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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy marked by late diagnosis,
rapid progression, and poor prognosis, with a 5-year survival rate of 2–9%. Traditional
tissue biopsy faces limitations in accessibility and real-time monitoring. Liquid biopsy—a
minimally invasive technique analyzing tumor-derived materials such as circulating tumor
DNA (ctDNA), circulating tumor cells (CTCs), exosomes, tumor-educated platelets (TEPs),
and cell-free RNAs (cfRNAs)—offers dynamic insights into PDAC biology. This review
advances beyond the prior literature by offering a unified synthesis that bridges molecular
mechanisms, biomarker dynamics, and clinical translation within the context of PDAC.
It also summarizes key clinical trials evaluating liquid biopsy in PDAC, underscoring its
growing impact on precision oncology.

Keywords: liquid biopsy; pancreatic ductal adenocarcinoma

1. Introduction
Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy with one of

the poorest prognoses among solid tumors, largely due to late diagnosis, early metastasis,
and resistance to existing therapies. Despite advances in imaging, molecular profiling, and
systemic treatment, the overall 5-year survival rate remains below 2–9% [1–5]. Traditional
diagnostic approaches—such as imaging and tissue biopsy—are invasive, technically
challenging, and limited in their ability to capture tumor heterogeneity or provide dynamic
molecular information [6–8].

Liquid biopsy has emerged as a minimally invasive strategy capable of detecting
tumor-derived analytes such as circulating tumor DNA (ctDNA), circulating tumor cells
(CTCs), exosomes, and tumor-educated platelets (TEPs) in body fluids. These biomarkers
offer real-time insights into tumor evolution, genetic alterations, and therapeutic response,
positioning liquid biopsy as a promising complement to conventional diagnostics in PDAC.

Despite the extensive and rapidly evolving literature on liquid biopsy in PDAC, most
prior reviews have examined either the technological foundations of biomarker detection or
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their clinical relevance in isolation. In contrast, this review provides a comprehensive and
integrative synthesis that connects molecular mechanisms, biomarker kinetics, and transla-
tional implementation within a single conceptual framework. We particularly emphasize
emerging frontiers such as multi-omic profiling, longitudinal disease monitoring, and
artificial intelligence-driven data integration, which remain underrepresented in existing
analyses. Moreover, this review critically evaluates the current clinical trial landscape and
regulatory environment to delineate the barriers to clinical translation.

2. Methods
A focused literature review was conducted using PubMed, Scopus, and Web of Science

for English-language studies published from 2015 to 2025. Search terms included “liquid
biopsy”, “pancreatic ductal adenocarcinoma”, “ctDNA”, “CTCs”, “exosomes”. “cfRNA”,
and “TEPs.” Eligible studies involved human subjects and evaluated diagnostic, prognostic,
or therapeutic applications of liquid biopsy in PDAC. Non-English, non-human, or in vitro-
only reports were excluded. Reference lists of included papers and recent reviews were
manually screened to identify additional relevant studies. Data extracted included study
design, analyte type, detection platform, and key clinical outcomes. Clinical trials were
identified through searches of ClinicalTrials.gov and cross-referencing cited registries, with
verification of recruitment status and completion dates as of October 2025.

3. Pathophysiology of Pancreatic Ductal Adenocarcinoma (PDAC)
PDAC arises from the exocrine portion of the pancreas and accounts for more than 90%

of all pancreatic malignancies. It typically originates from precursor lesions such as pancre-
atic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm (IPMN), or
mucinous cystic neoplasm (MCN). These precursor lesions gradually accumulate genetic
and epigenetic alterations, ultimately progressing to invasive carcinoma. [9].

3.1. Genetic Landscape of PDAC

The genetic evolution of PDAC is driven by four major mutations. KRAS, mutated
in over 90–95% of cases, represents the earliest and most frequent alteration, primarily
at codon 12 (e.g., p.G12D, p.G12V), leading to constitutive activation of MAPK and PI3K
pathways that promote proliferation and survival [5,10,11]. In liquid biopsy studies, KRAS
mutations—particularly G12D and Q61 variants—correlate with significantly reduced
overall survival [10]. CDKN2A, inactivated in 35–40% of PDACs through mutation, deletion,
or promoter methylation, encodes a key cell-cycle regulator; its concurrent loss with KRAS
mutations in ctDNA further predicts poor prognosis [9–14]. TP53, a master regulator of
apoptosis and genomic stability, is mutated in about 70–75% of cases [5,13,14]. SMAD4
(DPC4), a downstream effector of TGF-β signaling, is altered in ~30% and associated with
enhanced tumor progression and metastasis [5,14].

