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Abstract

Liquid biopsy has emerged as a transformative approach in modern oncology, offering
minimally invasive access to tumor-derived biomarkers through the analysis of circu-
lating tumor DNA, cell-free DNA, and extracellular vesicles such as exosomes. Unlike
conventional tissue biopsies, liquid biopsy enables real-time monitoring of tumor dynam-
ics, molecular heterogeneity, treatment response, and the development of therapeutic
resistance. Recent advances in ultra-sensitive molecular technologies, including digital
droplet polymerase chain reaction, next-generation sequencing, methylation profiling, and
fragmentomic analysis, have substantially improved the sensitivity and specificity of circu-
lating nucleic acid detection, facilitating their integration into precision cancer medicine.
ctDNA analysis has demonstrated significant clinical utility across multiple malignancies,
including lung, breast, colorectal, pancreatic, and prostate cancers, particularly in the
identification of actionable genomic alterations, minimal residual disease, and mechanisms
of acquired resistance. In parallel, cell-free DNA provides broader insights into tumor
biology and systemic genomic alterations, while exosomes contribute additional layers
of molecular information through the transport of nucleic acids, proteins, and signaling
molecules involved in intercellular communication and tumor microenvironment modu-
lation. The integration of artificial intelligence and machine learning approaches further
enhances the interpretative power of liquid biopsy-derived datasets and supports the
development of personalized therapeutic strategies. Despite these advances, important
challenges remain, including low tumor fraction in early-stage disease, biological and
technical variability, clonal hematopoiesis-associated false positives, assay standardization,
and cost-effectiveness considerations. Nevertheless, the expanding clinical applicability
of liquid biopsy technologies positions them as essential components of contemporary
precision oncology. This review summarizes the biological foundations, analytical method-
ologies, current clinical applications, technological innovations, and future perspectives
of circulating tumor DNA, cell-free DNA, and exosome-based liquid biopsies in cancer
diagnosis, monitoring, and personalized treatment strategies.
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1. Introduction
The emergence of liquid biopsy technologies has significantly transformed the land-

scape of contemporary oncology by enabling minimally invasive molecular characterization
of malignant diseases through the analysis of tumor-derived biomarkers present in body
fluids. Unlike conventional tissue biopsies, which are invasive, spatially limited, and often
difficult to repeat during disease progression, liquid biopsy approaches provide dynamic
and real-time insights into tumor evolution, molecular heterogeneity, therapeutic response,
and mechanisms of resistance [1–3]. Among the most extensively investigated analytes
are circulating tumor DNA (ctDNA), cell-free DNA (cfDNA), and extracellular vesicles,
particularly exosomes, which collectively represent promising tools for precision cancer
diagnostics and personalized therapeutic management.

Traditional tissue-based diagnostics remain the gold standard for histopathological
classification and molecular profiling of tumors. However, tissue biopsies are associated
with several limitations, including procedural risks, limited accessibility in anatomically
challenging lesions, sampling bias resulting from intratumoral heterogeneity, and the
inability to adequately capture temporal genomic changes during treatment [4]. These
limitations have accelerated the development of liquid biopsy methodologies capable
of providing a more comprehensive overview of tumor biology through repeated, non-
invasive sampling.

ctDNA consists of short fragments of tumor-derived nucleic acids released into the
bloodstream predominantly through apoptosis, necrosis, and active cellular secretion [5–7].
Because ctDNA harbors tumor-specific genomic and epigenomic alterations, including
point mutations, copy number variations, rearrangements, and methylation signatures, its
analysis offers valuable information regarding tumor burden, clonal evolution, minimal
residual disease (MRD), and therapeutic resistance mechanisms [8,9]. In parallel, cfDNA
encompasses a broader pool of extracellular nucleic acids originating from both malignant
and non-malignant cells, reflecting systemic physiological and pathological processes [10].
The increasing refinement of molecular technologies has enabled the detection of extremely
low-frequency tumor-derived alterations within the complex background of circulating
nucleic acids.

Recent technological advances, particularly in digital droplet polymerase chain reac-
tion (ddPCR), next-generation sequencing (NGS), methylation profiling, and fragmentomic
analyses, have markedly improved the analytical sensitivity and specificity of liquid biopsy
assays [11–13]. Furthermore, the integration of artificial intelligence (AI) and machine
learning algorithms into genomic data interpretation has facilitated the identification of
complex molecular patterns and supported the development of increasingly personalized
oncological strategies [14]. These advances have expanded the clinical applicability of
liquid biopsy approaches across multiple tumor types, including lung, colorectal, breast,
pancreatic, and prostate cancers [3,15–17].

Beyond ctDNA and cfDNA, exosomes have emerged as an additional source of clini-
cally relevant molecular information. These nanoscale extracellular vesicles participate in
intercellular communication and transport a diverse molecular cargo consisting of nucleic
acids, proteins, lipids, and signaling molecules reflective of their cellular origin [18–21].
Their potential role in cancer diagnosis, prognosis, immune modulation, and treatment
monitoring has attracted substantial scientific interest in recent years.

Despite the considerable progress achieved in the field, several biological, technical,
and clinical challenges continue to limit the widespread implementation of liquid biopsy
technologies. These include low tumor fraction in early-stage disease, preanalytical vari-
ability, assay standardization difficulties, interference from clonal hematopoiesis, limited
concordance between tissue and plasma findings in certain contexts, and issues related to
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cost-effectiveness and clinical validation [18]. Addressing these limitations will be essential
for the broader integration of liquid biopsy into routine oncological practice.

This review aims to provide a comprehensive overview of the biological foundations,
analytical methodologies, current clinical applications, emerging technological innovations,
and future perspectives of ctDNA-, cfDNA-, and exosome-based liquid biopsy approaches
in precision oncology. Particular emphasis is placed on their evolving role in early cancer
detection, treatment monitoring, MRD assessment, resistance profiling, and personalized
therapeutic decision-making (Figure 1).

Figure 1. Overview of liquid biopsy in precision oncology. Tumor-derived biomarkers, including
ctDNA, cfDNA, exosomes, and CTCs are released into the bloodstream and isolated from plasma
samples. Molecular analyses, including digital PCR, next-generation sequencing, methylation profil-
ing, and fragmentomic analysis, provide clinically relevant information for early cancer detection,
molecular profiling, treatment monitoring, minimal residual disease assessment, resistance detection,
and longitudinal patient surveillance.

2. Biological Basis of Liquid Biopsy
2.1. Cell-Free DNA and Circulating Tumor DNA Biology

The biological foundation of liquid biopsy relies on the detection and characterization
of extracellular nucleic acids released into body fluids during physiological and pathological
cellular processes. Among these analytes, cfDNA and ctDNA have emerged as the most
clinically relevant biomarkers in precision oncology due to their ability to reflect the
molecular landscape of malignant tumors in a minimally invasive manner [3,22].

cfDNA consists of short extracellular DNA fragments that circulate freely in the blood-
stream and originate from multiple cellular sources, including hematopoietic cells, normal
tissues, inflammatory cells, and neoplastic lesions [23–25]. In healthy individuals, cfDNA
is typically present at low concentrations and is primarily generated through physiological
apoptosis. These DNA fragments generally exhibit a modal fragment size of approximately
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160–180 base pairs, corresponding to nucleosomal DNA fragmentation patterns produced
during programmed cell death [26]. Additional mechanisms contributing to cfDNA release
include necrosis, active cellular secretion, neutrophil extracellular trap formation, and
cellular turnover associated with inflammation or tissue injury [26].

In patients with malignancies, a proportion of cfDNA originates specifically from
tumor cells and is referred to as ctDNA. ctDNA carries tumor-associated molecular alter-
ations and therefore represents a highly informative biomarker for cancer detection and
molecular profiling [27]. The fraction of ctDNA within total cfDNA is highly variable and
depends on several factors, including tumor type, stage, vascularization, proliferative activ-
ity, metastatic burden, and therapeutic response [1,28–30]. In advanced metastatic disease,
ctDNA may constitute a substantial proportion of total cfDNA, whereas in early-stage
tumors or minimal residual disease settings, ctDNA levels can be exceedingly low, often
below 0.1% of the total circulating DNA pool [1].

The release of ctDNA into the circulation occurs predominantly through apoptosis and
necrosis of tumor cells, although active secretion mechanisms have also been proposed [26].
Apoptotic fragmentation typically produces shorter and more uniform DNA fragments,
while necrotic cell death results in more heterogeneous and longer DNA fragments. Re-
cent evidence additionally suggests that viable tumor cells may actively release nucleic
acids through extracellular vesicles and exosomal pathways, contributing further to the
circulating tumor-derived nucleic acid pool [31].

Importantly, ctDNA reflects the genomic and epigenomic architecture of the under-
lying malignancy. Molecular alterations detectable in ctDNA include single-nucleotide
variants, insertions and deletions, copy number alterations, structural rearrangements,
microsatellite instability, methylation changes, and fragmentation signatures [6]. This
molecular diversity enables comprehensive characterization of tumor biology through
liquid biopsy analyses and provides insights into clonal evolution and spatial heterogeneity
that may not be fully captured by conventional tissue biopsies [32].

One of the most clinically relevant characteristics of ctDNA is its short half-life, esti-
mated to range from approximately 16 min to several hours [1,29,30]. This rapid turnover
enables real-time monitoring of tumor dynamics and therapeutic response. Changes in
ctDNA levels frequently correlate with tumor burden and may precede radiological progres-
sion or clinical relapse by several weeks or months [10]. Consequently, ctDNA analysis has
become increasingly important for longitudinal disease monitoring, treatment stratification,
and minimal residual disease assessment.

However, several biological complexities complicate ctDNA interpretation. One ma-
jor challenge is clonal hematopoiesis of indeterminate potential (CHIP), a phenomenon
characterized by age-related somatic mutations arising in hematopoietic stem cells rather
than tumor cells [3]. CHIP-associated mutations, particularly involving genes such as
DNMT3A, TET2, and ASXL1, may generate false-positive findings during ctDNA anal-
ysis and therefore require careful interpretation, especially in low-frequency variant
detection settings.

In addition to genomic alterations, recent studies have highlighted the diagnostic sig-
nificance of cfDNA fragmentation patterns, methylation signatures, and nucleosomal
positioning profiles [24,33–35]. Fragmentomic analyses evaluate fragment size distri-
butions and fragmentation motifs, while methylation profiling enables tissue-of-origin
identification and early cancer detection with increasing sensitivity. These emerging ap-
proaches expand the biological and clinical relevance of liquid biopsy beyond conventional
mutation analysis.

Collectively, the biological properties of cfDNA and ctDNA establish them as dy-
namic and highly informative biomarkers in oncology. Their capacity to provide real-time
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molecular information regarding tumor burden, heterogeneity, clonal evolution, and treat-
ment response underpins the rapidly expanding role of liquid biopsy in precision cancer
medicine (Figure 2).

Figure 2. Biological origin and release mechanisms of circulating biomarkers used in liquid biopsy.
Tumor-derived biomarkers enter the circulation through several biological processes, including apop-
tosis, necrosis, active cellular secretion, and extracellular vesicle release. cfDNA originates from both
normal and malignant cells, whereas ctDNA represents the tumor-specific fraction carrying somatic
mutations, copy number alterations, structural rearrangements, methylation changes, and other
cancer-associated molecular alterations. Exosomes and other extracellular vesicles transport DNA,
RNA, proteins, lipids, and signaling molecules protected by a lipid bilayer, preserving molecular
integrity during circulation. Together, these complementary analytes provide information regarding
tumor burden, clonal evolution, tumor heterogeneity, and tumor–microenvironment interactions,
forming the biological basis of liquid biopsy.

2.2. Technologies for ctDNA and cfDNA Detection

The clinical implementation of liquid biopsy has been driven by substantial tech-
nological advances that have improved the sensitivity, specificity, and reproducibility of
circulating nucleic acid detection. Because ctDNA frequently represents only a minor
fraction of the total circulating cfDNA pool, particularly in early-stage disease or minimal
residual disease settings, highly sensitive analytical methodologies are required to accu-
rately identify tumor-associated molecular alterations [17,24,27,33,36,37]. Contemporary
liquid biopsy platforms combine advanced molecular biology techniques with sophisti-
cated bioinformatics pipelines to enable comprehensive genomic characterization from
limited quantities of circulating DNA (Table 1).
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Table 1. Comparison of the principal molecular technologies used for liquid biopsy analysis in
precision oncology.

Technology Analytical
Principle Main Analyte Typical

Sensitivity *
Clinical
Maturity

Representative
Applications Key References

ddPCR

Partitioning DNA
into thousands of
droplets followed

by endpoint
PCR amplification

ctDNA Very high
(<0.1% VAF)

Routine clinical
use

Detection of known
mutations, MRD

monitoring,
treatment response

O’Leary et al.,
2019 [13]

BEAMing

Emulsion PCR on
magnetic beads
combined with
flow cytometry

ctDNA Very high
(<0.1% VAF) Clinical use

Monitoring
resistance

mutations (EGFR,
KRAS), quantitative
mutation analysis

O’Leary et al.,
2019 [13]

Targeted NGS

Deep sequencing of
selected

cancer-associated
genes

ctDNA/cfDNA High (~0.1–
1% VAF)

Routine clinical
use

Comprehensive
genomic profiling,
therapy selection

Forshew et al.,
2012 [38]

CAPP-Seq

Hybrid-capture
targeted NGS with
deep sequencing

and error
suppression

ctDNA Very high (~0.02–
0.1% VAF)

Advanced clini-
cal/research

MRD detection,
longitudinal

monitoring, early
relapse detection

Newman et al.,
2014 [36]

Whole-exome
sequencing (WES)

Sequencing of all
protein-coding

regions
ctDNA Moderate Mainly research

Discovery of novel
mutations, clonal

evolution

Chen M et al.,
2019 [39]

Whole-genome
sequencing

(WGS)

Sequencing of the
complete genome ctDNA Moderate Research

Structural variants,
copy-number

alterations,
genome-wide

profiling

Chen M et al.,
2019 [39]

DNA methylation
assays

Detection of
tumor-specific
methylation

patterns

cfDNA/ctDNA High
Emerging

clinical imple-
mentation

Early cancer
detection,

tissue-of-origin
prediction

Lissa D et al.,
2016 [40]

Fragmentomics

Analysis of cfDNA
fragment size, end

motifs and
nucleosome
positioning

cfDNA High Emerging
Early cancer

detection, cancer
classification

Avgeris M et al.,
2021 [41]

CellSearch®

EpCAM-based
immunomagnetic
enrichment and

cytokeratin staining

CTCs Cell-based FDA-cleared

Prognostic
assessment in

metastatic breast,
prostate and

colorectal cancers

Cristofanilli et al.,
2009 [42]

Exosome isolation

Ultracentrifugation,
immunoaffinity,
size-exclusion

chromatography or
microfluidics

Exosomes — Mainly research

miRNA, protein
and extracellular
vesicle biomarker

analysis

Yu et al.,
2022 [18]

Multi-analyte
liquid biopsy

Integration of
ctDNA, CTCs,

exosomes, proteins
and AI-assisted

analysis

Multiple
analytes Variable Emerging

Early detection,
comprehensive

molecular profiling,
precision oncology

Hofmann et al.,
2020 [43]

* VAF = Variant Allele Frequency.

