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INTRODUCTION 
 

Historical Context 

The concept of circulating DNA has traveled a 

fascinating path from its discovery to becoming a crucial 

diagnostic tool. The history begins in 1948, when 

Mandel and Metais first identified free nucleic acids in 

human plasma. However, it wasn't until the 1970s that 

Leon and colleagues reported the presence of circulating 

DNA in cancer patients, marking a milestone in 

understanding its clinical potential. Subsequent research 

focused on understanding the nature and origin of this 

extracellular DNA, discovering it originates from various 

sources, including apoptotic and necrotic cells, as well as 

from living cells through active processes. The 1990s 

saw significant technological advancements, especially 

with the introduction of polymerase chain reaction 

(PCR), enabling more precise and sensitive detection of 

circulating DNA. 

 

 

 

Clinical Significance 

Circulating DNA has emerged as a crucial biomarker in 

multiple medical fields, manifesting its clinical 

importance in areas such as oncology for early cancer 

detection, treatment response monitoring, and identifying 

specific genetic mutations for targeted therapy. It allows 

for "liquid biopsy," providing a less invasive alternative 

to traditional biopsies. In non-invasive prenatal 

diagnosis, it enables detecting fetal chromosomal 

abnormalities in maternal blood, reducing the need for 

invasive procedures like amniocentesis. In 

cardiovascular and autoimmune diseases, circulating 

DNA can reflect cell death and inflammation, providing 

information on disease progression and treatment 

response. In transplants, donor DNA detection in 

recipients can serve as an early indicator of graft 

rejection. In summary, circulating DNA represents a 

significant advancement in modern medicine, offering a 

less invasive and more dynamic approach to the 

diagnosis and monitoring of various diseases.
[1-4]
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ABSTRACT 
 

This review studies the nature, detection, and clinical applications of circulating DNA, emphasizing its 

revolutionary potential in personalized medicine and early disease diagnosis, especially in oncology. Circulating 

DNA, consisting of free DNA fragments in the blood plasma, has emerged as a promising biomarker for various 

medical conditions. The document covers its origin, release mechanisms, and current methodologies for detection 

and analysis, highlighting both traditional and advanced techniques in terms of sensitivity and specificity. 

Clinically, circulating DNA is particularly valuable in oncology for early cancer detection, treatment response 

monitoring, and recurrence detection. It also has applications in non-invasive prenatal diagnosis and the 

identification of genetic diseases, opening new avenues in preventive and personalized medicine. The document 

explores its emerging use in cardiovascular and autoimmune diseases. Through case studies and clinical evidence, 

recent research highlighting both the promising results and limitations of using circulating DNA is summarized. 

Technical challenges and clinical considerations are discussed, emphasizing the need for greater accuracy and 

standardization in detection methods. Looking to the future, ongoing innovations and their potential impact on the 

field are explored, projecting circulating DNA as a fundamental pillar in the evolution of personalized medicine. 

The conclusion reaffirms the importance of circulating DNA in clinical diagnosis, highlighting its transformative 

role in early disease detection and medical treatment personalization. 
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Physiology and Biology of Circulating DNA 

Origin and Nature 

Circulating DNA (cDNA) refers to DNA fragments 

found freely in blood plasma or serum. These fragments 

are predominantly double-stranded and vary in size, 

typically measuring between 150-200 base pairs, roughly 

the size of a nucleosome. cDNA can originate from both 

normal and pathological cells. 

 

Sources of Circulating DNA: 

 

Apoptotic and Necrotic Cells: Apoptosis and necrosis 

contribute significantly to cDNA. During apoptosis, 

DNA fragments into nucleosome units, while in necrosis, 

DNA is released in larger fragments due to cell 

disintegration. 

 

Tumor Cells: In cancer patients, a proportion of cDNA 

can derive from tumor cells (circulating tumor DNA). 

This DNA may contain mutations, chromosomal 

rearrangements, and other genomic alterations 

characteristic of the primary tumor. 

 

Fetal Cells: During pregnancy, fetal DNA enters the 

maternal bloodstream, allowing non-invasive prenatal 

diagnosis. 

 

Graft Cells in Transplants: In organ transplant recipients, 

donor DNA can be detected in the recipient's circulation. 

 

Mechanisms of Release 

cDNA is released into the bloodstream through various 

mechanisms: 

 

Apoptosis and Necrosis: Programmed cell death 

(apoptosis) and accidental cell death (necrosis) are the 

main pathways for cDNA release. In apoptosis, DNA 

fragments orderly, while in necrosis, cell lysis leads to 

the release of larger DNA fragments. 

 

Active Secretion: Some cells can actively release DNA 

into the extracellular space, mediated by extracellular 

vesicles like exosomes or direct secretion mechanisms. 

