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Simple Summary

Breast cancer (BC) is one of the most common cancers worldwide, and early diagnosis is
essential for improving patient outcomes. Current screening methods, such as mammogra-
phy, have significantly improved early detection but still have limitations, particularly in
women with dense breast tissue. In addition, traditional tissue biopsies are invasive and
are not well suited for longitudinal disease monitoring. Liquid biopsy (LB) is a promising
blood-based approach that detects material released by tumors into the bloodstream, of-
fering a minimally invasive alternative for cancer detection and monitoring. This review
summarizes the most important LB biomarkers being investigated for the early detection of
BC, including circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), extracellular
vesicles (EVs), and other blood-based markers. Major biological and technical barriers con-
tinue to restrict clinical translation, while emerging analytical and technological advances
may improve the sensitivity, specificity, and overall robustness of early BC detection.

Abstract

Background/Objectives: Breast cancer (BC) remains the most frequently diagnosed malig-
nancy among women worldwide, and patient outcome is strongly influenced by disease
stage at diagnosis. Although imaging-based screening has improved early detection, its
performance may be reduced in dense breast tissue and is associated with false-positive
findings. In addition, tissue biopsy is invasive and unsuitable for longitudinal disease mon-
itoring. Liquid biopsy (LB) has emerged as a minimally invasive approach for detecting
tumor-derived material in peripheral blood. However, early-stage tumors typically exhibit
low tumor burden and limited biomarker shedding, generating weak systemic signals that
challenge reliable detection. This review examines current and emerging LB biomarkers for
early BC detection. Methods: A comprehensive review of recent literature was conducted
focusing on circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), extracellular
vesicles (EVs), circulating RNAs, proteins, and other blood-based biomarkers associated
with early BC. Studies addressing biomarker biology, detection technologies, clinical ap-
plications, and methodological limitations were critically evaluated. Results: ctDNA,
CTCs, EVs, circulating RNAs, proteins, and additional blood-based biomarkers capture
distinct aspects of tumor biology and disease evolution. ctDNA enables the analysis
of tumor-specific mutations, methylation patterns, and fragmentation profiles, whereas
CTCs provide direct cellular and phenotypic information despite their rarity and marked
epithelial–mesenchymal plasticity. EVs offer increased molecular stability and actively
participate in tumor progression, immune modulation, and metastatic niche formation.
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Nevertheless, low biomarker abundance, biological heterogeneity, technical variability, and
background biological noise continue to limit analytical performance, particularly in early-
stage disease. Current evidence further suggests that no single biomarker consistently pro-
vides sufficient sensitivity and specificity for reliable early BC detection. Conclusions: LB
represents a promising strategy for non-invasive early BC detection. Future clinical im-
plementation will likely depend on integrated multi-analyte approaches that combine
complementary genomic, transcriptomic, proteomic, and cellular information, supported
by multi-omics technologies and artificial intelligence-based analytical frameworks.

Keywords: breast cancer; liquid biopsy; early detection; tumor microenvironment; circu-
lating tumor DNA (ctDNA); circulating tumor cells (CTCs); extracellular vesicles (EVs);
circulating biomarkers; tumor heterogeneity; multi-omics

1. Introduction
Breast cancer (BC) remains the most frequently diagnosed malignancy among women

worldwide and one of the leading causes of cancer-related mortality [1]. In 2022, approxi-
mately 2.3 million new cases were reported globally, and current projections suggest that
the incidence will continue to rise substantially over the coming decades [2]. Importantly,
clinical outcome is strongly determined by the stage at diagnosis. While patients with
localized disease achieve excellent long-term survival, prognosis deteriorates consider-
ably following regional or distant dissemination [3]. Consequently, detecting BC at its
earliest clinically actionable stage remains one of the most effective strategies for reducing
disease-associated mortality and improving patient outcomes [4].

Population-based mammographic screening has significantly contributed to earlier
diagnosis and declining mortality rates in many countries. However, current imaging
modalities remain imperfect, particularly in the setting of early disease detection [5].
Mammographic sensitivity is reduced in women with dense breast tissue, small lesions
may escape radiological detection, and false-positive findings frequently lead to unnec-
essary investigations and patient anxiety [6,7]. Furthermore, concerns regarding over-
diagnosis continue to fuel debate regarding the optimal implementation of screening
programs. Collectively, these limitations highlight the need for complementary diagnostic
approaches that detect tumor-associated alterations before they become visible through
conventional imaging [8].

Tissue biopsy remains the gold standard for BC diagnosis and molecular characteriza-
tion, providing essential information regarding tumor subtype, receptor status, grade, and
therapeutic targets [9]. Nevertheless, this approach is invasive and provides information
from only a single time point of disease evolution. BC exhibits substantial spatial and tem-
poral heterogeneity, driven by the continuous evolution of genetically and phenotypically
distinct cellular populations [10]. Consequently, a single tissue specimen may fail to capture
the full molecular complexity of the tumor, particularly as selective pressures imposed
by the microenvironment and therapeutic interventions reshape tumor composition over
time. In addition, repeated tissue sampling is often impractical, limiting its utility for
longitudinal disease monitoring [11].

Because of these limitations, there has been growing interest in minimally invasive ap-
proaches that enable longitudinal molecular monitoring of disease evolution. Among them,
liquid biopsy (LB) has emerged as a non-invasive strategy that analyzes tumor-derived
material released into biological fluids, most commonly peripheral blood, to provide insight
into the molecular characteristics of cancer [12,13]. A wide range of circulating biomarkers
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can be detected through LB, including circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), extracellular vesicles (EVs), circulating RNAs, proteins, metabolites, and
other analytes collectively provide insights into the biological state of the tumor [14,15].
Unlike conventional tissue biopsy, which reflects a single site and time point, LB enables
repeated sampling over the course of disease, thereby facilitating longitudinal assessment
of tumor-associated changes and disease evolution [14].

The LB landscape encompasses a diverse spectrum of biomarkers that differ consid-
erably in their biological origin, abundance, stability, and clinical relevance [16]. CTCs
provide direct evidence of tumor cell dissemination, ctDNA enables the detection of tumor-
specific genetic and epigenetic alterations, and EVs serve as active mediators of intercellular
communication through the transfer of proteins, lipids, and nucleic acids [17,18]. Other cir-
culating analytes, including non-coding RNAs, proteins, metabolites, and immune-derived
biomarkers, may capture additional dimensions of tumor biology as well as host responses
to malignant transformation [19]. Together, these biomarkers provide complementary in-
formation and support the development of multi-analyte approaches for BC detection [18].
Increasingly, these approaches are being combined with multi-omic profiling strategies
to capture the complex biological interactions that underpin early tumor development
and progression [15].

Beyond its minimally invasive nature, LB offers a unique opportunity to address one
of the central challenges in BC management: tumor heterogeneity [9,14]. Unlike localized
tissue sampling, circulating biomarkers may originate from multiple tumor regions and cel-
lular subpopulations, potentially providing a broader representation of disease biology [20].
This capability has generated considerable interest in the application of LB across a wide
range of clinical settings, including early detection, disease monitoring, minimal residual
disease assessment, prognostication, and therapeutic response evaluation [14].

Despite remarkable technological progress, the application of LB to early BC detection
remains particularly challenging. Although technological limitations remain important,
the main obstacle to early BC detection appears to be biological in nature [12,21]. Early-
stage tumors are characterized by limited tumor mass, restricted vascular interaction, and
comparatively low rates of biomarker release into the circulation [22]. As a result, tumor-
derived analytes are often present at extremely low concentrations, frequently approaching
the limits of analytical detection. Thus, the difficulty of identifying early disease reflects not
only technological limitations, but also the inherently weak biological signals generated by
incipient tumors [23].

Early-stage BCs may therefore be regarded as biologically silent systems that leave only
a minimal systemic footprint [24]. Prior to extensive angiogenesis, tissue remodeling, and
metastatic dissemination, communication between the developing tumor and the systemic
circulation remains relatively limited [9,15]. As a result, tumor-derived biomarkers are
frequently present at very low concentrations and are difficult to distinguish from normal
circulating components. Under these conditions, distinguishing genuine tumor-associated
signals from physiological background noise becomes exceptionally difficult [25]. This
unfavorable signal-to-noise ratio represents one of the principal barriers to the successful
implementation of LB-based screening strategies and may partly explain the variable
performance reported across different biomarker classes [23].

Recent advances in high-sensitivity sequencing technologies, digital nucleic acid anal-
ysis, single-cell platforms, and multi-omic profiling have substantially expanded the ability
to detect rare circulating biomarkers [15]. These developments have accelerated biomarker
discovery and broadened the scope of LB research in BC [9]. Nevertheless, analytical
sensitivity alone is unlikely to overcome the challenges associated with early disease detec-
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tion. Equally important is a deeper understanding of the biological processes that govern
biomarker generation, release, transport, and persistence within the circulation [25,26].

Importantly, circulating biomarkers should not be considered passive by-products
of tumor growth. Their abundance and composition are shaped by complex interactions
among tumor cells, stromal populations, vascular networks, immune cells, and the broader
tumor microenvironment (TME) [14,27,28]. Processes such as cell death, active secretion,
intravasation, early dissemination, and tumor dormancy collectively influence the quantity
and characteristics of tumor-derived material entering the circulation [9,29]. Consequently,
the detectability of circulating biomarkers is intrinsically linked to tumor biology, reflecting
the complex mechanisms that govern tumor shedding and systemic signal generation.

In this context, the present review examines current and emerging LB biomarkers
for the non-invasive detection of early BC. Particular emphasis is placed on the biological
mechanisms governing tumor shedding, the potential of circulating biomarkers to capture
early tumor-associated signals, and the technological and clinical barriers that continue to
hinder their translation into routine clinical practice. This study highlights current evidence
regarding liquid biopsy biomarkers in early BC and discusses the biological and clinical
challenges that may influence their future application.

2. Biology of Early Tumor Shedding
The origin of circulating biomarkers in early BC is directly linked to the biological

processes driving the release of tumor-derived material into the circulation [30]. The
primary source of cell-free DNA (cfDNA) is apoptosis, a highly controlled and programmed
form of cell death. This is evidenced by the distinct size spread of cfDNA fragments in the
blood, which typically centers around 167 base pairs, a characteristic molecular pattern
pointing directly to an apoptotic origin [31].

In contrast, as early tumors grow, some cells undergo necrosis. Unlike apoptosis,
the disorganized form of cell death involves an unregulated and random breakdown of
the cell’s genetic material, releasing much larger and highly variable DNA fragments
into the circulation [32]. Because necrosis lacks enzymatic control, the cell membrane
simply breaks in, spilling massive DNA strands, directly into the surrounding tissue and
bloodstream [33]. Importantly, elevated levels of circulating genetic material may reflect
not only enhanced release from dying tumor cells but also inefficient clearance of ctDNA by
phagocytic cells [14]. Furthermore, biomarker shedding is also driven by active biological
processes that contribute to the release of tumor-derived material into circulation. Active
secretion is also a major contributor. Beyond freely circulating cfDNA, genetic material can
be released into the circulation linked to or encapsuled within EVs released by cells [31].
These vesicles provide a crucial bilayer that protects the encapsuled biological cargo from
rapid enzymatic degradation, thereby increasing their stability and circulating half-life of
these molecular markers within the bloodstream [33,34].