2.3. Preanalytical Considerations

The accuracy of ctDNA and cfDNA analysis is strongly influenced by preanalytical
variables, making sample collection and processing critical components of liquid biopsy
workflows [30,34]. Plasma is generally preferred over serum because serum samples are
more susceptible to contamination by genomic DNA released from lysed leukocytes during
coagulation [2]. Blood is commonly collected in EDTA or specialized cfDNA stabilization
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tubes that minimize cellular degradation and preserve circulating nucleic acid integrity
during transport and storage [25,30,34].

Following blood collection, rapid plasma separation through sequential centrifugation
is essential to reduce contamination with cellular DNA. Delays in processing, repeated
freeze–thaw cycles, and inappropriate storage conditions may significantly alter cfDNA
quantity and fragment integrity, potentially compromising downstream analyses. Stan-
dardization of preanalytical procedures therefore remains a major prerequisite for reliable
clinical implementation.

2.4. Digital Droplet Polymerase Chain Reaction (ddPCR)

Digital droplet polymerase chain reaction [12,13] represents one of the most sensitive
methodologies currently available for targeted ctDNA detection. This technique parti-
tions DNA samples into thousands of nanoliter-sized droplets, each functioning as an
independent PCR microreaction. Following amplification, droplets are analyzed individ-
ually to determine the presence or absence of target mutations, enabling highly precise
quantification of mutant allele frequencies.

ddPCR demonstrates excellent analytical sensitivity and can detect rare mutant alleles
present at frequencies below 0.1% within a high background of wild-type DNA [19]. This
high sensitivity makes ddPCR particularly suitable for monitoring known driver mutations,
treatment resistance alterations, and minimal residual disease. In clinical oncology, ddPCR
is widely used for detecting EGFR mutations in non-small-cell lung cancer, KRAS mutations
in colorectal cancer, and ESR1 mutations in breast cancer [7,8,10,12,13,44].

Despite its advantages, ddPCR is primarily limited to the analysis of predefined
mutations and lacks the broad genomic coverage offered by sequencing-based approaches.
Consequently, its utility is greatest in targeted clinical applications where specific genomic
alterations are already known.

2.5. BEAMing Technology

BEAMing (Beads, Emulsion, Amplification, and Magnetics) combines principles of
digital PCR and flow cytometry to achieve highly sensitive mutation detection [13]. In
this methodology, DNA fragments are amplified on magnetic beads within water-in-oil
emulsions, followed by fluorescent labeling and flow cytometric analysis.

BEAMing enables precise quantification of low-frequency variants and has demon-
strated strong analytical performance in the detection of mutations associated with ther-
apeutic resistance and disease progression [13]. Similar to ddPCR, however, BEAM-
ing is primarily optimized for targeted mutation analysis rather than comprehensive
genomic profiling.

2.6. Next-Generation Sequencing

Next-generation sequencing (NGS) has revolutionized liquid biopsy diagnostics by
enabling simultaneous analysis of multiple genomic alterations across large genomic
regions or entire exomes and genomes [12,39]. NGS-based liquid biopsy approaches
include targeted sequencing panels, whole-exome sequencing (WES), and whole-genome
sequencing (WGS), each offering varying degrees of coverage and analytical depth.

Targeted NGS panels are currently the most widely implemented clinical approach due to
their balance between sensitivity, cost-efficiency, and clinically actionable information [6]. These
panels enable the detection of point mutations, insertions/deletions, copy number alterations,
gene fusions, and structural rearrangements across selected cancer-associated genes.

Advanced error-correction strategies, including unique molecular identifiers (UMIs)
and deep sequencing algorithms, have significantly improved the analytical sensitivity of
NGS platforms, allowing reliable detection of variants at very low allele frequencies [6,12,39].
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Furthermore, ultra-deep sequencing approaches facilitate longitudinal monitoring of clonal
evolution and resistance mechanisms during therapy.

NGS additionally enables broader molecular analyses beyond mutation detection,
including:

• methylation profiling,
• fragmentomic analysis,
• mutational signature analysis,
• and microsatellite instability assessment.

These emerging applications are increasingly important in early cancer detection and
tissue-of-origin prediction [31,45].

Nevertheless, NGS-based liquid biopsy approaches remain associated with higher
costs, longer turnaround times, increased bioinformatic complexity, and the need for
specialized infrastructure and expertise [39].

2.7. Methylation-Based Assays

DNA methylation alterations represent some of the earliest molecular events in carcino-
genesis and therefore constitute attractive biomarkers for liquid biopsy applications [46].
Methylation-based assays evaluate tumor-specific epigenetic signatures within cfDNA and
have demonstrated promising sensitivity for early cancer detection.

Unlike mutation-based approaches, methylation profiling may provide information
regarding tissue of origin because methylation patterns are highly tissue-specific [40].
Multi-cancer early detection assays based on cfDNA methylation analysis have recently
demonstrated encouraging performance across multiple tumor types, highlighting the
expanding role of epigenomic liquid biopsy technologies in precision oncology.

2.8. Fragmentomics and Emerging Approaches

Fragmentomic analysis represents an emerging field focused on evaluating the phys-
ical characteristics of circulating DNA fragments, including fragment length distribu-
tions, nucleosomal positioning, end motifs, and fragmentation patterns [26,41]. Tumor-
derived cfDNA fragments often display distinct fragmentation profiles compared with
non-tumor-derived cfDNA, providing additional diagnostic information independent of
mutation status.

Combined fragmentomic and methylation-based approaches have shown potential to
improve sensitivity for early-stage cancer detection, particularly in tumors characterized
by low ctDNA abundance [41]. Additional emerging methodologies include:

• single-molecule sequencing,
• multi-omics liquid biopsy platforms,
• proteogenomic integration,
• and artificial intelligence-assisted molecular classification systems.

2.9. Bioinformatic Analysis and Data Interpretation

The increasing complexity of liquid biopsy data necessitates advanced computational
and bioinformatic approaches for accurate interpretation [47,48]. Bioinformatic pipelines
are used to:

• align sequencing reads,
• identify variants,
• remove technical artifacts,
• distinguish true mutations from sequencing noise,
• and annotate clinically relevant alterations.
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Artificial intelligence and machine learning algorithms are increasingly integrated into
liquid biopsy workflows to identify complex molecular patterns and improve diagnostic
accuracy [49]. These approaches may facilitate earlier cancer detection, treatment response
prediction, and prognostic stratification through multidimensional analysis of genomic,
epigenomic, and fragmentomic datasets.

Despite major technological progress, several analytical challenges remain unresolved,
including inter-platform variability, limited standardization, false-positive results asso-
ciated with clonal hematopoiesis, and difficulties in detecting extremely low-frequency
variants. Continued technological refinement and harmonization of analytical method-
ologies will therefore be essential for the broader clinical implementation of liquid biopsy
technologies in precision oncology (Figure 3).

Figure 3. Principal analytical technologies used for ctDNA and cfDNA analysis. The figure sum-
marizes the most commonly employed molecular techniques for liquid biopsy, including ddPCR,
BEAMing, NGS, methylation assays, and fragmentomic analysis. Each platform differs with respect
to analytical sensitivity, genomic coverage, multiplexing capacity, turnaround time, and clinical
applications. Highly targeted approaches such as ddPCR and BEAMing provide exceptional sen-
sitivity for predefined mutations, whereas NGS-based methods enable broader genomic profiling,
including mutation detection, copy number analysis, structural variants, microsatellite instability,
and longitudinal assessment of clonal evolution. Emerging fragmentomic and methylation-based
assays further improve early cancer detection and tissue-of-origin prediction. The selection of a
particular analytical platform depends on the clinical question, required sensitivity, available sample
quantity, and intended application.
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2.10. Clinical Applications of Liquid Biopsy in Oncology

The rapid evolution of liquid biopsy technologies has significantly expanded their
clinical applicability across multiple stages of cancer management. By enabling minimally
invasive and longitudinal assessment of tumor-derived molecular alterations, ctDNA and
cfDNA analyses have emerged as valuable tools for early cancer detection, therapeutic
stratification, treatment monitoring, minimal residual disease assessment, and identification
of resistance mechanisms [3,27,50]. The integration of liquid biopsy into clinical oncology
increasingly supports precision medicine approaches tailored to the molecular dynamics of
individual tumors.

2.11. Early Cancer Detection

One of the most promising applications of liquid biopsy involves the early detection
of malignant disease. Conventional screening modalities often exhibit limited sensitivity
for early-stage tumors, particularly in cancers lacking effective population-based screening
strategies. Because ctDNA can harbor tumor-specific molecular alterations before clinical
or radiological manifestation, liquid biopsy offers the potential for earlier diagnosis and
intervention [5,37,39].

Early detection strategies based on ctDNA analysis include mutation profiling,
methylation-based assays, fragmentomic analyses, and multi-analyte approaches inte-
grating genomic and proteomic biomarkers [41]. Methylation profiling has demonstrated
particular promise because epigenetic alterations frequently occur early during carcinogen-
esis and may provide tissue-specific information regarding tumor origin [40,46].

Several multi-cancer early detection platforms have recently demonstrated encour-
aging sensitivity and specificity across diverse malignancies, including colorectal, lung,
pancreatic, ovarian, and hepatocellular carcinomas. However, significant challenges remain,
particularly in detecting very low ctDNA concentrations in early-stage disease and mini-
mizing false-positive findings associated with benign conditions or clonal hematopoiesis.

2.12. Molecular Profiling and Therapeutic Stratification

Liquid biopsy has become increasingly important for molecular profiling and therapeu-
tic decision-making, particularly when tissue biopsy is unavailable, insufficient, or difficult
to obtain. ctDNA analysis enables the identification of actionable genomic alterations that
guide targeted therapy selection across multiple tumor types.

In non-small-cell lung cancer (NSCLC), plasma-based detection of EGFR mutations
has become an established clinical application of ctDNA analysis [51]. Liquid biopsy
facilitates both initial identification of sensitizing EGFR mutations and subsequent detec-
tion of resistance-associated alterations such as T790M during tyrosine kinase inhibitor
therapy [52]. Similar applications have been demonstrated for ALK rearrangements, KRAS
mutations, and MET amplification.

In colorectal cancer, ctDNA testing is widely utilized for detecting KRAS, NRAS, and
BRAF mutations relevant to anti-EGFR therapeutic selection [53,54]. Likewise, in breast
cancer, ctDNA analysis may identify ESR1, PIK3CA, and HER2-associated alterations
associated with endocrine resistance and targeted therapeutic eligibility [55–58].

The ability of liquid biopsy to capture tumor heterogeneity represents a major advan-
tage over single-site tissue biopsy. Because ctDNA may originate from multiple primary
and metastatic lesions simultaneously, liquid biopsy can provide a more comprehensive
overview of the genomic landscape and clonal architecture of advanced malignancies.
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2.13. Treatment Response Monitoring

The short half-life of ctDNA enables dynamic real-time monitoring of tumor burden
and therapeutic response [59]. Quantitative changes in ctDNA levels often correlate closely
with treatment efficacy and may precede radiological progression by several weeks or
months [60].

Serial ctDNA measurements have demonstrated clinical utility in multiple
malignancies, including:

• lung cancer,
• colorectal cancer,
• breast cancer,
• pancreatic cancer,
• melanoma,
• and hematologic malignancies.

Rapid decreases in ctDNA levels during treatment are generally associated with
favorable therapeutic response, whereas persistent or rising ctDNA levels may indicate
residual disease or emerging resistance [61].

In metastatic breast cancer, ctDNA dynamics have been shown to predict progres-
sion earlier than conventional imaging modalities [55,56]. Similarly, in pancreatic cancer,
longitudinal cfDNA and ctDNA profiling during chemotherapy may provide valuable
information regarding treatment response and disease evolution [59].

Liquid biopsy-based monitoring may additionally reduce dependence on repeated
imaging studies and facilitate earlier therapeutic modifications in cases of treatment failure.

2.14. Minimal Residual Disease Detection

Minimal residual disease assessment represents one of the most clinically impactful
emerging applications of ctDNA analysis [7–10]. Following curative-intent surgery or
systemic therapy, residual microscopic disease may persist despite the absence of radio-
logically detectable tumors. ctDNA detection in the post-treatment setting can identify
molecular evidence of residual malignancy with remarkable sensitivity.

Numerous studies have demonstrated that postoperative ctDNA positivity strongly
correlates with increased recurrence risk across several tumor types, particularly colorectal
cancer, lung cancer, and breast cancer [15,51,58]. In colorectal cancer, postoperative ctDNA
detection has emerged as a powerful prognostic marker capable of identifying patients at
high risk of relapse who may benefit from adjuvant therapy escalation.

Importantly, ctDNA-based MRD detection frequently identifies molecular relapse
months before conventional imaging methods, creating opportunities for earlier therapeutic
intervention [10]. As a result, MRD-guided treatment strategies are increasingly being
investigated in prospective clinical trials.