Somatic mutations in PDAC drive signaling alterations that manifest as the classic
“hallmarks of cancer,” including sustained proliferation, evasion of apoptosis, angiogenesis,
and metastasis [15]. Core mutations are often accompanied by alterations in epigenetic
and chromatin remodeling genes such as ARID1A, MLL3, and ARID2, which may in-
form targeted therapies [16]. Beyond these canonical drivers, next-generation sequencing
(NGS) has identified mutations in DNA damage repair genes—BRCA1, BRCA2, ATM, and
PALB2—in 5–10% of PDACs, conferring sensitivity to platinum agents and PARP in-
hibitors [16,17]. Additional alterations include RNF43, GNAS, and BRAF mutations [18]. Per
NCCN Guidelines (version 2.2025), comprehensive molecular profiling of tumor tissue—or
cell-free DNA when tissue is unavailable—is recommended to detect actionable alterations
in BRAF, BRCA1/2, KRAS, and PALB2, as well as gene fusions in ALK, NRG1, NTRK, ROS1,
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FGFR2, and RET. HER2 overexpression is recommended to be evaluated with immunohis-
tochemistry (IHC) and/or fluorescence in situ hybridization (FISH) [19]. Figure 1 depicts
histologic and genetic evolution of PDAC.

 
Figure 1. Histologic and genetic evolution of PDAC (image generated on Biorender app).

3.2. Tumor Microenvironment

The tumor microenvironment (TME) in PDAC is characterized by a dense desmoplastic
stroma and marked immunosuppression, both of which contribute to tumor aggressiveness
and therapeutic resistance. Activated pancreatic stellate cells and cancer-associated fibrob-
lasts (CAFs) generate extracellular matrix components, including collagen and hyaluronan,
creating a physical barrier to drug penetration and promoting tumor progression [20].
Immune evasion results from an abundance of regulatory T cells, myeloid-derived sup-
pressor cells, and M2-polarized macrophages that inhibit cytotoxic T-cell activity through
cytokine release and immune checkpoint signaling [21–23]. CAFs are functionally diverse—
comprising myofibroblastic, inflammatory, and antigen-presenting subtypes—that differen-
tially modulate immune responses and tumor behavior [24,25]. In addition, tumor hypoxia
activates hypoxia-inducible factor (HIF) pathways, driving metabolic reprogramming, and
resistance to apoptosis [26].

3.3. Mechanisms of Tumor Dissemination

PDAC demonstrates early and aggressive spread through local invasion, lym-
phatic and perineural infiltration, and distant metastasis, largely driven by epithelial-
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to-mesenchymal transition (EMT) [27]. Tumor cells degrade the extracellular matrix via
matrix metalloproteinases and enter vascular and lymphatic channels [21]. During this
process, CTCs, ctDNA, and exosomes are shed into circulation, forming the basis for liquid
biopsy detection [28]. CTCs reflect metastatic potential, ctDNA mirrors tumor-specific
mutations and burden, and exosomes carry oncogenic cargo that promotes immune evasion
and niche formation [29,30]. These mechanisms collectively underpin the promise of liquid
biopsy for early detection, prognosis, and disease monitoring in PDAC.

4. Overview of Liquid Biopsy in Oncology
Liquid biopsy is a non-invasive technique that enables real-time cancer monitoring by

analyzing circulating biomarkers in blood and other body fluids. It offers major advantages
over tissue biopsy, including lower risk, repeatability, and the ability to capture tumor
heterogeneity and temporal evolution [31]. In PDAC—where conventional biopsy is
often invasive and limited by anatomical constraints—liquid biopsy provides a practical
alternative for diagnosis, prognosis, and treatment monitoring [29].

4.1. Biological Basis of Liquid Biopsy

Liquid biopsy is a minimally invasive approach that detects tumor-derived compo-
nents in body fluids, mainly blood. As tumors grow and undergo turnover, they release
biomarkers such as ctDNA, CTCs, extracellular vesicles (EVs), and TEPs that reflect tumor
heterogeneity and molecular alterations [31]. ctDNA, derived from apoptotic or viable
tumor cells, mirrors the genetic and epigenetic landscape of primary and metastatic lesions,
enabling early detection, response assessment, and resistance monitoring [32,33]. CTCs
represent viable disseminating cells with prognostic and therapeutic relevance [34]. EVs,
particularly exosomes, carry DNA, RNA, and proteins that mediate intercellular commu-
nication, immune evasion, and drug resistance [30]. TEPs sequester tumor-derived RNA,
providing a robust source for RNA-based cancer diagnostics [35]. (Figure 2 depicts the
types of molecular and cellular component).

4.2. Comparison with Tissue Biopsy

Tissue biopsy remains the diagnostic gold standard, providing essential histopatho-
logic and molecular data. However, it is invasive, carries procedural risks, and may not
capture tumor heterogeneity. Liquid biopsy offers a minimally invasive alternative, analyz-
ing ctDNA, CTCs, and EVs in body fluids to assess tumor characteristics in real time [33].
Unlike tissue biopsy, it enables longitudinal monitoring of tumor evolution, treatment
response, and resistance mutations without repeated invasive procedures [36]. Yet, tissue
biopsy remains indispensable for initial diagnosis and subtyping, as liquid biopsy sensi-
tivity is limited in early-stage disease due to low ctDNA shedding [37]. In PDAC—where
tissue access is often challenging—liquid biopsy serves as a valuable adjunct, providing
complementary molecular insights for diagnosis, prognosis, and therapeutic stratifica-
tion [29,38].
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Figure 2. Liquid biopsy in PDAC: This figure depicts the types of molecular and cellular components.
CtDNA: circulating tumor DNA, CTCs: Circulating tumor cells, miRNA: microRNA, cfRNA: cell-free
RNA, and TEP: tumor-educated platelets. (Image was generated on biorender app).

