCCGACTTCGGAAGGAAGGGAGG

5'-CAGGCTGAAGCCTTCCTTCCCTCC-3'

T4

5'-AGGGAGGGAGGGAA

 

  



 

 
 

 

Figure S2. CD spectra of oligonucleotides, duplex and antiparalell triplex in 10 mM sodium 

cacodylate, 50 mM MgCl2 pH 7.0. Duplex is the mixture of target oligonucleotide (5’-

CAGGCTGAAGCCTTCCTTCCCTCC-3’) and its complementary sequence (oligonucleotide #1). 

Triplex is the antiparallel triplex formed by target sequence and antiparallel hairpin 

(oligonucleotide #3). Target + Hairpin indicate the sum of the CD spectra of oligonucleotide 

target and oligonucleotide #3). The CD spectra of the triplex is different from the duplex and 

the sum of the CD spectra indicating the formation of a new structure (antiparallel triplex) 

that is responsible of the increased stability 

 

 

 

  

-15

-10

-5

0

5

10

15

200 250 300

Duplex

Triplex

Target

Hairpin

Target + Hairpin



 

 

 

 

 

Figure S3. Comparative study between three spacing configurations in the SAM of 

antiparallel hairpin probes employing different horizontal spacers: Antiparallel hairpin 

without horizontal spacer 1µM (left); Hairpin probe:SH-PEG (1:1; 1 µM) (middle); and 

Hairpin probe:MCH (1:1; 1 µM) (right). All p-values indicated significant variation between 

the measurements (P<0.0003, one-way ANOVA test). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S4. Hybridization/regeneration SPR signals for three independent samples of PAX-5+ 

at 100 nM concentration in the PEGylated monolayer (left). Hybridization/regeneration SPR 

signals for three independent samples of PAX-5 + at 100 nM concentration in the MCH 

monolayer (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. S5. Sensogram of the interaction of the anti- 5hmC antibody with 4x 5mC PAX-5+ 

fragment. 4x CpG PAX-5+ fragments interacts with the PPRH probe giving rise to an 

increment in the reflectivity of 0.7%. After the hybridization, anti-5hmC antibody is flowed. 

As can be appreciated, at 2700 s the sensor signal returned to the same baseline after DNA 

hybridization, indicating that no interaction took place between the antibody and the 5mC. 

 

 

 

 

 

 



Platform Detection Method Advantages Disadvantages Ref. 

SPR - DNA bisulfite conversion 
- MIP interrogation 

- Asymmetric PCR amplification. 
- ss-DNA detection by specific probe. 

- Increased sensitivity by PCR amplification. 
- DNA specific detection. 

- Time-consuming. 
- Labor intensive. 
- Prone to error by sample pre-treatment. 
- Bisulfite-induced sequence bias. 
- Dependent on sample recovery. 
- Low versatility for the detection of different 

methyl-modifications. 

(Carrascosa et al., 2014) 

SPR - DNA bisulfite conversion 
- Asymmetric PCR amplification. 

- ss-DNA adsorption on Gold surface. 

- Increased sensitivity by PCR amplification. 
 

- Time-consuming. 
- Labor intensive. 
- Prone to error by sample pre-treatment. 
- Bisulfite-induced sequence bias. 
- Dependent on sample recovery. 
- Low SPR signal specificity. 
- Low versatility for the detection of different 

methyl-modifications. 

(Shiddiky et al., 2015) 

Micro-ring Resonators - DNA bisulfite conversion 
- MS-PCR amplification. 

- ss-DNA detection by specific probe. 

- Increased sensitivity by PCR amplification. 
- DNA specific detection. 

- Time-consuming. 
- Labor intensive. 
- Prone to error by sample pre-treatment. 
- Bisulfite-induced sequence bias. 
- Dependent on sample recovery. 
- Need for specific methylated probes 
- Low versatility for the detection of different 

methyl-modifications. 

(Shin et al., 2013) 

SPR - Fragmentation by restriction enzymes. 
- Mix with biotinylated bulge inducer probe. 

- Heat denaturation and cool down hybridization. 
- ss-DNA detection by specific probe 

- Immobilization on a Streptavidin-modified gold 
surface. 

- 5mC quantification by specific antibody. 

- No changes in biological material. 
- No need for complex sample manipulation 
- DNA specific detection. 
- Versatile for the detection of different 

methyl-modifications 

- Time-consuming. 
- Not-demonstrated specificity. 
 

(Kurita et al., 2015) 

SPR - Fragmentation by restriction enzymes. 
- Heat denaturation 

- ss-DNA detection by differently methylated probes. 
- 5mC quantification by MBD. 

- No changes in biological material. 
- No need for complex sample manipulation 
- DNA specific detection. 
- Versatile for the detection of different 

methyl-modifications  

- Need Specific probe design for each gene 
probes with specific 5mCs. 

- Low versatility for detection of DNA with 
differently methylation status. 

- Difficult standardization. 

(Pan et al., 2010) 



Table S3. Comparison of the different optical biosensor methodologies for DNA methylation assessment in terms of: sample manipulation, reliability and stand 
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real-time detection of regional DNA methylation. Chem. Commun. (Camb). 50, 3585–8. https://doi.org/10.1039/c3cc49607d 

Kurita, R., Yanagisawa, H., Yoshioka, K., Niwa, O., 2015. On-Chip Sequence-Specific Immunochemical Epigenomic Analysis Utilizing Outward-Turned Cytosine in a DNA Bulge with 

Handheld Surface Plasmon Resonance Equipment. Anal. Chem. 87, 11581–11586. https://doi.org/10.1021/acs.analchem.5b03520 
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methylation with surface plasmon resonance biosensors. Biosens. Bioelectron. 26, 850–853. https://doi.org/10.1016/j.bios.2010.08.007 
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in: 8th International Conference on Electrical and Computer Engineering: Advancing Technology for a Better Tomorrow, ICECE 2014. pp. 17–20. 
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SPR - Fragmentation by restriction enzymes. 
- Heat denaturation 

- ss-DNA detection by differently methylated probes. 
- 5mC quantification by specific antibody. 

- No changes in biological material. 
- No need for complex sample manipulation 
- DNA specific detection. 
- Versatile for the detection of different 

methyl-modifications  

- Need Specific probe design for each gene 
probes with specific 5mCs. 

- Low versatility for detection of DNA with 
differently methylation status. 

- Difficult standardization. 

(Yu et al., n.d.) 

SPR 

 

- Fragmentation by restriction enzymes. 
- ds-DNA detection by specific PPRH probe. 

- 5mC quantification by specific antibody. 

- No changes in biological material. 
- No need for complex sample manipulation. 
- Direct detection of material of interest. 
- DNA specific detection. 
- Low risk of error introduction. 
- Versatile for the detection of different 

methyl-modifications 
 

- Need for ds-DNA capture optimization. 
- Lack of real sample demonstration. 
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