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Abstract. The colorectal cancer (CRC) is one of the most treatable cancers, but high mortality levels 

have been reported as a result of its asymptomatic nature in the very early stages of the disease. This 

justifies the importance of mass screening programs to fight colorectal cancer, and thus the interest 

in the development of minimally invasive, cost-effective tests. In this paper, a novel approach for the 

detection of CRC biomarkers in DNA stool samples is reported. The strategy is based on the detection 

of DNA methylation alterations as highly sensitive and selective epigenetic biomarkers by means of 

an organic transistor-based sensor, particularly suited for the integration in portable, low-cost and 

easy-to-use sensing system. A clear demonstration of the detection strategy effectiveness is provided 

using a standard CRC biomarker, namely SEPT9 (encoding for septin9), and further deepened using 

an innovative biomarker, GRIA4 (encoding for glutamate ionotropic receptor AMPA type subunit 4), 

in several samples coming from CRC patients. The correct detection of biomarkers, as confirmed by 

independent optical analysis, is demonstrated both on amplicons and unamplified genomic DNA 



derived from stool samples, thus making the proposed approach particularly attractive for the future 

development of non-invasive, PCR-free and low-cost mass screening tests. 

Keywords: Epigenetic biomarker, DNA methylation alteration, non-invasive cancer test, methylight, 

quantitative-PCR method 

 

1. Introduction 

Colorectal cancer (CRC) is the third most common cancer diagnosed worldwide, the second in terms 

of mortality [1], although it is one of the most preventable ones. Indeed, patients receiving early 

diagnosis experience successful treatment, while most cases are diagnosed in advanced and incurable 

stages. Therefore, early diagnosis and treatment are fundamental for reducing the burden of disease, 

and this justifies the interest of national healthcare systems in the promotion of screening programs 

[2, 3]. Currently, CRC diagnosis mainly relies on invasive methods such as colonoscopy, which 

enables highly sensitive detection and removal of precancerous lesions [4]. Nevertheless, invasive 

methods are expensive, require thorough bowel preparations and cause discomfort, leading to poor 

compliance among patients and to a questionable effectiveness in mass screening programs. Non-

invasive approaches, such as faecal occult blood test (FOBT), guaiac-FOBT, faecal immunochemical 

test (FIT), have a much broader acceptance among patients [5, 6], but their restrained sensitivity and 

specificity are unfortunately an issue [7, 8]. For this reason, the current trend in research is focused 

on the development of non-invasive screening procedures and tools endowed with high sensitivity 

and specificity at very early stage of the disease. For clinical applications, a great attention has been 

paid to markers detectable in body fluids or in biospecimens non-invasively collected (stool, urine, 

saliva). As regards CRC, different biomarkers that can be identified in blood or stool samples have 

been proposed in literature in the last years [9, 10, 11]. In particular, the role of epigenetic factors in 

cancer onset, such as DNA methylation, has been thoroughly investigated. DNA methylation is a 

covalent modification of cytosines consisting in the addition of a methyl group leading to 5-

methylcytosine (5mC). Changes in DNA methylation present several features making them promising 

cancer biomarkers. Firstly, these alterations are frequent events in cancer genesis, and detectable even 



in precancerous lesions, thus being potential biomarkers for early cancer diagnosis [12-22]. 

Moreover, they can also be found in cell-free circulating tumour DNA (ctDNA) in various body 

matrices, making their detection possible through non-invasive methods. Finally, DNA methylation 

is a stable epigenetic marker, and a multitude of well-established techniques can be used for its 

detection [23]. Although an immense number of studies about DNA methylation-based biomarkers 

have been published, a few of them are commercially available and have been included in clinical 

guidelines, and even less have been approved by the Food and Drug Administration (FDA) to be 

introduced in clinical practice for CRC screening [24]. So far, three DNA-methylation-based blood 

tests are commercially available for CRC detection: Epi proColon (Epigenomics), ColoVantage 

(Quest Diagnostics) and RealTime mS9 (Abbott) [25]. All these three tests are based on a well-known 