Despite its considerable promise, MRD analysis remains technically challenging be-
cause ctDNA concentrations are often extremely low in this setting. Ultra-sensitive se-
quencing approaches and optimized bioinformatic algorithms are therefore essential for
reliable MRD detection.

2.15. Detection of Resistance Mechanisms and Clonal Evolution

Acquired therapeutic resistance represents a major obstacle in oncology, particularly
in patients receiving targeted therapies and immunotherapies. Liquid biopsy enables
non-invasive characterization of evolving resistance mechanisms through serial genomic
monitoring [62].

During treatment, selective therapeutic pressure may drive the emergence of resistant
subclones harboring secondary genomic alterations. ctDNA analysis enables early identifi-
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cation of these alterations, facilitating adaptive therapeutic strategies before overt clinical
progression occurs.

Examples include:

• EGFR T790M mutations in NSCLC,
• ESR1 mutations in hormone receptor-positive breast cancer,
• KRAS-mediated resistance in colorectal cancer,
• and AR gene alterations in prostate cancer [44,55,58,61,63].

Longitudinal ctDNA profiling additionally provides insights into clonal evolution
and intratumoral heterogeneity during disease progression. This dynamic molecular
surveillance capability represents one of the most important advantages of liquid biopsy
over conventional tissue-based diagnostics.

2.16. Immunotherapy Applications

Liquid biopsy is increasingly being explored in the context of immunotherapy response
prediction and monitoring [15,53,64]. ctDNA dynamics may correlate with response to
immune checkpoint inhibitors, and reductions in ctDNA burden during therapy are often
associated with improved clinical outcomes.

Emerging applications include:

• assessment of tumor mutational burden (TMB),
• microsatellite instability (MSI) detection,
• immune-related genomic signatures,
• and monitoring of hyperprogression or pseudoprogression.

Although these applications remain under active investigation, liquid biopsy may
eventually contribute significantly to immunotherapy personalization and response stratifi-
cation (Figure 4).

Figure 4. Clinical applications of liquid biopsy throughout cancer management. Liquid biopsy
enables longitudinal molecular assessment through the analysis of circulating tumor DNA, cell-free
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DNA, circulating tumor cells, and extracellular vesicles. These biomarkers support multiple stages of
cancer management, including early cancer detection, molecular profiling for treatment selection,
therapeutic response monitoring, identification of acquired resistance mechanisms, minimal residual
disease assessment, and detection of molecular relapse before clinical or radiological progression.
Integration of liquid biopsy with advanced analytical technologies, such as digital droplet PCR,
next-generation sequencing, methylation profiling, fragmentomic analysis, and artificial intelligence-
assisted data interpretation, provides complementary insights into tumor heterogeneity and disease
evolution. Although further standardization and prospective clinical validation are required, liquid
biopsy is becoming an increasingly important component of precision oncology and personalized
patient management.

2.17. Current Clinical Limitations

Despite substantial progress, several limitations continue to restrict the universal
clinical implementation of liquid biopsy approaches. These include:

• low ctDNA abundance in early-stage disease,
• biological variability between tumor types,
• preanalytical and analytical standardization challenges,
• clonal hematopoiesis-associated false positives,
• incomplete concordance with tissue biopsies,
• and economic considerations [1].

Furthermore, interpretation of low-frequency variants requires careful integration with
clinical, radiological, and pathological findings to avoid overdiagnosis or inappropriate
therapeutic decisions.

Nevertheless, the expanding evidence base supporting ctDNA and cfDNA applica-
tions continues to position liquid biopsy as a central component of contemporary precision
oncology and personalized cancer management.

2.18. Cancer-Specific Applications of ctDNA and cfDNA Analysis

The clinical value of liquid biopsy has been investigated across a wide range of
malignancies, with particularly relevant applications in lung, colorectal, breast, pancreatic,
and prostate cancers. Although the principles of ctDNA and cfDNA analysis are broadly
applicable, the clinical utility of liquid biopsy varies according to tumor biology, disease
stage, metastatic burden, and the availability of actionable molecular alterations.

2.19. Lung Cancer

Non-small-cell lung cancer (NSCLC) represents one of the most established clinical
settings for liquid biopsy implementation. Molecular profiling is essential for therapeutic
decision-making in NSCLC, particularly for identifying actionable alterations involving
EGFR, ALK, ROS1, BRAF, MET, RET, NTRK, and KRAS. In patients in whom tissue biopsy
is unavailable, insufficient, or clinically difficult to obtain, plasma ctDNA analysis provides
an important alternative for molecular characterization [5,9,51,65–68].

One of the best validated applications of ctDNA testing in NSCLC is the detection
of EGFR mutations. Plasma-based assays can identify sensitizing EGFR alterations that
support the use of tyrosine kinase inhibitors and can also detect resistance-associated
mutations such as T790M during disease progression [9,69]. This enables clinicians to adapt
treatment strategies according to the evolving molecular profile of the tumor.

Beyond therapy selection, ctDNA analysis in lung cancer is increasingly used for
treatment response monitoring and minimal residual disease assessment. Longitudinal
ctDNA dynamics may provide earlier evidence of relapse or progression than conventional
imaging, particularly after curative-intent surgery or radiotherapy [51]. However, the
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sensitivity of ctDNA detection remains lower in early-stage disease, and negative plasma
results should be interpreted cautiously, especially when tumor shedding is limited.

2.20. Colorectal Cancer

Colorectal cancer is another major area in which liquid biopsy has demonstrated
significant clinical relevance. ctDNA analysis is particularly useful for detecting mutations
in KRAS, NRAS, and BRAF, which are essential biomarkers for therapeutic stratification,
especially in the context of anti-EGFR therapy [70]. The detection of RAS mutations
in plasma can guide treatment selection and may identify emerging resistance during
targeted therapy.

One of the most promising applications of ctDNA in CRC is postoperative minimal
residual disease detection. Following surgical resection, ctDNA positivity is strongly
associated with an increased risk of recurrence and may identify patients who could
benefit from intensified adjuvant treatment [70–72]. Conversely, ctDNA-negative patients
may represent a lower-risk group in whom treatment de-escalation strategies could be
considered in future prospective trials.

Liquid biopsy also allows longitudinal monitoring of clonal evolution in metastatic
CRC. During anti-EGFR therapy, resistant subclones harboring RAS pathway alterations
may emerge and can be detected through serial ctDNA testing. This dynamic monitor-
ing may support adaptive treatment strategies and provide insight into mechanisms of
acquired resistance.

2.21. Breast Cancer

In breast cancer, ctDNA and cfDNA analyses have gained increasing attention for
disease monitoring, therapeutic stratification, and resistance detection. Liquid biopsy is
particularly relevant in metastatic breast cancer, where repeated tissue sampling is often
impractical and tumor biology may evolve under therapeutic pressure [55–57].

ctDNA levels can reflect tumor burden and may correlate with clinical response or
disease progression. Serial monitoring of ctDNA has shown potential for detecting relapse
earlier than imaging-based methods and for evaluating treatment efficacy in real time [58].
In hormone receptor-positive breast cancer, ctDNA analysis can identify ESR1 mutations
associated with endocrine therapy resistance, while PIK3CA mutations may guide eligibility
for targeted PI3K pathway inhibition. In HER2-positive disease, ctDNA-based assessment
may provide additional information regarding HER2 amplification dynamics and treatment
response [57].

Despite these promising applications, liquid biopsy in breast cancer is still influenced
by disease burden, metastatic site, and assay sensitivity. Therefore, ctDNA findings should
be integrated with histopathological, radiological, and clinical information rather than
interpreted in isolation.

2.22. Pancreatic Cancer

Pancreatic cancer remains one of the most challenging malignancies for early diagnosis
and clinical management. Because tissue acquisition can be technically difficult and the
disease is often diagnosed at an advanced stage, liquid biopsy offers an attractive non-
invasive tool for molecular assessment and monitoring [73,74].

ctDNA analysis in pancreatic cancer may detect tumor-associated mutations, most
commonly involving KRAS, and may provide information regarding tumor burden, prog-
nosis, and treatment response. Serial cfDNA or ctDNA profiling during systemic therapy
may help assess response to chemotherapy and identify early disease progression [74].
However, the sensitivity of ctDNA detection in pancreatic cancer can be variable, particu-
larly in localized disease or in patients with low tumor shedding.
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At present, liquid biopsy is not yet a replacement for tissue diagnosis in pancreatic
cancer, but it may serve as a complementary tool for molecular profiling, monitoring, and
future early detection strategies.

2.23. Prostate Cancer

In prostate cancer, ctDNA analysis has particular relevance in advanced and castration-
resistant disease. Liquid biopsy can detect genomic alterations associated with resistance
to androgen receptor pathway inhibitors, including androgen receptor amplification, point
mutations, and structural alterations [61].

The identification of AR-related alterations may support treatment adaptation in
patients receiving androgen deprivation therapy or second-generation hormonal agents.
In addition, ctDNA analysis may detect DNA damage repair gene alterations, including
BRCA1, BRCA2, and ATM, which may have therapeutic implications for PARP inhibitor
eligibility and platinum-based treatment strategies [75].

As in other malignancies, ctDNA detection in prostate cancer is more informative
in advanced metastatic disease than in localized tumors. The interpretation of plasma-
based findings requires attention to tumor fraction, prior treatments, and concordance with
tissue-based molecular results.

2.24. Comparative Clinical Relevance Across Tumor Types

The clinical performance of liquid biopsy varies substantially across cancer types. Tu-
mors with high proliferative activity, extensive metastatic burden, and rich vascularization
tend to release higher amounts of ctDNA, improving detection sensitivity. By contrast,
tumors with low shedding capacity, limited disease burden, or confined anatomical local-
ization may produce low ctDNA levels, increasing the risk of false-negative results.

Therefore, liquid biopsy should be understood as a complementary approach rather
than a universal replacement for tissue biopsy. Its greatest current value lies in contexts
where repeated molecular monitoring is clinically useful, tissue biopsy is difficult, or
rapid detection of actionable or resistance-associated alterations can directly influence
treatment decisions.

Overall, cancer-specific applications of ctDNA and cfDNA analysis demonstrate the
expanding clinical relevance of liquid biopsy in precision oncology. Continued prospective
validation will be essential to define the optimal use of these technologies across tumor
types, disease stages, and therapeutic contexts (Table 2).

2.25. Circulating Tumor Cells: Biological Significance and Clinical Applications

Circulating tumor cells represent another major component of the liquid biopsy land-
scape and provide unique biological information that complements circulating tumor
DNA, cell-free DNA, and extracellular vesicle analyses. Unlike ctDNA, which consists
of fragmented nucleic acids released predominantly during apoptosis or necrosis, CTCs
are intact viable or apoptotic malignant cells that detach from either the primary tumor or
metastatic deposits and enter the bloodstream. Although their presence was first described
more than a century ago, technological advances over the past two decades have enabled
increasingly reliable isolation and molecular characterization, leading to renewed interest
in their clinical application [56].
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Table 2. Clinical applications of liquid biopsy in the major cancer types included in this review.

Cancer Type Principal Liquid
Biopsy Analyte(s)

Clinically
Relevant

Biomarkers

Current Clinical
Applications

Clinical
Implementation

Representative
References

Non-small-cell
lung cancer

ctDNA, cfDNA,
CTCs

EGFR, ALK, ROS1,
KRAS, MET, RET,

BRAF, NTRK

Molecular
profiling, targeted
therapy selection,

detection of
acquired resistance

(e.g., EGFR
T790M), treatment
monitoring, MRD

assessment

Routine clinical
use

Tartarone et at.,
2017, Paez et al.,

2004, Farago et al.,
2018 [51,66,76]

Colorectal cancer ctDNA, cfDNA,
CTCs

KRAS, NRAS,
BRAF, MSI

Selection of
anti-EGFR therapy,

postoperative
MRD detection,

recurrence
prediction,
monitoring

treatment response

Routine clinical
use for selected

indications

Xu et al., 2024,
Zhou et al.,
2022 [53,77]

Breast cancer ctDNA, CTCs,
exosomes

PIK3CA, ESR1,
HER2

Monitoring
endocrine
resistance,

treatment response,
prognostic
assessment,

molecular profiling

Increasing clinical
implementation

Schwarzenbach
et al., 2015,

Cristofanilli et al.,
2004 [55,56]

Pancreatic cancer ctDNA, exosomes KRAS, TP53,
SMAD4

Disease
monitoring,
prognostic
assessment,

investigational
early detection

Investigational

Jamal et al., 2025,
Wei et al., 2019,

Tanaka et al.,
2025 [59,73,74]

Prostate cancer ctDNA, CTCs
Androgen receptor

(AR), BRCA1,
BRCA2, ATM

Monitoring
resistance to

androgen
receptor-targeted
therapies, therapy

stratification,
PARP inhibitor

selection

Routine use in
advanced disease

Miyamoto et al.,
2015, Hofmann

et al., 2020 [43,78]

Melanoma ctDNA BRAF, NRAS

Monitoring
targeted therapy

and
immunotherapy

response, detection
of relapse, MRD

assessment

Increasing clinical
implementation

Heidrich et al.,
2025 [79]

Hepatocellular
carcinoma

cfDNA, ctDNA,
methylation

markers

TP53, TERT
promoter
mutations,

methylation
signatures

Early detection,
surveillance of

high-risk patients,
prognostic
assessment

Emerging clinical
application

Yang et al.,
2024 [80]

The biological significance of CTCs extends beyond their value as biomarkers. They
are considered active participants in the metastatic cascade, representing tumor cells that
have successfully acquired the ability to invade surrounding tissue, intravasate into the
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circulation, survive hemodynamic stress and immune surveillance, extravasate into distant
organs, and eventually establish metastatic lesions. Only a very small proportion of
circulating cells complete this process successfully; nevertheless, the presence of CTCs
reflects the metastatic potential of the tumor and has consistently been associated with
adverse clinical outcomes across multiple malignancies [81].

