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Abstract

Aberrant hypermethylation of CpG islands in the promoter region of tumor suppressor genes is a 

promising biomarker for early cancer detection. This methylation status is reflected in the 

methylation pattern of ctDNA shed from the primary tumor; however, to realize the full clinical 

utility of ctDNA methylation detection via liquid biopsy for early cancer diagnosis, improvements 

in the sensitivity and multiplexability of existing technologies must be improved. Additionally, the 

assay must be cheap and easy to perform in a clinical setting. We report the integration of 

methylation specific PCR (MSP) to melt curve analysis on giant magnetoresistive (GMR) 

biosensors to greatly enhance the sensitivity of our DNA hybridization assay for methylation 

detection. Our GMR sensor is functionalized with synthetic DNA probes that target methylated or 

unmethylated CpG sites in the MSP amplicon, and measures the difference in melting temperature 

(Tm) between the two probes (ΔTm), giving an analytical limit of detection down to 0.1% 

methylated DNA in solution. Additionally, linear regression of ΔTm’s for serial dilutions of 

methylated:unmethylated mixtures allows for quantification of methylation percentage, which 

could have diagnostic and prognostic utility. Lastly, we performed multiplexed MSP on two 

different genes, and show the ability of our GMR assay to resolve this mixture, despite their 

amplicons’ overlapping Tm’s in standard EvaGreen melt analysis. The multiplexing ability of our 

assay and its enhanced sensitivity, without necessitating deep sequencing, represent important 

steps toward realizing an assay for the detection of methylated ctDNA in plasma for early cancer 

detection in a clinical setting.
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1. Introduction

The development and progression of cancer is associated with the accumulation of genetic 

and epigenetic alterations that disturb normal cellular function and lead to uncontrolled 

cellular proliferation (Hanahan and Weinberg, 2011). A common epigenetic alteration is the 

abnormal methylation of cytosine to 5-methylcytosine of cytosine-guanine dinucleotides 

(CpG) in CpG islands, >200 bp regions of significant CpG density, located in the promoter 

regions of tumor suppressor genes (Baylin, 2005). This hypermethylation renders the 

promoter region inaccessible to transcription factors and effectively silences the tumor 

suppressor gene (Herman and Baylin, 2003). Promoter CpG island hypermethylation 

represents a promising biomarker for the early detection of cancer as it is an early event in 

carcinogenesis (Belinsky, 2005); statistically, hypermethylation is also a more robust and 

prevalent marker of tumor presence as compared to mutation, of which subsets occur in 

significantly smaller proportions of the population (Han et al., 2017; Kim et al., 2018; 

Warton et al., 2016).

Solid tumors actively shed circulating tumor DNA (ctDNA) into the blood stream by 

necrotic and apoptotic pathways (Jahr et al., 2001), and previous studies have shown a 

significant correlation between methylation status of a primary tumor and its corresponding 

ctDNA (Chimonidou et al., 2017; Hoque et al., 2004; Warton and Samimi, 2015). Probing 

the methylation status of ctDNA via liquid biopsy has gained significant interest for non-

invasive screening and early detection of cancer (Calapre et al., 2017), however obstacles 

exist that must be overcome before the full clinical utility of ctDNA can be realized 

(Gorgannezhad et al., 2018; Han et al., 2017). Early stage cancer patients typically have low 

copy numbers of methylated ctDNA amidst a much larger background of unmethylated, 

healthy cell-free DNA (cfDNA). Blood based diagnostic assays must be able to detect these 

low ratios of methylated ctDNA, which can be as small as 0.1% of total cfDNA (Qin et al., 

2016). Ideally, this assay would also be multiplexable to detect the methylation status of a 

panel of genes for enhanced sensitivity and specificity (Ooki et al., 2017).

Of the many technologies available for probing methylation status, few fulfill the necessary 

requirements above while also being well suited for a screening or early detection setting, 

which require the methods to be cheap, fast, and utilize common laboratory equipment and 

reagents. Because CpG methylation status is lost during PCR amplification, most 

technologies incorporate bisulfite conversion of the DNA (Plongthongkum et al., 2014). This 

converts an epigenetic event, methylation, into a change in the actual sequence (C/T) of the 

DNA such that methylation status can be probed with standard techniques for DNA 

sequence determination, such as sequencing, methylation specific PCR (MSP), and 

methylation sensitive melt curve analysis (Wojdacz and Dobrovic, 2007; Worm et al., 2001). 