The entry of tumor-derived material into the circulation further depends on the ability
of tumors to access the vascular network. Intravasation serves as the definitive biological
getaway that regulates the active and passive translocation of both viable malignant cells
and tumor-derived biomarkers from the primary tumor into the systemic circulation [35,36].
The transition of these markers from the local tissue into the bloodstream is heavily depen-
dent on the local vasculature [36]. In the early stages of BC, the growing tumor requires
an increased blood supply and initiates angiogenesis, the formation of new blood vessels.
However, these blood vessels are not structurally normal because unlike healthy vascu-
lature, they are poorly organized and lack tight connections between their endothelial
cells [37]. As a result, the local microvasculature becomes highly permeable, making a leaky
network. The physical barrier facilitates the escape of cfDNA, exosomes and intact tumor
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cells through the endothelial cells straight into the bloodstream [36]. Moreover, these intact
tumor cells must undergo some specific morphological changes to actively get into these
blood vessels and spread as CTCs [14]. A major biological challenge in diagnosing early
BC is the fact of early dissemination. In opposition to the basic progression model, which
prescribes that tumor spread happens only in advanced stages, accumulating evidence in-
dicates a parallel progression model [38]. In this condition, BC cells can actively disconnect
from the primary area and disseminate into circulation, before the primary tumor becomes
clinically or radiologically detectable. This early cellular spread creates the state of minimal
residual disease (MRD), where micrometastases secretly seed distant organs but remain
temporarily inactive [39].

Once these early circulating cells successfully extravasate into distant organs, they tran-
sition into disseminated tumor cells (DTCs) and reside in a prolonged dormant state [35].
The biological consequences of this early cellular spread are critical for long-term clinical
outcomes. These hidden DTCs form a persistent cellular reservoir that can evade immune
surveillance and remain clinically silent for decades within specialized niches like the
bone marrow [40]. Crucially, these early-disseminating cells frequently share a close clonal
relationship with subsequent lethal metastases, directly implicating early DTCs as the true
evolutionary precursors of disease relapse [35].

Following early dissemination, the detached tumor cells that survive in distant or-
gans often enter a extended state of dormancy [38]. During this phase, these cells do not
actively multiply. This balance between proliferation and apoptosis allows them to evade
conventional cancer therapies, that typically target rapidly separating cells and keep them
clinically silent for years [35,39]. In BC, this latency is extremely prevalent, as approxi-
mately 20% to 45% of patients eventually experience metastatic relapses, years after their
treatment [41]. The localized biological dormancy directly underlies why early tumors
fail to generate detectable systemic signals. Because DTCs remain in non-proliferative
state and maintain a strict equilibrium between cell division and low-level apoptosis,
they do not expand their biomass [40]. As a result, the active release of cellular break-
down products or genomic material into the circulation is minimized (Figure 1). During
these early stages of disease progression, the total systemic biomarker burden remain
restricted, preventing the generation of signals robust enough to overcome physiological
clearance mechanisms [35,42].

The restriction of biomarker shedding is fundamentally regulated by the TME and
specific tumor-immune interactions [42].Within anatomical reservoirs like the bone marrow
perivascular niche, DTCs depend on microenvironmental signals from endothelial and
stromal cells to maintain their inactive state [41]. At the same time, active immune surveil-
lance plays a decisive role in controlling this latent population [42]. This tight bidirectional
crosstalk between the dormant cells and the immune microenvironment suppresses active
cell turnover and tissue remodeling [35]. Thus, although biological shedding begins early
during tumor development, the limited tumor burden, restricted vascular access, dor-
mancy of disseminated cells, and efficient physiological clearance mechanisms collectively
contribute to the low abundance of circulating biomarkers in early-stage BC (Figure 1).
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Figure 1. “Biological determinants of low biomarker shedding in early-stage breast cancer”. Schematic
representation of the biological mechanisms contributing to the limited release of tumor-derived
material into the circulation during early-stage breast cancer (BC). Small tumor burden, restricted
vascularization, limited apoptosis and necrosis, reduced extracellular vesicles (EVs) secretion, cellular
dormancy, and constrained tumor dissemination collectively decrease the systemic shedding of
tumor-associated biomarkers. As a result, circulating tumor-derived signals, including ctDNA,
CTCs, EVs, and other blood-based biomarkers, remain scarce, creating substantial challenges for the
sensitive detection of early-stage disease through liquid biopsy (LB) approaches.

3. Circulating Tumor Cells (CTCs)
3.1. Biological Role and Metastatic Potential of CTCs

CTCs are cancer cells that detach from the primary tumor and circulate throughout
the body via blood or lymphatic vessels [43,44]. Evidence indicates that thousands of
cells are released from tumors into the circulation every day, most of them undergoing
immediate apoptosis, with a survival time of about 1–2.5 h [45]. CTCs present one of
the main causes of metastasis, as they are able to adhere to endothelial membranes of
distant organs, after undergoing epithelial–mesenchymal transition (EMT), and there, form
secondary tumors [46].

Traditionally, EMT is known to drive metastasis by downregulating epithelial markers
and upregulating mesenchymal markers [47]. This loss of cell adhesion allows cancer
cells to detach from the primary tumor and enter the bloodstream, a process further aided
by the high expression of proteases and integrins [14]. Moreover, EMT induces stem cell
characteristics, enabling asymmetric division where one cell retains self-renewal properties
(cancer stem cells, CSCs) while the other forms the tumor mass [48]. However, contrary to
the long-standing belief that complete EMT drives metastasis, emerging evidence shows
that metastases are rarely initiated by exclusively mesenchymal CTCs. Instead, CTCs
exhibiting a hybrid/intermediate epithelial/mesenchymal (E/M) phenotype possess en-
hanced phenotypic plasticity and CSC-like properties, rendering them uniquely capable of
successfully colonizing distant metastatic sites [49,50].

The metastatic potential and survival of CTCs depend heavily on their EMT pheno-
type. While epithelial CTCs struggle to extravasate, due to the expression of epithelial
markers, fully mesenchymal CTCs are highly migratory but vulnerable to fluid shear stress
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and lack the proliferative capacity to colonize secondary sites [51]. Crucially, hybrid epithe-
lial/mesenchymal (E/M) CTCs exhibit the highest metastatic efficiency, as they frequently
travel as multi-cellular clusters, resulting in a dramatically higher survival compared to
single cells [52,53]. Thus, the phenotypic spectrum of CTCs directly dictates their fate in
the bloodstream and their success in establishing metastases.

Translating these biological insights into clinical practice remains a great challenge,
particularly in early-stage BC, where CTCs are found in extremely low concentrations.
Unlike metastatic settings, CTCs in early BC are exceedingly rare, with as few as one
single cell potentially present amidst millions of leukocytes and billions of erythrocytes
per milliliter of blood [39]. This extreme scarcity, combined with the down-regulation
of classical epithelial markers during partial EMT, demands the development of new-
generation isolation technologies with significant sensitivity to avoid false-negative results
and CTC misclassification [54].

CTC counts have been recognized as independent diagnostic and prognostic indicators
in several malignancies, including BC [55,56]. In particular, in metastatic BC, the detection
of five or more CTCs per 7.5 mL of blood has been consistently associated with shorter
progression-free survival, reduced overall survival, and increased mortality risk [57–59].
Given their strong clinical relevance, CTCs have attracted considerable scientific interest
since their first description by the Australian pathologist Thomas Ashworth in 1869 [60,61].
Since then, extensive research efforts have focused on developing reliable methods for their
detection, isolation, and molecular characterization. However, despite their established
clinical significance, the accurate identification of CTCs remains technically challenging
because of their extreme rarity in the circulation, typically ranging from 1 to 10 cells
per mL of blood [9,62]. Consequently, a variety of enrichment and isolation strategies
have been developed to improve their recovery and enable downstream phenotypic and
molecular analyses.

3.2. CTC Isolation and Detection Technologies

With a diameter typically ranging from 16 to 20 µm, CTCs are significantly larger than
red blood cells (~8 µm) and white blood cells (~8–14 µm). This distinct size differential
is widely exploited to isolate them from peripheral blood [44].Regarding the filtration
devices for CTC isolation, they vary significantly in pore size, material, and architecture.
Following isolation, captured cells can be either visualized on glass slides or processed for
downstream molecular analysis [44]. However, these size-based methods often suffer from
limited purity compared to functional assays, as they fail to fully account for the inherent
heterogeneity of CTCs [60].

Given that most cancers arise from epithelial tissues, the initial strategy for CTC
isolation relied on targeting epithelial antigens. Among these, the epithelial cell adhe-
sion molecule (EpCAM) quickly became the gold standard for CTC identification in the
bloodstream [63]. EpCAM is a transmembrane glycoprotein expressed in both healthy
epithelial tissues and epithelial cancer cells [64]. It is essential for cancer cell adhesion,
proliferation, migration, and EMT. Its positive correlation with Ki67 makes it a valuable
prognostic marker [65]. While highly expressed in various carcinomas, including breast,
colon, and prostate, its presence is limited in melanomas, lymphomas, and sarcomas [64].

The CellSearch system is the only FDA-approved platform for EpCAM-based CTC en-
richment, employing anti-EpCAM-coated magnetic nanoparticles for positive selection [49].
While highly effective in metastatic settings, its reliance on epithelial markers limits its
sensitivity for detecting CTCs undergoing EMT. Other systems, like the magnetic-activated
cell sorting system (MACS) enable the enrichment of CTCs by labeling them with antibody-
coated magnetic MicroBeads, achieving sensitivity as high as 1 cell per 107 blood cells [62].
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Although EpCAM-based isolation is efficient for many epithelial cancers, its reliability is
limited by the phenotypic plasticity of CTCs. During EMT, CTCs frequently downregulate
epithelial markers like EpCAM and E-cadherin [66]. Partial EMT and hybrid (E/M) pheno-
types further hinder the classification of CTCs, making EpCAM an unreliable marker for
their isolation [67].Taken together, these drawbacks emphasize the limitations of EpCAM
for CTC capture, underscoring the necessity for alternative approaches. To address this
limitations, other methods have integrated alternative tumor-specific markers, including
EGFR, HER2, folic acid receptors (FRs) and recombinant VAR2CSA (rVAR2) [68–70].

Functional assays exploit the biological traits of viable CTCs to address intratumoral
heterogeneity, though they frequently struggle with suboptimal purity compared to other
enrichment techniques. A prominent example is the Epithelial Immunospot (EPISPOT)
assay, an adaptation of the enzyme-linked immunospot technology, designed to iden-
tify viable CTCs via the highly sensitive immunocapture of secreted, shed, or released
proteins during brief ex vivo incubation [71]. Similarly, the collagen adhesion matrix
(CAM) assay serves as a functional separation tool to isolate highly aggressive CTCs for
molecular characterization [44,72].

Microfluidics has emerged as a novel effective technology that enables fluid manip-
ulation at the microscale. It allows for continuous sample processing that minimizes
target cell loss and can capture CTCs through different methods, including epithelial
antigen targeting and the exploitation of cellular physical or electrical properties [73].
CTC-chip is a microfluidic that employs antibody-coated microposts to isolate EpCAM-
positive CTCs [44]. Over the past decade and a half, many similar platforms have been
developed [60,74–77]. Although microdevices present a highly promising approach for
CTC isolation and enrichment, they are still hindered by significant challenges, particularly
regarding suboptimal sample purity and the aforementioned limitations associated with
the use of EpCAM antibodies.

Following CTC enrichment and isolation, a range of analytical approaches are em-
ployed for their detection, enumeration, and molecular characterization [78]. Immunocyto-
chemistry (ICC) and flow cytometry are cornerstone visual and quantitative techniques
for CTC analysis. ICC utilizes fluorescent monoclonal antibodies with automated imaging
for CTC visualization, whereas flow cytometry allows rapid quantification of surface and
intracellular antigens, providing high-throughput profiling [79,80]. In BC management,
these methods are critical for assessing tumor heterogeneity and molecular profiling [81].
Moreover, flow cytometry has been instrumental in characterizing BC-derived CTC clusters,
which, despite their rarity, are strongly linked to increased metastatic efficiency and poor
clinical outcomes [82]. Modern optical detection predominantly relies on image-based
cytometry platforms, most notably automated digital microscopy (ADM) and fiber-optic
array scanning technology (FAST), which execute automated visual analysis of ICC la-
beled tumor populations [83]. To circumvent these limitations, FAST was introduced as
a high-velocity alternative, offering equivalent diagnostic sensitivity and superior speci-
ficity while accelerating the scanning rate [83]. The major approaches currently used for
CTC enrichment, isolation, and downstream characterization are summarized in Figure 2.