 

Inflammation and Cell Stress: Under stress or 

inflammation, cells can release DNA as part of the 

immune response or as a cellular signaling mechanism. 

 

Tissue Damage: Physical or chemical damage to tissues 

can also result in DNA release into the bloodstream. 

 

Thus, circulating DNA is a dynamic component of blood 

plasma, whose origin and release mechanisms reflect 

various physiological and pathological processes in the 

body. Its study provides valuable information about these 

processes and opens new avenues for disease diagnosis 

and monitoring.
[5-7]

 

 

 

 

Detection and Analysis Methods of Circulating DNA 

Liquid biopsy involves examining cancer-related 

material (such as DNA) in a blood sample. While liquid 

biopsy cannot currently replace tumor biopsy, 

researchers are studying its benefits and best 

applications. Liquid biopsies show promise for guiding 

personalized cancer management and will ultimately 

help healthcare providers detect certain types of cancer. 

 

Traditional and Advanced Techniques 

The advancement in detection and analysis technologies 

has been crucial for the study of circulating DNA 

(cDNA). These techniques range from traditional 

methods to more advanced and high-precision 

approaches.(fig 1) 

 

Traditional Techniques 

Real-Time Quantitative PCR (qPCR): This technique 

has been widely used to quantify cDNA. It is based on 

the amplification of specific DNA sequences and allows 

the detection of mutations and genomic variations. 

However, its sensitivity is limited by the need to know 

specific sequences to amplify. 

 

Electrophoresis and Southern Blot: These older 

methods allow visualization and quantification of cDNA 

but lack the sensitivity and specificity necessary to detect 

genetic variations or low levels of cDNA. 

 

Advanced Techniques 

Next-Generation Sequencing (NGS): NGS allows 

massive and parallel sequencing of multiple DNA 

fragments. This technique has revolutionized cDNA 

analysis, enabling the identification of mutations, copy 

number variations, and other genomic changes with high 

precision. 

 

Digital PCR: Offers greater sensitivity and specificity 

compared to traditional qPCR. Digital PCR divides the 

DNA sample into thousands of fractions, allowing 

individual amplification of DNA fragments, improving 

the detection of rare genetic variants. 

 

Biosensors and Nanotechnology: The development of 

biosensors and the use of nanotechnology have enabled 

ultra-sensitive cDNA detection. These methods can 

detect 

 

Sensitivity and Specificity 

The choice of detection and analysis method largely 

depends on the required sensitivity and specificity: 

 

Sensitivity: Refers to the ability to detect even minimal 

amounts of cDNA. Digital PCR and NGS are highly 

sensitive techniques capable of identifying genetic 

variants present in a very low fraction of the total cDNA. 

 

Specificity: Involves the ability to accurately distinguish 

between different DNA sequences. NGS is particularly 
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effective in this aspect, as it can sequence and analyze 

multiple genome regions simultaneously. 

 

While traditional techniques like qPCR remain useful for 

specific applications, advancements in NGS and digital 

PCR have significantly transformed the field of cDNA 

analysis, offering unprecedented sensitivity and 

specificity. These advancements have greatly expanded 

the possibilities of using cDNA in clinical diagnosis, 

disease monitoring, and personali. 

 

 
Figure 1: Source of Circulating DNA. 

 

Applications in Clinical Diagnosis of Circulating 

DNA 

Oncology 

Circulating DNA (cDNA) has revolutionized oncology, 

providing new pathways for early cancer detection, 

treatment response monitoring, and recurrence detection. 

 

Early Cancer Detection: cDNA can contain tumor-

specific mutations, enabling early-stage cancer detection. 

Identifying specific genetic patterns in cDNA can signal 

the presence of tumors much before they are clinically 

detectable. 

 

Treatment Response Monitoring: cDNA analysis 

allows real-time assessment of oncological treatment 

efficacy. A decrease in tumor-specific cDNA levels can 

indicate a positive response to treatment. 

 

Recurrence Detection: The emergence of tumor-

specific mutations in cDNA can be an early indicator of 

recurrence, enabling quicker and personalized 

interventions. 

 

Genetic and Prenatal Diseases 

cDNA has also found important applications in non-

invasive prenatal diagnosis and the identification of 

genetic diseases. 

 

Non-Invasive Prenatal Diagnosis: The presence of fetal 

DNA in maternal blood allows for the detection of 

chromosomal and genetic anomalies in the fetus without 

pregnancy risk, including tests for syndromes like Down, 

Edwards, and Patau. 

 

Identification of Genetic Diseases: cDNA can be used 

to identify genetic mutations associated with hereditary 

diseases, allowing early diagnosis and implementation of 

management and prevention strategies. 

 

Other Diseases 

The use of cDNA extends beyond oncology and genetics, 

finding applications in a variety of other diseases. 