CTCs exhibit remarkable phenotypic and molecular heterogeneity. Within the cir-
culation, tumor cells may retain epithelial characteristics, undergo partial or complete
epithelial-to-mesenchymal transition (EMT), or display hybrid epithelial–mesenchymal
phenotypes. This phenotypic plasticity contributes to metastatic competence but also
presents important analytical challenges, as many enrichment strategies rely on epithelial
markers such as epithelial cell adhesion molecule (EpCAM). Cells that have undergone
EMT frequently downregulate epithelial surface antigens, reducing capture efficiency and
potentially leading to underestimation of CTC burden. Furthermore, CTCs may circulate
as single cells or as multicellular clusters. Although clusters are detected less frequently,
accumulating evidence indicates that they possess substantially greater metastatic capacity
than individual circulating tumor cells, likely owing to enhanced resistance to apoptosis,
preservation of intercellular signaling, and improved survival within the bloodstream [81].

2.26. Technologies for CTC Isolation and Characterization

The rarity of CTCs represents the principal technical challenge for their clinical im-
plementation. In many patients with advanced solid tumors, only one to several dozen
tumor cells may be present within billions of circulating blood cells per milliliter of whole
blood. Consequently, highly efficient enrichment and detection methods are required
before downstream molecular analyses can be performed.

Current isolation strategies can be broadly divided into biological and physical ap-
proaches. Biological enrichment methods exploit differences in surface antigen expression
through immunoaffinity-based capture. The most widely established platform is the
CellSearch® system, which employs magnetic nanoparticles coated with antibodies against
EpCAM to isolate epithelial tumor cells, followed by cytokeratin staining, nuclear labeling,
and exclusion of CD45-positive leukocytes. CellSearch remains the only United States
Food and Drug Administration (FDA)-cleared platform for CTC enumeration in metastatic
breast, prostate, and colorectal cancers, where baseline CTC counts have demonstrated
independent prognostic value [81].

Alternative technologies have sought to overcome the limitations associated with
EpCAM-dependent enrichment. Microfluidic devices integrate sophisticated channel ge-
ometries, antibody-coated surfaces, or inertial flow dynamics to increase capture efficiency
while preserving cellular integrity. Size-based filtration systems exploit the generally larger
diameter and reduced deformability of tumor cells relative to hematopoietic cells, whereas
density-gradient centrifugation and dielectrophoretic separation provide label-free en-
richment based on physical properties. More recently, integrated microfluidic platforms
combining immunocapture with physical separation have improved both recovery rates
and sample purity, facilitating downstream molecular analyses [82].

Following enrichment, CTCs may undergo extensive phenotypic and molecular char-
acterization. Immunocytochemistry enables assessment of protein expression patterns rele-
vant to diagnosis or therapeutic targeting, whereas fluorescence in situ hybridization (FISH)
can identify clinically actionable chromosomal alterations. Advances in single-cell tech-
nologies have further expanded the analytical potential of CTCs, allowing whole-genome
sequencing, targeted next-generation sequencing, transcriptomic profiling, epigenetic anal-
ysis, and even functional assays using viable isolated cells. Such approaches provide
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insights into intratumoral heterogeneity, clonal evolution, and mechanisms of therapeutic
resistance that cannot be obtained through cell-free nucleic acid analysis alone [30,41,48].

2.27. Clinical Applications of CTCs

The strongest clinical evidence supporting CTC analysis currently lies in prognostic
assessment. Numerous studies have demonstrated that elevated CTC counts are indepen-
dently associated with shorter progression-free and overall survival in metastatic breast,
prostate, colorectal, and lung cancers. Importantly, serial CTC enumeration during sys-
temic treatment may reflect therapeutic efficacy, with declining CTC numbers generally
indicating favorable treatment response, whereas persistent or increasing counts frequently
precede radiological evidence of disease progression [61,83].

Beyond simple enumeration, molecular characterization of CTCs has expanded their
clinical utility. Expression of therapeutic targets, including androgen receptor splice vari-
ants in metastatic castration-resistant prostate cancer, HER2 expression in breast cancer,
or programmed death-ligand 1 (PD-L1) in several solid tumors, may provide additional
information for treatment selection and resistance monitoring. Likewise, genomic analyses
performed at the single-cell level permit longitudinal assessment of tumor evolution and
facilitate identification of emerging resistant subclones during targeted therapy [61].

Despite these promising applications, routine clinical implementation remains more
limited than for ctDNA. The low abundance of CTCs, biological heterogeneity, variabil-
ity among enrichment platforms, and incomplete analytical standardization continue to
restrict widespread clinical adoption. In addition, different isolation technologies fre-
quently recover distinct CTC subpopulations, complicating inter-study comparisons and
establishment of universally applicable diagnostic thresholds.

2.28. Complementarity of CTCs and ctDNA

Rather than representing competing biomarkers, CTCs and ctDNA provide comple-
mentary information regarding tumor biology. ctDNA offers highly sensitive detection of
tumor-derived genomic alterations from fragmented DNA released by dying tumor cells
and is particularly well suited for mutation profiling, minimal residual disease detection,
and longitudinal monitoring. Conversely, CTCs preserve the entire cellular architecture,
enabling simultaneous evaluation of DNA, RNA, protein expression, cellular morphology,
and functional characteristics within individual tumor cells.

The integration of both analytes has the potential to improve the accuracy of liquid
biopsy by combining the high analytical sensitivity of ctDNA with the biological richness
of intact tumor cells. Multi-analyte approaches incorporating ctDNA, CTCs, extracellular
vesicles, circulating proteins, and clinical variables are increasingly being investigated
to improve early cancer detection, therapeutic stratification, and prediction of treatment
response. As single-cell sequencing technologies, microfluidic enrichment platforms, and
computational analytical methods continue to evolve, combined liquid biopsy strategies are
expected to provide increasingly comprehensive characterization of tumor heterogeneity
and disease evolution, supporting the continued development of precision oncology [78].

2.29. Exosomes and Extracellular Vesicles in Liquid Biopsy

In addition to ctDNA and cfDNA, extracellular vesicles (EVs), particularly exosomes,
have emerged as important components of liquid biopsy with considerable diagnostic
and therapeutic potential in oncology. Exosomes are nanosized membrane-bound vesicles,
typically ranging from 30 to 150 nm in diameter, that are actively secreted by virtually all
cell types into the extracellular environment [19–21,49,84]. Their molecular cargo reflects
the biological state of the originating cells, making them attractive biomarkers for cancer
detection, disease monitoring, and therapeutic response assessment.
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2.30. Biology and Biogenesis of Exosomes

Exosomes originate through the endosomal pathway. Their formation begins with
inward budding of the plasma membrane, leading to the generation of early endosomes
that subsequently mature into multivesicular bodies (MVBs). Intraluminal vesicles formed
within MVBs are eventually released into the extracellular space following fusion of MVBs
with the plasma membrane, at which point they are referred to as exosomes [85].

The molecular composition of exosomes includes:

• DNA
• messenger RNA (mRNA),
• microRNA (miRNA),
• long non-coding RNA,
• proteins,
• lipids,
• cytokines,
• and signaling molecules.

Because this cargo reflects the molecular and functional characteristics of the parent cells,
exosomes provide valuable insight into tumor biology and intercellular communication [85,86].

Tumor-derived exosomes participate in multiple processes associated with cancer
progression, including:

• tumor growth,
• angiogenesis,
• immune modulation,
• epithelial-mesenchymal transition,
• metastatic dissemination,
• and therapeutic resistance.

Their ability to circulate in various body fluids, including blood, urine, saliva,
cerebrospinal fluid, and pleural effusions, further supports their utility as minimally
invasive biomarkers.

2.31. Exosomal Nucleic Acids and Molecular Profiling

One of the most clinically relevant features of exosomes is their ability to trans-
port stable nucleic acids protected from enzymatic degradation by the surrounding lipid
bilayer [18,84]. Exosomal DNA and RNA may therefore provide highly informative molec-
ular material for liquid biopsy analyses.

Exosomal microRNAs have attracted substantial attention as potential cancer biomark-
ers because their expression patterns frequently correlate with tumor type, stage, pro-
gression, and treatment response. Numerous studies have identified cancer-associated
exosomal miRNA signatures in:

• lung cancer,
• colorectal cancer,
• breast cancer,
• pancreatic cancer,
• glioblastoma,
• and hepatocellular carcinoma [87].

Similarly, exosomal DNA may contain tumor-specific mutations that mirror the ge-
nomic profile of the primary tumor. In certain contexts, exosomal DNA may provide
improved stability and sensitivity compared with freely circulating ctDNA, particularly in
tumors characterized by low ctDNA shedding.
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The combined analysis of exosomal cargo alongside ctDNA and cfDNA may therefore
improve overall liquid biopsy sensitivity and provide complementary biological informa-
tion regarding tumor activity and microenvironmental interactions.

2.32. Role in Tumor Microenvironment and Metastasis

Exosomes play a major role in mediating communication between tumor cells and
the surrounding microenvironment [88]. Through the transfer of signaling molecules and
regulatory nucleic acids, tumor-derived exosomes influence stromal cells, immune cells,
endothelial cells, and distant metastatic niches.

Several mechanisms by which exosomes contribute to cancer progression have been
described, including:

• suppression of anti-tumor immune responses,
• promotion of angiogenesis,
• extracellular matrix remodeling,
• induction of pre-metastatic niche formation,
• and enhancement of invasive potential.

Exosomal signaling has additionally been implicated in resistance to chemotherapy,
targeted therapy, and immunotherapy. The ability of exosomes to transfer resistance-
associated molecules between tumor cells may contribute to intratumoral heterogeneity
and therapeutic failure.

Because exosomes actively participate in tumor biology rather than merely reflecting
it passively, they represent both biomarkers and potential therapeutic targets.

2.33. Diagnostic and Prognostic Applications

Exosome-based liquid biopsy approaches are increasingly being investigated for:

• early cancer detection,
• prognostic stratification,
• treatment monitoring,
• and recurrence surveillance.

Compared with ctDNA, exosomes may offer several theoretical advantages. Their
lipid membrane provides protection from nuclease degradation, resulting in improved
molecular stability. Furthermore, exosomes are actively secreted by viable cells rather than
released primarily during cell death, potentially enabling earlier detection of biologically
active disease.

Exosomal biomarkers have demonstrated promising diagnostic accuracy in several
malignancies. For example:

• exosomal glypican-1 has been investigated in pancreatic cancer,
• exosomal EGFR-related signatures in lung cancer,
• and exosomal HER2-associated molecules in breast cancer [67,73,89,90].

Nevertheless, many proposed biomarkers still require large-scale prospective valida-
tion before routine clinical implementation.

2.34. Technical Challenges and Standardization Issues

Despite growing scientific interest, the clinical application of exosome-based diag-
nostics remains limited by important technical challenges [46–50]. One of the primary
obstacles is the lack of standardized methodologies for exosome isolation, purification,
quantification, and characterization.

Common isolation techniques include:

• ultracentrifugation,
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• size-exclusion chromatography,
• precipitation-based methods,
• immunoaffinity capture,
• and microfluidic platforms.

However, these methods differ substantially in yield, purity, reproducibility, and
scalability. Contamination with other extracellular vesicles, proteins, and lipoproteins may
additionally compromise analytical accuracy [91].

Another challenge involves the heterogeneity of extracellular vesicle populations. Exo-
somes coexist with other vesicles such as microvesicles and apoptotic bodies, complicating
precise characterization and interpretation. International efforts toward methodological
standardization are therefore essential for future clinical translation.

2.35. Future Perspectives of Exosome-Based Liquid Biopsy

Recent technological advances in high-throughput sequencing, proteomics, nan-
otechnology, and microfluidics are accelerating the development of exosome-based di-
agnostics. Emerging multi-omics approaches integrating exosomal nucleic acids, proteins,
lipids, and metabolomic signatures may substantially improve diagnostic sensitivity and
biological insight.

Artificial intelligence-assisted analysis of exosomal molecular patterns may further
enhance biomarker discovery and predictive modeling [91]. In parallel, exosomes are
increasingly being explored as therapeutic vehicles because of their natural biocompatibility
and ability to transport molecular cargo across biological barriers.

Although exosome-based liquid biopsy remains less clinically established than ctDNA
analysis, its rapidly expanding scientific foundation suggests considerable future potential
in precision oncology. The integration of exosomal biomarkers with ctDNA, cfDNA,
imaging, and clinical data may ultimately contribute to more comprehensive and dynamic
cancer characterization (Table 3).

Table 3. Comparative overview of the principal liquid biopsy analytes used in precision oncology.

Characteristic ctDNA cfDNA Circulating Tumor
Cells (CTCs)

Exosomes/Extracellular
Vesicles

Definition

Tumor-derived
fraction of

circulating cell-free
DNA

Total extracellular
DNA circulating in

body fluids

Intact malignant cells
released from

primary or
metastatic tumors

into the bloodstream

Membrane-bound
extracellular vesicles

actively secreted by cells

Primary origin

Apoptotic, necrotic,
or actively

secreting tumor
cells

Normal and
malignant cells

Primary tumor and
metastatic lesions

Viable tumor cells,
stromal cells, immune

cells and other
normal tissues

Biological material DNA DNA Whole viable or
apoptotic cells

DNA, mRNA, miRNA,
lncRNA, proteins, lipids

and metabolites

Tumor specificity High Moderate Very high
Moderate to high

(depending on
isolation strategy)
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Table 3. Cont.