In conclusion, CTCs serve as a potent, non-invasive biomarker for real-time monitor-
ing of tumor evolution and metastatic progression. While they offer a unique window into
BC biology, their clinical translation, especially in early-stage disease, remains hindered by
extreme cell rarity, phenotypic plasticity, and methodological heterogeneity. Bridging this
gap requires the integration of label-independent enrichment technologies with compre-
hensive, multi-marker detection strategies. Such advancements are crucial to capturing the
full spectrum of CTC plasticity and standardizing their application in clinical practice.
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Figure 2. “Overview of CTC isolation methodologies”. Dissemination of circulating tumor cells
(CTCs) from the primary tumor into the bloodstream and subsequent capture via liquid biopsy
(LB). Enrichment strategies are classified into four key categories: Physical properties (e.g., filtration,
dielectrophoresis, centrifugation), Immunological capture (e.g., EpCAM-based enrichment, MACS),
Functional assays (e.g., EPISPOT, CAM assay), and Microfluidic platforms (e.g., CTC-chip).

4. Circulating Tumor DNA (ctDNA)
CtDNA is considered a subset of cfDNA that consists of single- or double-stranded

DNA fragments released from tumor cells, either in primary, or in metastatic sites [84].
These fragments can be detected in peripheral blood, including in some patients with
early-stage disease, making ctDNA a promising biomarker for disease monitoring, prog-
nostic assessment, and treatment guidance. Moreover, ctDNA contributes in the assess-
ment of post-surgical MRD [85]. Unlike traditional screening methods, ctDNA provides
a dynamic, real-time reflection of the disease, offering more precise guidance for BC diag-
nosis and treatment.

Similarly to cfDNA, ctDNA enters the bloodstream through two main processes:
passive release from dying or injured cells (such as those undergoing apoptosis, pyroptosis,
necrosis or autophagy) and active secretion by living cells [86,87]. In cancer patients, the
total cfDNA pool is a mixture of DNA from healthy cells and malignant cells from the
TME [87]. ctDNA specifically refers to tumor-derived DNA released from malignant cells
and, to a lesser extent, other cellular components of the TME [86,88]. Additionally, CTCs
and exosomes act as key sources of ctDNA, as they are shed by the primary tumor or
metastatic sites into the bloodstream [43,89,90].

Although ctDNA is part of the total cfDNA pool, it is unique because it is found only
in cancer patients. Unlike normal cfDNA, that primarily originates from the apoptosis of
hematopoietic cells, ctDNA carries tumor-specific markers, such as genetic mutations and
abnormal methylation, which help identify malignant cells [91,92]. There are also structural
differences between these DNA fragments, especially regarding their size. cfDNA from
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apoptotic cells often appears in lengths of about 166 bp (the size of a nucleosome), or longer,
while tumor-derived ctDNA is frequently highly fragmented, often measuring less than
100 bp [85]. Fragmentation patterns may also be used in order to differentiate ctDNA from
cfDNA [93–95]. In terms of quantity, studies on various cancers, including BC, show that
cfDNA levels in patients is 3 to 30 times higher than in healthy individuals, with the highest
levels found in metastatic disease [85]. ctDNA usually makes up only a small fraction of
the total cfDNA, despite the fact that tumor growth and cell death lead to the release of
a great amount of DNA [39]. The amount of ctDNA in the blood, though, is directly related
to tumor burden. This fraction varies significantly depending on the stage of the disease:
it typically represents less than 1% of total cfDNA in early-stage cancers, but can rise to
over 90% in advanced, late-stage disease [96]. All the above suggest that ctDNA detection
greatly contributes to the assessment of disease progression and prognosis. The biological
origins of cfDNA and ctDNA, together with the principal analytical approaches currently
used for ctDNA detection, are summarized in Figure 3.

 

Figure 3. “Biological origin of cfDNA and ctDNA and current approaches for ctDNA detection”.
Release of cfDNA via cellular processes (apoptosis, necrosis, autophagy) and distinction between
healthy-derived cfDNA and tumor-derived ctDNA from the tumor microenvironment (TME). Analyt-
ical approaches, including Digital PCR and Next-Generation Sequencing (NGS), are then employed
to identify tumor-specific genomic alterations.

Nowadays, ctDNA detection is mainly performed with precise and diverse technolo-
gies, such as digital PCR (dPCR) and next-generation sequencing (NGS) among others [97].
dPCR represents a transformative advancement in molecular diagnostics, facilitating the
absolute quantification of nucleic acids through single-molecule amplification [98]. The
technology is primarily categorized into Droplet Digital PCR (ddPCR) and Chip-based
Digital PCR (cdPCR), with the former currently serving as the industry standard for LB
applications [99,100]. The ‘digital’ nomenclature arises from the system’s binary readout,
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where the reaction mixture is partitioned into thousands of isolated micro-reactors; each
unit serves as an independent assay, providing a ‘positive’ or ‘negative’ signal that enables
absolute quantification [101]. Well known commonly mutated genes in BC, such as PIK3CA
and ESR1 have been targeted by dPCR, offering valuable information regarding patient
survival and treatment outcomes [102].

Recent advancements in NGS have expanded the landscape of non-invasive molecular
profiling, enabling the comprehensive detection of genomic alterations without the require-
ment for prior tumor-tissue knowledge [96]. By facilitating the simultaneous interrogation
of multiple patient-specific genomic aberrations, these NGS-based frameworks provide
a high-resolution view of tumor evolution [103]. Such depth of analysis is particularly vital
for the clinical management of heterogeneous malignancies characterized by profound
genomic instability, where traditional diagnostic approaches may fail to capture the full
spectrum of clonal complexity.

Beyond traditional mutation detection, DNA methylation and cfDNA fragmentomics
have emerged as powerful pillars of LB. DNA methylation, often analyzed via bisul-
fite conversion or increasingly popular bisulfite-free and immunoprecipitation-based
techniques (e.g., MeDIP-Seq), provides stable biomarkers for longitudinal monitoring
and tissue-of-origin identification [104–106]. Concurrently, cfDNA fragmentomics offers
a non-invasive window into tumor biology by exploiting the characteristic shortening of
tumor-derived DNA fragments (<160 bp) and altered fragmentation patterns to enhance
diagnostic accuracy [107–110].

ctDNA analysis has become a cornerstone of personalized BC management, enabling
real-time monitoring of therapeutic response and the identification of actionable mutations,
such as PIK3CA and ESR1, to guide targeted interventions [111–113]. Its clinical utility
is particularly profound in the detection of MRD, often identifying recurrence months
before clinical or radiological evidence appears [114,115]. Supported by ASCO guide-
lines and FDA-approved companion diagnostics, ctDNA is transforming clinical practice
by facilitating early adaptation of treatment strategies, overcoming drug resistance, and
ultimately improving patient outcomes. Despite these challenges, ctDNA remains one
of the most promising LB analytes for early-stage BC [116]. Tumor-specific mutations,
methylation signatures, and fragmentation patterns may be detectable before clinical re-
lapse becomes evident, providing opportunities for earlier intervention and more accurate
risk stratification [22]. However, the low ctDNA fraction typically observed in early-stage
disease continues to represent a major obstacle to widespread clinical implementation.

The clinical utility of ctDNA assays is highly dependent on the specific clinical context
in which they are applied. Currently, the strongest evidence supports their use for molecular
profiling, identification of actionable genomic alterations, detection of MRD, longitudinal
monitoring of treatment response, and early identification of resistance-associated muta-
tions that enable timely therapeutic adaptation [117]. In these settings, ctDNA provides
clinically actionable information that complements conventional diagnostic approaches
and has already been incorporated into selected areas of oncology practice [118,119]. Recent
clinical evidence further illustrates this transition from a promising biomarker to a clini-
cally actionable tool. Notably, the SERENA-6 trial demonstrated that longitudinal ctDNA
monitoring could identify emerging ESR1 mutations before radiological progression in
patients with metastatic HR-positive BC, enabling ctDNA-guided treatment switching to
camizestrant and significantly delaying disease progression [118].

Beyond treatment guidance, ctDNA-based technologies are also being explored for
population-level early cancer detection through Multi-Cancer Early Detection (MCED)
assays [120]. The recently reported NHS-Galleri trial (NCT05611632) represents a major
milestone in this field [121]. Although the study did not fully meet its primary endpoint,
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it demonstrated evidence of a favorable stage shift, with fewer stage IV cancers and
a greater proportion of cancers detected at stages I and II, highlighting the potential of
MCED technologies to improve earlier cancer diagnosis while emphasizing the need for
further optimization and validation [120,121].

Despite these encouraging developments, ctDNA should not currently be considered
a stand-alone screening modality or a replacement for tissue biopsy and conventional
imaging [122]. In early-stage BC, tumors often release only minute quantities of ctDNA into
the circulation, limiting analytical sensitivity despite continuous technological advances.
Moreover, biological variability, the lack of standardized pre-analytical and analytical
workflows, and unresolved cost-effectiveness issues continue to restrict routine clinical
implementation [121]. Consequently, current evidence supports the selective use of ctDNA
assays when the results are expected to directly influence patient management, whereas
broader implementation for population-based screening and early cancer detection should
await further prospective multicenter studies demonstrating both clinical utility and cost-
effectiveness [117,121].

The limitations underlying these restricted clinical applications are largely attributable
to the technical and biological challenges associated with detecting extremely low levels
of ctDNA in early-stage disease. The transition of ctDNA monitoring to early-stage BC
settings presents significant diagnostic challenges, primarily due to the minimal levels
of tumor-derived DNA often circulating in the bloodstream [115,123]. Given these low
concentrations, analytical platforms frequently encounter difficulty in distinguishing true
pathogenic signals from background genetic noise, which inherently elevates the risk of
false-positive results. Refinement of these assays is therefore essential to improve both
sensitivity and specificity, ensuring that longitudinal surveillance provides clinically reliable
data while minimizing the ambiguity associated with detecting minute genomic alterations.

5. Extracellular Vesicles
In addition to CTCs and CtDNA, EVs have emerged as a key component of LBs.

EVs are a heterogeneous population of cell-derived structures originating from the mem-
brane [124]. They are broadly classified into exosomes and microvesicles (MVs) based
on their biogenesis pathways. Exosomes are generated through the endosomal pathway,
whereas MVs are shed directly from the plasma membrane [125–127]. However, MI-
SEV2018 guidelines highlight that assigning EVs to specific biogenesis pathways remains
challenging, and recommend operational classifications based on physical characteristics,
biochemical composition, or cellular origin [128]. Importantly, EV biogenesis shapes cargo
composition through selective sorting within trafficking pathways that define the molecu-
lar content of intraluminal vesicles [129]. This biologically active cargo, such as proteins,
miRNA and other non-coding RNAs, is horizontally transferred by the EVs, making them
important mediators of intracellular communication [127,130,131]. More specifically, cancer
cells have been found to release higher numbers of EVs than normal cells and their molec-
ular cargo may contribute to tumor progression, metastasis, and therapy resistance [127].
Beyond their role as biomarkers, EVs actively participate in tumor progression by modulat-
ing immune responses and preparing pre-metastatic niches, highlighting their importance
as functional drivers of disease evolution.