CRC methylation biomarker, namely SEPT9. Although SEPT9 exhibited overall high sensitivity and 

specificity in detecting CRC and some SEPT9-based diagnostic tests have been developed [26-30], it 

has been found that detection performance increases with CRC stage [31, 32].To date, the power of 

SEPT9 methylation-based test on detecting adenomas and early stage CRC is limited [28]. A DNA 

methylation-based stool test commercially available is ColoSure (LabCorp), evaluating VIM 

(encoding for vimentin) methylation, but still with a high risk of false negative results [33, 34]. The 

proposed kits are believed to significantly impact the CRC diagnosis practice, introducing non- (or 

minimally-) invasive approaches with high sensitivity and specificity. Nonetheless, relatively high 

costs (a few-several hundreds of Euros) and time-to-result (ranging from a few days to several weeks) 

strongly mitigate the potential advantages in their employment in mass screening programs. At the 

state-of-the-art laboratory-scale approaches, such as quantitative Polymerase Chain Reaction (qPCR), 

are employed to detect epigenetic biomarkers in samples collected in these kits, requiring several 

preparation passages and the involvement of highly-skilled personnel. Therefore, there is an 

increasing effort in the development of new diagnostic devices with higher efficacy, possibly 

avoiding PCR amplification or the employment of sophisticated laboratory instrumentation. Cancer 

biosensors attracted a significant interest in the scientific community for their potential superior 



analytical performance, real-time and parallel detection [35]. Among possible approaches, Field-

Effect Transistor (FET)-based biosensors, namely bioFETs, are attracting a huge attention. 

Differently from most electrochemical approaches, bioFETs ensure direct, often label-free, detection 

of several biochemical species [36]. The electronic transduction provided by bioFETs significantly 

reduces the readout complexity, as the biochemical reaction under analysis is directly converted into 

an electronic signal. Moreover, sensor fabrication can benefit of the low-cost fabrication processes of 

electronic technologies. The combination of these advantages makes bioFETs ideal for the 

development of low cost, portable instrumentation for mass screening. Interestingly enough, bioFETs 

have been already employed for the detection of cancer biomarkers [37]. Protein detection by means 

of ImmunoFETs has been demonstrated, among others, for breast cancer in saliva [38], for bladder 

cancer in urine [39], and for liver cancer in serum [40]. Recently, multibiomarker detection for early 

cancer biomarkers using organic FET-based immunosensor was also reported [41]. Molecular 

detection of microRNA by GenFETs, which is by far the most sensitive and selective, has been 

demonstrated for breast cancer [42, 43]. Although some preliminary results for biomarker detection 

by means of bioFET are thus available, even without the need for PCR amplification [43], a huge 

effort must be paid in an effective transfer of this approach to the real application scenario. Moreover, 

the promising epigenetic biomarker approach is so far unexplored, due to the fact that classic bioFETs 

perform genetic detection by exploiting the complementarity of DNA molecules. In this paper, a 

bioFET conceived for PCR-free detection of epigenetic cancer biomarkers is reported, exploiting for 

the first time ever, to our knowledge, in this field the peculiar advantages of flexible organic 

electronics as cost-effective, large-area technology suitable for the development of low cost, easy-to-

handle mass screening kits. The detection of CRC DNA methylation-based biomarkers will occur in 

samples extracted from stool specimens by exploiting the working principle of the Organic Charge-

Modulated Field-Effect Transistor (OCMFET), which has been thoroughly investigated as DNA 

hybridization sensor [44-46]. Here, the hybridization detection is employed to recognize different 

methylation patterns by exploiting the conversion of non-methylated regions in the molecule, i.e. by 



encoding the epigenetic information into a modification in the base sequence. The methylation profile 

of two genomic regions altered in CRC has been tested: the first is the SEPT9, and the second one, 

recently demonstrated as a CRC biomarker with superior specificity and informativity, is GRIA4 [17, 