5. Molecular and Cellular Components of Liquid Biopsy in PDAC
Each analyte in liquid biopsy has unique advantages, limitations, and applications.

The following subsections explore the utility of ctDNA, CTCs, exosomes, cfRNA, and TEPs
in pancreatic cancer.

5.1. Circulating Tumor DNA (ctDNA)

ctDNA refers to fragments of DNA shed from tumor cells into the bloodstream, often
due to apoptosis, necrosis, or active secretion. In PDAC, a malignancy characterized by poor
prognosis and late-stage diagnosis, ctDNA has emerged as a minimally invasive biomarker
with significant diagnostic, prognostic, and monitoring potential [39]. Per the 2018 joint
review of American Society of Clinical Oncology and College of American Pathologists the
optimal specimen for ctDNA analysis in patient with cancer is plasma collected in EDTA
tubes (processed within 6 h of collection) or leukocyte stabilization tubes.
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5.1.1. Detection Techniques

Due to the low abundance of ctDNA in plasma, especially in early-stage PDAC, sensi-
tive and specific detection methods are crucial. Among the most widely used techniques is
digital droplet PCR (ddPCR), which offers high sensitivity for detecting known hotspot
mutations, particularly KRAS mutations found in over 90% of PDAC cases [29]. ddPCR
enables the quantification of mutant alleles even at very low frequencies (as low as 0.01%)
in a background of wild-type DNA.

Another common method is BEAMing (Beads, Emulsion, Amplification, and Mag-
netics), which combines PCR and flow cytometry to detect mutant DNA molecules with
high precision. BEAMing has been used to assess KRAS mutations in plasma with excellent
concordance with tissue samples [40].

NGS platforms have broadened ctDNA analysis by enabling the simultaneous detec-
tion of multiple mutations, gene amplifications, and structural rearrangements. Hybrid-
capture-based NGS approaches like CAPP-Seq (Cancer Personalized Profiling by deep
Sequencing) are particularly useful in PDAC due to their ability to detect low-frequency
variants and track tumor evolution [41].

5.1.2. Clinical Applications

Early Detection and Diagnosis: While ctDNA alone may have limited sensitivity for
detecting early-stage PDAC, combining it with protein biomarkers (e.g., CA19-9) improves
diagnostic accuracy. Firpo et al. reported that a multianalyte serum biomarker panel
integrating ctDNA and protein markers achieved a sensitivity of 92.8% and specificity of
100% for detecting PDAC, underscoring the value of multimodal liquid biopsy strategies
for identifying resectable disease at an earlier stage [42].

Elevated ctDNA levels are associated with increased tumor burden and poorer out-
comes in PDAC. In a cohort of 66 resected patients, post-operative ctDNA positivity
correlated with significantly shorter disease-free and overall survival and independently
predicted recurrence (HR ≈ 2.68) [43]. For treatment monitoring, ctDNA allows for real-
time assessment of treatment response. Decreases in ctDNA levels during chemotherapy
have been associated with clinical benefit, while increases may precede radiographic
progression [44]. This dynamic monitoring can guide therapeutic decisions earlier than
imaging modalities. Moreover, it helps in detection of resistance mechanisms since ctDNA
analysis can uncover acquired resistance mutations, such as secondary KRAS mutations or
alterations in genes involved in DNA repair pathways. This is particularly important for
patients on targeted therapies or clinical trials, as it may inform the selection of next-line
treatments [45].

5.2. Circulating Tumor Cells (CTCs)

CTCs are malignant cells that detach from the primary tumor or metastatic sites
and enter the bloodstream. In PDAC, CTCs are a promising biomarker for non-invasive
tumor profiling, prognosis, and monitoring treatment response. Although PDAC is a
hypovascular and fibrotic tumor, making CTC detection challenging, advances in isolation
technologies have improved their detection and analysis [46].

5.2.1. Isolation Techniques

CTC isolation is technically demanding due to their rarity—often just 1–10 CTCs
per 10 mL of blood—and the need to distinguish them from billions of hematopoietic
cells. Current isolation methods fall into two broad categories: label-dependent and label-
independent.
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Label-Dependent (Immunoaffinity-Based) Techniques:

The FDA-approved CellSearch® system remains the most widely used platform. It
relies on immunomagnetic separation using antibodies against epithelial cell adhesion
molecules (EpCAM) and cytokeratins, along with negative selection against CD45 (a leuko-
cyte marker) [47]. While it has shown utility in PDAC, its reliance on epithelial markers
limits detection of CTCs that have undergone EMT, a common feature in PDAC [48].

Label-Independent (Physical Property-Based) Techniques:

Techniques based on size, deformability, and electrical properties have been developed
to overcome limitations of epithelial marker loss. Microfluidic devices such as the “CTC-
iChip” combine size filtration with inertial focusing and immunomagnetic depletion of
leukocytes [49]. Another approach, the Parsortix™ system, captures CTCs based on size
and compressibility, allowing for viable cell recovery [50].

The development of microfluidic platforms has significantly enhanced the capture
efficiency of CTCs in PDAC. One such example is the “NanoVelcro” chip, which uses
nanosubstrates and immunoaffinity capture to isolate CTCs with high sensitivity [51].
These advanced platforms allow downstream molecular analysis, including single-cell
sequencing.