Certain EV associated proteins have been widely investigated as potential biomarkers
in BC, with evidence supporting roles in early detection, disease progression, and therapy
response. Among them, proteins such as Del-1, MUC1 and CEA have been reported to
distinguish BC patients from healthy individuals, while Del-1 appears to be particularly
relevant in early-stage disease [132–134]. Specifically, Del-1 has been found to be higher in
early-stage BC [135].
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In the context of disease progression and metastasis, exosomal EDIL3, has been shown
to enhance BC progression and invasion via integrin-FAK signaling, suggesting a role in
metastatic processes [136]. Moreover, phosphoproteomic profiling of plasma-derived EVs
revealed distinct phosphorylation patterns associated with tumor progression and metas-
tasis, with SRC tyrosine kinase signaling identified as a central regulatory pathway [137].
Consistent with these findings, EV surface protein panels including CA15-3, CA125, CEA,
HER2, EGFR, PSMA, EpCAM, and VEGF have been shown to distinguish metastatic from
non-metastatic BC and healthy controls, with PSMA emerging as an important factor asso-
ciated with disease progression [138]. Differential enrichment of VEGF, EpCAM and EGFR,
HER2/ERBB2, EPHA2, and GRB7 further reflects subtype-specific biological pathways and
tumor heterogeneity [139]. EV cargo may also reflect mechanisms underlying therapeutic
response and resistance. BC derived MVs carrying Hsp90-bound VEGF have been found to
promote angiogenesis and reduce sensitivity to Bevacizumab [140]. Collectively, these find-
ings highlight the multifaceted role of EV-associated proteins as non-invasive biomarkers
for early detection, disease monitoring, metastatic progression, and therapeutic response
in BC.

Beyond proteins, EV-associated miRNAs have also been implicated in BC pathogenesis
and progression. In general, EV RNA is highly disease specific and may be used for early
cancer detection and even tumor type classification [135]. A recent study demonstrated
that HER2+ and CD24+ plasma EV subpopulations contain miRNA biomarkers capable
of distinguishing benign breast lesions from early-stage BC, including DCIS and stage
I disease [141]. Importantly, these findings highlight the value of analyzing specific EV
subpopulations rather than total circulating EVs. Given EV heterogeneity, distinct vesicle
subsets may capture different aspects of tumor biology. Immunomagnetic isolation of
HER2+ and CD24+ plasma EVs revealed distinct and complementary miRNA profiles, with
limited overlap between the two fractions. Combining biomarkers from both EV popula-
tions enabled accurate classification of malignant versus benign BI-RADS 4 breast lesions.
Thus, EV sub-fractionation based on surface markers may improve the clinical value of EV
biomarkers by enabling more targeted analysis of tumor vesicle populations [141].

Consistent with these findings, numerous EV-associated miRNAs have been linked
to BC development and early diagnosis, including miR-1246, miR-375, miR-222, miR-155,
miR-19a, miR-181b, miR-373, miR-223-3p, miR-24 and miR-21. Among these, miR-21
specifically has been correlated with tumor size and circulating tumor cells [132,134].
Moreover, miR-21 as well as miR-10b and miR-105 have been associated with increased
invasion and endothelial disruption, while elevated levels of miR-105 in particular have
also shown potential for predicting metastasis and patient outcome [127]. Other miRNAs
that are associated with metastatic progression and poor prognosis include: miR-106b-5p,
miR-18a-5p, miR421, miR128-1 and miR128-2 [142,143].

Among non-coding RNAs, elevated exosomal lncRNAs H19, HOTAIR and SNHG14
have been associated with BC as well. Specifically, HOTAIR is linked to poor prognosis
and chemotherapy response, while SNHG14 is associated with trastuzumab resistance
in HER2+ BC [134]. Similarly, several exosomal mRNAs such as GRM1, S100A8, GRIK1,
CSTA, H6PD, IGF2BP1, TPT1 and MDM4 can distinguish BC patients from healthy controls
with ~92% diagnostic accuracy. Elevated GSTP1 mRNA has also been associated with drug
resistance, while TK1 and CDK9 mRNAs are associated with poor response to palbociclib
in HER2+ BC [132,134].

Another promising class of biomarkers in BC LB is lipids. The lipid composition of
EVs reflects the molecular features of the tumor cells of origin and includes bioactive lipids
involved in tumor progression and metastasis. More specifically, BC derived EVs have been
shown to contain elevated levels of sphingolipids, while metastatic BC EVs were especially
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enriched in phosphatidylserine (PS) and hexosylceramides (HexCer) [144]. Together, these
findings highlight the potential of EV lipidomics as a complementary biomarker approach
in BC detection and monitoring [144].

Furthermore, EV-derived DNA remained detectable and suitable for PCR and muta-
tion analysis even under unfavorable storage conditions, likely due to the protective effect
of the lipid bilayer. In addition, mutations identified in EV DNA closely matched those
detected in tumor tissue, supporting the use of EVs as reliable carriers of tumor-derived
genetic information [145]. Conflicting findings have also been reported, as some suggest
that isolating EVs for DNA-based biomarkers does not improve cancer detection, as both
ctDNA and mtDNA are more effectively and sensitively quantified in total patient plasma
than in EV-enriched fractions [133]. However, another study found that EV-DNA and
ctDNA provide complementary but distinct information due to their different biological
origins. While ctDNA predominantly originates from apoptotic and necrotic tumor cells,
EV-DNA is associated with vesicles actively secreted by viable cells. As a result, they
appear to capture different aspects of tumor evolution [146]. EV-DNA was found to po-
tentially better capture therapy resistance related alterations, such as ESR1 mutations that
are associated with shorter survival, and ctDNA reflects early truncal mutations, such as
PIK3CA which show prognostic value [147]. Overall, EV-DNA appears to be a promising
complementary biomarker to ctDNA for monitoring treatment response and endocrine
resistance in metastatic BC [147]. Representative EV-associated biomarkers investigated in
BC LB, together with their principal clinical associations, are summarized in Table 1.

Table 1. Major extracellular vesicle-associated biomarkers and their clinical relevance in breast cancer.
Overview of the principal extracellular vesicle (EV)-associated proteins, RNAs, lipids, and nucleic
acid biomarkers investigated in breast cancer (BC), highlighting their reported associations with
diagnosis, prognosis, metastasis, treatment response, and disease progression.

EV Biomarker
Category Specific Biomarkers Association with Breast Cancer (BC) Reference

Proteins

MUC1, HER2/ERBB2, CEA,
Del-1, EpCAM, survivin-2B,

MMP-1, EGFR, PSMA, VEGF,
EPHA2, GRB7, EDIL3,

UCH-L1, TrpC5, PD-L1,
CD14, CA15-3, CD82,

CD105, CA125, CD146,
CD151, CD326,

- Elevated in BC derived EVs
- May help distinguish metastatic vs. non-

metastatic disease vs. healthy control
- Some may be linked to subtype-specific

biological pathways
- EpCAM expression is higher in metastatic BC
- PSMA is associated with

disease progression
- EDIL3 enhances BC progression
- UCH-L1 & TrpC5 may be associated with

chemotherapy response and drug
resistance, respectively

- PD-L1 is associated with immune evasion and
may be used as prognostic marker

[132–134,136,138,139,148]

RNAs

(miRNAs)
miR-10b, miR-21, miR-105,

miR1246, miR-373, miR-375,
miR-222, miR-155, miR-19a,

miR-181b, miR-24, let-7a,
miR-92b, miR-130a, miR-149,

miR-200, miR-328,
miR-423-5p, miR-602,

miR-105, miR-122, miR-770,
miR-17, miR-30a, miR-100,

miR-222, miR-106b-5p,
miR-18a-5p, miR421,
miR128-1, miR128-2

- Higher in BC patients
- Linked to BC development and

early diagnosis
- May be associated with increased invasion,

endothelial disruption
and metastasis

- miR-21 linked with tumor size and circulating
tumor cells

- miR-105 potentially predictive of metastasis
and prognosis

- miR-373 associated with TNBC
- miR-770 suppresses DOX resistance

mechanism in TNBC cells

[127,132,134,142,148,149]
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Table 1. Cont.

EV Biomarker
Category Specific Biomarkers Association with Breast Cancer (BC) Reference

RNAs

(lncRNAs)
H19, HOTAIR, SNHG14,

lncRNA XIST

- Elevated in BC exosomes
- HOTAIR and H19 are linked to aggressive

disease & poor prognosis
- SNHG14 is associated with

trastuzumab resistance
- lncRNA XIST is related to

tumour recurrence

[132,134,148]

(mRNAs)
GRM1, S100A8, GRIK1, CSTA,

H6PD, IGF2BP1, TPT1,
MDM4

TK1, CDK9, GSTP1

- May assist with distinguishing
BC vs. healthy controls

- GSTP1 is associated with drug resistance
- TK1 & CDK9 are associated with poor

response to palbociclib (CDK inhibitors)

[132,134]

Lipids
Cer, SM, HexCer

PC, PE, PI
lysophospholipids

- Elevated in BC derived EVs
- PS & HexCer associated with metastatic BC [144]

Beyond their value as diagnostic and prognostic biomarkers, EVs act as key mediators of intercellular communication
and play a central role in cancer progression and metastasis. They promote tumour proliferation, invasion, and EMT,
thereby facilitating metastatic spread to distant organs. In addition, tumor derived EVs contribute to immune evasion
and pre-metastatic niche formation by modifying the TME to support metastatic colonization [150].

In particular, TNBC EVs have been found to promote tumor growth through activation
of signalling pathways such as PI3K/AKT and by reprogramming stromal cells, including
cancer-associated fibroblasts and mesenchymal stem cells (MSCs) [151]. By interacting
with stromal cells, including cancer-associated fibroblasts and mesenchymal stem cells,
EVs stimulate fibroblast activation, angiogenesis, and stromal remodelling, while also
enhancing cancer stemness and chemoresistance [151–153]. Moreover, they contribute to
the establishment of pre-metastatic niches by modifying distant organ microenvironments
and enhancing vascular permeability, thereby facilitating metastatic colonization of organs
such as the lungs, brain, and bone [151,154,155]. Interestingly, some research suggests
that certain chemotherapies may unintentionally promote metastasis by causing tumor
cells to release EVs that create a pro-inflammatory, metastasis-friendly environment in
the lungs [156]. Furthermore, although TNBC derived EVs have been shown to exert the
strongest immunomodulatory effects, EV mediated immune remodeling has also been
observed in other BC subtypes such as EB+, suppressing anti-tumor immune responses
and promoting the accumulation of immunosuppressive cell populations within the TME.
Through the transfer of molecules such as PD-L1 and regulatory miRNAs, EVs reduce
T-cell activity, promote M2 macrophage polarization, and support stromal remodelling,
thereby facilitating tumor progression and metastasis [151,155,157–160].

However, the immunomodulatory effects of BC derived EVs are complex and EVs
are not uniformly immune suppressive, as some EV populations have been associated
with immune activation. TNBC EVs have been shown to promote pro-inflammatory
macrophage phenotypes, enhance T-cell infiltration, and correlate with improved patient
survival, highlighting their potential to support anti-tumor immune responses under
specific conditions [161]. Conversely, EVs released under hypoxic conditions promote EMT,
invasion, expansion of progenitor cell populations, and systemic immunosuppression,
while EV-associated chemokines contribute to immune cell recruitment and pre-metastatic
niche formation in distant organs [162]. More findings suggest that EVs are able to modulate
anti-tumor immune responses in a subtype-dependent manner and contribute to tumor
progression through immune remodelling within the TME [163]. Collectively, these findings
highlight the multifaceted role of EVs in BC, functioning not only as active mediators of
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immune modulation, stromal remodeling, and pre-metastatic niche formation, but also
as promising biomarkers for both early diagnosis and monitoring of BC due to their
accessibility in biological fluids, stability, and rich molecular cargo that reflects tumor
characteristics, making them valuable for minimally invasive sampling. heir biomarker
potential is further supported by the structural stability provided by the lipid bilayer, which
protects their molecular cargo from degradation in circulation and enables stable detection
in plasma [137,148,164].