47], identified by our group with Illumina genome-wide microarray technology, allowing the 

interrogation of more than 450K CpG loci. In this work, different tests will be presented, 

demonstrating that the device is capable of discriminating positive and negative samples, in 

agreement with a classic fluorescence-based method for DNA methylation analysis (MethyLight) 

carried out as reference standard. Interestingly, the device functionality has been demonstrated on 

both PCR-amplified and unamplified DNA extracted from stool samples. Genomic DNA detection 

with bioFETs was previously demonstrated on bacterial, highly-purified samples [48]; here, the 

possibility of recognizing human genomic DNA is demonstrated for the first time. The proposed 

approach will combine several features, such as low-cost fabrication over large areas enabled by 

organic electronic processes, direct and label-free electronic detection enabling quasi-real-time result, 

PCR-free and easy sample collection and preparation. Consequently, it will be particularly suited for 

the development of an innovative class of user-friendly, portable CRC diagnosis kit for mass 

screening, ensuring high sensitivity and specificity at affordable costs. 

2. Experimental section 

2.1. Device structure 

Fig. 1 shows a cross-section of the OCMFET structure, which is based on a modified bottom-gate, 

bottom-contact transistor in order to keep the gate electrically floating. The operating point of the 

device is fixed by means of a control gate, capacitively coupled with the floating gate. The latest is 

electrically connected to the sensing area of the device, where the DNA probes are anchored. The 

detailed fabrication of the device has been reported elsewhere [45]: all metal layers were obtained by 

thermal evaporation and patterned by means of photolithography. Aluminum was employed for the 

floating gate, in order to have native aluminium oxide in combination with a thin Parylene C 



(Specialty Coating Systems) layer, deposited by Chemical Vapor Deposition, to obtain a sufficiently 

high gate capacitance (15 nF/cm2) for low voltage operation. Gold was used as second metal layer 

for source, drain, control gate and sensing area. This material allows easy functionalization chemistry 

and optimal biocompatibility of the sensing area. Moreover, gold is a standard choice for source and 

drain electrodes when 6,13-Bis(triisopropylsilylethynyl)-pentacene (TIPS-pentacene, Sigma-

Aldrich) is employed as semiconductor. TIPS pentacene ensures high stability and easy processing, 

as it can be deposited from liquid phase (1wt% solution in anisole anhydrous). Source and drain were 

patterned following a self-alignment process with the aim of enhancing sensitivity, as described in 

[49]. In order to perform biochemical measurements, 3D printer incubation chambers (custom 

fabrication using a Makerbot Replicator 2x, Makerbot) were fixed on the sensing area by means of 

polydimethylsiloxane (PDMS, Sylgard 186®, Dow Inc.). Finally, the device was encapsulated by 

means of a 2 µm-thick Parylene C layer to further improve the stability of the electrical performances 

in time. 

 

Fig. 1: Cross-section of OCMFET structure based on a bottom-gate bottom-contact OFET. 

 



2.2. Sensor functionalization 

The specificity of the OCMFET to the selected biomarkers was obtained by the immobilization of 

appropriate DNA probes onto the gold sensing area. To this aim, thiol-modified DNA sequences have 

been designed. For SEPT9 experiments, the employed probe was (HS)-5’-(T)5-CAAAATCCTC 

TCCAACACGTCCGCGACCGC-3’. As it can be deduced by the sequences of the probes, they are 

interrogating 4 CpGs for SEPT9 and 6 CpGs for GRIA4. For GRIA4, the employed probe was (HS)-

5’-(T)5-ACACTAACGCCGCGACCGCCACACGCGCTA–3’. These probes (Sigma-Aldrich) were 

designed to be complementary to the methylated specific genomic regions to be interrogated. Here, 

the first five thymines act as spacer between the probe and the sensing surface. In order to promote 

probe anchoring on gold, the sensing area was preliminary cleaned with a 1:10 aqueous solution of 

hydrochloric acid (HCl, Sigma Aldrich). Then, a solution containing a 100 nM dispersion of the probe 

in a functionalization buffer (1M KH2PO4, 1M H3PO4, Sigma Aldrich, pH 4.7, I = 1.04 M) was 

spotted on the sensing area, followed by 1 µM solution of 6-mercapto-1-hexanol (MCH, Sigma 

Aldrich). MCH acts as a spacer between probes to enhance the ordering of the self-assembled 

monolayer. Devices have been stored at room temperature overnight in this functionalization solution. 