Whole genomic bisulfite sequencing (WGBS) may have the greatest sensitivity for detecting 

methylated DNA and is considered a “gold standard” for methylation analysis (Kernaleguen 
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et al., 2018). WGBS employs next generation sequencing (NGS), which has reported 

sensitivities of detecting on the order of 0.1% variant allelic fractions (Lanman et al., 2015; 

Mehrotra et al., 2017), but these techniques are expensive, time consuming, and require high 

read depth to ensure detection of small ratios of methylated DNA (Aravanis et al., 2017; 

Ziller et al., 2015). Additionally, bisulfite conversion of DNA reduces overall sequence 

complexity as cytosines are converted to thymines, making sequence alignment more 

difficult (Kurdyukov and Bullock, 2016). Lastly, bisulfite conversion reduces the overall 

quality of the DNA and leads to fragmentation, making high quality library generation more 

difficult (Olova et al., 2018). Pyrosequencing is a rapid, less expensive, and less technically 

complex alternative, but it does not offer nearly as high sensitivity as WGBS, with a limit of 

detection of ~5% methylation (Kurdyukov and Bullock, 2016). MSP has been combined 

with pyrosequencing to achieve greater sensitivity for methylation detection, but the biased 

amplification prevented quantification of initial methylation density (Shaw et al., 2006). 

While amplification and high-resolution melting (HRM) analysis is cheaper and requires 

less specialized equipment and expertise, the technique is weakly sensitive to C→T 

substitutions. Additionally, as HRM requires a dsDNA intercalating dye such as SYBR 

Green or EvaGreen, these amplifications must be performed in single-plex. To probe the 

methylation status of more than one gene in a panel, this would require aliquoting the 

sample in separate MSP reactions for standard fluorescence based HRM. Due to limited 

patient sample volume and low copy numbers of methylated DNA in early stage patient 

cfDNA, this is not feasible in a clinical setting.

Performing melting curve analysis on GMR sensors is a promising technology for the 

simultaneous detection of multiple methylated CpG sites in ctDNA for early detection of 

cancer. Using this technique, we have previously measured methylation density of the 

promoter regions of bisulfite converted DNA from melanoma cell lines in a rapid, cheap, 

and multiplexed fashion (Rizzi et al., 2017a). The magnetic detection of biomolecules via 

GMR sensors has been applied to immunoassays, in fundamental research and clinical 

settings (Earhart et al., 2013; Gaster et al., 2009; Lee et al., 2016b), small molecule detection 

(Lee et al., 2016a), and DNA detection (Rizzi et al., 2014, 2017b; Xu et al., 2008), and is 

based off a change in resistance in the GMR magnetic stack structure of the biosensor when 

the local magnetic field is altered due to magnetic nanoparticle binding (Hall et al., 2010a). 

Our results demonstrated the ability to detect methylated CpG sites in the promoter regions 

of retinoic acid receptor β (RARB) and the receptor tyrosine kinase KIT (KIT), two genes 

which are hypermethylated in 20–70% and 2540% of melanomas, respectively (Dahl et al., 

2015, 2013; Dahl and Guldberg, n.d.). Utilizing melt curve analysis of the GMR binding 

signal allowed for multiplexing melting curve analysis on a single chip, with the ability to 

detect down to 10% methylated RARB and KIT promoter regions in a background of their 

respective unmethylated genes. This 10% limit of detection appears to be the inherent 

sensitivity of the GMR sensor in its ability to detect a small fraction of methylated DNA. For 

this technique to be able to detect low copy numbers of ctDNA and be valuable for early 

cancer detection, its sensitivity must be improved. We have incorporated MSP to this 

platform, which biases amplification of methylated DNA over unmethylated DNA at high 

annealing temperatures due to numerous C/T mismatches between the primers and 

unmethylated template (Wojdacz et al., 2008). Whereas in our previous study, PCR 
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amplification of bisulfite converted melanoma DNA was nonspecific and preserved the ratio 

of methylated:unmethylated DNA before and after amplification, the addition of methylation 

specific primers effectively increases this ratio post-PCR such that a much larger proportion 

of the PCR products are methylated compared to the initial ratio. Thus, while the inherent 

sensitivity of the GMR sensors is unchanged, we are able to detect lower ratios of 

methylated DNA, making this technology a promising addition to the complement of 

techniques for assessing methylation status of ctDNA in cancer screening and early 

detection.