 

Cardiovascular Diseases: cDNA can indicate tissue 

damage in cardiovascular diseases. For example, 

elevated levels of cDNA can be a marker of myocardial 

infarction. 

 

Autoimmune Diseases: In autoimmune diseases, cDNA 

analysis can help identify gene expression patterns 

contributing to disease pathology, facilitating more 

precise diagnosis and treatment personalization. 

 

Infectious Diseases: cDNA is also being explored as a 

tool for detecting and monitoring infectious diseases, 

especially those caused by hard-to-cultivate or detect 

pathogens by traditional methods. 

 

Hence, circulating DNA has become a valuable tool in 

clinical diagnosis, offering promising applications across 
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a wide range of medical fields. Its ability to provide 

precise and non-invasive genetic information makes it a 

crucial resource in personalized medicine and improving 

health outcomes. 

 

Case Studies and Clinical Evidence of Circulating 

DNA 

Recent Research 

Circulating DNA (cDNA) has been the subject of 

numerous clinical studies in recent years, highlighting its 

potential in various areas of medicine. 

 

Oncology: A recent study demonstrated the efficacy of 

cDNA in early detection of multiple cancers in 

asymptomatic individuals, using next-generation 

sequencing analysis to identify specific tumor mutations 

in cDNA. 

 

Prenatal Diagnosis: Research has shown the accuracy 

of cDNA in detecting fetal trisomies, such as Down 

syndrome, with high precision and no risk to the fetus. 

 

Cardiovascular Diseases: Studies have used cDNA to 

identify biomarkers of myocardial damage after an 

infarct, providing valuable information on the extent of 

damage and response to treatment.
[14-20]

 

 

RESULTS AND LIMITATIONS 
 

Results 

High Sensitivity and Specificity: In oncology, cDNA 

has shown high sensitivity and specificity in detecting 

tumor mutations, even at early disease stages. 

 

Non-Invasive Diagnosis: In prenatal diagnosis, cDNA 

offers a non-invasive alternative to procedures like 

amniocentesis, reducing the risk of complications. 

 

Real-Time Monitoring: In cardiovascular diseases, 

cDNA allows real-time monitoring of tissue damage and 

treatment efficacy. 

 

Limitations 

Cost and Accessibility: DNA sequencing technologies 

can be expensive and are not widely available in all 

clinical settings. 

 

Data Interpretation: Interpreting cDNA results can be 

complex, especially in cancer detection, where mutations 

can be heterogeneous. 

 

False Positives/Negatives: Although sensitivity and 

specificity are high, there are risks of false positives and 

negatives, which can lead to misdiagnoses or the need 

for additional testing. 

 

Limitations in Representativeness: cDNA may not 

fully reflect the heterogeneity of certain tumors, affecting 

the accuracy of diagnosis and monitoring. 

 

In conclusion, while circulating DNA offers exciting 

opportunities in the diagnosis and management of 

various diseases, it's crucial to be aware of its limitations 

and challenges. Continuous research and the 

development of more advanced and accessible 

technologies are essential to overcome these obstacles 

and maximize the potential of cDNA in clinical practice. 

 

Challenges and Limitations of Circulating DNA 

Technical Aspects 

Detection and Analysis 

Sensitivity and Specificity: Despite modern techniques 

being highly sensitive and specific, accurately detecting 

and quantifying very small amounts of circulating DNA, 

especially in early disease stages like cancer, remains 

challenging. 

 

Sample Quality: DNA degradation and contamination 

can affect sample quality, influencing result accuracy. 

 

Tumor DNA Heterogeneity: In oncology, intratumoral 

heterogeneity may prevent circulating DNA from fully 

reflecting the tumor's genetic profile, complicating result 

interpretation. 

 

Technological Limitations 

Despite advancements, certain mutations or genetic 

alterations can be challenging to detect with current 

technologies.
[21-26] 

 

Clinical Considerations 

Interpretation and Application 

Interpreting circulating DNA results, particularly in 

cancer detection, can be complex due to heterogeneous 

mutations varying among patients. 

 

False Positives/Negatives: Risks of false positives and 

negatives may lead to misdiagnoses or additional testing. 

 

Clinical Applicability: Integrating circulating DNA 

results into clinical decision-making can be challenging 

without clear guidelines or solid evidence. 

 

Cost and Accessibility: The high cost and limited 

availability of advanced circulating DNA detection 

technologies can be barriers in clinical practice. 

 

Ethics and Consent: Circulating DNA detection can 

reveal sensitive genetic information, raising ethical 

issues and the need for clear informed consent. 

 

Patient Expectations: Interpreting results and 

communicating with patients can be challenging, 

especially when results are inconclusive or suggest a 

poor prognosis. 