Before hybridization tests, the sensing areas were thoroughly rinsed with a 50 mM phosphate buffered 

saline solution (PBS, Sigma-Aldrich), containing sodium chloride (NaCl, Sigma Aldrich) at a 

concentration of 50 mM, in order to remove any a-specific absorbed molecule.  

2.3. Electrical measurement setup 

Electrical measurements were performed and recorded in liquid environment (phosphate buffered 

saline solution 50 mM, 50 mM NaCl, pH = 7.04, I = 50 mM), in ambient conditions and at room 

temperature, employing a Keithley® 2636 SourceMeter and custom-made Matlab® scripts. In 

particular, output and transfer characteristic curves have been acquired in order to characterise device 

electrical performances and extrapolate basic parameters, such as threshold voltage and mobility (Fig. 



S1 in Supplementary Material). Sensor characterization was performed by the real-time acquisition 

of the output current of the OCMFETs. 

2.4. Samples collection and DNA samples preparation 

Stool samples of eight CRC patients were available at the Laboratory of Molecular Biology, 

Genomics and Epigenomics, Department of Biomedical Sciences, collected from the Hospital of the 

University of Cagliari (Italy). Clinical characteristics of the tumours are described in Table 1. Samples 

were taken intraoperatively from the bowel resection specimen and immediately frozen after 

collection and stored at -80 °C until being processed. For patient number 3, normal tissue sample was 

taken at a distance >10 cm from the neoplastic tissue during surgical resection. All the biological 

samples analysed were obtained with written informed consent signed from patients and ethical 

approval granted by the relative Ethics Committee. 

DNA was extracted from stool samples by using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. Genomic DNA from the normal tissue sample 

was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).  DNA samples were 

subjected to sodium bisulfite conversion using EZ DNA Methylation Gold Kit (Zymo Research, 

Irvine, CA, USA) according to the manufacturer’s instructions. 

SAMPLE 

ID 

TUMOUR 

LOCATION 

STAGE 

AT 

DIAGNO

SIS 

GRAD

E 

BIOLOGICAL 

MATRIX 

2 Left colon I G2 Stool 

3 Right colon III G2 Stool / Normal tissue 

14 Rectum III G3 Stool 

19 Right colon II G2 Stool 

21 Transversal colon II G2 Stool 

29 Right colon II G2 Stool 

33 Right colon IV G2 Stool 

34 Rectum III G2 Stool 

Table 1:Clinical characteristics of CRC patients. 

 

 



2.5 Methylation Analysis by MethyLight 

Validation of SEPT9 and GRIA4 methylation was evaluated in MethyLight qPCR by using primers 

and probes designed with Beacon Designer™ (Premier Biosoft, San Francisco, CA, USA) (Table 2). 

As it can be deduced by the sequences of the probes, they are interrogating 3 CpGs for SEPT9 and 4 

CpGs for GRIA4. The probes were labelled with the 6-Carboxyfluorescein (6-FAM) fluorophore at 

the 5′ end. A primer-probe mix containing 300 nM of each primer and 100 nM of the probe was 

prepared. Each assay was performed in triplicate using: 15 μl of TaqMan Genotyping Master mix 2X 

(Applied Biosystems, Foster City, CA, USA), 4.5 μL of primer-probe mix, 5 μL of bisulfite-converted 

DNA (10 ng/μL) and 5.5 μL of RNase-free water. The experiments were conducted on a DNA Engine 

Opticon 2 Real-Time Cycler (Bio-Rad, Hercules, CA, USA) using the following thermal conditions: 

initial PCR activation step at 95 °C for 10 min, followed by 50 cycles of denaturation step at 95 °C 

for 15 s and annealing/extension step at 60 °C for 60 s. The results are reported as Ct (threshold cycle), 

that is the intersection between an amplification curve and a threshold line. It represents a relative 

measure of the target concentration in the PCR reaction. 