2. Material and methods

2.1 Cell line DNA extraction and bisulphite conversion

The melanoma cell lines used in this study were obtained from The European Searchable 

Tumour Line Database (ESTDAB: http://www.ebi.ac.uk/ipd/estdab). The culture and DNA 

extraction procedures follow Rizzi et al. (2017a). Briefly, cells were cultured in RPMI-1640 

medium containing 10% fetal bovine serum (FBS) and antibiotics at 37 °C and 5% CO2. 

Genomic DNA was isolated using the Qiagen AllPrep DNA/RNA/Protein Mini kit (Qiagen 

GmbH, Hilden, Germany) and quantified using a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE). Bisulfite conversion of DNA (1 μg) was 

performed with the EZ DNA Methylation-Gold (Zymo Research, Irvine, CA) kit according 

to the manufacturer’s instructions.

2.2 MSP Primers and GMR Probe Design

MSP primers were designed utilizing PREMIER Biosoft Beacon Designer 8 MethylLight 

TaqMan Design feature targeting the same promoter regions as in Rizzi et al. (2017a). 

Forward primers were biotinylated to allow for magnetic labelling. GMR DNA probes 

targeting methylated CpG sites were designed by selecting interesting CpG rich sequences in 

the bisulphite converted MSP amplicons. The GMR probes were checked for lack of 

secondary structure using IDT OligoAnalyzer 3.1. GMR DNA probes targeting the 

unmethylated alternative sequence were designed by converting cytosine to thymines or 

adenines in CpG sites, then expanding the sequences such that the Tm’s of the two 

sequences were equivalent.

2.3 Methylation specific PCR

Primers were obtained from Integrated DNA Technologies (IDT), all sequences can be 

found in Supporting Information Table S1. MSP amplification was performed with BioRad 

Precision Melt Supermix, which contains a hot-start iTaq polymerase. MSP was performed 

in triplicate using 15 μL supermix, with final primer concentrations of 0.33 μM and a total 

volume of 30 μL. Real-time PCR was performed with the BioRad CFX96 Touch Real-Time 

PCR Detection System, with the following thermal cycling conditions: 95 °C for 3 minutes 

of activation, followed by 45 cycles of 95 °C for 10 seconds, annealing (Ta = 59 °C, 62 °C, 

or 64 °C) for 30 seconds, and 72 °C for 30 seconds followed by a plate read. A melt curve 

was performed from 65 °C to 95 °C at 0.5 °C increments, and data analysis was performed 

with BioRad CFX Maestro.
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Serial dilutions of methylated RARB DNA (MRARB) from EST164 cell line into 

unmethylated RARB DNA (uMRARB) from EST094 cell line were prepared by mixing 50 

ng → 50 pg of EST164 bisulfite converted gDNA with a constant amount of 50 ng of 

EST094 bisulfite converted gDNA prior to MSP with RARB primers.

Multiplexed PCR was performed with both RARB and KIT primers in a single tube on 

EST045 (methylated RARB and methylated KIT promoters) at Ta = 59 °C.

2.4 GMR biosensors

GMR biosensors consist of a multilayer spin valve structure fabricated in an 8 × 10 array, as 

described previously (Gaster et al., 2009). GMR sensors were functionalized with ssDNSA 

hybridization probes complementary to the methylated and unmethylated sequences of 

RARB and KIT genes after bisulfite conversion (sequences in Supplementary Information 

Table S2). The 5’ amine modified probes where covalently bound to the sensor surface via a 

silanization process described previously (Rizzi et al., 2014). Briefly, the sensor surface was 

activated with a bath of 10% v/v 3-Aminopropyltriethoxysilane (APTES) in acetone for 30 

min followed with by immersion in 5% v/v solution of Glutaraldehyde (GA) in distilled 

water for 30 min. The probes were spotted on each GMR sensor in the biosensor array using 

an automatic spotter (sciFlexarrayer, Scienion). Six sensors were functionalized with each 

