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“The mind must be made calm and wide, 

free from the noise of desire and fear. 

In that stillness, knowledge reveals itself. 

Progress is a slow ascension, 

built by patience, effort, and aspiration 

towards a greater truth.” 

 

– Sri Aurobindo



 

 

 

 

 

  

 

 

PREFACE 

 

This journey was never about just completing a degree - it was about becoming. I chose to walk 

the longer, uncertain path, not out of indecision, but because I believe in building something that 

matters. I know this is hard. I know I’m tired. But I’m not here to just finish - I’m here to 

become something. 

Throughout this PhD, I’ve been drawn not only to solve problems in cancer diagnostics but to 

immerse myself in real-world, interdisciplinary challenges-because that’s where true science 

lives. When others advised me to wrap up, I listened respectfully, but within me, a deeper voice 

always rose: “I don’t care if I have to stay a little longer - I will do the projects that I am 

given.” 

This isn’t ambition alone - it’s alignment. And I know that when the time comes, I would be 

outstanding with my experiences, not just for the degrees I hold but for the resilience, purpose, 

and passion I’ve lived through. 

- Debashree Kar
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ABSTRACT 

 

Background 

Early and accurate detection of prostate cancer remains a major clinical challenge due to the 

limitations of existing diagnostic modalities such as prostate-specific antigen (PSA) screening and 

invasive tissue biopsy, which often suffer from poor specificity and sampling bias. Gene-specific 

DNA methylation has emerged as a robust and early molecular signature of prostate cancer 

progression, offering significant promise for non-invasive and early diagnosis. However, 

conventional methylation detection techniques rely on chemical conversion, amplification, or 

labelling steps that compromise DNA integrity, limit multiplexing, and hinder translation to point-

of-care platforms. This thesis aims to design and develop nucleic acid-based biosensing systems 

capable of direct, label-free detection of methylated DNA associated with prostate cancer, 

integrating molecular epigenetics with nanoelectronics to enhance diagnostic accuracy and clinical 

relevance while contributing to the innovation economy. 

Material and Methods: 

Methylation signatures of prostate cancer- associated genes were interrogated using a combination 

of biochemical discrimination strategies and nanomaterial-enabled transduction platforms. A 

Nucleic Acid-Based Radial Flow Assay (NABRFA) was initially developed to detect methylation-
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dependent DNA recognition using methylation-sensitive restriction digestion, enabling visual 

differentiation between methylated and unmethylated DNA without chemical conversion. 

Subsequently, WS,-based field-effect transistor (FET) biosensors were fabricated and 

biofunctionalized with gold nanoparticle-conjugated thiolated DNA probes for sensitive and 

selective electrical detection of methylated DNA targets. To achieve multiplexed detection, a 

WSe,-FET array was developed, integrating methyl-CpG binding proteins (MBPs) as biological 

recognition elements for simultaneous profiling of multiple gene-specific methylation signatures 

directly from genomic DNA samples. 

Results and Discussion 

Electrical measurements demonstrated distinct conductance modulation upon hybridization with 

methylated DNA, confirming that the WS -FET platform effectively transduces methylation-

dependent molecular interactions into measurable signals. The WSe2-FETarray enabled 

simultaneous, label-free, and gene-specific detection, with MBPs discriminating methylated CpG 

regions in double-stranded DNA while preserving native methylation patterns. Studies using 

prostate cancer cell lines (LNCaP, PC-3) and a normal control (WI-38) revealed differential 

electrical responses consistent with known methylation hierarchies, demonstrating high 

specificity, reproducibility, and ultrasensitivity at femtogram levels. Validation through 

fluorescence-based MBP assays and MSRE-qPCR confirmed that the observed signals reflect 

effects. Collectively, these results establish a robust platform capable of early, minimally invasive 
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detection of prostate cancer epigenetic signatures, with direct relevance to patient care and 

translational diagnostic

Conclusion 

This thesis establishes nucleic acid-based, nanomaterial-integrated biosensing platforms as a 

versatile, scalable, and clinically relevant approach for prostate cancer detection. By combining 

surface chemistry, molecular recognition, and nanoelectronic transduction, the developed systems 

provide label-free, multiplexed, and ultrahigh-sensitivity detection of promoter methylation. These 

platforms offer a clear pathway toward early diagnosis, improved patient care, and point-of-care 

liquid biopsy applications, representing a significant contribution to precision oncology and the 

innovation economy. The work lays the foundation for next-generation epigenetic diagnostics with 

strong potential for translational and commercial impact.
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सार 

 

पृष्ठभूमि 

प्रोसे्टट कैं सर का प्रारंभिक एवं सटीक भिदाि वर्तमाि भिभकत्सा भवज्ञाि की एक महत्वपूर्त िुिौर्ी है। 

पारंपररक भिदाि भवभियााँ, जैसे प्रोसे्टट-से्पभसभिक एंटीजि (PSA) परीक्षर् र्था ऊर्क बायोप्सी, कम 

भवभिष्टर्ा एवं सैंपभ ंग तु्रभटयो ंजैसी सीमाओ ंसे प्रिाभवर् हैं। जीि-भवभिष्ट डीएिए भमथाइ ेिि प्रोसे्टट कैं सर 