Target Forward primer (5′–3′) Reverse primer (5′–3′) Probe (5′–3′) 
Sequence between 

primers (5’-3’) 

SEPT9 
GGATTTAGAAGGTGGG

TGTTGG 

CCAAACCCACCCCCA

AAATCCTCTC 

CCGCGACCGCAACAA

CC 

GTTGGTTGTTGYGGTY

GYGGAYGTGTTG 

GRIA4 
GGGTTGGTGTAGGTTT

GTT 

CTCCCCCCTTACTTTC

TCACATACACACAA 

AACGCCGCGACCGCC

ACAC 

GGGGGATGTYGGTTG

ATGYGAGTTGGAGAG

YGYGTGTGGYGGTYGY

GGYGTTAGTGT 

Table 2:Primers and probe sequences for MethyLight assay.  

Notes: Y indicates C/T of CpG sites 

 

3. Results and discussion 

3.1. Epigenetic biomarkers detection strategy 

The detection of epigenetic biomarkers by means of the OCMFET requires a modification of the 

detection strategy previously employed for genetic applications. In that case, the OCMFET 



transduced the intrinsic negative charge of target, single-stranded DNA (ssDNA) molecules captured 

by ssDNA probes anchored on the surface of the sensing area. Indeed, when hybridization occurs, 

double-stranded DNAs (dsDNAs) are formed on the sensing surface: as the total negative charge 

increases, the floating gate charge distribution is modulated and a variation of the threshold voltage 

of the transistor is obtained. A complete description of this working principle is thoroughly discussed 

elsewhere [50]: briefly, the threshold voltage shift VTH can be related to the additional charge of 

target molecules Q according to the equation: 

Δ��� = −
Δ�

��	�
 

where CTOT is a capacitive term related to the sensor layout. This detection strategy relies on the 

complementarity between the target molecules to be detected and a self-assembled monolayer of 

probes acting as bioreceptors. This strategy can be easily adapted for the detection of the epigenetic 

DNA methylation alteration as biomarker, by exploiting the sodium bisulfite (NaHSO3) conversion 

of target molecules. Indeed, alterations in the methylation pattern predominantly occurs in the context 

of CpG dinucleotides defined as CpG sites, often grouped into high CpG density regions, termed as 

CpG islands (CGIs), often overlapping with gene regulatory regions. In fact, the region interrogated 

in the present study is included within a CGI located in the promoter of GRIA4. As schematically 

shown in Fig.2a, bisulfite conversion is a process in which genomic DNA is denatured and treated 

with sodium bisulfite, leading to deamination of unmethylated cytosines in uracils, while 5mC 

remained unchanged. This allows to differentiate between methylated and unmethylated cytosines, 

potentially offering a single-nucleotide resolution information about the methylated loci of DNA, 

converted into different sequences of bases that can be thus inferred by exploiting the hybridization 

reaction. Indeed, if DNA probes are designed to be complementary for a specific sequence, obtained 

by the conversion of a certain methylation pattern, only target molecules showing the expected pattern 

are captured and can determine a charge variation on the sensing area, which remains unvaried 

otherwise (Fig. 2b). If hybridization occurs, the threshold voltage shift determines the modification 



of the working point of the transistor: as a consequence, a variation in the output current of the device 

is obtained (Fig. 2c) for the perfect matching, while no specific current variation is expected 

otherwise. 

 

Fig. 2. (a) Sodium bisulfite conversion of DNA molecules (target): unmethylated cytosines are 

converted to uracils, while methylated molecules remain unaffected. (b)Probes designed for the 

detection of a specific biomarker allow hybridization only with perfect matching target molecules. 

(c) In an OCMFET, when a biomarker is detected (perfect matching), a variation in the output current 

(IDS) occurs, while it remains unvaried otherwise. 

