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Abstract:  

Liquid biopsy, a non-invasive diagnostic technique, has emerged as a 

promising approach for early cancer detection. Among its many 

applications, the analysis of circulating tumor DNA (ctDNA) plays a 

pivotal role in identifying genetic mutations, tumor heterogeneity, and 

monitoring treatment responses. ctDNA, which is shed from tumor cells 

into the bloodstream, offers a unique opportunity for real-time cancer 

diagnostics, enabling clinicians to detect malignancies at earlier stages 

when intervention can be more effective. This paper explores the 

advancements in liquid biopsy technologies, focusing on ctDNA’s 

potential in early cancer detection, minimal residual disease monitoring, 

and assessment of therapeutic efficacy. By reviewing current research 

and clinical trials, we highlight the challenges, benefits, and future 

directions of ctDNA analysis in oncology. Liquid biopsy not only offers 

a less invasive alternative to traditional biopsy but also holds promise for 

personalized treatment strategies and improved patient outcomes. 

Keywords: Liquid biopsy, Circulating tumor DNA (ctDNA), Early 

cancer detection, Tumor monitoring, Genetic mutations, Minimal 

residual disease, Non-invasive diagnostics, Cancer genomics. 

This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and distributed under 

the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0) and the Budapest Open Access 

Initiative (http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use, distribution, and reproduction in any 

medium, provided original work is properly credited. 

1.1 Introduction: 

Cancer remains one of the leading causes of 

mortality worldwide, with early detection playing a 

critical role in improving patient outcomes. 

Traditionally, the diagnosis of cancer involves 

invasive tissue biopsies, which can be costly, time-

consuming, and sometimes not feasible, especially 

when tumors are located in difficult-to-reach areas. 

Over the past decade, liquid biopsy has emerged as 

a revolutionary alternative, offering a less invasive 

and more accessible means of detecting cancer. 

Among the components analyzed in liquid biopsy, 

circulating tumor DNA (ctDNA) stands out as a 

powerful biomarker due to its ability to provide real-

time insights into the genetic landscape of 

tumors.(1) 

ctDNA is derived from the genetic material released 

by tumor cells into the bloodstream, making it a 

valuable source of molecular information. The 

detection of ctDNA can help identify specific 

genetic mutations, tumor burden, and even monitor 

the evolution of resistance to therapy. The ability to 

capture this genetic material non-invasively 

represents a significant shift in cancer diagnosis, 

allowing for early detection and continuous 

monitoring without the need for repeated biopsies. 

This paper delves into the mechanisms behind liquid 

biopsy and ctDNA, examining how these 

technologies are transforming the landscape of 

oncology. By focusing on their application in early 

cancer detection, tumor monitoring, and treatment 

response assessment, we aim to highlight the 

potential of ctDNA as a game-changing tool in 

precision medicine. Despite the promising advances, 

challenges such as sensitivity, specificity, and 

standardization of methods remain, which this paper 

will also address. Ultimately, the goal is to provide a 

comprehensive understanding of how liquid biopsy, 

particularly ctDNA analysis, is paving the way for 

more effective, personalized cancer care.(2) 

1.2 Introduction to Cancer Diagnostics 

Cancer diagnostics have traditionally relied on 

imaging techniques such as X-rays, CT scans, and 

MRIs, in conjunction with biopsies, to confirm the 
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presence and extent of malignancies. Early detection 

of cancer is vital to improving survival rates, as it 

allows for timely intervention and personalized 

treatment strategies.(3) Over the years, 

advancements in molecular biology and genomics 

have paved the way for more precise and less 

invasive diagnostic tools. Liquid biopsy, a promising 

alternative to traditional biopsies, leverages 

biomarkers such as circulating tumor DNA (ctDNA) 

found in blood samples, providing a powerful and 

non-invasive means of diagnosing cancer at earlier 

stages. Cancer diagnostics continue to evolve, 

incorporating these advanced technologies to 

enhance accuracy and patient outcomes.(4) 

1.3 Traditional Methods of Cancer Detection 

Historically, cancer diagnosis has been reliant on 

tissue biopsy, where a sample of the tumor is 

removed for pathological examination. Imaging 

technologies, such as mammography for breast 

cancer, colonoscopy for colorectal cancer, and 

endoscopy for gastrointestinal cancers, are 

commonly used as screening tools.(5) These 

methods, while effective in detecting established 

tumors, often fail to identify malignancies in their 

earliest stages, when treatment options are more 

effective. Moreover, tissue biopsies can be invasive, 

require specialized procedures, and may not always 

be feasible, especially when tumors are located in 

critical or hard-to-reach areas. The limitations of 

traditional diagnostic methods underscore the need 

for more accessible, efficient, and less invasive 

options for cancer detection.(6) 