 

While circulating DNA offers great potential in 

diagnosing and managing various diseases, it faces 

significant technical and clinical challenges. Overcoming 

these obstacles requires technological advancements, 
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clear clinical guidelines, and careful consideration of 

ethical implications and patient communication.
[27-29]

 

 

Future Prospects and Technological Development of 

Circulating DNA 

Ongoing Innovations 

In Terms of Technological Advances 

 

Next-Generation Sequencing (NGS): Continues to 

evolve, offering increased sensitivity and specificity in 

detecting circulating DNA, including the ability to 

identify low-frequency mutations and complex genetic 

profiles. 

 

Circulating DNA Technologies and Future Perspectives 

Cell Capture Technologies: Developing more efficient 

methods to capture and analyze circulating tumor cells 

alongside circulating DNA for a comprehensive view of 

tumor biology. 

 

Data Analysis and Big Data: Enhancements in data 

analysis and big data integration for more accurate, 

personalized genetic profile interpretations. 

 

Microfluidics and Nanotechnology: Advances to 

improve efficiency and reduce costs in circulating DNA 

testing. 

 

AI Integration: Using artificial intelligence to analyze 

complex patterns in circulating DNA data, enhancing 

detection and diagnosis. 

 

POTENTIAL IMPACT 

Earlier, More Accurate Diagnosis: Improvements in 

early disease detection, particularly cancer, leading to 

more effective treatments and better survival rates. 

 

Real-Time Monitoring: Capability for real-time 

monitoring of treatment response and therapy 

adjustments. 

 

Drug Resistance Detection: Early identification of drug 

resistance, allowing timely treatment regimen changes. 

 

Implications for Personalized Medicine 

Targeted Therapies: Using genetic profiles from 

circulating DNA to develop more targeted, personalized 

therapies. 

 

Disease Prevention and Management: Potential for 

disease prevention or more effective management 

through early detection and personalized intervention. 

 

Predictive Medicine: Predicting susceptibility to certain 

diseases and responding with personalized preventive 

strategies. 

 

 

 

 

CHALLENGES AND CONSIDERATIONS 

Accessibility and Cost: Ensuring technological 

advancements are accessible and affordable for a broad 

range of patients. 

 

Ethics and Privacy: Careful handling of genetic 

information and consideration of ethical and privacy 

implications. 

 

Education and Training: Educating and training 

healthcare professionals in new technologies and 

personalized medicine approaches. 

 

In conclusion, the field of circulating DNA is on the cusp 

of significant transformations, driven by technological 

and analytical advancements. These promise to 

revolutionize personalized medicine, offering more 

precise diagnoses, personalized treatments, and a better 

understanding of disease biology. Addressing challenges 

related to accessibility, ethics, and education is crucial to 

maximize the potential of these emerging technologies. 

 

Final Thoughts 

Circulating DNA has established itself as a crucial 

component in clinical diagnosis. Its ability to provide 

detailed, non-invasive information about various health 

conditions makes it an invaluable tool in modern 

medicine. As we move forward, integrating new 

technologies and analytical approaches promises to 

further expand its utility, especially in the 

personalization of medical treatment. However, 

addressing current challenges in detection, analysis, and 

clinical applications is essential to ensure that the 

benefits of circulating DNA are accessible and 

effectively applied in clinical practice. Continuous 

education, research, and technological development will 

be key to fully harnessing the potential of circulating 

DNA, not just as a diagnostic tool, but also as a pillar in 

the evolution of personalized and predictive medicine. In 

summary, circulating DNA represents a dynamic and 

constantly evolving field with a promising future in 

clinical diagnosis and health management. Its role in 

personalized medicine, in particular, is an area of great 

interest and potential, heralding a new era in patient care 

and treatment.
[30-6] 

 

CONCLUSIONS 
 

Circulating DNA, since its discovery, has emerged as a 

vital tool in clinical diagnosis, offering a unique window 

into the physiology and pathology of the human body. 

 

Physiology and Biology: Its origin, nature, and release 

mechanisms in the bloodstream underscore its 

complexity and versatility as a biomarker. 

 

Detection and Analysis Methods: The evolution from 

traditional to advanced techniques has significantly 

enhanced the sensitivity and specificity of circulating 

DNA detection. 
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Clinical Diagnostic Applications: Its use in oncology, 

genetic and prenatal diseases, and other pathologies 

highlights its versatility and capacity to influence the 

clinical management of various diseases. 

 

Case Studies and Clinical Evidence: Recent studies 

reinforce its utility and reveal both its potential and 

limitations. 

 

Challenges and Limitations: Technical aspects and 

clinical considerations present ongoing challenges that 

need addressing to optimize its use. 

 

Regarding Future Prospects and Technological 

Development, ongoing innovations and their 

implications in personalized medicine suggest a 

promising future for circulating DNA in the clinical 

realm. 
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