 

3.2. Electronic detection of SEPT9 

At first, the OCMFET structure was evaluated as sensor for the detection of epigenetic biomarkers 

by employing SEPT9. OCMFET sensors were functionalized with specific probes designed for the 

detection of SEPT9, as described in Experimental Section. Electronic detection was investigated by 

recording in real time the output current of the devices during hybridization process. A constant 

source to drain voltage VDS = -5 V was applied, while the control gate was biased with a squared 

voltage VGS in order to reduce as much as possible the bias stress of the OFET. This effect leads to a 



continuous charge trapping at the semiconductor/insulator interface, thus determining an unspecific 

reduction of the current in time. The amplitude and the frequency of the voltage were chosen in order 

to make the device working in over-threshold conditions. Hybridization was performed at room 

temperature by spotting a solution of amplicons diluted in a 50 mM phosphate buffered saline (PBS) 

solution, with a NaCl concentration of 50 mM. This is a standard measurement environment for 

OCMFET testing with ssDNA molecules, ensuring an optimal trade-off between hybridization 

efficiency (which requires significant salt concentration) and sensitivity, which may be influenced by 

Debye screening length [51]. Initially, tests were performed employing amplicons, i.e. 

oligonucleotides obtained from the amplification through PCR of the target region of SEPT9. 

Specifically, the final concentration of the amplicons was around 900 ng/μl starting from 100 ng of 

stool DNA subjected to bisulfite conversion (45 cycles of PCR). Representative results are reported 

in Fig. 3a in terms of percentage current variation with respect to the baseline current, i.e. the current 

recorded before hybridization. It is possible to observe that an increase of the current is obtained when 

amplicons from DNA stool sample is employed: according to the OCMFET working principle, this 

effect is related to an increase of the negative charge on the sensing area, which is coherent with the 

detection of the SEPT9 biomarker. On the other hand, when a target from non-tumoral DNA is 

employed, a reduction of the output current was recorded, meaning that SEPT9 was correctly not 

identified: indeed, since no charge is anchored on the sensing surface, current should remain stable 

but the residual bias stress effect leads to a (even minimum) current decrease. The different 

behaviours obtained in the two cases can be interpreted with a positive detection of SEPT9 when a 

current increase is recorded, as predicted by the OCMFET model. Fig. 3b shows the average data on 

four technical replicates for stool sample DNA, and three for non-tumoral tissue DNA sample. 

Devices show a reproducible response for both kinds of samples: in particular, low standard deviation 

is observed for stool DNA samples, while larger error bars characterize the result obtained for non-

tumoral tissue DNA sample. This is due to the effect of bias stress, which can significantly vary 

among devices. Nonetheless, as average and standard deviation values of the two categories of 



samples are not overlapped, these results demonstrate that the OCMFET can be employed for specific 

biomarkers detection.  

Subsequently, the possibility of recognizing cancer specific biomarkers directly from human genomic 

DNA was investigated and demonstrated. Indeed, the same experiments just described for the 

detection of SEPT9 from amplicons, were performed on unamplified stool DNA samples coming 

from the same patient. In particular, as well as amplicons, genomic sequences are diluted in a 50 mM 

phosphate buffered saline (PBS) solution, with a NaCl concentration of 50 mM. Fig. 3c reports 

representative results for SEPT9 detection in genomic (unamplified) stool DNA samples, which are 

perfectly in line with those related to amplicons: indeed, a significant increase (of about 6%) of the 

OCMFET current is recorded, while no increase can be observed when the target comes from non-

tumoral DNA sample. It is noteworthy that a higher response was always recorded from unamplified 

targets, as clearly observable also from the average data reported in Fig. 3d. This could be justified 

by the fact that the captured genomic fragments are surely longer than amplicons, as they comprehend 

additional nucleotides to the SEPT9 target sequence. Although these additional nucleotides are not 

involved in the hybridization with the probe, they can act as a “label”, bringing an additional charge 

on the surface. Since the OCMFET has been already demonstrated to be capable to operate at low 

Debye length [51], it is reasonable that this additional charge is also sensed by the device, contributing 

to the variation of its output current. It is noteworthy that the specificity is unaltered, as probes are 

designed to interact specifically with the SEPT9 target sequence in the fragment. As for Fig. 3b, larger 

error bars in the negative control are related to the different extent of bias stress drift in different 

devices; however, the distinction with positive response is unambiguous.  