Nevertheless, EVs’ clinical applications face several challenges, including low vesicle
yield, complex isolation procedures, difficult and non-standardized purification meth-
ods, which often result in variable recovery rates and contamination with non-vesicular
components [134,164,165]. Another important limitation is that early-stage tumors may
produce only minimal EV signals, which reduces detection sensitivity [166]. Furthermore,
tumor-derived EVs represent only a small fraction of the total circulating EV population,
making them difficult to identify among abundant EVs released in circulation by normal
cells [34]. To overcome these challenges, recent ISEV guidelines highlight the importance
of standardized reporting frameworks and comprehensive EV characterization strategies
to improve reproducibility across studies. Since tumor-derived EVs constitute only a small
proportion of circulating EVs, complementary separation techniques and single-EV ana-
lytical approaches are often required, as no single isolation method can simultaneously
provide high recovery and high specificity [134,164].

Although advanced methodologies, such as asymmetric flow field-flow fractionation,
density gradient ultracentrifugation, and single-EV flow cytometry, offer improved EV
specificity and characterization, their implementation in routine clinical laboratories is still
limited due to technical complexity, need for specialized instrumentation, and restricted
scalability. Therefore, successful clinical translation will depend on achieving an appropri-
ate balance between high-purity EV isolation and practical, scalable workflows suitable
for routine diagnostic applications [34,165]. Overall, continued development of accessible
and reproducible EV isolation and analysis platforms, together with improved biological
understanding and clinical validation, will be essential for realizing the potential of EVs as
minimally invasive biomarkers in future precision medicine applications.

6. Circulating RNA, Proteins and Emerging Blood-Based Biomarkers
Beyond ctDNA, CTCs, and EVs, several additional blood-based biomarkers have

shown potential as LB tools in BC, providing minimally invasive disease monitoring and
potentially enhancing diagnostic and prognostic accuracy. Numerous miRNAs previously
identified in EV-associated cargo, including miR-10b, miR-21, miR-34a, miR-155, and miR-
210 have also been detected as circulating cell-free biomarkers in serum. Their elevated
levels were associated with BC progression, EMT and metastasis, supporting the broader
clinical relevance of miRNA-based LB approaches [167,168]. Among them, miR-155 has
been investigated quite extensively as a very promising blood biomarker. Studies have
reported significantly elevated miR-155 levels in patients with early-stage BC compared
with healthy controls, supporting its potential utility for early detection [169]. In addition,
a recent meta-analysis reported a sensitivity of 93% and specificity of 85% [170]. Moreover
elevated miR-155 levels have also been associated with lymph node metastasis, recurrence,
and therapy resistance [170]. Another frequently studied circulating miRNA is miR-21,
which is consistently upregulated in BC patients. It has been associated with tumor
progression, invasion, metastasis, and reduced survival, while a recent meta-analysis
reported a sensitivity of 91% and specificity of 85% for BC detection. However, its diagnostic
accuracy may be further enhanced when miR-21 is combined with other miRNAs [171].
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Additional circulating miRNAs have demonstrated diagnostic, prognostic, and predic-
tive value. For example, miR-127-3p, miR-148b, miR-409-3p, miR-652, and miR-801 have
been associated with early-stage BC, whereas miR-202 and miR-10b have been linked to
poor clinical outcomes. Other miRNAs, including miR-18b, miR-103, miR-107, and miR-652,
have shown potential for relapse prediction in TNBC, while miR-125b, miR-122, and miR-
375 have been associated with chemotherapy response and disease recurrence [172]. More
recent studies have further linked circulating miRNAs to specific biological and clinical
features of BC. For instance, miR-1246 has been associated with brain metastasis, whereas
reduced levels of miR-206 and miR-199a-3p have been linked to distant metastatic spread.
Distinct miRNA profiles have also shown potential for molecular subtype classification and
personalized treatment strategies [173]. Although individual miRNAs such as miR-155 and
miR-21 have shown promising diagnostic performance, accumulating evidence suggests
that multi-miRNA panels may provide greater accuracy for BC detection. Several stud-
ies have reported sensitivities exceeding 90% using combinations of circulating miRNAs.
However, no circulating miRNA panel has yet been clinically validated [174].

In addition to miRNAs, circulating lncRNAs are emerging as promising LB biomarkers.
Among these, MALAT1 has been associated with tumor progression, lymph node metas-
tasis, and poor prognosis, while AFAP1-AS1, PVT1, and RP11-218M22.1 have exhibited
subtype-specific expression patterns [173]. Compared with miRNAs, circulating lncRNAs
may provide more disease-specific information and have shown associations with distinct
clinicopathological features. However, they are still at an earlier stage of clinical validation,
with limited standardization across detection methods and a need for further large-scale
studies to confirm their clinical utility [175].

In addition to the EV associated proteins discussed in the previous section, freely
circulating serum and plasma proteins have also been investigated as LB markers in BC.
Unlike EV-encapsulated proteins, these soluble proteins are not protected by a phospholipid
bilayer and therefore exhibit different stability profiles and pre-analytical characteristics.
Nonetheless, traditional circulating protein markers such as CEA, CA15-3, CA27-29, CA-
125, HER2 extracellular domain (sHER2), and TPS can be detected in BC patients, but their
usefulness for early-stage detection is limited by low sensitivity and specificity [175]. How-
ever they remain useful for prognosis and treatment monitoring [176]. Additionally, a lot
of the protein markers reflect systemic immune responses and tumor immune interactions.
Circulating IL-6, a pro-inflammatory cytokine involved in the acute-phase response, has
been consistently associated with advanced disease stage [176]. Similarly, elevated levels of
IL-8 and lipocalin-2 (LCN2) have been associated with tumor progression and poor clinical
outcomes, whereas higher interferon-γ (IFN-γ) levels correlate with improved prognosis.

Additionally, soluble PD-L1 may reflect tumor immune evasion and response to
immunotherapy [176]. Proteomic analyses of serum from HER2+ patients receiving neoad-
juvant chemotherapy (NAC) identified distinct protein profiles enriched in patients with
poor treatment response. In contrast, other circulating proteins, such as gelsolin (GSN) and
immunoglobulin kappa constant (IGKC), have been associated with improved prognosis
and chemotherapy sensitivity [177].

One of the most studied and well-established circulating protein markers is CA15-3.
Elevated plasma CA15-3 levels have been associated with unfavourable clinical outcome,
including shorter disease-free and metastasis-free survival, supporting its value as a circu-
lating prognostic biomarker in BC [178]. Still, it shows limited utility for early detection and
lack sufficient specificity, with variable performance across studies and BC subtypes [176].
In contrast, CCN1 was found to be significantly elevated in BC patients and demonstrated
high diagnostic accuracy, outperforming conventional serum markers such as CA15-3 and
CEA, suggesting its potential utility in future LB panels for early diagnosis [179]. However,
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large proteomic studies have yielded conflicting results, highlighting the need for further
validation of circulating protein biomarkers [180]. It is important to note that the utility of
such circulating proteins for early detection remains limited due to insufficient sensitivity
and specificity when used individually [174].

In addition to circulating nucleic acids and proteins, tumor educated platelets (TEPs)
have emerged as a noteworthy LB component. Unlike tumor-derived biomarkers, TEPs
represent alterations that arise through interactions with cancer cells and the TME. These
interactions have been found to modify platelet RNA profiles, which can distinguish
patients from healthy individuals and provide information regarding tumor origin and
molecular characteristics [181]. Importantly, a TEP-based classifier achieved 91% accu-
racy in patients with stage I/II BC, supporting the potential of platelet RNA profiling as
a blood-based screening approach for early disease detection [182]. Notably, the diagnostic
performance of RNAs derived from TEPs appears to be independent of tumor stage, molec-
ular subtype, BRCA mutation status, and breast density [183]. TEP RNA profiles were able
to identify specific BC characteristics, including HER2-amplified and TNBC tumors [184].
Furthermore, platelets contain angiogenesis-related proteins, such as VEGF, ANGPT-1,
MMP2, PF-4 and PDGF, whose altered levels may reflect tumor activity [181].

These findings highlight the potential of platelet transcriptomic and proteomic profiles
as non-invasive biomarkers in BC, particularly when integrated with machine-learning
approaches for improved cancer detection, classification, and treatment monitoring [184].
Nevertheless, the clinical applicability of TEPs remains uncertain. Subsequent validation
studies have shown that platelet mRNA profiles are highly sensitive to pre-analytical and
technical variables, including sample processing procedures, highlighting the need for
further methodological optimization before TEP RNA profiles may be reliably implemented
for BC detection [185].

Another important class of blood-based biomarkers is autoantibodies (AAbs), which
arise from immune responses against tumor-associated antigens and may be detectable
before clinical diagnosis. They represent promising early detection biomarkers in BC due
to their stability, prolonged circulation, and ability to reflect early tumorigenic changes,
with multi-autoantibody panels offering improved diagnostic performance over single
markers [186]. Several studies have identified AAbs against proteins encoded by oncogenes
and tumor suppressor genes, including anti–human endogenous retrovirus-K (HML-2),
which distinguish patients with invasive disease and ductal carcinoma in situ from healthy
individuals [187]. Diagnostic performance may be further improved by combining AAbs
with established markers, such as CA15-3, or by constructing multi-autoantibody panels
that show higher sensitivity and specificity than single antibodies [187].

Metabolomic profiling in blood samples has shown promise for early BC detection,
with studies identifying metabolic signatures, such as caprylic acid and hypoxanthine,
that distinguish patients with early-stage disease from healthy controls, highlighting their
potential as non-invasive diagnostic biomarkers [188]. Collectively, alternative samples
provide complementary information to blood-based assays and contribute to a more com-
prehensive assessment of BC biology [189]. Despite the promising results, LBs based on
non-blood samples remain clinically limited by variability in sample collection, processing,
storage, and analysis, as well as technical challenges, high costs, and lack of standardization,
with false positives remaining a concern. Further validation and standardized protocols are
needed before they can be routinely used in clinical practice [189]. The main strengths and
limitations of emerging blood-based biomarkers in early BC are summarized in Table 2.

Overall, while circulating RNA and protein-based biomarkers are promising com-
ponents of LB in BC, offering minimally invasive insight into tumor biology and disease
progression their clinical utility is limited by suboptimal specificity and influence from
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physiological and inflammatory processes, which reduces their reliability when used in-
dividually. Therefore, their greatest potential likely lies in multi-marker and multi-omics
approaches, particularly biomarker panels that integrate different classes of circulating com-
ponents, to improve sensitivity, specificity, and clinical applicability in early BC detection
and monitoring.

Table 2. “Emerging circulating biomarkers for early breast cancer: clinical potential and current
limitations”. Overview of major circulating RNA-, protein-, platelet-, and immune-related biomarkers
investigated for early breast cancer (BC) detection and monitoring, highlighting their principal
strengths and current limitations.

Free Serum/Plasma
Circulating Biomarkers Main Strength Main Limitations

miRNAs

Widely studied, associated with early
detection/prognosis/metastasis/
treatment response, multi-miRNA

panels show high diagnostic accuracy

Limited specificity, methodological
variability, lack of clinically

validated panels

lncRNAs
Potentially more disease-specific than

miRNAs, useful for prognosis and
subtype classification

Require larger validation studies
before clinical implementation, lack
of standardized detection methods

Proteins

Reflect tumor biology and immune
responses, useful for prognosis and

treatment monitoring, proteomic
approaches may contribute to

multi-marker panels

Low sensitivity and specificity for
early BC detection, influenced by
systemin inflammation and other
non-cancer conditions, individual
proteins usually perform poorly as

standalone biomarkers

TEPs

Detect early-stage BC, provide useful
information about tumor origin and

molecular subtype, diagnostic
performance appears independent of

tumor stage, potentially powerful
tool when combined with machine

learning approaches

Highly sensitive to pre-analytical and
technical factors (sample collection,

processing, storage), challenging
reproducibility, clinical utility

remains unproven

AAbs

Detectable in early tumor
development, stable in circulation,

high potential for
multi-antibody panels

Low sensitivity when used
individually, limited large-scale

clinical validation, require
combination with other markers for

improved accuracy

7. Clinical Applications of Liquid Biopsy in Early Breast Cancer
Despite substantial advances in analytical sensitivity, the translation of LB into routine

management of early BC remains challenging [190]. Unlike advanced disease, early-
stage tumors release only limited amounts of tumor-derived material into the circulation,
resulting in weak and often intermittent biological signals [191,192]. Consequently, current
clinical efforts are primarily focused on three areas in which LB may provide meaningful
benefit: population screening, detection of minimal residual disease (MRD), and prognostic
risk assessment [190].