5.2.2. Clinical Relevance in PDAC

Multiple studies have demonstrated that the presence of CTCs correlates with worse
outcomes in PDAC. Yasui et al. (2025) [52] demonstrated that sequential changes in CTC
counts during pre-operative chemotherapy strongly correlated with treatment response.
Patients exhibiting a reduction in CTC levels achieved better clinical outcomes, while
persistent or rising CTCs predicted disease progression. These findings highlight the
potential of CTC kinetics as a non-invasive biomarker for assessing therapeutic efficacy
and disease trajectory in pancreatic cancer [52]. These dynamics may be more sensitive
than imaging for assessing response.

Isolated CTCs can be subjected to genomic and transcriptomic analyses to identify
mutations (e.g., KRAS, TP53) and resistance mechanisms. This is particularly valuable
in PDAC, where repeat biopsies are often infeasible. Single-cell sequencing of CTCs has
revealed heterogeneity and evolution under treatment pressure [53]. Moreover, it could
allow early detection and recognize minimal residual disease (MRD).

While sensitivity for early-stage PDAC remains low, combining CTCs with other
biomarkers like CA19-9 or ctDNA may enhance early detection. Additionally, post-surgical
detection of CTCs could indicate minimal residual disease and impending relapses.

5.3. Exosomes and Extracellular Vesicles

Exosomes are small EVs (30–150 nm in diameter) secreted by various cell types, in-
cluding cancer cells. These vesicles play essential roles in intercellular communication by
transferring proteins, lipids, and nucleic acids (including DNA, mRNA, and microRNAs).
In PDAC, exosomes have emerged as valuable tools for diagnosis, prognosis, and thera-
peutic monitoring due to their stability in bodily fluids and ability to reflect the molecular
characteristics of the tumor [54].

5.3.1. Isolation Techniques

Detecting and isolating exosomes from plasma or serum involves several strategies,
with ongoing efforts to improve sensitivity and specificity. Common techniques include
ultracentrifugation and Size-Exclusion Chromatography (SEC). Differential ultracentrifu-
gation remains the gold standard. It involves sequential centrifugation steps to remove
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cells, debris, and larger vesicles, ultimately isolating exosomes at ~100,000 g. However, this
method is time-consuming and may co-isolate non-exosomal particles [55].

SEC separates vehicles based on size using porous beads, providing high purity with
minimal damage to exosomal contents [56].

Immunoaffinity Capture: This method uses antibodies against exosomal surface mark-
ers like CD63, CD81, or tumor-specific proteins such as glypican-1 (GPC1). Immunocapture
enhances specificity but may miss subpopulations lacking the targeted marker [57].

Nanoparticle Tracking Analysis (NTA) and Tunable Resistive Pulse Sensing (TRPS):
These tools allow sizing and quantification of exosomes. NTA tracks Brownian motion of
particles to estimate size and concentration [58].

Microfluidic Devices: Emerging microfluidic platforms provide rapid, label-free exo-
some isolation and analysis with high sensitivity. These “lab-on-a-chip” technologies are
especially useful for clinical applications due to minimal sample volume requirements [59].

5.3.2. Diagnostic Potential

Early Detection and Diagnosis: Exosomes from PDAC patients contain tumor-specific
cargo that distinguishes them from healthy individuals. Exosomal glypican-1 (GPC1) has
shown strong potential as a diagnostic marker for PDAC, achieving 98% sensitivity and
86% specificity in distinguishing pancreatic cancer from chronic pancreatitis, with better
performance than CA19-9 [57]. These exosomes not only differentiated PDAC from benign
pancreatic disease but also detected early-stage tumors with high sensitivity and specificity.

Prognostic Significance: Exosomal content correlates with tumor burden and aggres-
siveness. Elevated levels of exosomal microRNAs (miRNAs) such as miR-21 and miR-17-5p
have been linked to poor survival in PDAC patients [60]. Measuring these biomarkers
could aid in patient stratification.

Monitoring Treatment Response: Exosomal RNA and protein profiles change dynam-
ically with treatment. Exosomal KRAS mutations in plasma have been used to monitor
chemotherapy resistance and minimal residual disease [39]. Unlike ctDNA, exosomal RNA
is more stable and may provide a richer source of dynamic information.

Therapeutic Potential: Exosomes may also be exploited therapeutically. They can serve
as delivery vehicles for drugs or therapeutic RNA molecules due to their biocompatibility
and ability to cross biological barriers [61]. In a preclinical PDAC model, exosomes loaded
with siRNA targeting mutant KRAS suppressed tumor growth significantly.

5.4. Tumor-Educated Platelets (TEPs)

TEPs are blood platelets that undergo molecular and functional reprogramming in
response to tumor-derived signals. In PDAC, TEPs have gained attention as a novel liquid
biopsy component due to their ability to sequester tumor-related RNA, proteins, and
biomolecules. This interaction transforms platelets into dynamic biosensors capable of
reflecting the presence, type, and molecular profile of tumors [35].

5.4.1. Detection and Isolation Techniques
Platelet Isolation

TEPs are typically isolated from peripheral blood using differential centrifugation
techniques. Blood is first processed to obtain platelet-rich plasma, followed by low-speed
centrifugation and washing to remove leukocyte contamination. Careful handling is crucial
to prevent platelet activation, which can alter RNA profiles [62].