RARB probe. A biotinylated DNA and an unspecific sequence were used as positive and 

negative references on four sensors each. Before use, the GMR chips were mounted in a 

temperature-controlled cartridge (Fig. 1b) and blocked with 1% w/w bovine serum albumin 

(BSA) in phosphate buffered saline (PBS). The temperature-controlled cartridge comprised 

of a Peltier element and a Pt1000 resistive thermometer. The Peltier element was controlled 

via a PID loop using PTC 5 K- CH (Wavelength Electronics, Bozeman, MT). A custom 

LabView interface allowed for temperature setting and temperature ramping.

Each PCR amplification product was measured on a separate GMR chip. Prior to 

hybridization to the sensor surface, 5 μL of biotinylated PCR product was diluted in 145 μL 

of hybridization buffer (400 mM NaCl in Tris EDTA buffer from Thermofisher, USA). The 

diluted product was denatured at 95 °C for 10 min and shock cooled in ice for 5 min. The 

denatured products were hybridized on the sensor surface for 1h at 37 °C. After 

hybridization, unbound products were removed by rinsing the sensor with denaturation 

buffer (10 mM NaCl in Tris EDTA buffer) at 5 °C. The denaturation buffer was used at low 

temperature to prevent DNA denaturation during rinsing.

Streptavidin MACS (Miltenyi) magnetic nanoparticles (MNPs) were used as labels to bind 

to biotinylated PCR products. The stock suspension buffer was exchanged with denaturation 

buffer using a MACS μColumn (Miltenyi) as described previously (Rizzi et al., 2017b).

Each sensor was mounted in a GMR reading station and a baseline signal was recorded at 

room temperature for 1 min. Afterwards, 50 μL of MNPs were added to the sensor surface 

and DNA hybridization signal was measured through the biotin-streptavidin labelling of 

surface bound PCR products. To prevent sample evaporation, 100 μL of mineral oil was used 

to seal the sample well over the GMR chip. After labelling (30 min), the temperature of the 

cartridge was regulated to 20 °C and then ramped to 85 °C at a rate of 0.05 °C/s. During 
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temperature ramping, loss of GMR signal was measured. Afterwards, a second identical 

ramp was measured as reference to correct temperature dependency of the sensor as 

described previously (Hall et al., 2010b). Briefly, the signal AMR measured during melting 

temperature was corrected using the reference ramp and was normalized by the signal ΔMR0 

measured at the beginning of the temperature ramp (20 °C). The melting curves were binned 

in 1 °C intervals to align melting from sensors with the same functionalization. The melting 

temperature Tm was defined as the temperature at which the normalized signal ΔMR/ΔMR0 

crossed the value 0.5 and it was obtained by fitting a 4th order polynomial to a 10-point 

region of the melting curve of each sensor near the crossing point.

3. Results

3.1 Methylation sensitive melting curve analysis

Serial dilutions of 50 ng → 50 pg of bisulfite converted EST164 DNA (MRARB) into a 

constant amount of 50 ng of bisulfite converted EST094 DNA (uMRARB) were performed to 

achieve mixtures of 100%, 10%, 1%, and 0.1% MRARB, in addition to a sample of 0% 
MRARB. These DNA mixtures were then amplified with methylation specific primers at 

three different annealing temperatures, 59 °C, 62 °C, and 64 °C, which were chosen 

following a temperature gradient of the RARB primers from 56 °C → 64 °C, followed by 

melt analysis of the amplicon. Across all three annealing temperatures (Fig. 2), the 100% 

methylated RARB showed a single peak in dF/dT indicating a Tm = 81 °C, and the 0% 

methylated RARB had a Tm = 77.5 °C. Melting curve analysis of the intermediate 10% and 

1% mixtures shows a broad peak, which we resolve to two peaks with Tm = 77.5 °C and Tm 

= 81 °C, indicating a mixture of methylated and unmethylated RARB. Melting curve 

analysis of the 0.1% mixture gives a narrower peak at Tm = 77.5 °C, with a small shoulder at 

Tm = 81 °C for the highest annealing temperature.