At present, the clinical application of LB in early-stage BC remains experimental and is
not integrated into routine standard-of-care management guidelines [190]. Current clinical
research investigates its utility across three distinct domains: asymptomatic screening,
MRD detection, and risk stratification. For asymptomatic screening, next-generation
multi-cancer early detection (MCED) assays utilize tumor-specific methylation profiles or
cfDNA fragmentation signatures to identify breast malignancies prior to the radiological
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visualization of structural lesions [193]. A prominent example of this framework is the
Circulating Cell-free Genome Atlas (CCGA) study, which evaluated a targeted methylation-
based assay for multi-cancer screening [193].

However, the biological scarcity of circulating biomarkers in localized, early-stage
disease presents a severe technical challenge. Due to the profoundly low cellular shedding
rates of small, non-metastatic breast lesions into the bloodstream, the clinical sensitivity
of these assays remains highly restricted in early settings [35]. For instance, in the CCGA
cohort, while the assay demonstrated a near-perfect specificity of 99.5%, its sensitivity for
stage I BC was significantly lower than for advanced stages, highlighting a pronounced risk
of false-negative results that currently limits its utility as a standalone screening tool [193].

Recent technological developments have expanded screening strategies beyond
mutation-based analyses toward broader characterization of circulating nucleic acids. In
particular, methylation profiling, fragmentomic signatures, and machine learning–driven
multi-cancer early detection (MCED) platforms have emerged as promising approaches
for identifying tumor-associated patterns in plasma [194]. These methodologies aim to
overcome the limited abundance of ctDNA in localized disease by exploiting genome-
wide biological features rather than relying solely on individual genetic alterations [195].
Nevertheless, despite encouraging specificity, their performance in stage I BC remains
suboptimal, emphasizing the persistent challenge of detecting tumors with minimal
systemic dissemination [194].

Beyond initial diagnosis, research is heavily focused on the detection of MRD follow-
ing definitive primary interventions, such as surgical resection or neoadjuvant chemother-
apy [196]. Longitudinal tracking of patient-specific cfDNA mutations in plasma allows
for the identification of molecular recurrence before macro-metastatic lesions manifest
radiologically via conventional imaging protocols [197]. For instance, personalized ctDNA
monitoring has been shown to detect molecular relapse a median of 8.9 months ahead of
routine surveillance scans [196]. Although this high-sensitivity tracking identifies patients
at an elevated risk of recurrence when the systemic tumor burden is at its biological mini-
mum, its prospective clinical utility remains unverified. It is currently unproven whether
initiating secondary systemic therapies during this molecular-only recurrence phase trans-
lates into a definitive overall survival benefit. Consequently, therapeutic adjustments based
strictly on post-operative MRD status remain investigational and are restricted to clinical
trial settings [190].

Increasing evidence suggests that single-analyte approaches may not adequately
capture the biological complexity of early BC. Consequently, recent investigations have
shifted toward multimodal LB strategies that integrate ctDNA with CTCs, EVs, circulat-
ing RNAs, protein markers, and host-derived immune signals [198,199]. By combining
complementary sources of information, these platforms may enhance analytical sensitiv-
ity while maintaining specificity, particularly in tumors characterized by low shedding
rates [198]. Although such integrated approaches remain largely investigational, they are
increasingly viewed as a potential avenue for overcoming the limitations associated with
individual biomarkers [200].

The quantification of circulating biomarkers provides established prognostic data
for baseline and post-treatment risk stratification in early-stage settings [35]. Prospec-
tive evidence confirms that patients presenting with persistently detectable ctDNA post-
surgery or elevated CTC counts exhibit significantly shorter disease-free survival (DFS) and
a heightened risk of distant recurrence [201]. For example, data from the BRE12-158 trial
demonstrated that the presence of ctDNA after neoadjuvant chemotherapy in early-stage
TNBC is strongly prognostic of distant DFS failure. Circulating biomarkers effectively
segregate high-risk from low-risk populations [199].
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The prognostic significance of circulating biomarkers may also differ across BC sub-
types. In TNBC, post-treatment ctDNA positivity has consistently been associated with
an increased likelihood of distant relapse and inferior survival outcomes [202]. Similarly,
residual circulating biomarkers following neoadjuvant therapy appear to identify patients
at particularly high risk despite achieving favorable conventional clinicopathological re-
sponses [203]. In hormone receptor-positive (HR+) tumors, ctDNA monitoring may provide
insight into prolonged periods of minimal residual disease and delayed recurrence patterns
characteristic of this subtype. However, there is currently no consensus data proving that
utilizing these molecular trajectories to guide treatment escalation, such as the empirical
addition of adjuvant systemic therapies, or treatment de-escalation may safely improve
patient clinical outcomes outside of clinical trials [190,201]. Representative clinical studies
evaluating the current utility and limitations of LB in early BC are summarized in Table 3.

Table 3. “Clinical Utility and Current Limitations of Liquid Biopsy in Early Breast Cancer”. Overview
of landmark studies evaluating liquid biopsy technologies in early breast cancer (BC). While circulat-
ing biomarkers identify molecular recurrence months before radiological progression and improve
risk stratification, their integration into routine clinical practice is currently limited by low biomarker
abundance in early-stage disease, insufficient standardization, and the absence of prospective inter-
ventional data demonstrating clinical benefit.

Clinical Trial Patient Cohort Liquid Biopsy
Approach

Clinical
Application

Key Findings &
Clinical Limitations Key Limitations

CCGA Study
[193]

Individuals
undergoing

screening for
localized stage I–III
breast cancer (BC)

cfDNA methylation
profiling using NGS-
based MCED assay

Asymptomatic
cancer screening

Demonstrated
exceptionally high

specificity (99.5%) and
accurate tissue-of-
origin prediction

Limited sensitivity
for stage I disease
due to low ctDNA

abundance and
minimal

tumor shedding

BRE12-158
Trial
[199]

Early Triple
Negative BC

(TNBC) patients
with residual

disease following
neoadjuvant

chemotherapy

Plasma ctDNA
sequencing for
tumor-specific

somatic alterations

Post-treatment
prognostic

stratification

Persistent ctDNA
detection was strongly
associated with distant
recurrence and inferior

survival outcomes

Clinical benefit of
therapy escalation
based on ctDNA
status has not yet
been established

Prospective
Cohort

[196]

Early BC patients
after definitive

surgery and
curative-

intent treatment

Personalized
longitudinal

ctDNA monitoring

Minimal residual
disease (MRD)

detection

Molecular relapse was
identified a median of

8.9 months before
conventional imaging

Unclear whether
earlier detection
translates into

improved survival
or altered

clinical outcomes

Molecular
Relapse

[197]

Early-stage BC
patients during
postoperative
surveillance

Personalized digital
PCR and targeted

NGS assays

Molecular
recurrence
monitoring

Successfully detected
subclinical recurrence
and tracked disease
evolution prior to

overt relapse

Clinical utility for
guiding treatment
adaptation remains

investigational

Among currently explored applications, MRD detection appears to represent the
most clinically mature use of LB in early BC, owing to its ability to identify molecular
recurrence months before conventional imaging [114,197]. In contrast, population-wide
screening remains constrained by the extremely low abundance of circulating biomarkers
in localized disease, while prognostic applications continue to face challenges regarding
clinical actionability [204]. Therefore, although LB has demonstrated substantial prognos-
tic and monitoring capabilities, its integration into therapeutic decision-making remains
an area of active investigation. The major clinical applications of LB in early BC, together
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with their principal benefits, limitations, and current level of clinical maturity, are summa-
rized in Table 3.

Collectively, current evidence supports LB as a valuable adjunct to, rather than
a replacement for, conventional imaging and tissue-based diagnostics in early BC. While
circulating biomarkers have demonstrated considerable promise for screening, MRD de-
tection, and prognostic stratification, significant biological and technical challenges con-
tinue to limit their routine clinical implementation. Consistent with current international
consensus recommendations, tissue-based histopathology and conventional imaging re-
main the cornerstone of diagnostic, staging, and therapeutic decision-making in early
BC [190]. The transition of LB from a prognostic and monitoring tool to a clinically action-
able platform will depend on evidence generated from ongoing large-scale prospective
interventional studies [39].

Future progress will likely rely on the integration of multiple biomarker classes,
advanced computational models, and multimodal analytical frameworks capable of im-
proving sensitivity while preserving clinical specificity. Most importantly, prospective trials
must demonstrate that biomarker-guided therapeutic interventions lead to measurable
improvements in survival outcomes and treatment optimization compared with current
standard management approaches. Until such evidence becomes available, LB should
be regarded as a highly promising but still evolving component of precision oncology in
early BC.

8. Technological Challenges and Future Perspectives in Liquid Biopsy
The clinical implementation of LB in early-stage BC faces a major, unresolved challenge

regarding the trade-off between assay sensitivity and clinical specificity [190,205]. In early-
stage settings, the absolute quantity of tumor-derived DNA in the bloodstream is extremely
scarce, frequently constituting less than 0.01% of the total cfDNA pool [35]. Attempts
to optimize assay sensitivity to capture these minute traces inevitably amplify technical
and biological background noise, which drastically compromises specificity. While Clonal
Hematopoiesis of Indeterminate Potential (CHIP) represents a well-documented biological
driver of false-positive results, the spectrum of confounding factors extends far beyond
hematopoietic mutations [190]. Infrequently discussed yet critical vulnerabilities include se-
quencing artifacts and PCR errors, where nucleotide substitutions induced during PCR am-
plification or high-throughput NGS processes may mimic low-frequency tumor mutations.
To mitigate this biological interference, contemporary diagnostic pipelines routinely incor-
porate the sequencing of matched peripheral blood mononuclear cells (PBMCs) or genomic
DNA from patient-specific leukocytes, allowing bioinformatics filters to effectively identify
and subtract background hematological variants from true tumor-derived alterations [190].
Additionally, sample contamination during high-sensitivity runs frequently generates false
calls, while confounding background cfDNA signals from non-malignant systemic pro-
cesses such as tissue inflammation, physical trauma, or benign cellular turnover release
substantial amounts of wild-type genomic DNA into the circulation, effectively masking
rare BC signals [205].

Furthermore, pre-analytical variables remain a substantial barrier to cross-platform
reproducibility and widespread clinical translation [39]. The prevention of leukocyte lysis
requires immediate, specialized processing of standard EDTA blood collection tubes. Fail-
ure to execute rapid centrifugation prompts the release of high-molecular-weight genomic
DNA from healthy white blood cells, which dilutes the rare BC DNA fraction and causes
false-negative outcomes [192]. Alternative cell-stabilizing preservative tubes mitigate this
issue but frequently introduce distinct chemical fixation artifacts that interfere with down-
stream enzymatic assays. Consequently, the field suffers from profound inter-laboratory
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variability. The lack of international reference standards, coupled with the utilization of
diverse NGS platforms and proprietary, non-standardized bioinformatics pipelines across
different centers, creates a major bottleneck that prevents LB from meeting regulatory
benchmarks for routine clinical diagnostic adoption [39,190]. Harmonization of sample
collection protocols, sequencing workflows, quality-control metrics, and bioinformatic
pipelines will be essential before LB achieves regulatory approval and widespread clinical
adoption [14]. To further evaluate these parameters, the methodological profiles, analytical
sensitivities, and distinct technical limitations of prominent commercial ctDNA assays are
summarized in Table 4.