RNA Sequencing of TEPs

The core approach to detect tumor signals within TEPs is transcriptomic profiling.
RNA is extracted from purified platelets and subjected to high-throughput RNA sequencing
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(RNA-seq). Mantini et al. has demonstrated that platelets in PDAC undergo systematic
transcriptomic, miRNA, and proteomic reprogramming compared to benign pancreatic
disease. These molecular changes underscore the potential for TEP-based biomarker
development, though further validation is needed to assess classification performance in
early disease settings [35]. Specific RNA signatures from TEPs, including overexpression of
KRAS and MET transcripts, have been detected in PDAC patients [35,63].

Bioinformatics and Machine Learning

Advanced bioinformatics tools and machine learning algorithms are employed to clas-
sify cancer types and molecular subtypes based on TEP RNA profiles. These computational
models increase diagnostic accuracy and may even predict mutations, such as KRAS or
TP53, found in the tumor itself [63].

Multiplexed Platforms

Emerging multiplexed technologies combine TEP RNA analysis with other biomarkers
(e.g., circulating tumor DNA or exosomal RNA) for enhanced sensitivity and specificity.
Platforms such as NanoString and digital PCR are being explored for their ability to validate
TEP-derived gene panels in clinical settings.

5.4.2. Diagnostic Potential

-Early Detection and Diagnosis

TEPs have shown promise in early detection of PDAC. Given the asymptomatic nature
of early PDAC and the limitations of current markers like CA19-9, TEPs could represent a
non-invasive and sensitive alternative.

-Prognostic Value

Changes in TEP RNA profiles have been associated with tumor burden and disease
progression. Platelet-derived transcripts related to angiogenesis, inflammation, and tu-
mor proliferation correlate with poor prognosis and decreased overall survival in PDAC
patients [63,64].

-Monitoring Therapeutic Response

TEP profiles are dynamic and can reflect treatment-induced tumor changes. For
example, RNA signatures may shift in response to chemotherapy or targeted therapy,
enabling real-time monitoring of response and detection of resistance mechanisms [63].
This real-time surveillance could guide therapeutic adjustments without the need for
repeated imaging or invasive tissue biopsies.

-Potential for Personalized Medicine

TEPs offer a molecular window into tumor biology, potentially aiding in the selection
of personalized therapies. For instance, detecting TEP-associated mutant KRAS RNA could
influence eligibility for KRAS-targeting agents or clinical trials [63].

5.5. Cell-Free RNAs (cfRNAs) and miRNAs

Non-coding RNAs—especially miRNAs—are stable in circulation and often dysregu-
lated in PDAC.

miR-21, miR-155, and miR-196a are consistently upregulated in PDAC.
cfRNAs can be used as companion markers for ctDNA to enhance diagnostic yield.

Table 1 summarizes detection techniques and clinical relevance of liquid biopsy components
in PDAC.)
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Table 1. Summary of liquid biopsy analytes, clinical applications, analytical platforms, and pre-analytical considerations in PDAC.

Analyte Main Clinical
Applications

Typical
Sensitivity/Specificity

Range
Sample Type Analytical Platform(s) Critical Pre-Analytic

Considerations

TEPs [35]
Early detection, treatment

response, molecular
profiling

Sensitivity:
70–95%/Specificity:

85–95%

Whole blood
(platelet-rich plasma)

RNA-seq, qRT-PCR,
NanoString,

bioinformatics classifiers

Process within 2 h; avoid platelet
activation; centrifuge gently

cfDNA/ctDNA
mutations [38]

Early detection, prognosis,
treatment monitoring,

MRD detection

Sensitivity: ~72%
Specificity: >90%

Plasma (preferred) or
serum

ddPCR, BEAMing, NGS
(CAPP-Seq, Guardant360)

Use EDTA or Streck tubes;
plasma separation within 2–4 h;

avoid hemolysis

CTCs [65]
Prognosis, treatment

monitoring, MRD
detection

Sensitivity:
40–70%/Specificity: >95% Whole blood

CellSearch®, microfluidic
chips (CTC-iChip,

Parsortix),
immunomagnetic

enrichment

Collect in CellSave or EDTA
tubes; process within 24 h; gentle

handling to preserve viability

Exosomes/EVs [66]
Early detection, prognosis,

therapy resistance
monitoring

Sensitivity:
70–90%/Specificity:

80–95%
Plasma, serum, urine Ultracentrifugation, SEC,

microfluidic chips, NTA

Store at −80 ◦C; avoid
freeze–thaw cycles; standardize

isolation method

cfRNA/miRNA [67] Diagnosis, prognosis,
treatment response

Sensitivity:
60–90%/Specificity:

80–95%
Plasma, serum, saliva qRT-PCR, NGS,

microarrays

Use RNA-stabilizing tubes; rapid
plasma separation; store at

−80 ◦C

Fragmentomics
(cfDNA size) [68]

Early detection, tumor
origin classification

Sensitivity:
70–85%/Specificity:

85–95%
Plasma

WGS/WES, cfDNA
fragmentation analysis,

AI-based models

Specialized software; prompt
processing to preserve fragment

integrity

Protein biomarkers
(CA19-9, CEA)