For intermediate mixtures, we can estimate how the ratio of MRARB:uMRARB is affected 

by annealing temperature based upon the relative heights of the two resolved peaks in the 

melting curve analysis. At the lowest annealing temperature (Fig. 2a), starting with 10% 

methylated RARB gave a small peak at 81 °C with a higher peak at 77.5 °C, indicating a 

larger proportion of unmethylated DNA in the final product. At 1% methylated RARB the 

Tm of the amplicon was equivalent to that of 0% methylated RARB, while 0.1% methylated 

RARB almost completely overlapped the melt curve of 0% methylated RARB, making them 

all essentially indiscernible from each other. At an intermediate annealing temperature of 

62 °C (Fig. 2b), the 10% methylated RARB sample still presented two peaks with their 

relative magnitude indicating a larger proportion of methylated DNA post-MSP. The 1% 

methylated RARB sample had a prominent peak at 77.5 °C and only a small shoulder at 

81 °C, but we cannot definitively say it is indicative of the presence of methylated RARB. 

The highest annealing temperature (Fig. 2c) showed prominent peaks at 81 °C for both the 

10% methylated and 1% methylated samples; mixtures with lower ratios of methylated 

RARB are indistinguishable from the unmethylated sample.
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3.2 GMR melting curves

The MSP products from the serial dilutions described in section 3.1 were analyzed on the 

GMR sensor as depicted in Figure 1. A volume of 5 μL of each product was denatured and 

hybridized to the methylation specific probes tethered to the GMR sensor surface. Two 

probes, complementary to the Methylated (M) and unMethylated (uM) sequences were used. 

After magnetic labelling of the biotinylated target amplicons, we measured the DNA melting 

curve by ramping the temperature of the sensor from 20 °C to 85 °C. Figure 3 reports the 

measured melting curves for MSP reactions run at the intermediate annealing temperature of 

62 °C for samples with 100%, 1% and 0% methylated RARB in unmethylated background 

(melting curves for 10% and 0.1% methylated RARB samples are omitted for space, but 

values of ΔTm can be found in Figure 4). Because hybridization of the biotinylated amplicon 

to the GMR probes occurs at high salt concentrations and moderate temperature, these 

conditions are not stringent enough to prevent nonspecific hybridization between the 

methylated GMR probe and the unmethylated MSP product and vice versa. During melting, 

these C/T mismatches manifest in large differences in Tm between the two GMR probes. 

Therefore, for a fully methylated sample (Fig. 3a), the perfect complementarity between the 

MSP product and the methylated probe results in a high Tm for the M probe; numerous C/T 

mismatches between the methylated sample and the unmethylated GMR probe lead to a 

reduced Tm for the uM probe.

Following the procedure of Rizzi et al. (2017a), we define the melting temperature (Tm) for 

each probe as the temperature at which the GMR signal is half the initial value, and ΔTm = 

Tm
M probe - Tm

uM probe, such that a positive ΔTm as in Figure 3a (ΔTm = 16.5 ± 0.5 °C ) 

indicates a larger proportion of methylated DNA in the sample. When a pure unmethylated 

sample was measured (Fig. 3c), melting curves for M and uM probes were inverted, with 

ΔTm = - 6 ± 1 °C thus indicating an unmethylated sample. When a mixture of 1% MRARB 

in uMRARB was used (Fig. 3b), the distance between the two curves was reduced (ΔTm = - 2 

± 2°C) but still significantly different from the unmethylated sample. In the following 

paragraph this analysis is repeated to take into consideration a broader number of MRARB 

ratios and different annealing conditions during MSP.

3.3 ΔTm vs methylation ratio

The same biotinylated MSP mixtures from section 3.1 (Fig. 2) were analyzed on the GMR 

platform via melt analysis for RARB following the same procedure outlined in section 3.2. 