The same samples were analysed in parallel with a classic optical method, i.e. MethyLight, a 

quantitative PCR-based method to measure DNA methylation levels in real time using fluorescent 

probes. As shown in Fig. 3e and f, we observed an earlier Ct curve for the two technical replicates 

using stool DNA (corresponding to the higher number of copies of the target of interest and to a lower 

Ct) followed by the Ct curve for the two technical replicates using DNA extracted from non-tumoral 



tissue (with a lower number of copies of the target of interest corresponding to a higher Ct). Therefore, 

MethyLight confirmed that SEPT9 biomarker was strongly detectable in stool DNA samples and as 

expected at a lower level in a non-tumoral tissue DNA sample, in accordance with what obtained with 

OCMFET analysis. 



 

Fig. 3. (a, c). Representative real time percentage current variation IΔ of OCMFET sensors during 

hybridization tests, normalized to the baseline current I, recorded before the spotting of target 

sequences. (a) SEPT9 amplicons detection test in non-tumoral tissue DNA sample (decrease of device 

current means no response) and stool DNA sample (increase of device current means biomarker 

identified) coming from the same CRC patient. (c) SEPT9 detection test in genomic non-tumoral 

tissue DNA sample and stool DNA sample coming from the same CRC patient. (b, d). Average data 

of experiments, carried out on at least three different devices for both SEPT9 amplicons (error bars 

are 1-σ tolerance bands) (b) and genomic samples (d). (e, f). SEPT9 Validation results obtained by 



MethyLight, a quantitative PCR-based optical method to measure DNA methylation levels in real 

time using fluorescent probes. (e) Plot showing the measured fluorescence, in logarithmic scale, at 

increasing PCR cycles for each replica (plots in exponential scale are available in Supplementary 

Information, Fig. S3). (f) Bar plots showing average Ct and standard deviation for the two technical 

replicates of each tested sample (error bars are 1-σ tolerance bands). 

 

3.3. Electronic detection of an innovative CRC biomarker 

Proved that OCMFET sensor is able to detect epigenetic biomarkers, the focus was set on the 

detection of the new promising CRC biomarker, GRIA4, directly on DNA extracted from stool 

samples of eight CRC patients. This biomarker, thoroughly examined elsewhere [21], shows superior 

informativity at the very early stages of the disease, representing a valid alternative to SEPT9 for 

early diagnosis applications. 

DNA stool samples from the same eight CRC patients were analysed by MethyLight. A broad range 

in DNA methylation was observed, from very high levels to undetectable, with a non-existing curve 

or a curve remaining below the threshold (Fig. 4a, b). Sample 19 appears as an outlier with the highest 

methylation levels (earliest Ct curve for the two technical replicates, lowest Ct). A group of samples 

showed from low (sample 34 and sample 3) to intermediate methylation levels (samples 29, 2, 33). 

For two samples (sample 14 and sample 21), it was not possible to estimate Ct (under threshold) and 

thus the methylation was not detected. 

The same samples have been then employed for electronic detection using the OCMFET in blind 

mode, i.e. without any information about the methylation level and kind of sample provided to the 

operators that carried out electrical measurements. Fig. 4c, d show typical real-time responses and 

average data (obtained from at least three technical replicates of the same sample, with the sole 

exception of sample 34), respectively. It is possible to observe that the data are coherent with those 

obtained by MethyLight: sample 19 gave rise to the higher signal amplitude (among 4% of average 

current variation) and the lowest Ct, while the lower sensor’s response was obtained for sample 34 

with the highest Ct among the detectable samples. Sample 29 and 33 are consistent with the 

intermediate methylation level recorded by MethyLight. The only remarkable difference among the 



two techniques was observed for sample 2 and sample 3: this may be due to possible heterogeneity 

of samples, which will present variable methylation levels in the various molecules extracted 