Diagnosis, disease
monitoring, risk

stratification

Sensitivity:
60–80%/Specificity:

70–90%
Serum, plasma ELISA, mass spectrometry,

multiplex immunoassays
Avoid hemolysis; standardize

sample dilution and temperature
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6. Techniques and Analytical Platforms in Liquid Biopsy
6.1. Sample Types and Collection

The most common biological fluids used in liquid biopsy are peripheral blood, plasma,
serum, and, in some cases, urine, saliva, or cerebrospinal fluid [33]. For ctDNA and cfRNA
analysis, plasma is preferred due to lower contamination with genomic DNA from lysed
leukocytes. Blood is typically collected in EDTA or specialized tubes like Streck Cell-
Free DNA BCT to prevent nucleic acid degradation and leukocyte lysis. Standardized
processing, such as centrifugation within 2–4 h, is crucial to preserve sample integrity [69].

6.2. Biomarker-Specific Isolation Techniques

ctDNA is isolated using silica-based spin columns, magnetic beads, or automated
systems (e.g., QIAamp Circulating Nucleic Acid Kit). These methods are designed to
recover short DNA fragments (~160–200 bp) that originate from apoptotic tumor cells [38].

CTCs are isolated based on size, density, or cell-surface antigens like EpCAM. Plat-
forms such as CellSearch (FDA-approved) use immunomagnetic enrichment, while mi-
crofluidic devices (e.g., CTC-iChip) enable label-free capture based on size and deformabil-
ity [65].

Exosomes are separated using ultracentrifugation, Size-Exclusion Chromatography,
or commercial kits based on polymer precipitation or immunoaffinity (e.g., ExoQuick,
ExoEasy). Microfluidic devices integrated with capture antibodies (e.g., CD63, CD81) are
increasingly used for high-throughput exosome enrichment [66]

TEPs are isolated via differential centrifugation to obtain platelet-rich plasma. Careful
handling prevents activation that could alter RNA content. Subsequent RNA extraction
and analysis reflect tumor-induced alterations in the platelet transcriptome [35].

CfRNAs and miRNAs are extracted from plasma or serum using phenol-chloroform-
based or column-based kits. Exosomal RNA and protein co-isolation techniques are also
used for profiling miRNAs encapsulated in vesicles, enhancing stability and specificity [67].

6.3. Molecular Detection Techniques

The detection of nucleic acids relies on various platforms:
Quantitative PCR (qPCR) and ddPCR provide high sensitivity for known mutations

or transcripts (e.g., KRAS in PDAC).
NGS allows broad genomic or transcriptomic profiling, enabling identification of

somatic mutations, copy number variations, fusions, and expression changes [33].
Methylation-specific PCR and bisulfite sequencing detect epigenetic alterations in

ctDNA, important for cancer-specific signatures.

6.4. Bioinformatics and Data Interpretation

Raw data from sequencing or PCR are processed using robust bioinformatics pipelines.
Variant calling tools (e.g., GATK, MuTect2) identify somatic mutations from ctDNA. In
transcriptomics, alignment tools (e.g., STAR, HISAT2) and differential expression analysis
(e.g., DESeq2) are employed for TEPs and cfRNAs. Machine learning models are also used
to distinguish cancer-specific signatures from background noise [70].

Databases such as COSMIC and TCGA help contextualize genomic alterations. Inte-
gration of multi-omics data (DNA, RNA, epigenetics) enhances diagnostic and prognostic
power. Cloud-based platforms and AI-driven analytics are becoming central in managing
large datasets generated by liquid biopsy studies.
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6.5. Biological Limitations

Despite the growing promise of liquid biopsy, several biological limitations constrain
its utility in PDAC. One of the most critical challenges is the inherently low abundance of
circulating biomarkers due to the dense stromal architecture and relatively low vascularity
of PDAC tumors. This desmoplastic reaction limits the shedding of ctDNA, CTCs, and exo-
somes into the bloodstream, particularly in early-stage disease, resulting in low sensitivity
for early detection [29,42].

Moreover, the short half-life of ctDNA (~2 h) and the rapid clearance of CTCs by the
immune system or hepatic filtration reduce the window for their detection [38]. Tumor
heterogeneity adds another layer of complexity; spatial and temporal genetic variability
may lead to sampling bias, where detected alterations in liquid biopsies may not fully
represent the primary or metastatic tumor molecular landscape [69]. This can impact the
accuracy of therapeutic decisions based on liquid biopsy results.

Another limitation arises from background noise created by non-tumor-derived cfDNA
released during apoptosis or necrosis of normal cells, particularly in inflammatory or
benign pancreatic conditions such as pancreatitis [33]. Additionally, EMT can reduce the
expression of epithelial markers used to capture CTCs, leading to underestimation of tumor
burden [31,65].

7. Clinical Trials and Ongoing Research
Recent advances in liquid biopsy have significantly impacted the management of

PDAC, offering a minimally invasive approach for diagnosis, prognosis, treatment mon-
itoring, and early detection of recurrence. ctDNA, CTCs, and exosomes are extensively
studied as biomarkers. Numerous clinical trials are ongoing to validate their clinical utility
in different PDAC settings, including resectable, borderline, and metastatic stages [45].
These trials aim to integrate liquid biopsy into standard care by enabling real-time tumor
profiling and response assessment [71]. The table below summarizes key ongoing and
completed clinical trials exploring liquid biopsy in PDAC. Table 2 summarizes clinical trials
in liquid biopsy for PDAC.