The obtained ΔTm values are shown in Figure 4, error bars are standard errors from n = 6 

identical sensors measured for each data point. We measured ratios of MRARB in uMRARB 

from 100% to 0%. Three different amplification conditions were tested, with annealing 

temperatures Ta=59 °C, 62 °C, and 64 °C. The ΔTm values showed a linear trend with the 

logarithmic ratio of MRARB for all the tested values of Ta. A linear regression of the semi-

logarithmic data gave R = 0.78, 0.99 and 0.96 for Ta =59 °C, 62 °C, and 64 °C, respectively 

(fitting parameters in Supplementary Information Table S3). The line of best fit is shown 

only for Ta = 64 °C (fits for Ta = 59 °C and Ta = 62 °C are shown in Figure S1). The highest 

annealing temperature gave higher ΔTm at all tested ratios, indicating that the MSP 

amplification was more sensitive towards methylation. The values of ΔTm for Ta = 59 °C 

and 62 °C settled at about ΔTm = −5 °C for the smallest measured ratios (<0.1%). We 
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consider two samples “distinguishable” if the ΔTm’s are significantly different, thus only for 

Ta = 64 °C can we distinguish 0.1% and 0% methylated samples. As Figure 4 shows, this is 

not possible for Ta = 62 °C, as the 0.1% methylation and 0% methylation samples have ATm 

that are within error of each other, for Ta = 59 °C, this occurs for both 1% and 0.1% 

methylation. These samples are considered “false negatives” as the increased amplification 

of the unmethylated target during MSP masks the minute presence of methylated target, 

rendering the GMR melt analysis indistinguishable from 0% methylation. The highest 

annealing temperature offered the lowest limit of detection of 0.1% methylation while 

maintaining the full dynamic range for methylation density quantitation.

3.4 Multiplexing methylation specific PCR and GMR melt analysis

Figure 5a and 5b show the results of multiplexed MSP binding curves on the GMR sensor 

and melt analysis, respectively. Multiplex MSP was performed on 50 ng of EST045, which 

is doubly methylated in both RARB and KIT, in a single tube. Based on single-plex standard 

melt analysis, mRARB and MKIT both have a Tm = 81 °C (Supplementary Information 

Figure S1). Melt analysis of the multiplexed MSP (Fig. 5b, inset) showed a single peak in 

dF/dT with Tm = 81°C, but these data alone do not indicate whether the final product is 
MRARB, MKIT, or a mixture of the two. The binding curves on a multiplexed GMR chip 

show signal for both RARB and KIT (Fig. 5a), confirming the presence of both genes. 

Additionally, melt analysis of the two probes (Fig. 5b) gives a ATm = 15.5 ± 0.5 °C for 

RARB and a ΔTm = 11.6 ± 4 °C for KIT, indicative of methylated RARB and KIT based 

upon the positive value of ΔTm. The higher standard deviation for the uM KIT probe is 

likely due to weak binding with methylated KIT MSP amplicon, leading to a larger spread in 

melting temperatures.

4. Discussion

From these results, there is a clear trend that higher annealing temperatures selectively 

amplify methylated RARB over unmethylated RARB and considerably change the ratio of 

methylated:unmethylated RARB compared to pre-MSP. This allows for more sensitive 

probing of methylation status - by standard EvaGreen melt analysis at 59 °C and 62 °C 

annealing temperatures, we can only detect methylated RARB if it is more than 10% of the 

initial sample, but at a higher annealing temperature more selective conditions enhance this 

sensitivity to detect methylated RARB in 1% of the initial sample. Methylation detection by 

GMR melt analysis further enhances this sensitivity by an order of magnitude, allowing us to 

detect methylation in 0.1% of a sample. Compared to other commonly used methods for 

methylation analysis, our technology is an order-of-magnitude more sensitive than 

pyrosequencing, and on-par with WGBS. In early cancer patients, methylated ctDNA can 

comprise as little as 0.1% of total cfDNA, thus integrating MSP to our GMR platform makes 

our technology sensitive enough to detect ctDNA for early cancer diagnosis in clinical 

plasma samples. Additionally, our GMR technology can quantify the initial ratio of 

hypermethylated DNA in a sample, even when using biased MSP amplification for enhanced 

sensitivity, which can have important applications in diagnosis and prognosis of patients 

(Phallen et al., 2017; Xu et al., 2017).
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We believe achieving sensitivity of 0.1% methylation is possible due to the multiple 

differentially methylated CpG sites in the promoter region that allow us to bias our PCR 

with methylation specific primers without losing information of methylation status. Our 

forward and reverse methylation specific primers contain multiple CpG sites to allow for 

greater specificity during amplification. Additionally, the region of the amplicon between the 

forward and reverse primers contains additional CpG sites to probe with our GMR sensor for 

enhanced sensitivity.