(especially due to the fact that these are somatic, not germline, epimutations), thus bringing to 

different measurements on different replicas.  Nonetheless, a positive methylation pattern was in any 

case detected, coherently with what obtained by MethyLight. Interestingly, a low methylation level 

was observed for sample 14: this is consistent with previous analysis on that sample carried out by 

droplet digital PCR (ddPCR, [21]), which is another quantitative PCR-based method characterized 

by a higher sensitivity. Sample 21 resulted in an undetectable methylation level, coherently with what 

obtained by MethyLight and ddPCR. Therefore, the proposed approach is capable to correctly 

discriminate among different methylation levels in genomic samples, i.e. without the need for 

biomarker amplification, with a performance comparable to the one of quantitative PCR methods. 

Similar results have been obtained by the capturing of GRIA4 amplicons obtained by PCR (Fig. S2 

in Supplementary Material). 



 

Fig. 4. (a, b). GRIA4 methylation analysis results obtained by MethyLight, a quantitative PCR-based 

optical method to measure DNA methylation levels in real time using fluorescent probes. (a) Plot 

showing the measured fluorescence, in logarithmic scale, at increasing PCR cycles for each 

replicates of the analyzed sample (plots in exponential scale are available in Supplementary 

Information, Fig. S4). (b) Bar plots showing average Ct and standard deviation for the two technical 

replicates of each tested sample (1-σ tolerance band). (c, d). GRIA4 methylation analysis results 

obtained by electronic detection with OCMFET. (c) Plot showing the real time current relative 

variation for a representative replicate of each tested sample. (d) Average current variation for at 

least three technical replicates of each tested sample (with the sole exception of sample 34, 1-σ 

tolerance band). 

 

 

 

 



4. Conclusions 

In this paper, we proposed an innovative approach for the direct detection of epigenetic biomarkers 

of colorectal cancer by means of an organic transistor-based biosensor. The considered biomarkers 

are alterations of the methylation pattern, and the proposed strategy is based on the conversion of 

such epigenetic factor into a genetic information (i.e., a modification in the base sequence of the target 

molecule). For the first time ever, this strategy is combined with the electronic detection of DNA 

hybridization, which ensures direct, highly sensitive, real-time transduction of the biochemical 

phenomena with minimum sample preparation. This working principle has been validated using a 

recognized, standard optical approach, namely MethyLight, and a well-known epigenetic biomarker 

for CRC, namely SEPT9. The obtained results demonstrated the correct discrimination between non-

tumoral tissue and tumoral stool DNA samples coming from CRC patients in both amplicons and 

genomic (unamplified) material. This last result was thoroughly deepened by employing the 

OCMFET for the detection of an innovative epigenetic CRC biomarker, namely GRIA4, characterized 

by superior specificity and informativity. Indeed, different methylation levels has been characterized 

in a blind test carried out on genomic (unamplified) stool samples coming from eight CRC patients, 

in accordance with what obtained by MethyLight analyses. The proposed results represent a first 

important demonstration of the possibility of an electronic detection of epigenetic cancer biomarkers; 

further tests on a statistically relevant set of samples and technical replicates are obviously requested 

to upscale this proof-of-concept validation to a more representative application scenario. Similarly, 

OCMFET figures of merits needs to be further investigated and characterized in order to fit with the 

performances required in real application scenario, and several optimizations in the measurement 

setup can be also implemented. In particular, the optimization of target capture and signal 

transduction play a fundamental role for an adequate sensitivity: this will require the definition of 

optimal (minimal) ionic strength in the measurement solution, and the reduction of electrostatic 

repulsion between probe and target molecules by means of PNA probe employment. Nonetheless, the 

described activity could pave the way for the development of an innovative approach for cancer 



biomarker detection by means of low-cost, portable devices, suitable for the integration of easy-to-

use, cost-effective and PCR-free kits for mass screening. 
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