1.4 Challenges in Conventional Cancer Biopsy 

Conventional cancer biopsy, while the gold standard 

for definitive cancer diagnosis, presents several 

challenges. One of the primary issues is the invasive 

nature of the procedure, which can cause patient 

discomfort, prolonged recovery times, and 

complications, particularly for tumors located in 

difficult-to-reach organs or structures.(7) In 

addition, biopsy results may only reflect the tumor’s 

genetic makeup at the time of collection, potentially 

missing genetic changes that occur later as the tumor 

evolves or becomes resistant to treatment. 

Furthermore, repeated biopsies to monitor disease 

progression or treatment response are often 

impractical, costly, and may carry risks of 

complications. These challenges highlight the need 

for alternative diagnostic approaches that provide 

real-time insights into tumor biology while 

minimizing patient burden, thus making liquid 

biopsy and ctDNA analysis a promising solution in 

modern cancer care.(8) 

1.5 The Rise of Liquid Biopsy in Oncology 

Liquid biopsy has emerged as a groundbreaking 

innovation in oncology, offering a non-invasive and 

highly accessible method for cancer detection and 

monitoring. Unlike traditional biopsies, which 

require the removal of tissue from the tumor site, 

liquid biopsy analyzes bodily fluids—primarily 

blood—containing biomarkers shed by tumors.(9) 

The rise of liquid biopsy has been driven by 

advancements in genomic technologies and the 

increasing understanding of tumor biology, 

including the discovery of biomarkers such as 

circulating tumor DNA (ctDNA), exosomes, and 

tumor-derived RNA. This technology allows for 

earlier detection of cancer, continuous monitoring of 

disease progression, and assessment of treatment 

response, all without the need for invasive surgical 

procedures. As research and clinical applications 

continue to expand, liquid biopsy is reshaping the 

landscape of cancer diagnosis, offering a potential 

paradigm shift toward personalized, less invasive 

cancer care.(10) 

1.6 Overview of Liquid Biopsy Technology 

Liquid biopsy technology involves the analysis of a 

variety of biological fluids, such as blood, urine, and 

saliva, to detect and characterize biomarkers 

associated with cancer. The most widely studied and 

utilized marker in liquid biopsy is ctDNA, a 

fragment of DNA released into the bloodstream 

from cancerous cells. Other components analyzed in 

liquid biopsies may include circulating tumor cells 

(CTCs), exosomal RNA, and microRNAs, all of 

which provide insights into tumor characteristics 

and behavior.(11) Techniques such as next-

generation sequencing (NGS), digital PCR, and 

droplet digital PCR enable highly sensitive and 

accurate detection of these biomarkers. By profiling 

these molecules, liquid biopsy enables clinicians to 

monitor tumor mutations, detect minimal residual 

disease, and evaluate therapeutic efficacy—all with 

the convenience and reduced risk of a simple blood 

draw. Liquid biopsy is expected to become an 

essential tool for early cancer detection, patient 

stratification, and therapeutic decision-making.(12) 

1.7 What is Circulating Tumor DNA (ctDNA)? 

Circulating tumor DNA (ctDNA) refers to small 

fragments of DNA that are released into the 

bloodstream by tumor cells. These fragments 

contain genetic material that mirrors the mutations 
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and alterations present in the primary tumor and its 

metastases, providing a snapshot of the tumor’s 

genetic landscape. (13)ctDNA is considered a 

valuable biomarker for cancer because it reflects the 

heterogeneity of the tumor and can reveal key 

information about genetic mutations, tumor burden, 

and disease progression. Unlike traditional tissue 

biopsies, which only sample a small portion of the 

tumor, ctDNA analysis offers a broader view of 

tumor genetics, including mutations that may not be 

detectable in the biopsy sample. ctDNA is also 

useful for tracking tumor evolution and monitoring 

how the cancer responds to treatments, enabling a 

more personalized approach to cancer care.(14) 