Characteristic ctDNA cfDNA Circulating Tumor
Cells (CTCs)

Exosomes/Extracellular
Vesicles

Information obtained

Somatic mutations,
CNVs, structural

variants,
methylation,

fragmentomics

Global circulating
DNA profile

Morphology, DNA,
RNA, protein

expression,
chromosomal

alterations,
functional analyses

Gene expression, protein
cargo, intercellular

communication,
signaling pathways

Major clinical
applications

Molecular profiling,
MRD detection,

treatment
monitoring,

resistance detection

Early detection,
methylation

analysis,
tissue-of-origin
identification

Prognostic
assessment,
treatment

monitoring,
metastatic potential,
single-cell molecular

profiling

Biomarker discovery,
disease monitoring,

tumor
microenvironment

characterization

Major advantages

High analytical
sensitivity; suitable

for serial
monitoring; reflects

tumor evolution

Abundant and
easily accessible

Intact cells allow
multi-omic and

functional analyses;
preserves cellular

morphology

Molecular cargo
protected by lipid
membrane; reflects

active biological
processes

Major limitations

Low abundance in
early-stage disease;

CHIP-associated
false positives

Lower tumor
specificity;

background DNA
from normal

tissues

Extremely rare cells;
technical complexity;

lack of assay
standardization

Isolation methods
remain poorly
standardized;

heterogeneous vesicle
populations

Typical analytical
methods

ddPCR, BEAMing,
targeted NGS,

CAPP-Seq,
methylation assays

qPCR, NGS,
methylation assays,

fragmentomics

CellSearch®,
immunomagnetic

enrichment,
microfluidics,

size-based filtration,
single-cell

sequencing

Ultracentrifugation,
size-exclusion

chromatography,
immunoaffinity capture,

microfluidic isolation

Clinical
implementation

Routine clinical
practice for selected

indications

Routine component
of liquid biopsy

workflows

FDA-cleared for
prognostic

assessment in
selected cancers;

broader applications
under investigation

Predominantly
investigational

2.36. Challenges and Limitations of Liquid Biopsy

Despite the rapid progress of liquid biopsy technologies, several biological, analytical,
and clinical limitations continue to restrict their universal implementation in oncology.
Although ctDNA, cfDNA, and exosome-based assays offer major advantages over conven-
tional tissue biopsy, their interpretation requires careful consideration of tumor biology,
assay performance, preanalytical variability, and clinical context [18–21,84] (Table 4).
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Table 4. Emerging technologies and future perspectives of liquid biopsy in precision oncology.

Advantages Limitations

Minimally invasive Low ctDNA fraction in early-stage disease

Allows serial real-time monitoring Risk of false-negative results

Captures tumor heterogeneity Clonal hematopoiesis-associated false positives

Enables early detection of resistance mechanisms Lack of assay standardization

Facilitates MRD detection Variable sensitivity across tumor types

Useful when tissue biopsy is unavailable Bioinformatic complexity

Potential for earlier relapse detection High cost of advanced platforms

Supports personalized therapy selection Limited prospective clinical validation in some settings

2.37. Low Tumor Fraction and False-Negative Results

One of the most important limitations of ctDNA analysis is the frequently low propor-
tion of tumor-derived DNA within the total cfDNA pool. The ctDNA fraction varies widely
according to tumor type, stage, anatomical location, vascularization, metastatic burden,
and treatment status. In advanced metastatic disease, ctDNA levels are often sufficient for
reliable molecular profiling, whereas in early-stage tumors, minimal residual disease, or
tumors with low shedding capacity, ctDNA may be present at extremely low levels.

This biological limitation increases the risk of false-negative results. A negative liquid
biopsy result does not necessarily exclude the presence of malignancy or a clinically relevant
genomic alteration, particularly when tumor burden is low or when the tumor releases
limited amounts of DNA into the circulation [92]. Therefore, liquid biopsy should not be
interpreted as a complete replacement for tissue biopsy in all clinical scenarios.

2.38. Preanalytical Variability

Preanalytical factors have a major impact on the quality and reliability of cfDNA and
ctDNA analyses [34]. Variables such as blood collection tube type, time from venipuncture
to plasma separation, centrifugation protocol, storage temperature, freeze–thaw cycles, and
DNA extraction methodology can significantly influence cfDNA concentration, fragment
integrity, and background genomic DNA contamination.

Plasma is generally preferred over serum because serum is more prone to leukocyte-
derived genomic DNA contamination during clotting [34]. However, even plasma-based
workflows require strict standardization to ensure reproducibility. The absence of harmo-
nized preanalytical protocols across laboratories remains a significant obstacle to broad
clinical adoption.

2.39. Analytical Sensitivity and Specificity

Liquid biopsy assays require very high analytical sensitivity to detect low-frequency
tumor-derived variants within a large background of wild-type cfDNA. Technologies such
as ddPCR, BEAMing, and ultra-deep NGS have improved detection limits, but each method
has specific advantages and limitations [13].

Targeted assays such as ddPCR and BEAMing provide excellent sensitivity for prede-
fined mutations but cannot detect unexpected or novel alterations. Conversely, NGS-based
approaches offer broader genomic coverage but are more expensive, technically complex,
and dependent on robust bioinformatic error correction [12,13].

False-positive results may arise from sequencing artifacts, polymerase errors, con-
tamination, or biological confounders. Therefore, variant allele frequency thresholds,
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assay validation standards, and orthogonal confirmation strategies are essential for
reliable interpretation.

2.40. Clonal Hematopoiesis

Clonal hematopoiesis represents one of the most clinically relevant biological con-
founders in liquid biopsy interpretation. Age-related somatic mutations arising in
hematopoietic cells may be released into plasma and mistakenly interpreted as tumor-
derived alterations. This is particularly problematic when analyzing low-frequency vari-
ants or genes frequently mutated in hematopoietic clones, such as DNMT3A, TET2, ASXL1,
TP53, and JAK2.

Without matched white blood cell sequencing, it may be difficult to distinguish true
ctDNA variants from clonal hematopoiesis-associated mutations. This limitation is espe-
cially important in early cancer detection, MRD assessment, and screening contexts, where
the consequences of false-positive results may be clinically significant.

2.41. Tissue–Plasma Discordance

Although ctDNA can capture tumor heterogeneity across multiple disease sites, dis-
cordance between tissue and plasma molecular findings may occur. Tissue biopsy provides
spatially localized information from a specific tumor region, whereas liquid biopsy reflects
DNA released from multiple tumor sites and non-tumor sources. Differences between
tissue and plasma results may therefore reflect true biological heterogeneity, temporal
evolution, treatment pressure, or technical limitations [18,19].

In some cases, plasma may detect resistance mutations not identified in archival tissue.
In other cases, tissue biopsy may reveal actionable alterations absent from plasma due to
low ctDNA shedding. For this reason, liquid biopsy and tissue biopsy should often be
regarded as complementary rather than competing diagnostic approaches.

2.42. Standardization and Clinical Validation

The lack of universal standardization remains a major barrier to routine implemen-
tation. Assays differ in sample input requirements, target regions, sequencing depth,
bioinformatic pipelines, reporting thresholds, and clinical interpretation frameworks [93].
This heterogeneity makes comparison between platforms difficult and may affect repro-
ducibility across institutions.

Clinical validation is particularly important for applications such as early detection,
MRD assessment, and treatment de-escalation. While many retrospective studies sup-
port the prognostic value of ctDNA, prospective interventional trials are still required to
demonstrate that liquid biopsy-guided clinical decisions improve patient outcomes.

2.43. Cost, Accessibility, and Implementation

Liquid biopsy technologies, particularly NGS-based platforms and multi-omics assays,
may be associated with substantial costs. Implementation requires specialized laboratory
infrastructure, validated workflows, trained personnel, and bioinformatic expertise [94]. These
requirements may limit accessibility, especially in resource-constrained healthcare systems.

Cost-effectiveness also depends on the clinical scenario. Liquid biopsy may be highly
valuable when it avoids invasive procedures, accelerates therapeutic decision-making, or
enables early detection of resistance. However, routine use in contexts with uncertain
clinical benefit may increase healthcare costs without improving outcomes.

2.44. Exosome-Specific Limitations

Although exosomes represent a promising liquid biopsy analyte, their clinical trans-
lation is less advanced than ctDNA-based testing. Major limitations include the lack of
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standardized isolation methods, contamination with other extracellular vesicles or plasma
proteins, variability in yield and purity, and difficulty in distinguishing tumor-derived
exosomes from vesicles released by normal cells [85].

Furthermore, many proposed exosomal biomarkers have been identified in small
discovery cohorts and require validation in larger, prospective, clinically annotated studies.
Until these methodological and validation issues are resolved, exosome-based liquid biopsy
will remain largely investigational.

2.45. Ethical and Clinical Interpretation Challenges

The increasing sensitivity of liquid biopsy assays raises additional ethical and clinical
questions. Detection of low-level molecular abnormalities may not always correspond to
clinically meaningful disease. This is particularly relevant in early cancer detection, MRD
surveillance, and screening of asymptomatic individuals.

False-positive findings may lead to anxiety, unnecessary investigations, or overtreat-
ment, whereas false-negative results may provide inappropriate reassurance. Therefore,
liquid biopsy results should always be interpreted in the context of clinical presentation,
imaging findings, histopathology, and multidisciplinary decision-making.

2.46. Artificial Intelligence and Emerging Directions in Liquid Biopsy

The rapid expansion of liquid biopsy technologies has generated increasingly large
and complex molecular datasets that require sophisticated computational approaches for
accurate interpretation. Artificial intelligence (AI), machine learning (ML), and advanced
bioinformatic methods are therefore becoming integral components of contemporary liquid
biopsy analysis [95]. These technologies have the potential to enhance diagnostic sensitivity,
improve risk stratification, identify clinically relevant molecular patterns, and facilitate
personalized therapeutic decision-making in precision oncology.

2.47. Artificial Intelligence in Molecular Data Interpretation

Liquid biopsy analyses frequently generate multidimensional datasets that include:

• genomic alterations,
• methylation profiles,
• fragmentomic signatures,
• transcriptomic data,
• proteomic patterns,
• and longitudinal molecular dynamics [96–99].

The complexity of these datasets often exceeds the interpretative capacity of con-
ventional statistical methods. Machine learning algorithms can identify subtle molecular
relationships and predictive patterns that may not be apparent through traditional analyti-
cal approaches [95].

AI-assisted models have demonstrated promising applications in:

• early cancer detection,
• tissue-of-origin prediction,
• treatment response assessment,
• prognostic classification,
• and resistance mechanism identification.

By integrating large-scale molecular and clinical datasets, machine learning systems may
improve diagnostic accuracy and facilitate individualized patient management strategies.
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2.48. Multi-Cancer Early Detection (MCED)

One of the most rapidly developing areas of liquid biopsy research involves multi-
cancer early detection approaches. These platforms aim to identify molecular signals
associated with multiple cancer types simultaneously from a single blood sample [100].

AI-driven algorithms play a central role in MCED systems by integrating and analyz-
ing complex combinations of:

• methylation signatures,
• cfDNA fragmentation patterns,
• mutational profiles,
• protein biomarkers,
• and clinical variables.

Methylation-based machine learning models have shown particular promise because
methylation signatures are highly tissue-specific and may enable simultaneous cancer
detection and tissue-of-origin classification [100]. Fragmentomic approaches additionally
exploit characteristic fragmentation profiles of tumor-derived cfDNA to improve sensitivity
for early-stage disease.

Although MCED technologies remain under active investigation, they may eventually
transform population-based cancer screening strategies, particularly for malignancies
lacking effective conventional screening methods.

2.49. Fragmentomics and Epigenomic Profiling

Emerging liquid biopsy approaches increasingly extend beyond mutation detection
alone. Fragmentomics analyzes physical properties of cfDNA fragments, including:

• fragment length distributions,
• nucleosome positioning,
• end motif frequencies,
• and fragmentation patterns [26,41].

Tumor-derived cfDNA exhibits distinct fragmentation characteristics compared with
non-malignant cfDNA, and machine learning models can use these differences for cancer
classification and detection.

Similarly, epigenomic liquid biopsy approaches evaluate:

• DNA methylation patterns,
• chromatin accessibility,
• histone modifications,
• and nucleosomal organization.

Because epigenetic alterations often occur early in carcinogenesis, these methods may
improve sensitivity in early-stage tumors where mutation burden is limited [24].

The integration of fragmentomic and methylation-based analyses with AI-driven
classification systems represents one of the most promising directions for next-generation
liquid biopsy development.

2.50. Multi-Omics Liquid Biopsy Approaches

Future liquid biopsy strategies are increasingly focused on multi-omics integration.
Rather than relying exclusively on ctDNA mutation analysis, contemporary platforms aim
to combine information derived from:

• ctDNA,
• cfDNA,
• exosomal nucleic acids,
• circulating tumor cells,
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• proteomics,
• metabolomics,
• and immune biomarkers.

Multi-omics approaches may provide a more comprehensive representation of tumor
biology and host-tumor interactions. Artificial intelligence systems are particularly well
suited for integrating these highly complex datasets and identifying clinically actionable
molecular signatures.

Such integrative strategies may ultimately improve:

• diagnostic precision,
• prognostic stratification,
• therapeutic response prediction,
• and longitudinal disease monitoring.

2.51. Minimal Residual Disease and Dynamic Monitoring

AI-assisted liquid biopsy analysis is also being explored in minimal residual disease
detection and longitudinal surveillance [101]. In MRD settings, ctDNA concentrations are
often extremely low, making signal discrimination technically challenging.

Machine learning-based error correction algorithms can improve sensitivity by dis-
tinguishing true low-frequency variants from sequencing artifacts or background noise.
Furthermore, dynamic modeling of serial ctDNA measurements may enhance prediction
of relapse risk and treatment response over time.

Future MRD platforms may integrate:

• genomic evolution,
• temporal ctDNA kinetics,
• immune response markers,
• and radiological data to generate individualized relapse prediction models [101].

2.52. Exosome-Based Innovations

Advances in nanotechnology, microfluidics, and high-throughput sequencing are accel-
erating the development of exosome-based diagnostics [100–102]. Emerging technologies
aim to improve:

• exosome isolation,
• single-vesicle analysis,
• cargo characterization,
• and real-time molecular profiling.

AI-assisted analysis of exosomal protein and RNA signatures may further enhance
biomarker discovery and disease classification. In parallel, exosomes are being investigated
as potential therapeutic delivery vehicles because of their natural biocompatibility and
ability to transport molecular cargo across biological barriers.

Although these applications remain largely experimental, they illustrate the rapidly
expanding scope of extracellular vesicle research in oncology.

2.53. Integration into Precision Oncology

The future of liquid biopsy is closely linked to the broader evolution of precision
oncology. Increasingly, clinical management strategies are expected to rely on dynamic
molecular characterization rather than static baseline tissue profiling alone.
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Liquid biopsy may contribute to:

• adaptive treatment selection,
• earlier detection of resistance,
• personalized monitoring schedules,
• real-time therapeutic adjustment,
• and individualized prognostic assessment [103,104].