का एक प्रारंभिक एवं भवश्वसिीय एभपजेिेभटक बायोमाकत र मािा जार्ा है। र्थाभप, पारंपररक भमथाइ ेिि 

पहिाि र्किीकें  रासायभिक पररवर्ति, प्रविति (amplification) र्था  ेबभ ंग प्रभियाओ ंपर आिाररर् होर्ी 

हैं, भजससे डीएिए की अखंडर्ा प्रिाभवर् होर्ी है र्था पॉइंट-ऑि-केयर अिुप्रयोगो ंमें इिका उपयोग सीभमर् 

हो जार्ा है। इस िोिकायत का उदे्दश्य नू्यक्लिक अम्ल-आिाररर् जैवसंवेदी प्रर्ाभ यो ंका भवकास करिा था, 

जो प्रोसे्टट कैं सर से संबंभिर् भमथाइ ेटेड डीएिए का प्रत्यक्ष,  ेब -रभहर् एवं संवेदििी  पर्ा  गा सकें । 

सािग्री एवं मवमियााँ 

इस िोि में प्रोसे्टट कैं सर से संबंभिर् जीिो ंके भमथाइ ेिि संकेर्ो ंका भवशे्लषर् जैवरासायभिक र्किीको ं

एवं िैिोमटेररय -आिाररर् ट्ांसडक्शि पे्लटिॉमत के माध्यम से भकया गया। प्रारंि में, भमथाइ ेिि-सेंभसभटव 

रेक्लस््टक्शि डाइजेिि आिाररर् नू्यक्लिक अम्ल-आिाररर् रेभडय  फ्लो असे (NABRFA) भवकभसर् भकया 

गया, भजसिे भमथाइ ेटेड एवं अिभमथाइ ेटेड डीएिए के बीि दृश्य िेद संिव भकया। इसके पश्चार् WS₂-

आिाररर् िील्ड-इिेक्ट ट्ांभजस्टर (FET) जैवसंवेदी भवकभसर् भकए गए, भजन्हें स्वर्त िैिोकर्-संयुक्लिर् 

थायो ेटेड डीएिए प्रोब्स द्वारा भियािी  बिाया गया, भजससे भमथाइ ेटेड डीएिए का संवेदििी  भवद्युर्-

आिाररर् पर्ा  गाया जा सके। आगे ि कर, WSe₂-FET ऐरे प्रर्ा ी भवकभसर् की गई, भजसमें भमथाइ -

CpG बाइंभडंग प्रोटीन्स (MBPs) का उपयोग कर एक साथ अिेक जीि-भवभिष्ट भमथाइ ेिि संकेर्ो ंकी 

पहिाि की गई। 

पररणाि एवं चचाा 

भवद्युर्ीय भवशे्लषर्ो ंमें भमथाइ ेटेड डीएिए के साथ संकरर् के पश्चार् िा कर्ा में स्पष्ट पररवर्ति प्राप्त 

हुआ, भजससे यह भसद्ध हुआ भक WS₂-FET पे्लटिॉमत भमथाइ ेिि-भिितर आर्भवक अंर्ः भियाओ ंको मापि 
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योग्य संकेर्ो ंमें पररवभर्तर् करिे में सक्षम है। WSe₂-FET ऐरे िे एक साथ,  ेब -रभहर् एवं जीि-भवभिष्ट 

पहिाि प्रदभितर् की। प्रोसे्टट कैं सर कोभिका रेखाओ ं(LNCaP, PC-3) र्था सामान्य भियंत्रर् (WI-38) के 

अध्ययि में ज्ञार् भमथाइ ेिि स्तरो ं के अिुरूप भिन्न भवद्युर् प्रभर्भियाएाँ  प्राप्त हुईं, जो उच्च भवभिष्टर्ा, 

पुिरुत्पादकर्ा र्था अत्यभिक संवेदििी र्ा को दिातर्ी हैं। फ्लोरेसेंस-आिाररर् MBP असे र्था MSRE-

qPCR प्रमार्ीकरर् से यह पुभष्ट हुई भक प्राप्त संकेर् वास्तभवक भमथाइ ेिि-भिितर अंर्ः भियाओ ंके कारर् 

उत्पन्न हुए। 

मिष्कर्ा 

यह िोिकायत नू्यक्लिक अम्ल-आिाररर्, िैिोमटेररय -संयोभजर् जैवसंवेदी पे्लटिॉमत को प्रोसे्टट कैं सर 

भिदाि हेरु् एक प्रिावी, संवेदििी  एवं भिभकत्सीय रूप से प्रासंभगक दृभष्टकोर् के रूप में स्थाभपर् करर्ा 

है। भवकभसर् प्रर्ाभ यााँ प्रमोटर भमथाइ ेिि की  ेब -रभहर्, मल्टीपे्लक्स एवं अभर्-संवेदििी  पहिाि 

प्रदाि करर्ी हैं र्था प्रारंभिक भिदाि, बेहर्र रोगी देखिा  एवं पॉइंट-ऑि-केयर भ भिड बायोप्सी 

अिुप्रयोगो ंकी भदिा में महत्वपूर्त संिाविाएाँ  प्रसु्तर् करर्ी हैं। यह कायत िभवष्य की एभपजेिेभटक भिदाि 

प्रर्ाभ यो ंके भवकास की आिारभि ा रखर्ा है। 
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