1.8 Biological Sources of ctDNA 

The primary source of ctDNA is the shedding of 

DNA from cancer cells into the bloodstream. Tumor 

cells continuously release ctDNA as they undergo 

apoptosis (cell death) or necrosis (cell injury), and 

this DNA circulates throughout the body. ctDNA can 

also be released through active secretion processes 

such as exosome formation.(15) While ctDNA 

originates from malignant cells, it may also be 

present in small amounts from normal cells, 

although the concentration of ctDNA in cancer 

patients is typically much higher compared to 

healthy individuals. In addition to blood, ctDNA can 

also be found in other bodily fluids, such as urine, 

cerebrospinal fluid, and pleural effusions, depending 

on the location and stage of the cancer. These 

various biological sources of ctDNA present an 

opportunity to track cancer from different body 

compartments, enhancing the potential for 

comprehensive, non-invasive cancer diagnostics and 

monitoring.(16) 

1.9 The Role of ctDNA in Early Cancer Detection 

Circulating tumor DNA (ctDNA) plays a pivotal role 

in the early detection of cancer due to its presence in 

the bloodstream, even in the early stages of the 

disease. Traditional diagnostic methods often 

struggle to identify cancer before it reaches 

advanced stages, where treatment becomes more 

challenging.(17) In contrast, ctDNA analysis allows 

for the detection of genetic alterations associated 

with tumor formation at much earlier stages, often 

before clinical symptoms manifest. By identifying 

mutations, copy number variations, and other 

genetic changes unique to tumors, ctDNA offers the 

potential for non-invasive, sensitive, and early 

detection of cancers. This ability to detect 

malignancies before they are visible through 

conventional imaging techniques or physical 

examination offers a substantial advantage in 

improving survival outcomes by enabling early 

intervention.(18) 

1.10 Advantages of Liquid Biopsy over 

Traditional Biopsies 

Liquid biopsy offers several advantages over 

traditional tissue biopsy methods, making it a 

promising tool for cancer diagnosis and monitoring. 

The most significant benefit is its non-invasive 

nature. (19)Liquid biopsy requires only a simple 

blood draw, whereas traditional biopsies necessitate 

surgical procedures to obtain tumor tissue, which 

can be painful and carry risks of complications. 

Additionally, liquid biopsy allows for the analysis of 

ctDNA, which provides a comprehensive view of 

the tumor's genetic landscape. This means that liquid 

biopsy can detect mutations or alterations present 

throughout the entire tumor, not just in one specific 

biopsy sample. Furthermore, liquid biopsy is more 

dynamic, enabling real-time monitoring of tumor 

evolution and treatment responses without the need 

for repeated invasive procedures. This makes it a 

more convenient, cost-effective, and patient-friendly 

approach to cancer care.(20)  

1.11 Molecular Significance of ctDNA in Cancer 

The molecular significance of ctDNA lies in its 

ability to reflect the genetic makeup of a tumor. 

ctDNA contains genetic alterations that occur within 

the tumor cells, such as point mutations, insertions, 

deletions, and chromosomal rearrangements.(21) 

These genetic markers serve as signatures that can 

help identify the specific type of cancer and its 

molecular characteristics. ctDNA can also reveal 

tumor heterogeneity, providing insight into the 

genetic diversity within a single tumor or across 

metastatic sites. By analyzing ctDNA, clinicians can 

assess the tumor’s genetic landscape and identify 

key mutations that drive tumor growth, helping to 

stratify patients into more precise therapeutic 

categories. This molecular information is crucial for 

understanding how the tumor behaves, predicting 

treatment responses, and monitoring how tumors 

evolve over time.(22) 

1.12 ctDNA as a Marker for Tumor Mutations 

and Genetic Alterations 

Circulating tumor DNA serves as a valuable 

biomarker for detecting specific mutations and 

genetic alterations that are characteristic of various 

types of cancer. ctDNA carries the genetic signature 

of the tumor, including mutations in oncogenes, 



Current Pharmaceutical Letters and Reviews (CPLR) 
Website: https://cplr.in/ 

ISSN: 3049-222X 
Vol. 2, Issue 3, July-Sept, 2025 

Page No.: 24-29 

27 
Shukla P. et. al., 2025 

tumor suppressor genes, and genes involved in DNA 

repair.(23) By using advanced techniques like next-

generation sequencing (NGS), clinicians can 

identify these mutations, which can aid in 

diagnosing cancer, understanding its molecular 

drivers, and predicting treatment outcomes. For 

example, mutations in the EGFR gene are often seen 

in lung cancer, and ctDNA analysis can detect these 

mutations even before clinical symptoms appear. 