Combined with AI-driven predictive modeling, liquid biopsy could facilitate a transi-
tion toward continuously evolving, patient-specific oncological management.

2.54. Current Challenges of AI Integration

Despite considerable enthusiasm, the integration of artificial intelligence into liquid
biopsy workflows also presents important challenges. These include:

• limited availability of high-quality annotated datasets,
• variability between sequencing platforms,
• lack of algorithm transparency,
• overfitting risks,
• and difficulties in external validation.

Furthermore, regulatory, ethical, and medico-legal considerations surrounding
AI-assisted diagnostics remain incompletely defined. Clinical implementation will
therefore require rigorous validation, reproducibility assessment, and multidisciplinary
oversight [105,106].

2.55. Future Perspectives

The future development of liquid biopsy will likely involve increasing convergence
between:

• ultra-sensitive molecular technologies,
• multi-omics profiling,
• artificial intelligence,
• and real-time clinical analytics.

As technological sensitivity improves and standardization advances, liquid biopsy
may progressively transition from a complementary diagnostic tool to a central component
of precision oncology workflows. Prospective clinical trials and large-scale validation
studies will be essential to establish the clinical utility, cost-effectiveness, and long-term
impact of these emerging technologies on patient outcomes.

Overall, the integration of AI and next-generation molecular profiling approaches
has the potential to fundamentally redefine cancer diagnostics, disease monitoring, and
personalized therapeutic strategies in modern oncology.

Liquid biopsy technologies are expected to play an increasingly central role in the
future of precision oncology. Continuous advances in molecular biology, sequencing
technologies, computational analysis, and biomarker discovery are rapidly expanding the
clinical capabilities of ctDNA-, cfDNA-, and exosome-based diagnostics. Although current
applications remain concentrated primarily in advanced disease monitoring and targeted
therapy selection, future developments may substantially broaden the role of liquid biopsy
across the entire continuum of cancer care (Figure 5).
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Figure 5. Future perspectives of liquid biopsy in precision oncology. Emerging developments in
liquid biopsy include the integration of ctDNA, cfDNA, CTCs, EVs, methylation profiling, frag-
mentomics, and other circulating biomarkers into multi-analyte diagnostic platforms. Advances
in next-generation sequencing, ultra-sensitive molecular assays, and AI-assisted data analysis are
expected to improve early cancer detection, tissue-of-origin prediction, MRD assessment, treatment
monitoring, and personalized therapeutic decision-making. Continued technological innovation,
assay standardization, and prospective clinical validation will be essential for the broader implemen-
tation of liquid biopsy in routine precision oncology.

2.56. Transition Toward Earlier Cancer Detection

One of the most important future directions involves improving the sensitivity of
liquid biopsy for early-stage cancer detection. Current ctDNA assays often face limitations
in localized tumors because of low tumor fraction and limited DNA shedding. However,
ongoing refinement of ultra-sensitive sequencing methodologies, methylation-based assays,
fragmentomic profiling, and multi-analyte detection platforms may significantly improve
early detection performance [37,39,102].

The development of reliable multi-cancer early detection assays has the potential to
transform population-based cancer screening strategies. Blood-based screening platforms
capable of simultaneously detecting multiple malignancies and predicting tissue of origin
may eventually complement or partially replace certain conventional screening modalities.
Such approaches could be particularly valuable for cancers that currently lack effective
screening programs, including pancreatic, ovarian, and hepatobiliary malignancies [107].

Nevertheless, the implementation of population-level liquid biopsy screening will
require careful evaluation of:

• diagnostic accuracy,
• false-positive rates,
• overdiagnosis risk,
• cost-effectiveness,
• and clinical outcome benefits.
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Large prospective validation studies will therefore be essential before routine imple-
mentation can be recommended.

2.57. Increasing Role in Minimal Residual Disease-Guided Therapy

Minimal residual disease detection is likely to become one of the most clinically
impactful future applications of ctDNA analysis [108]. As assay sensitivity improves,
ctDNA-guided treatment strategies may allow increasingly personalized approaches to
adjuvant and surveillance therapy.

Future oncology management may incorporate ctDNA-based MRD assessment to:

• identify patients requiring treatment escalation,
• guide treatment de-escalation in low-risk individuals,
• optimize surveillance intervals,
• and enable earlier therapeutic intervention at molecular relapse.

Such approaches may reduce overtreatment while improving relapse prevention and
long-term outcomes. Several ongoing clinical trials are currently evaluating ctDNA-guided
therapeutic decision-making in colorectal, breast, lung, and other solid tumors.

2.58. Dynamic Real-Time Precision Oncology

Liquid biopsy supports a transition from static tumor characterization toward con-
tinuously adaptive molecular oncology. Traditional tissue biopsies provide only a limited
snapshot of tumor biology at a single time point, whereas serial ctDNA analyses allow
dynamic monitoring of clonal evolution and therapeutic resistance [109].

Future treatment paradigms may increasingly rely on longitudinal molecular
surveillance to:

• detect resistance mechanisms before radiological progression,
• monitor therapeutic efficacy in real time,
• adjust treatment according to evolving tumor profiles,
• and optimize personalized treatment sequencing.

This dynamic approach may become particularly important in metastatic disease and
in patients receiving targeted therapies or immunotherapies.

2.59. Expansion of Multi-Omics Approaches

The future of liquid biopsy will likely involve increasing integration of multi-omics
data rather than isolated mutation analysis alone. Emerging platforms are beginning
to combine:

• genomic profiling,
• epigenomic signatures,
• transcriptomics,
• proteomics,
• metabolomics,
• immune biomarkers,
• and extracellular vesicle analysis.

Such integrative approaches may provide a more comprehensive representation of
tumor biology and host-tumor interactions. Artificial intelligence and machine learning
systems will be essential for interpreting these highly complex datasets and identifying
clinically relevant molecular signatures [104].

The integration of multiple biomarker classes may additionally improve sensitivity in
low-shedding tumors and early-stage disease.
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2.60. Exosome-Based Diagnostics and Therapeutics

Exosome research continues to evolve rapidly, and future developments may sub-
stantially expand their clinical relevance [110]. Improved isolation technologies, single-
vesicle analyses, and advanced molecular profiling techniques may facilitate more reliable
exosome-based diagnostics.

In addition to their diagnostic role, exosomes are increasingly being investigated as
potential therapeutic tools. Their natural biocompatibility, low immunogenicity, and ability
to transport molecular cargo across biological barriers make them attractive candidates for:

• targeted drug delivery,
• RNA-based therapeutics,
• immunomodulation,
• and gene therapy applications.

Although many of these applications remain experimental, exosome-based therapeu-
tics may eventually emerge as an important area of translational oncology research.

2.61. Artificial Intelligence-Driven Clinical Integration

Artificial intelligence is expected to become progressively integrated into routine
liquid biopsy workflows. AI-assisted systems may facilitate:

• automated molecular interpretation,
• risk stratification,
• relapse prediction,
• therapeutic response modeling,
• and clinical decision support.

Machine learning algorithms may additionally improve assay sensitivity through
advanced signal discrimination and artifact correction. As datasets become larger and
more standardized, AI-driven predictive oncology models may significantly improve
personalized cancer management.

However, successful implementation will require:

• robust validation,
• transparency of algorithms,
• regulatory oversight,
• and careful integration into multidisciplinary clinical practice [103,106].

2.62. Standardization and Regulatory Development

Future progress in liquid biopsy will depend heavily on international standardization
efforts. Harmonized protocols for:

• sample collection,
• processing,
• sequencing,
• bioinformatic analysis,
• and result interpretation will be necessary to ensure reproducibility and clinical reliability.

Regulatory frameworks will also need to evolve alongside technological advances.
Clear guidelines regarding assay validation, clinical utility, quality assurance, and reporting
standards will be essential for widespread clinical adoption.

Professional organizations and regulatory agencies are increasingly working toward
standardized implementation pathways, but substantial heterogeneity remains between
platforms and institutions [95].
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2.63. Accessibility and Global Implementation

Although liquid biopsy technologies continue to advance rapidly, future implementa-
tion must also address issues of accessibility and healthcare equity. High costs, specialized
infrastructure requirements, and limited access to advanced molecular diagnostics may
restrict availability in lower-resource settings.

Technological simplification, automation, and cost reduction will therefore be essen-
tial for ensuring broader global access to precision oncology approaches. Point-of-care
liquid biopsy platforms and simplified molecular workflows may eventually facilitate
implementation beyond highly specialized academic centers.

3. Conclusions
Liquid biopsy has emerged as one of the most promising developments in precision

oncology, providing minimally invasive access to dynamic tumor-derived biomarkers
that complement conventional tissue-based diagnostics. The rapid evolution of analytical
technologies has substantially improved the detection and characterization of circulat-
ing tumor DNA (ctDNA), cell-free DNA (cfDNA), circulating tumor cells (CTCs), and
extracellular vesicles, enabling increasingly comprehensive molecular profiling of solid ma-
lignancies. Each of these analytes offers distinct yet complementary biological information,
and their combined application has the potential to provide a more complete understand-
ing of tumor heterogeneity, disease evolution, therapeutic response, and mechanisms of
treatment resistance.

Despite these remarkable advances, several challenges continue to limit the widespread
implementation of liquid biopsy in routine clinical practice. Biological variability among
tumor types, low biomarker abundance in early-stage disease, pre-analytical and analytical
variability, lack of universal assay standardization, and the need for further prospective
clinical validation remain important considerations. Consequently, liquid biopsy should
currently be regarded as a complementary approach that augments, rather than replaces,
conventional tissue-based molecular diagnostics in many clinical settings.

Continued technological innovation, including improvements in ultra-sensitive sequenc-
ing methods, methylation profiling, fragmentomic analyses, single-cell characterization of
CTCs, extracellular vesicle profiling, and multi-analyte liquid biopsy platforms, is expected to
further enhance the analytical performance and clinical utility of these approaches. In parallel,
advances in artificial intelligence and machine learning are increasingly facilitating the inte-
gration and interpretation of complex molecular datasets, supporting biomarker discovery,
predictive modelling, and more informed clinical decision-making.

Looking ahead, the progressive integration of multiple circulating biomarkers with
imaging, clinicopathological data, and computational analytical tools is expected to further
advance personalized oncology. As ongoing prospective studies continue to refine the
clinical indications for liquid biopsy and international efforts toward methodological har-
monization mature, these technologies are likely to assume an increasingly important role
in early cancer detection, molecular stratification, treatment monitoring, minimal residual
disease assessment, and longitudinal patient management. Together, these developments
are expected to strengthen the role of liquid biopsy as an integral component of precision
cancer medicine while highlighting the need for continued multidisciplinary collaboration
to facilitate its safe, standardized, and evidence-based implementation.
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M. Proteomic and Metabolomic Signatures of Rectal Tumor Discriminate Patients with Different Responses to Preoperative
Radiotherapy. Front. Oncol. 2024, 14, 1323961. [CrossRef] [PubMed]

61. De Bono, J.S.; Scher, H.I.; Montgomery, R.B.; Parker, C.; Miller, M.C.; Tissing, H.; Doyle, G.V.; Terstappen, L.W.W.M.; Pienta, K.J.;
Raghavan, D. Circulating Tumor Cells Predict Survival Benefit from Treatment in Metastatic Castration-Resistant Prostate Cancer.
Clin. Cancer Res. 2008, 14, 6302–6309. [CrossRef] [PubMed]

62. Murtaza, M.; Dawson, S.J.; Tsui, D.W.Y.; Gale, D.; Forshew, T.; Piskorz, A.M.; Parkinson, C.; Chin, S.F.; Kingsbury, Z.; Wong,
A.S.C.; et al. Non-Invasive Analysis of Acquired Resistance to Cancer Therapy by Sequencing of Plasma DNA. Nature 2013, 497,
108–112. [CrossRef] [PubMed]

https://doi.org/10.3390/app16147349

https://doi.org/10.3390/CANCERS12082247
https://www.ncbi.nlm.nih.gov/pubmed/32796730
https://doi.org/10.1111/1759-7714.15123
https://www.ncbi.nlm.nih.gov/pubmed/37751775
https://doi.org/10.1016/J.XCRM.2023.101198
https://www.ncbi.nlm.nih.gov/pubmed/37716353
https://doi.org/10.1038/S42003-023-05725-X
https://www.ncbi.nlm.nih.gov/pubmed/38182665
https://doi.org/10.1080/17425255.2016.1196187
https://www.ncbi.nlm.nih.gov/pubmed/27249175
https://doi.org/10.2174/1389201021666201211102710
https://www.ncbi.nlm.nih.gov/pubmed/33308128
https://doi.org/10.1615/CRITREVONCOG.2017020626
https://www.ncbi.nlm.nih.gov/pubmed/29604918
https://doi.org/10.1371/journal.pone.0194630
https://www.ncbi.nlm.nih.gov/pubmed/29547634
https://doi.org/10.1016/j.lungcan.2016.05.027
https://www.ncbi.nlm.nih.gov/pubmed/27339469
https://doi.org/10.1158/1078-0432.CCR-18-1102
https://www.ncbi.nlm.nih.gov/pubmed/30045933
https://doi.org/10.3389/fonc.2024.1335670
https://www.ncbi.nlm.nih.gov/pubmed/38327746
https://doi.org/10.3390/CANCERS17152520
https://www.ncbi.nlm.nih.gov/pubmed/40805216
https://doi.org/10.1186/S13058-015-0645-5
https://www.ncbi.nlm.nih.gov/pubmed/26453190
https://doi.org/10.1056/NEJMOA040766
https://www.ncbi.nlm.nih.gov/pubmed/15317891
https://doi.org/10.3390/CANCERS14030587
https://www.ncbi.nlm.nih.gov/pubmed/35158855
https://doi.org/10.3390/IJMS23179952
https://www.ncbi.nlm.nih.gov/pubmed/36077348
https://doi.org/10.1158/1535-7163.MCT-17-1298
https://www.ncbi.nlm.nih.gov/pubmed/30301865
https://doi.org/10.3389/fonc.2024.1323961
https://www.ncbi.nlm.nih.gov/pubmed/38410100
https://doi.org/10.1158/1078-0432.CCR-08-0872
https://www.ncbi.nlm.nih.gov/pubmed/18829513
https://doi.org/10.1038/nature12065
https://www.ncbi.nlm.nih.gov/pubmed/23563269
https://doi.org/10.3390/app16147349