Table 2. Summarizes clinical trials in liquid biopsy for PDAC (Status Verified on ClinicalTrials.gov,
accessed 8 October 2025).

Trial Name/Identifier Phase & Design Objective Patient Population Status & Completion

AMPLIFY--201(NCT04853017) Phase I

Evaluate safety & efficacy
of KRAS-targeted vaccine
ELI--002--2P using ctDNA
clearance

Post-surgery PDAC with
KRAS mutation Completed (January 2023)

AMPLIFY--7P(NCT05726864) Phase I/II
Assess ELI--002--2P in
delaying recurrence via
ctDNA monitoring

Post-surgery
RAS-mutated PDAC

Recruiting (April
2023–November 2026)

CASPER(NCT05634931) Observational
cohort

Prognostic assessment of
ctDNA in surgical
resectability & treatment
response

Resectable PDAC Recruiting (December
2022–May 2026)

DYNAMIC--Pancreas
(NCT03899636) Phase II Post-op ctDNA informing

adjuvant chemo decisions Resectable PDAC Completed (November
2023)

PROJECTION (NCT04246203) Observational
Prognostic role of pre-op
ctDNA on disease-free
survival (DFS)

Resectable PDAC Completed (March 2025)

ctDNA Diagnostic (pre-op)
(NCT03524677) Observational

Diagnostic role of ctDNA
(KRAS, CDKN2A, SMAD4,
TP53) pre-op

Non-metastatic PDAC Completed (January 2020)

ctDNA for recurrence surveillance
(NCT02934984) Observational ctDNA for recurrence

surveillance Resectable PDAC Completed (January 2021)
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Table 2. Cont.

Trial Name/Identifier Phase & Design Objective Patient Population Status & Completion

Exosomal RNA Biomarker
(NCT04636788)

Prospective
cohort

Exosomal small RNA
diagnostic biomarker

PDAC & pancreatic
lesions

Completed (November
2022)

PRIMUS--002(NCT04176952) Phase II
non-randomized

Prognostic ctDNA in
neoadjuvant treatment
regimens

Resectable/borderline
PDAC Completed August 2021

ctDNA-based MRD(NCT05479708) Observational

ctDNA as a biomarker for
early detection of MRD
and predicting relapse in
resected PDAC

after PDAC resection Recruiting (August
2024–November 2025)

PLATON(NCT04484636) Observational
multicohort

Targetable mutations via
tissue + liquid biopsy

GI cancer including PDAC
(n ≈ 400)

Completed (December
2024)

Multi-biomarker Screening
(NCT03334708) Observational

Multi-biomarker (ctDNA,
exosome, CTC) screening
& treatment response

GI cancers including
PDAC (n ≈ 700)

Recruiting (October
2017–October 2025)

PANCAID (NCT06283576) Multiple-cohort
diagnostic

AI-driven liquid biopsy
for early detection

Early PDAC, high-risk
populations

Recruiting (May
2024–December 2027)

CIRCPAC (NCT05788744)
Observational
case–control
study

Tumor DNA and Circular
DNA Analysis
in localized PDAC to
Optimize the Pre- and
Post-operative Treatment

Localized PDAC (stage
1–3)

Recruiting (January
2023–January 2030)

LIPAC (NCT05400681) Observational

PLF+ and KRAS ctDNA
for curative surgery and to
study the prognostic
impact in PPAC patients

PDAC pancreatic resection
specimen age > 18 years

Completed (December
2024)

The Role of MicroRNA in the
Diagnosis, Prognosis and
Response to Treatment in
Pancreatic Cancer
(NCT04406831)

Observational

MicroRNA in the
diagnosis, prognosis and
response to treatment in
PDAC

New unresectable
PDAC

Recruiting (April
2015-April 2027)

DNA Promoter Hypermethylation
as a Blood Based Maker for
Pancreatic Cancer
(NCT02079363)

Observational

Cell-free DNA Promoter
Hypermethylation in
Plasma From patients
PDAC.
Diagnostic, prognostic

Patients with chronic
pancreatitis and detecting
patients with
particularly high risk of
developing pancreatic
cancer.

Completed (January 2018)

8. Future Directions in Liquid Biopsy for Pancreatic Cancer
Recent advances in liquid biopsy have significantly impacted the diagnostic and

therapeutic landscape of PDAC, a malignancy notorious for late presentation and limited
therapeutic options. Although current applications center around ctDNA, exosomes,
and CTCs, future advances aim to go beyond single-analyte tests and into the realm of
multianalyte, multi-omics, and artificial intelligence (AI)-driven predictive modeling.

8.1. Multianalyte and Multi-Omics Liquid Biopsy Platforms

One of the major future directions involves combining multiple analytes (ctDNA,
CTCs, exosomes, miRNAs, cfRNA, and TEPs) to enhance sensitivity and specificity. This
multianalyte approach seeks to overcome the limitations of single biomarkers, particularly
in early-stage PDAC where ctDNA yield may be low due to limited tumor shedding [71].