Additionally, ctDNA can be used to monitor changes 

in the genetic profile of tumors, such as the 

development of resistance to targeted therapies, 

helping clinicians adjust treatment strategies 

accordingly.(24) 

1.13 Continuous Monitoring of Cancer through 

ctDNA 

One of the key advantages of ctDNA is its potential 

for continuous monitoring of cancer over time. As 

tumors evolve and progress, they release ctDNA into 

the bloodstream, providing a real-time snapshot of 

the tumor’s genetic state.(25) This allows clinicians 

to track changes in tumor burden, identify emerging 

mutations, and assess how the tumor is responding 

to treatment. Traditional imaging methods and 

biopsies provide only intermittent data and may miss 

important changes in tumor dynamics. ctDNA, on 

the other hand, offers the ability to monitor cancer 

progression continuously, making it possible to 

detect minimal residual disease, monitor treatment 

response, and identify early signs of relapse. This 

continuous monitoring approach enhances 

personalized care by allowing for timely 

adjustments to treatment regimens based on the 

tumor's evolving characteristics.(26) 

1.14 The Potential of ctDNA in Detecting 

Minimal Residual Disease 

Minimal residual disease (MRD) refers to small 

amounts of cancer cells that remain in a patient’s 

body after treatment, which may not be detectable 

by conventional imaging or physical examination. 

These residual cancer cells pose a significant risk of 

relapse, making MRD detection crucial in cancer 

management.(27) ctDNA is a powerful tool for 

detecting MRD due to its ability to identify low 

levels of tumor-specific genetic material in the 

bloodstream. Even when the tumor is no longer 

visible through imaging, ctDNA analysis can 

identify trace amounts of cancer DNA, allowing for 

the early detection of disease recurrence. This 

capability provides clinicians with a more accurate 

assessment of whether a patient is truly in remission 

or at risk of relapse, enabling more timely and 

targeted interventions.(28) 

1.15 Applications of ctDNA in Personalized 

Cancer Therapy 

ctDNA analysis is increasingly being integrated into 

personalized cancer therapy, where treatment 

decisions are based on the unique molecular 

characteristics of a patient’s tumor. By analyzing the 

mutations and alterations present in ctDNA, 

clinicians can identify actionable targets for therapy, 

such as specific genetic mutations or pathways 

involved in cancer progression.(29) This 

personalized approach allows for more precise and 

effective treatment strategies, such as the use of 

targeted therapies, immunotherapies, or 

chemotherapy based on the patient’s individual 

genetic profile. Furthermore, ctDNA can be used to 

monitor the effectiveness of these therapies in real-

time, helping to assess treatment response and 

identify early signs of resistance. By providing 

insights into the tumor's molecular landscape, 

ctDNA analysis empowers clinicians to tailor 

treatments that are best suited to each patient’s 

unique cancer profile, improving overall outcomes 

and minimizing unnecessary side effects.(30) 

Aspect Liquid Biopsy Traditional Biopsy 

Detection 

Method Blood test Tissue biopsy 

Sample Source Blood Tumor tissue 

Tumor 

Information Tumor DNA, RNA, exosomes Tumor cells, histology 

Invasiveness Non-invasive Invasive 

Sensitivity High sensitivity (early detection) Lower sensitivity (late stage) 

Applications 

Early detection, monitoring, minimal residual disease, 

treatment response 

Diagnosis, histopathological 

classification 

Conclusion: The advent of liquid biopsy, particularly through the 

analysis of circulating tumor DNA (ctDNA), 
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represents a paradigm shift in cancer diagnostics and 

treatment. Unlike traditional biopsy methods, liquid 

biopsy offers a non-invasive, accessible, and real-

time approach to detecting and monitoring cancer, 

allowing for earlier detection, continuous 

assessment, and personalized treatment strategies. 

ctDNA, as a molecular marker, provides valuable 

insights into tumor mutations, genetic alterations, 

and tumor evolution, enhancing our understanding 

of cancer biology and its heterogeneity. It plays a 

crucial role not only in early cancer detection but 

also in monitoring minimal residual disease and 

evaluating treatment responses, which are essential 

for preventing relapse and improving long-term 

patient outcomes. 

While challenges remain, including issues related to 

sensitivity, specificity, and standardization of 

methods, the clinical application of ctDNA is rapidly 

advancing. The ability to monitor cancer 

progression without the need for invasive 

procedures presents a significant advantage, making 

it a powerful tool in precision oncology. As research 

continues to unfold and technologies improve, 

ctDNA-based liquid biopsy is poised to become a 

cornerstone in the future of cancer care, offering 

more effective, less invasive, and more personalized 

approaches to treatment. Ultimately, the integration 

of ctDNA analysis into routine clinical practice has 

the potential to revolutionize cancer diagnosis, 

treatment, and monitoring, ultimately leading to 

better patient outcomes and a more dynamic 

approach to cancer management. 
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