Appl. Sci. 2026, 16, 7349 36 of 38

63. Ou, S.-H.I.; Horn, L.; Cruz, M.; Vafai, D.; Lovly, C.M.; Spradlin, A.; Williamson, M.J.; Dagogo-Jack, I.; Johnson, A.; Miller, V.A.;
et al. Emergence of FGFR3-TACC3 Fusions as a Potential by-Pass Resistance Mechanism to EGFR Tyrosine Kinase Inhibitors in
EGFR Mutated NSCLC Patients. Lung Cancer 2017, 111, 61–64. [CrossRef] [PubMed]

64. Mirza, S.; Bhadresha, K.; Mughal, M.J.; McCabe, M.; Shahbazi, R.; Ruff, P.; Penny, C. Liquid Biopsy Approaches and Im-
munotherapy in Colorectal Cancer for Precision Medicine: Are We There Yet? Front. Oncol. 2023, 12, 1023565. [CrossRef]
[PubMed]

65. Cooper, W.A.; Lam, D.C.L.; O’Toole, S.A.; Minna, J.D. Molecular Biology of Lung Cancer. J. Thorac. Dis. 2013, 5, S479–S490.
[CrossRef] [PubMed]

66. Paez, J.G.; Jänne, P.A.; Lee, J.C.; Tracy, S.; Greulich, H.; Gabriel, S.; Herman, P.; Kaye, F.J.; Lindeman, N.; Boggon, T.J.; et al. EGFR
Mutations in Lung Cancer: Correlation with Clinical Response to Gefitinib Therapy. Science 2004, 304, 1497–1500. [CrossRef]
[PubMed]

67. Farago, A.F.; Azzoli, C.G. Beyond ALK and ROS1: RET, NTRK, EGFR and BRAF Gene Rearrangements in Non-Small Cell Lung
Cancer. Transl. Lung Cancer Res. 2017, 6, 550–559. [CrossRef] [PubMed]

68. Farago, A.F.; Le, L.P.; Zheng, Z.; Muzikansky, A.; Drilon, A.; Patel, M.; Bauer, T.M.; Liu, S.V.; Ou, S.-H.I.; Jackman, D.; et al.
Durable Clinical Response to Entrectinib in NTRK1-Rearranged Non-Small Cell Lung Cancer. J. Thorac. Oncol. 2015, 10, 1670–1674.
[CrossRef] [PubMed]

69. Suehara, Y.; Arcila, M.; Wang, L.; Hasanovic, A.; Ang, D.; Ito, T.; Kimura, Y.; Drilon, A.; Guha, U.; Rusch, V.; et al. Identification of
KIF5B-RET and GOPC-ROS1 Fusions in Lung Adenocarcinomas through a Comprehensive MRNA-Based Screen for Tyrosine
Kinase Fusions. Clin. Cancer Res. 2012, 18, 6599–6608. [CrossRef] [PubMed]

70. McKenzie, J.; Wong, V.; Mendis, S.; Wong, R.; Kosmider, S.; To, Y.H.; Nott, L.; Shapiro, J.; Torres, J.; Lee, B.; et al. Exploring
Real-World Outcomes of First Line EGFR Inhibitor Use, Cetuximab Versus Panitumumab, in Patients with Left-Sided, RAS
Wild-Type, Metastatic Colorectal Cancer. Clin. Colorectal Cancer 2025, 24, 362–368. [CrossRef] [PubMed]

71. Andras, D.; Iancu, S.D.; Cozan, R.G.; Zetes, M.; Crisan, G.; Buldus, C.F.; Andras, I.; Bintintan, V.; Dindelegan, G.C.;
Leopold, N. SERS Liquid Biopsy in Colorectal Cancer Detection and Treatment Response: Revealing Metabolic Memory
Post-Radiochemotherapy. Nanomedicine 2025, 68, 102840. [CrossRef] [PubMed]

72. Brown, J.C.; Compton, S.L.E.; Kang, A.; Jayaraman, A.; Gilmore, L.A.; Kirby, B.J.; Greenway, F.L.; Yang, S.; Spielmann, G. Effects
of Exercise on Inflammation, Circulating Tumor Cells, and Circulating Tumor DNA in Colorectal Cancer. J. Sport Health Sci. 2025,
14, 101036. [CrossRef] [PubMed]

73. Jamal, M.H.; Porel, P.; Aran, K.R. Emerging Biomarkers for Pancreatic Cancer: From Early Detection to Personalized Therapy.
Clin. Transl. Oncol. 2025, 27, 4071–4090. [CrossRef] [PubMed]

74. Tanaka, J.; Nakagawa, T.; Ono, Y.; Kamura, Y.; Ishida, T.; Kawabata, H.; Takahashi, K.; Sato, H.; Liss, A.S.; Mizukami, Y.;
et al. Highly Multiplexed Digital PCR Assay for Simultaneous Quantification of Variant Allele Frequencies and Copy Number
Alterations of KRAS and GNAS in Pancreatic Cancer Precursors. Mol. Oncol. 2025, 19, 2921–2935. [CrossRef] [PubMed]

75. Rathkopf, D.E.; Roubaud, G.; Chi, K.N.; Efstathiou, E.; Attard, G.; Olmos, D.; Small, E.J.; Saad, M.; Castro, E.; Kim, W.; et al.
Patient-Reported Outcomes for Patients with Metastatic Castration-Resistant Prostate Cancer and BRCA1/2 Gene Alterations:
Final Analysis from the Randomized Phase 3 MAGNITUDE Trial. Eur. Urol. 2025, 88, 359–369. [CrossRef] [PubMed]

76. Farago, A.F.; Taylor, M.S.; Doebele, R.C.; Zhu, V.W.; Kummar, S.; Spira, A.I.; Boyle, T.A.; Haura, E.B.; Arcila, M.E.; Benayed, R.;
et al. Clinicopathologic Features of Non–Small-Cell Lung Cancer Harboring an NTRK Gene Fusion. JCO Precis. Oncol. 2018,
2, 1–12. [CrossRef] [PubMed]

77. Zhou, H.; Zhu, L.; Song, J.; Wang, G.; Li, P.; Li, W.; Luo, P.; Sun, X.; Wu, J.; Liu, Y.; et al. Liquid Biopsy at the Frontier of Detection,
Prognosis and Progression Monitoring in Colorectal Cancer. Mol. Cancer 2022, 21, 86. [CrossRef] [PubMed]

78. Miyamoto, D.T.; Zheng, Y.; Wittner, B.S.; Lee, R.J.; Zhu, H.; Broderick, K.T.; Desai, R.; Fox, D.B.; Brannigan, B.W.; Trautwein, J.;
et al. RNA-Seq of Single Prostate CTCs Implicates Noncanonical Wnt Signaling in Antiandrogen Resistance. Science 2015, 349,
1351–1356. [CrossRef] [PubMed]

79. Heidrich, I.; Rautmann, C.; Ly, C.; Khatri, R.; Kött, J.; Geidel, G.; Rünger, A.; Andreas, A.; Hansen-Abeck, I.; Abeck, F.; et al.
In-Depth Assessment of BRAF, NRAS, KRAS, EGFR, and PIK3CA Mutations on Cell-Free DNA in the Blood of Melanoma
Patients Receiving Immune Checkpoint Inhibition. J. Exp. Clin. Cancer Res. 2025, 44, 202. [CrossRef] [PubMed]

80. Yang, J.; Lin, N.; Niu, M.; Yin, B. Circulating Tumor DNA Mutation Analysis: Advances in Its Application for Early Diagnosis of
Hepatocellular Carcinoma and Therapeutic Efficacy Monitoring. Aging 2024, 16, 11460. [CrossRef] [PubMed]

81. Allard, W.J.; Matera, J.; Miller, M.C.; Repollet, M.; Connelly, M.C.; Rao, C.; Tibbe, A.G.J.; Uhr, J.W.; Terstappen, L.W.M.M. Tumor
Cells Circulate in the Peripheral Blood of All Major Carcinomas but Not in Healthy Subjects or Patients with Nonmalignant
Diseases. Clin. Cancer Res. 2004, 10, 6897–6904. [CrossRef] [PubMed]

82. De Wit, S.; Van Dalum, G.; Lenferink, A.T.M.; Tibbe, A.G.J.; Hiltermann, T.J.N.; Groen, H.J.M.; Van Rijn, C.J.M.; Terstappen,
L.W.M.M. The Detection of EpCAM+ and EpCAM− Circulating Tumor Cells. Sci. Rep. 2015, 5, 12270. [CrossRef] [PubMed]

https://doi.org/10.3390/app16147349

https://doi.org/10.1016/j.lungcan.2017.07.006
https://www.ncbi.nlm.nih.gov/pubmed/28838400
https://doi.org/10.3389/FONC.2022.1023565
https://www.ncbi.nlm.nih.gov/pubmed/36686736
https://doi.org/10.3978/j.issn.2072-1439.2013.08.03
https://www.ncbi.nlm.nih.gov/pubmed/24163741
https://doi.org/10.1126/science.1099314
https://www.ncbi.nlm.nih.gov/pubmed/15118125
https://doi.org/10.21037/tlcr.2017.08.02
https://www.ncbi.nlm.nih.gov/pubmed/29114471
https://doi.org/10.1097/01.JTO.0000473485.38553.f0
https://www.ncbi.nlm.nih.gov/pubmed/26565381
https://doi.org/10.1158/1078-0432.CCR-12-0838
https://www.ncbi.nlm.nih.gov/pubmed/23052255
https://doi.org/10.1016/J.CLCC.2025.04.001
https://www.ncbi.nlm.nih.gov/pubmed/40413126
https://doi.org/10.1016/j.nano.2025.102840
https://www.ncbi.nlm.nih.gov/pubmed/40581307
https://doi.org/10.1016/j.jshs.2025.101036
https://www.ncbi.nlm.nih.gov/pubmed/40107449
https://doi.org/10.1007/S12094-025-03947-5
https://www.ncbi.nlm.nih.gov/pubmed/40348906
https://doi.org/10.1002/1878-0261.70011
https://www.ncbi.nlm.nih.gov/pubmed/40077847
https://doi.org/10.1016/J.EURURO.2024.09.003
https://www.ncbi.nlm.nih.gov/pubmed/39317633
https://doi.org/10.1200/PO.18.00037
https://www.ncbi.nlm.nih.gov/pubmed/30215037
https://doi.org/10.1186/S12943-022-01556-2
https://www.ncbi.nlm.nih.gov/pubmed/35337361
https://doi.org/10.1126/SCIENCE.AAB0917
https://www.ncbi.nlm.nih.gov/pubmed/26383955
https://doi.org/10.1186/S13046-025-03457-W
https://www.ncbi.nlm.nih.gov/pubmed/40652269
https://doi.org/10.18632/AGING.205980
https://www.ncbi.nlm.nih.gov/pubmed/39033781
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://www.ncbi.nlm.nih.gov/pubmed/15501967
https://doi.org/10.1038/srep12270
https://www.ncbi.nlm.nih.gov/pubmed/26184843
https://doi.org/10.3390/app16147349


Appl. Sci. 2026, 16, 7349 37 of 38

83. Cohen, S.J.; Punt, C.J.A.; Iannotti, N.; Saidman, B.H.; Sabbath, K.D.; Gabrail, N.Y.; Picus, J.; Morse, M.; Mitchell, E.; Miller, M.C.;
et al. Relationship of Circulating Tumor Cells to Tumor Response, Progression-Free Survival, and Overall Survival in Patients
with Metastatic Colorectal Cancer. J. Clin. Oncol. 2008, 26, 3213–3221. [CrossRef] [PubMed]

84. Liu, C.; Yang, Y.; Wu, Y. Recent Advances in Exosomal Protein Detection Via Liquid Biopsy Biosensors for Cancer Screening,
Diagnosis, and Prognosis. AAPS J. 2018, 20, 41. [CrossRef] [PubMed]

85. Chang, W.-H.; Cerione, R.A.; Antonyak, M.A. Extracellular Vesicles and Their Roles in Cancer Progression. Methods Mol. Biol.
2021, 2174, 143–170. [CrossRef] [PubMed]

86. Guo, Q.; Shan, L.; Luo, J.; Huang, Y.; Bao, Y.; Wang, X.; Ma, L.; Wang, G. Novel Strategies in Liquid Biopsy. Clin. Chim. Acta 2025,
576, 120385. [CrossRef] [PubMed]

87. Li, R.; Qu, H.; Wang, S.; Chater, J.M.; Wang, X.; Cui, Y.; Yu, L.; Zhou, R.; Jia, Q.; Traband, R.; et al. CancerMIRNome: An Interactive
Analysis and Visualization Database for MiRNome Profiles of Human Cancer. Nucleic Acids Res. 2022, 50, D1139–D1146.
[CrossRef] [PubMed]

88. Mohammad, S.I.; Theab, E.Y.; Vasudevan, A.; Bishoyi, A.K.; Ballal, S.; Al-Hetty, H.R.A.K.; Shankhyan, A.; Anupria, A.; Pan-
igrahi, R.; Yasin, H.A. Breast Cancer Exosomes: Managing Macrophage Polarization and Immune Regulation in the Tumor
Microenvironment. Semin. Oncol. 2025, 52, 152365. [CrossRef] [PubMed]

89. Kris, M.G.; Camidge, D.R.; Giaccone, G.; Hida, T.; Li, B.T.; O’Connell, J.; Taylor, I.; Zhang, H.; Arcila, M.E.; Goldberg, Z.; et al.
Targeting HER2 Aberrations as Actionable Drivers in Lung Cancers: Phase II Trial of the Pan-HER Tyrosine Kinase Inhibitor
Dacomitinib in Patients with HER2-Mutant or Amplified Tumors. Ann. Oncol. 2015, 26, 1421–1427. [CrossRef] [PubMed]