Table 4. Methodological profiles, analytical sensitivity thresholds, and clinical limitations of promi-
nent commercial ctDNA assays.

Commercial Assay Assay Type &
Methodology

Sensitivity Threshold
(Limit of Detection)

Primary Strengths &
Clinical Utility

Key Technical &
Clinical Weaknesses

Guardant360®/
FoundationOne®

Liquid CDx
[190,192]

Hybrid-capture NGS ~0.1–0.5% VAF
Provides comprehensive
genomic profiling (CGP)

across multiple genes

• Low sensitivity in
early-stage disease
due to low tumor
shedding of ctDNA
into the circulation

• CHIP false-positive
(requires WBC
sequencing to filter)

Signatera™
(Natera)
[196,199]

Tumor-informed,
patient-specific
multiplex PCR
(mPCR) + NGS

~0.01% VAF
(Ultra-sensitive)

• Gold standard for
MRD tracking

• Detects molecular
recurrence months
before imaging

• Prolonged
turnaround time
(requires tissue
biopsy first)

• Blind to mutations
outside the
custom panel

ddPCR Platforms
(e.g., Bio-Rad) [197]

Digital Droplet PCR
(ddPCR) target
amplification

~0.01–0.1% VAF

• Cost-effective
with rapid
turnaround time

• Ideal of longitudinal
tracking pf known
hotspot mutations

• Severe multiplexing
limits (tracks
1–4 targets)

• Not able to discover
novel variants

MCED Assays
(e.g., Galleri®/
CancerSEEK)

[193,198]

Multi-Cancer Early
Detection (MCED) via
cfDNA methylation or
multi-analyte profiling

Variable threshold
(dependent on

genome-wide features)

High specificity (99.5%)
and accurate tissue-of-

origin prediction

Suboptimal sensitivity in
localized Stage I disease

Despite significant analytical advances, economic and logistical barriers continue
to hinder widespread implementation [15]. Ultra-deep sequencing, multi-omics profil-
ing, and AI-driven analytical frameworks require substantial infrastructure, specialized
personnel, and high computational resources [23,206]. Consequently, translating these
technologies from highly specialized research centers to routine clinical practice remains
a major challenge, particularly in resource-limited healthcare systems [15]. The major
technological barriers currently limiting the clinical implementation of LB, together with
emerging strategies designed to overcome these limitations, are summarized in Table 5.

To address the analytical limitations detailed above, current frameworks are shift-
ing from single-mutation tracking toward comprehensive multi-omics integration [192].
Analyzing independent genetic alterations in isolation often fails to reliably differenti-
ate true oncology signals from background artifacts or CHIP variants. To resolve this
specificity dilemma, next-generation platforms simultaneously evaluate genetic mutations
alongside cfDNA epigenetic methylation profiles, fragmentomics, and circulating protein
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signatures [193]. In early-stage breast oncology, mapping tumor-specific methylation pat-
terns is highly valuable for suppressing biological background noise, as malignant cells
harbor distinct tissue-specific epigenetic imprints [195]. Combining these multi-layered bio-
logical inputs with BC-specific protein markers may improve clinical sensitivity, mitigating
the false-negative risks typical of low-shedding tumors [198].

Table 5. “Major Technological Challenges and Emerging Solutions for Liquid Biopsy in Early Breast
Cancer”. Overview of the principal technological barriers limiting the clinical implementation of liq-
uid biopsy (LB) in early breast cancer (BC). The table summarizes the biological and technical origins
of these challenges, their impact on diagnostic performance and clinical translation, and emerging
strategies aimed at improving sensitivity, specificity, reproducibility, and biological resolution.

Technological Challenge Biological/Technical Basis Clinical Consequence Emerging Solutions

Low biomarker abundance
Minimal tumor burden and

limited biomarker shedding in
early-stage disease

Reduced sensitivity and
increased false-negative rates

Ultra-deep sequencing,
multi-analyte panels,

longitudinal monitoring

Sensitivity–specificity
trade-off

Detection of rare
tumor-derived signals within

a large background of
normal cfDNA

Increased false-positive and
false-negative results

Error-corrected sequencing,
integrated

biomarker approaches

Clonal hematopoiesis (CHIP)
Age-related somatic

mutations in
hematopoietic cells

Misclassification of non-tumor
variants as tumor-
derived alterations

Matched leukocyte
sequencing and improved

bioinformatic filtering

Pre-analytical variability
Differences in blood collection,

processing, storage, and
sample handling

Poor reproducibility
across laboratories

Standardized protocols and
international quality-

control guidelines

Technical noise
PCR artifacts, sequencing

errors, and
sample contamination

Reduced analytical accuracy
Error-suppression algorithms

and optimized
sequencing workflows

Inter-platform heterogeneity
Diverse sequencing

technologies and proprietary
bioinformatic pipelines

Limited cross-study
comparability and validation

Harmonized analytical
frameworks and

reference standards

AI and machine-
learning limitations

Data scarcity, overfitting, and
limited explainability

Restricted clinical translation
and generalizability

Large multicenter datasets,
external validation,

explainable AI models

Intratumoral heterogeneity Spatial and temporal diversity
of tumor cell populations

Incomplete representation of
disease biology

Spatial biology, single-cell
profiling, and dynamic

biomarker tracking

Clinical
implementation barriers

High cost, infrastructure
requirements, and

computational demands

Limited accessibility in
routine clinical practice

Scalable workflows and
cost-effective

multiplex technologies

Crucially, processing these multi-parametric datasets necessitates a departure from
traditional statistical thresholds [192]. This computational shift requires the adoption of
advanced Artificial Intelligence (AI) and machine learning architectures [193]. However,
the current literature frequently overstates the capabilities of these computational models.
Assertions that AI frameworks may effortlessly bypass normal tissue shedding lack robust
clinical validation [192,195]. In reality, machine learning models face major methodologi-
cal limitations that impede clinical translation, with data scarcity and severe overfitting
representing the primary [198]. Training deep neural networks requires massive, highly
curated datasets which are notoriously limited in early-stage BC cohorts [193]. Conse-
quently, algorithms that perform exceptionally well on internal training data frequently fail
when exposed to heterogeneous real-world populations [198]. Nevertheless, when trained
and externally validated using large multicenter datasets, machine learning models may
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facilitate the integration of complex multi-analyte information that would be difficult to
interpret through conventional statistical approaches [15].

This diagnostic vulnerability is further compounded by a profound lack of mechanistic
explainability, a limitation widely described as the black box problem [193]. The inherent
opacity prevents clinicians from understanding the underlying algorithmic calculations,
which fundamentally hinders clinical trust [190,192]. Finally, cohort-to-cohort inconsis-
tency remains highly prevalent because models optimized for a specific population rarely
demonstrate reproducible accuracy externally [198]. These clinical failures stem from minor
variations in sample preparation protocols combined with technical discrepancies between
different sequencing platforms and bioinformatics pipelines [39,190].

The optimization of future perspectives in LB depends on its capacity to address
intra-tumoral heterogeneity in early-stage BC. This biological phenomenon frequently
reduces standard blood draws to an incomplete systemic average [192]. To transition
from a purely descriptive modality to a clinically actionable instrument, LB frameworks
must be structurally linked to concrete clinical goals [39].These target domains include
objective patient stratification, early detection, MRD monitoring, and precise treatment
selection [190]. This concept may be particularly relevant in early-stage BC, where low-
abundance biomarkers often fail to fully represent intratumoral heterogeneity [207].

The primary innovation in this domain relies on an integrated model termed spatial-
single-cell-informed biomarker discovery, which synthesizes three complementary axes of
biological information [192]. Within this paradigm, cfDNA assays provide systemic longi-
tudinal dynamics to monitor disease evolution over extended timelines [35]. Concurrently,
regional tissue profiles supply the necessary spatial topography to map the precise physical
architecture of the primary tumor ecosystem. Finally, the isolation and sequencing of rare
CTCs achieve single-cell resolution, uncovering low-frequency cellular subpopulations that
are typically lost in bulk plasma sequencing frameworks [35,192].

This multi-layered approach facilitates the longitudinal tracking of specific subpop-
ulation shifts rather than treating malignancy as a static entity [35]. For instance, such
multi-dimensional modeling may enable future adaptive therapeutic strategies by detecting
the sub-clinical emergence of a HER2+ or drug-resistant sub-clone within a patient whose
primary lesion was characterized as predominantly hormone-receptor-positive [197]. By
mapping these shifting cellular states onto an integrative ecosystem profile, clinicians may
eventually possess the capacity to identify emerging resistance mechanisms in real time [35].
This optimized workflow may permit personalized therapeutic adjustments months before
a macro-metastatic relapse becomes physically visible on routine surveillance scans [197].
Until large-scale prospective randomized trials validate these computational frameworks,
however, such multi-omics applications remain strictly investigative [39,190].

9. Comparative Evaluation of Liquid Biopsy Biomarkers for Early
Breast Cancer

Although substantial progress has been achieved in the development of LB technolo-
gies, no individual circulating biomarker currently provides the combination of sensitivity,
specificity, reproducibility, and clinical robustness required for routine population-based
screening of early BC [208]. Rather than competing approaches, the major liquid biopsy
analytes should be regarded as complementary sources of biological information, each
reflecting distinct aspects of tumor initiation, progression, and host–tumor interactions [15].

Among currently available biomarkers, ctDNA offers one of the highest levels of
analytical specificity owing to its ability to identify tumor-specific genetic and epigenetic
alterations, including somatic mutations, DNA methylation signatures, and fragmentation
profiles [97]. Continuous advances in digital PCR, NGS, and fragmentomic analyses have
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substantially improved analytical sensitivity [209]. Nevertheless, the clinical performance
of ctDNA remains intrinsically constrained by the biological characteristics of early-stage
disease. Small tumor volume, limited vascularization, low apoptotic and necrotic activity,
and restricted biomarker shedding frequently result in extremely low ctDNA fractions that
approach the limits of analytical detection [15,210]. Consequently, although ctDNA has
demonstrated considerable clinical value for molecular profiling, minimal residual disease
detection, recurrence monitoring, and therapeutic guidance, its application as an isolated
screening biomarker for asymptomatic early BC remains limited [211].

CTCs provide fundamentally different information by enabling direct characterization
of intact malignant cells [212]. Unlike cell-free analytes, CTCs preserve cellular morphology,
protein expression, genomic alterations, and functional characteristics, thereby offering
unique opportunities to investigate epithelial–mesenchymal plasticity, metastatic compe-
tence, therapeutic targets, and mechanisms of treatment resistance [213]. However, these
biological advantages are counterbalanced by major technical challenges. The extreme rar-
ity of CTCs in early-stage disease, together with pronounced phenotypic heterogeneity and
the dynamic loss of epithelial markers during EMT, substantially compromises isolation
efficiency and contributes to false-negative detection [214]. Although CTC enumeration
has established prognostic value in metastatic BC, its clinical application for early detection
remains restricted by these biological and methodological limitations.

EVs represent an attractive alternative because they are actively secreted by viable
tumor cells and carry a remarkably diverse molecular cargo, including DNA, RNA, proteins,
lipids, and metabolites [215]. Their phospholipid bilayer protects these biomolecules from
enzymatic degradation, conferring greater stability than many circulating analytes and
facilitating comprehensive molecular characterization from a single biospecimen [216].
Furthermore, EVs are increasingly recognized as active mediators of tumor progression
rather than passive biomarkers, contributing to immune modulation, stromal remodeling,
angiogenesis, and pre-metastatic niche formation [215]. Despite these advantages, their
translation into routine clinical practice remains hampered by the absence of standardized
isolation and purification protocols, variability in analytical methodologies, and difficulties
in distinguishing tumor-derived vesicles from the abundant background of vesicles released
by normal tissues [217].