Multi-omics approaches integrate genomic, epigenomic, transcriptomic, proteomic,
and metabolomic data from liquid biopsy components. For example, methylation profiling
of cfDNA has shown promise in detecting early-stage PDAC with higher accuracy than
mutation-based panels alone [72]. Combining DNA methylation signatures with KRAS
mutation detection and exosomal RNA content may yield more robust classifiers.

Moreover, TEPs, which are altered in RNA profiles by tumor-secreted factors, have
emerged as novel liquid biopsy tools capable of providing information about the tumor
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transcriptome [35]. Their use, combined with ctDNA and exosomal profiling, is under
exploration for early diagnosis and treatment response.

An example of this direction is the CancerSEEK test, which combines mutations,
protein biomarkers, and machines learning to detect multiple cancer types, including PDAC,
with high specificity [42]. While not yet clinically adopted for PDAC, such multianalyte
strategy will likely become the cornerstone for early detection.

8.2. Artificial Intelligence and Predictive Modeling

The molecular complexity and heterogeneity of PDAC necessitate AI-driven inte-
gration of liquid biopsy data. Machine learning algorithms are increasingly applied to
large-scale, multidimensional datasets to identify novel biomarker signatures and predict
treatment response or disease progression.

AI models can synthesize inputs from multiple platform mutational profiles, fragmen-
tomics (cfDNA fragment sizes), methylation landscapes, and exosomal miRNA panels—
into comprehensive predictive tools. For example, convolutional neural networks (CNNs)
and support vector machines (SVMs) have demonstrated efficacy in classifying PDAC from
healthy controls based on exosomal protein and RNA patterns [68].

Fragmentomics, the analysis of cfDNA fragment length and nucleosome footprinting,
is also showing promise. Combined with deep learning, these features may differentiate
tumor-derived cfDNA from normal cfDNA with high precision [73].

Furthermore, AI enables longitudinal modeling, allowing the prediction of relapse,
treatment resistance, and survival. One study developed a Bayesian predictive model
incorporating serial ctDNA levels to anticipate recurrence months before radiological
evidence [74].

Projects such as the PANCAID study (NCT06283576) are actively exploring AI-
integrated platforms using multimodal data—including ctDNA, imaging, and clinical
metadata—for early detection and risk stratification.

8.3. Minimal Residual Disease (MRD) and Personalized Surveillance

The future of post-surgical management in PDAC will likely include MRD detection
using ultra-sensitive ctDNA methods, such as personalized digital PCR or whole-genome
sequencing-based assays. These technologies aim to detect minute traces of ctDNA after
curative-intent surgery, predicting recurrence before clinical symptoms or imaging changes
emerge [41].

By incorporating AI, MRD assays can dynamically adjust surveillance strategies,
recommending imaging, adjuvant therapy adjustments, or enrollment in early-intervention
trials based on predicted relapse risk.

8.4. Integration into Precision Oncology and Adaptive Trials

Liquid biopsy will increasingly support adaptive clinical trial designs, allowing for
real-time therapeutic stratification based on evolving molecular profiles. Platforms like
the AMPLIFY-7P trial (NCT05726864) use ctDNA dynamics to guide immunotherapy
administration, marking a shift toward response-adaptive designs.

In future models, AI-enhanced liquid biopsy will allow for not just static genetic
snapshots, but dynamic monitoring of tumor evolution, clonal shifts, and emergence of
resistance mutations—guiding rational therapy modifications.

8.5. Knowledge Gaps and Limitations

Despite substantial progress, critical knowledge gaps continue to impede the full
clinical integration of liquid biopsy in PDAC. Current technologies remain insufficiently
sensitive for early detection, reflecting the biological heterogeneity of PDAC and its char-
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acteristically low levels of tumor-derived analytes. Standardization across pre-analytical
workflows, analytical platforms, and reporting criteria is urgently needed to ensure re-
producibility and cross-study comparability. Furthermore, the biological interpretation of
molecular alterations—particularly in distinguishing tumor-specific variants from clonal
hematopoiesis—remains incompletely resolved.

8.6. Future Directions

Prospective, large-scale trials are required to validate predictive and prognostic
biomarkers and to define clinically actionable thresholds. Integration of multi-omic pro-
filing, artificial intelligence–driven analytics, and longitudinal monitoring represents a
promising frontier for real-time disease stratification. Finally, the path toward clinical
adoption demands parallel progress in regulatory clarity, cost-effectiveness analysis, and
ethical oversight to ensure equitable and evidence-based implementation.

9. Conclusions
PDAC remains one of the most lethal human malignancies due to its late presentation,

aggressive biology, and limited therapeutic options. Liquid biopsy has emerged as a
transformative tool with wide-ranging clinical applications in this disease—from early
detection and prognostication to therapy selection, resistance monitoring, and surveillance
of minimal residual disease.

While significant challenges remain—particularly in standardization, sensitivity in
early-stage disease, and integration into routine clinical practice—the future of liquid biopsy
in PDAC is promising. The continued evolution of technology, multianalyte integration,
and AI-based interpretation may ultimately position liquid biopsy as a cornerstone in the
personalized management of PDAC.
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