90. AL-Khafaji, M.K.; Rahbarizadeh, F.; Ahmadvand, D. Oligoclonal Anti-HER2 Nanobody-Targeted Exosomes as a Nano Carrier for
Doxorubicin Delivery to HER2-Positive Breast Cancer in Vitro and in Vivo. Int. J. Biol. Macromol. 2025, 333, 148626. [CrossRef]
[PubMed]

91. Suska, K.; Piotrowski, M.; Jacenik, D.; Fichna, J. Diagnostic Potential of Exosomes in Colorectal Cancer: Current Advances and
Future Perspectives. Molecules 2026, 31, 1339. [CrossRef] [PubMed]

92. Dai, C.S.; Mishra, A.; Edd, J.; Toner, M.; Maheswaran, S.; Haber, D.A. Circulating Tumor Cells: Blood-Based Detection, Molecular
Biology, and Clinical Applications. Cancer Cell 2025, 43, 1399–1422. [CrossRef] [PubMed]

93. Bazan Russo, T.D.; Pepe, F.; Gristina, V.; Gottardo, A.; Russo, G.; Scimone, C.; Palumbo, L.; Busuito, G.; Incorvaia, L.; Guerry, J.A.;
et al. Recent Advances in Liquid Biopsy for Precision Oncology: Emerging Biomarkers and Clinical Applications in Lung Cancer.
Future Oncol. 2025, 21, 2803–2821. [CrossRef] [PubMed]

94. Landon, B.V.; Annapragada, A.V.; Niknafs, N.; Velculescu, V.E.; Anagnostou, V. Liquid Biopsies across the Cancer Care Continuum.
Nat. Med. 2025, 31, 4006–4021. [CrossRef] [PubMed]

95. Lin, R.; Zhao, Z.; Liu, Z.; Kang, J.; Zhang, K.; Huang, X.; Yu, Y. Artificial Intelligence in Clinical Oncology: Multimodal Integration
and Translational Development. Cancer Lett. 2026, 649, 218493. [CrossRef] [PubMed]

96. Truhn, D.; Nebelung, S. Artificial Intelligence and Radiomics in Molecular Oncology Imaging. Recent Results Cancer Res. 2026, 224,
379–399. [CrossRef] [PubMed]

97. Wu, L.; Cen, C.; Ouyang, D.; Zhang, L.; Li, X.; Wu, H.; He, M.; Han, P.; Tan, W.; Chen, L.; et al. Interpretable Machine Learning
Model for Predicting Early Recurrence of Pancreatic Cancer: Integrating Intratumoral and Peritumoral Radiomics with Body
Composition. Int. J. Surg. 2025, 111, 8198–8211. [CrossRef] [PubMed]

98. Morello, G.; La Cognata, V.; Guarnaccia, M.; Gentile, G.; Cavallaro, S. Artificial Intelligence-Driven Multi-Omics Approaches in
Glioblastoma. Int. J. Mol. Sci. 2025, 26, 9362. [CrossRef] [PubMed]

99. Forrest, I.S.; Vy, H.M.T.; Rocheleau, G.; Jordan, D.M.; Petrazzini, B.O.; Nadkarni, G.N.; Cho, J.H.; Ganapathi, M.; Huang, K.L.;
Chung, W.K.; et al. Machine Learning-Based Penetrance of Genetic Variants. Science 2025, 389, eadm7066. [CrossRef] [PubMed]

100. Wan, J.C.M.; Sasieni, P.; Rosenfeld, N. Promises and Pitfalls of Multi-Cancer Early Detection Using Liquid Biopsy Tests. Nat. Rev.
Clin. Oncol. 2025, 22, 566–580. [CrossRef] [PubMed]

101. Shibuki, T.; Yamashita, R.; Hashimoto, T.; Fujisawa, T.; Imai, M.; Yuda, J.; Kuwata, T.; Misumi, T.; Nakamura, Y.; Bando, H.; et al.
Clinical Development of Molecular Residual Disease (MRD) and Multi-Cancer Early Detection (MCED) Using Liquid Biopsy
Multiomics with Artificial Intelligence (AI). Int. J. Clin. Oncol. 2026, 31, 843–850. [CrossRef] [PubMed]

102. Cherukuri, S.P.; Kaur, A.; Goyal, B.; Kukunoor, H.R.; Sahito, A.F.; Sachdeva, P.; Yerrapragada, G.; Elangovan, P.; Shariff, M.N.;
Natarajan, T.; et al. Artificial Intelligence-Enhanced Liquid Biopsy and Radiomics in Early-Stage Lung Cancer Detection: A
Precision Oncology Paradigm. Cancers 2025, 17, 3165. [CrossRef] [PubMed]

103. Duwe, G.; Mercier, D.; Wiesmann, C.; Kauth, V.; Moench, K.; Junker, M.; Neumann, C.C.M.; Haferkamp, A.; Dengel, A.; Höfner, T.
Challenges and Perspectives in Use of Artificial Intelligence to Support Treatment Recommendations in Clinical Oncology. Cancer
Med. 2024, 13, e7398. [CrossRef] [PubMed]

104. Ferber, D.; El Nahhas, O.S.M.; Wölflein, G.; Wiest, I.C.; Clusmann, J.; Leßmann, M.E.; Foersch, S.; Lammert, J.; Tschochohei, M.;
Jäger, D.; et al. Development and Validation of an Autonomous Artificial Intelligence Agent for Clinical Decision-Making in
Oncology. Nat. Cancer 2025, 6, 1337–1349. [CrossRef] [PubMed]

https://doi.org/10.3390/app16147349

https://doi.org/10.1200/JCO.2007.15.8923
https://www.ncbi.nlm.nih.gov/pubmed/18591556
https://doi.org/10.1208/s12248-018-0201-1
https://www.ncbi.nlm.nih.gov/pubmed/29520676
https://doi.org/10.1007/978-1-0716-0759-6_10
https://www.ncbi.nlm.nih.gov/pubmed/32813249
https://doi.org/10.1016/J.CCA.2025.120385
https://www.ncbi.nlm.nih.gov/pubmed/40414270
https://doi.org/10.1093/NAR/GKAB784
https://www.ncbi.nlm.nih.gov/pubmed/34500460
https://doi.org/10.1016/J.SEMINONCOL.2025.152365
https://www.ncbi.nlm.nih.gov/pubmed/40540981
https://doi.org/10.1093/annonc/mdv186
https://www.ncbi.nlm.nih.gov/pubmed/25899785
https://doi.org/10.1016/J.IJBIOMAC.2025.148626
https://www.ncbi.nlm.nih.gov/pubmed/41213374
https://doi.org/10.3390/MOLECULES31081339
https://www.ncbi.nlm.nih.gov/pubmed/42076017
https://doi.org/10.1016/J.CCELL.2025.07.008
https://www.ncbi.nlm.nih.gov/pubmed/40749671
https://doi.org/10.1080/14796694.2025.2542051
https://www.ncbi.nlm.nih.gov/pubmed/40762271
https://doi.org/10.1038/S41591-025-04093-9
https://www.ncbi.nlm.nih.gov/pubmed/41372534
https://doi.org/10.1016/J.CANLET.2026.218493
https://www.ncbi.nlm.nih.gov/pubmed/41962624
https://doi.org/10.1007/978-3-032-15314-2_12
https://www.ncbi.nlm.nih.gov/pubmed/42149186
https://doi.org/10.1097/JS9.0000000000003078
https://www.ncbi.nlm.nih.gov/pubmed/40717595
https://doi.org/10.3390/IJMS26199362
https://www.ncbi.nlm.nih.gov/pubmed/41096631
https://doi.org/10.1126/SCIENCE.ADM7066
https://www.ncbi.nlm.nih.gov/pubmed/40875860
https://doi.org/10.1038/S41571-025-01033-X
https://www.ncbi.nlm.nih.gov/pubmed/40514453
https://doi.org/10.1007/S10147-026-03001-6
https://www.ncbi.nlm.nih.gov/pubmed/41790338
https://doi.org/10.3390/CANCERS17193165
https://www.ncbi.nlm.nih.gov/pubmed/41097693
https://doi.org/10.1002/cam4.7398
https://www.ncbi.nlm.nih.gov/pubmed/38923826
https://doi.org/10.1038/S43018-025-00991-6
https://www.ncbi.nlm.nih.gov/pubmed/40481323
https://doi.org/10.3390/app16147349


Appl. Sci. 2026, 16, 7349 38 of 38

105. El Arab, R.A.; Al Moosa, O.A.; Sagbakken, M. Economic, Ethical, and Regulatory Dimensions of Artificial Intelligence in
Healthcare: An Integrative Review. Front. Public Health 2025, 13, 1617138. [CrossRef] [PubMed]

106. Osnat, B. Patient Perspectives on Artificial Intelligence in Healthcare: A Global Scoping Review of Benefits, Ethical Concerns, and
Implementation Strategies. Int. J. Med. Inform. 2025, 203, 106007. [CrossRef] [PubMed]

107. Xu, Y.; Zhu, S.; Xia, C.; Yu, H.; Shi, S.; Chen, K.; He, Y.; Deng, C.; Jin, H.; Liu, J.; et al. Liquid Biopsy-Based Multi-Cancer Early
Detection: An Exploration Road from Evidence to Implementation. Sci. Bull. 2025, 70, 2852–2867. [CrossRef] [PubMed]

108. Chandhok, N.S.; Sekeres, M.A. Measurable Residual Disease in Hematologic Malignancies: A Biomarker in Search of a Standard.
EClinicalMedicine 2025, 86, 103348. [CrossRef] [PubMed]

109. Kwon, W.A.; Lee, Y.J.; Song, Y.S. Dynamic Precision Oncology for Real-Time Molecular Monitoring and Management in Urothelial
Carcinoma. Int. J. Mol. Sci. 2026, 27, 3474. [CrossRef] [PubMed]

110. Mannucci, A.; Balaguer, F.; Yamada, Y.; Nagasaka, T.; Toiyama, Y.; Okugawa, Y.; Martí-Gallostra, M.; Jiménez-Toscano, M.;
Vidal-Tocino, R.; Jiménez, F.; et al. An Exosome-Based Liquid Biopsy for the Detection of Early-Onset Colorectal Cancer: The
ENCODER Multicenter Study. Gastroenterology 2026, 170, 330–343. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app16147349

https://doi.org/10.3389/fpubh.2025.1617138
https://www.ncbi.nlm.nih.gov/pubmed/40951387
https://doi.org/10.1016/j.ijmedinf.2025.106007
https://www.ncbi.nlm.nih.gov/pubmed/40494217
https://doi.org/10.1016/J.SCIB.2025.06.030
https://www.ncbi.nlm.nih.gov/pubmed/40670203
https://doi.org/10.1016/j.eclinm.2025.103348
https://www.ncbi.nlm.nih.gov/pubmed/40666170
https://doi.org/10.3390/IJMS27083474
https://www.ncbi.nlm.nih.gov/pubmed/42074119
https://doi.org/10.1053/J.GASTRO.2025.08.013
https://www.ncbi.nlm.nih.gov/pubmed/41364052
https://doi.org/10.3390/app16147349

	Introduction 
	Biological Basis of Liquid Biopsy 
	Cell-Free DNA and Circulating Tumor DNA Biology 
	Technologies for ctDNA and cfDNA Detection 
	Preanalytical Considerations 
	Digital Droplet Polymerase Chain Reaction (ddPCR) 
	BEAMing Technology 
	Next-Generation Sequencing 
	Methylation-Based Assays 
	Fragmentomics and Emerging Approaches 
	Bioinformatic Analysis and Data Interpretation 
	Clinical Applications of Liquid Biopsy in Oncology 
	Early Cancer Detection 
	Molecular Profiling and Therapeutic Stratification 
	Treatment Response Monitoring 
	Minimal Residual Disease Detection 
	Detection of Resistance Mechanisms and Clonal Evolution 
	Immunotherapy Applications 
	Current Clinical Limitations 
	Cancer-Specific Applications of ctDNA and cfDNA Analysis 
	Lung Cancer 
	Colorectal Cancer 
	Breast Cancer 
	Pancreatic Cancer 
	Prostate Cancer 
	Comparative Clinical Relevance Across Tumor Types 
	Circulating Tumor Cells: Biological Significance and Clinical Applications 
	Technologies for CTC Isolation and Characterization 
	Clinical Applications of CTCs 
	Complementarity of CTCs and ctDNA 
	Exosomes and Extracellular Vesicles in Liquid Biopsy 
	Biology and Biogenesis of Exosomes 
	Exosomal Nucleic Acids and Molecular Profiling 
	Role in Tumor Microenvironment and Metastasis 
	Diagnostic and Prognostic Applications 
	Technical Challenges and Standardization Issues 
	Future Perspectives of Exosome-Based Liquid Biopsy 
	Challenges and Limitations of Liquid Biopsy 
	Low Tumor Fraction and False-Negative Results 
	Preanalytical Variability 
	Analytical Sensitivity and Specificity 
	Clonal Hematopoiesis 
	Tissue–Plasma Discordance 
	Standardization and Clinical Validation 
	Cost, Accessibility, and Implementation 
	Exosome-Specific Limitations 
	Ethical and Clinical Interpretation Challenges 
	Artificial Intelligence and Emerging Directions in Liquid Biopsy 
	Artificial Intelligence in Molecular Data Interpretation 
	Multi-Cancer Early Detection (MCED) 
	Fragmentomics and Epigenomic Profiling 
	Multi-Omics Liquid Biopsy Approaches 
	Minimal Residual Disease and Dynamic Monitoring 
	Exosome-Based Innovations 
	Integration into Precision Oncology 
	Current Challenges of AI Integration 
	Future Perspectives 
	Transition Toward Earlier Cancer Detection 
	Increasing Role in Minimal Residual Disease-Guided Therapy 
	Dynamic Real-Time Precision Oncology 
	Expansion of Multi-Omics Approaches 
	Exosome-Based Diagnostics and Therapeutics 
	Artificial Intelligence-Driven Clinical Integration 
	Standardization and Regulatory Development 
	Accessibility and Global Implementation 

	Conclusions 
	References