Functionalizing our GMR sensors with probes for RARB and KIT allows multiplexing 

ability for MSP. While standard melt analysis using SYBR Green or EvaGreen is 

traditionally performed in single-plex due to the nonspecificity of the intercalating 

fluorophore, this is not feasible in clinical settings when testing a panel of markers due to 

low copy numbers of ctDNA and restrictive patient sample volumes. The ability of our 

platform to distinguish individual species in a mixture of PCR products, despite their 

overlapping Tm’s by EvaGreen melt analysis, is an important improvement in our 

technology. This finding is also very promising toward applying this technology in a clinical 

setting for testing panels of genes for cancer diagnosis, without the need for sequencing.

5. Conclusion

Integrating methylation specific PCR to our GMR platform for DNA hybridization allows 

for detection down to 0.1% methylated DNA in solution, which represents a 100-fold 

improvement in sensitivity compared to the previous results (Rizzi et al., 2017a) of GMR 

detection of MRARB. Our technology has achieved the analytical sensitivity necessary for 

detecting low copy numbers of ctDNA in early stage cancer patients. With the addition of 

multiplexing capabilities, we also have the ability to test multiple methylated plasma 

biomarkers for validation studies in a clinical setting. Future efforts to pursue include 

enhancing sensitivity to detect lower amounts of methylated target, increasing the number of 

targets in our multiplexed panel to five or more, and validating our assay in clinical patient 

samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

− GMR biosensors for detecting low fractions of methylated DNA

− Detection of 0.1% methylated allelic fraction with methylation specific PCR

− Multiplexed analysis without bisulfite deep sequencing
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Figure 1: 
(a) GMR sensors manufactured by MagArray, with enhanced image of the 80-sensor array. 

(b) GMR chip mounted on custom-made temperature controlled cartridge for melt analysis. 

(c) Schematic of melt analysis on GMR sensors: ramping the temperature causes DNA 

denaturation and attenuation of GMR signal due to loss of bound MNPs.
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Figure 2: 
EvaGreen melt analysis of single-plex RARB methylation specific PCR for EST164/

EST094 dilution series at annealing temperatures Ta = 59 °C (a), 62 °C (b), and 64 °C (c). 

The peak at Tm = 81 °C corresponds to MRARB, the peak at Tm = 77.5 °C corresponds to 
uMRARB.
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Figure 3: 
DNA melting curves measured on GMR sensors. Target DNA hybridized to surface tethered 

probes was denatured with a temperature ramp from 20 to 85 °C. Curves measured for (a) 

100% mRARB (b) 1% mRARB and (c) 0% mRARB. ΔTm is defined as the difference 

between melting curve of the DNA hybridized to the M and uM probes. ΔTm varies with the 

content of methylated target. Melt curves for 10% and 0.1% methylated RARB are not 

pictured, values of ΔTm can be found in Figure 4.The colored regions represent one standard 

deviation interval from the mean for n = 6 sensors.
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Figure 4: 
Plot of ΔTm versus semi-logarithmic percentage of initial methylated DNA prior to MSP for 

annealing temperatures Ta = 59 °C, 62 °C, and 64 °C. Error bars are given as standard error 

of the mean for n = 6 sensors. Linear regression of these results is shown for Ta = 64 °C.

Nesvet et al. Page 17

Biosens Bioelectron. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
(a) GMR binding curves for multiplexed RARB/KIT methylation specific PCR on 50 ng 

EST045 (MRARB/MKIT) at Ta = 59 °C. Synthetic DNA probes corresponding to methylated 

and unmethylated RARB/KIT were spotted on one GMR chip. (b) Normalized GMR signal 

from the binding curves of 5a was measured while ramping temperature from 20 °C to 

85 °C. Inset: EvaGreen melt analysis of the multiplexed RARB/KIT methylation specific 
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PCR gives one peak at Tm = 81 °C. The colored regions represent one standard deviation 

interval from the mean for n = 6 sensors.
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