Circulating RNAs, proteins, tumor-educated platelets, metabolites, and additional
blood-based analytes further expand the spectrum of detectable tumor-associated signals [97].
Several circulating miRNAs, lncRNAs, protein panels, and platelet-derived signatures have
demonstrated encouraging diagnostic performance, particularly when evaluated as multi-
marker panels rather than individual biomarkers [208]. However, many of these analytes
exhibit limited disease specificity, considerable biological variability, and susceptibility to
confounding inflammatory or physiological conditions [14,23]. Moreover, differences in
sample processing, analytical platforms, normalization strategies, and biomarker cut-off
values continue to hinder direct comparison among published studies and impede clinical
standardization. To facilitate comparison among the major liquid biopsy biomarker classes,
their principal biological targets, diagnostic performance, major strengths, limitations, and
current level of clinical readiness are summarized in Table 6.

Collectively, the available evidence indicates that the principal limitation of current LB
strategies is not solely analytical sensitivity but also the biological complexity of early breast
cancer itself [218,219]. During the earliest stages of tumor development, restricted vascular
access, minimal tumor burden, limited biomarker shedding, and efficient physiological
clearance generate only weak systemic signals, irrespective of the analytical platform
employed [15]. Consequently, further technological improvements alone are unlikely to
fully overcome the intrinsic biological constraints associated with early disease detection.
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Table 6. Comparative evaluation of major liquid biopsy (LB) biomarkers for early breast cancer
(BC). Summary of their biological targets, principal strengths, limitations, representative diagnostic
performance, and current clinical readiness.

Biomarker Main Biological
Information

Principal
Strengths Major Limitations Current Clinical

Applications
Clinical Readiness

for Early BC

ctDNA
Mutations,

methylation,
fragmentomics

High specificity,
MRD, actionable

mutations

Low abundance in
early BC, CHIP

Molecular profiling,
MRD detection,

treatment
monitoring

Established for
molecular profiling/
MRD, investigation

for screening

CTCs Intact tumor cells
Functional &
phenotypic

characterization

Extreme
rarity, EMT

Prognosis
(metastatic BC)

Limited for
early detection

EVs DNA,
RNA, proteins

Stable cargo,
reflects TME

Isolation not
standardized

Early detection,
disease monitoring

(investigational)
Investigational

Circulating
RNAs

miRNAs,
lncRNAs, mRNAs

Easy detection,
multiplexing Limited specificity Experimental Investigational

Protein
biomarkers Secreted proteins Clinically

accessible assays
Poor early-stage

sensitivity
Limited

adjunctive use Limited

Multi-analyte
assays

Combined
biomarkers

Highest diagnostic
potential

Cost,
standardization Emerging Most promising

Taken together, these observations suggest that future advances will most likely arise
from integrated multi-analyte strategies rather than continued optimization of individual
biomarkers. The combination of complementary genomic, epigenomic, transcriptomic,
proteomic, metabolomic, and cellular information, supported by artificial intelligence and
multi-omics analytical frameworks, has the potential to substantially improve diagnostic ac-
curacy while providing a more comprehensive representation of tumor heterogeneity than
any single biomarker alone [15,208]. Such integrative approaches are therefore expected to
represent the next stage in the clinical evolution of LB for early BC detection.

10. Discussion
LB has emerged as a promising strategy for the early detection of BC, enabling the

non-invasive assessment of tumor-derived components released into various biological
fluids [9,208]. Nevertheless, despite substantial technological advances and an expanding
repertoire of circulating biomarkers, early-stage disease remains particularly challenging to
identify [220]. The fundamental obstacle lies in the biology of early tumor development
itself. Small primary tumors release only limited quantities of tumor-derived material into
the circulation, resulting in a weak systemic signal that is often difficult to distinguish from
the physiological background [221]. Consequently, the analytical sensitivity required for
reliable detection is considerably higher in early-stage disease than in advanced cancer [25].

The various classes of LB biomarkers provide distinct and complementary biological
insights, yet each is associated with inherent limitations that constrain its clinical applica-
bility [14]. CTCs offer direct cellular evidence of malignancy and allow phenotypic and
molecular characterization of tumor cells [3]. However, their extreme rarity in early-stage
BC significantly restricts their diagnostic utility. Moreover, EMT may lead to the downregu-
lation of commonly targeted epithelial markers, thereby reducing detection efficiency and
increasing the likelihood of false-negative findings [222].

In contrast, ctDNA has become one of the most extensively investigated biomarkers
due to its ability to reveal tumor-specific genetic and epigenetic alterations [223]. Detec-
tion of mutations, methylation patterns, and fragmentation signatures has demonstrated
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considerable potential for early diagnosis [96]. Nevertheless, ctDNA concentrations are
frequently exceedingly low in early-stage disease, while age-related clonal hematopoiesis
may generate false-positive findings that complicate interpretation [18]. EVs represent
another attractive biomarker source because of their remarkable stability and their ability
to transport biologically active cargo, including nucleic acids and proteins [224].

Nevertheless, the clinical translation of extracellular vesicles is still hindered by the ab-
sence of universally accepted protocols for their isolation, purification, and molecular char-
acterization [225]. Similarly, circulating RNAs, proteins, metabolites, and tumor-educated
platelets have shown promise, but their relatively limited specificity often reduces their
effectiveness when evaluated as individual biomarkers [25,208]. Moreover, many RNA
and protein-based biomarkers may be altered in non-malignant physiological or inflam-
matory conditions, further complicating their application in population-based screening
settings [226]. Despite the remarkable expansion of LB technologies, many studies continue
to evaluate circulating biomarkers in isolation. Such an approach may not fully capture the
biological complexity of early-stage BC, where tumor-derived signals are sparse, heteroge-
neous, and strongly influenced by both tumor-intrinsic and host-related factors.

Circulating biomarkers are not merely passive indicators of disease burden. Their
abundance, composition, and biological relevance are strongly influenced by tumor intrinsic
characteristics as well as by interactions with the surrounding microenvironment. The
generation of circulating tumor-derived signals is profoundly influenced by dynamic
TME interactions, including angiogenesis, vascular remodeling, immune surveillance, and
stromal reprogramming [221,227]. Consequently, the circulating biomarker landscape
reflects the underlying biological activity of the disease, including dynamic interactions
between tumor cells and the TME, rather than tumor size alone. This may partly account for
the considerable variability in LB profiles observed among tumors of comparable size [221].
The biological heterogeneity of BC further complicates biomarker detection, as distinct
tumor regions and cellular subpopulations may contribute unequally to the circulating
biomarker pool. Consequently, tumors with similar clinical characteristics may generate
substantially different LB profiles.

Furthermore, biological processes such as EMT, early dissemination, and tumor cell
dormancy may further influence both the quantity and composition of circulating biomark-
ers, contributing to the weak and heterogeneous systemic signals characteristic of early-
stage disease [228]. A major challenge across all LB platforms is the distinction between
true tumor-derived signals and biological noise. Blood contains a vast array of nucleic
acids, proteins, extracellular vesicles, and cellular components originating from normal
physiological processes. As a result, highly sensitive analytical platforms may inadvertently
detect non-tumor signals, increasing the risk of false-positive findings. This challenge is
particularly pronounced in screening settings, where even small reductions in specificity
may result in unnecessary diagnostic investigations, increased psychological burden, and
the risk of overdiagnosis.

Beyond biological complexity, several technical barriers continue to hinder widespread
clinical implementation. Variability introduced during the pre-analytical phase, including
differences in sample collection, processing intervals, storage conditions, and extraction
methodologies remains a significant source of analytical inconsistency. Furthermore, differ-
ences among analytical platforms, bioinformatic pipelines, and reporting criteria contribute
to variability across studies and limit reproducibility. The lack of universally accepted
standards remains one of the principal obstacles to the incorporation of LB into routine
clinical practice.

Despite the rapidly expanding body of literature, the overall level of clinical evidence
supporting LB for early BC remains limited. Although numerous circulating biomarkers
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have demonstrated encouraging diagnostic performance in exploratory studies, relatively
few have progressed to large prospective multicenter validation or routine clinical im-
plementation. Most currently available evidence derives from retrospective analyses,
single-center cohorts, or studies involving relatively small patient populations, limiting
the generalizability of published findings. Furthermore, considerable methodological
heterogeneity, including differences in patient selection, pre-analytical handling, analyti-
cal platforms, and biomarker cut-off values complicates direct comparison across studies
and continues to hinder robust clinical standardization. Consequently, while current
findings strongly support continued investigation, additional large-scale prospective mul-
ticenter clinical trials remain essential before LB can be routinely implemented for early
BC detection.

Taken together, current evidence indicates that no individual biomarker consistently
achieves the sensitivity, specificity, and level of clinical validation required for reliable early
BC detection and routine clinical implementation. Rather than focusing on a single univer-
sal biomarker, future LB strategies may benefit from integrating complementary analytes
that capture distinct dimensions of tumor biology. Combining genomic, transcriptomic,
proteomic, cellular, and immune-related information could provide a more comprehensive
representation of early disease than any individual biomarker alone. Finally, an important
unresolved challenge is determining whether circulating biomarkers accurately reflect
the full biological diversity of BCs. Spatial heterogeneity, clonal evolution, and temporal
changes in tumor composition may all influence the circulating biomarker landscape. As
tumors evolve, the relative contribution of individual cellular subpopulations to circulating
biomarkers may also change, potentially affecting biomarker performance over time. Conse-
quently, longitudinal monitoring and repeated sampling may prove more informative than
single time-point measurements, particularly for tracking disease evolution, identifying
emerging resistant clones, and refining patient risk stratification.

Despite encouraging progress, current clinical evidence remains insufficient to support
the routine implementation of LB for population-based early BC detection. Most promising
biomarkers still require validation in large prospective multicenter studies using standard-
ized analytical workflows and harmonized reporting criteria. The successful translation
of LB into routine clinical practice will require rigorous validation in large prospective
cohorts, the establishment of standardized analytical frameworks, and clear evidence of
clinical utility. Future advances are likely to arise from the integration of LB with multi-
omics technologies, artificial intelligence-based analytical tools, imaging modalities, and
clinicopathological parameters. In addition, insights derived from single-cell and spatial
profiling approaches may improve our understanding of tumor heterogeneity and disease
evolution. Rather than reflecting tumor burden alone, next-generation LB platforms may
incorporate molecular signatures associated with specific tumor and microenvironmental
cell states. Such integrated, biology-driven approaches could support the transition from
isolated biomarker measurements toward comprehensive diagnostic frameworks, ulti-
mately enabling more accurate, personalized, and clinically actionable strategies for early
BC detection. These technologies may facilitate the identification of biologically relevant
tumors and microenvironmental subpopulations that are most likely to contribute to the
circulating biomarker pool.

11. Conclusions
LB has emerged as a minimally invasive approach for investigating BC, providing

access to a broad spectrum of circulating biomarkers that reflect different aspects of tumor
biology. CtDNA, CTCs, EVs, circulating RNAs, proteins, and other emerging analytes
collectively offer unique opportunities for disease detection, monitoring, prognostic assess-
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ment, and evaluation of treatment response. Despite these advances, the application of LB
in early-stage BC remains constrained by the limited release of tumor-derived material into
the circulation, substantial biological heterogeneity, and persistent challenges related to
assay standardization and analytical reproducibility.

Current evidence indicates that no single biomarker can adequately capture the com-
plexity of early disease or consistently achieve the diagnostic performance required for
routine clinical implementation. Consequently, future developments are expected to focus
on integrated strategies that combine multiple classes of circulating biomarkers with com-
plementary molecular information. The incorporation of multi-omics technologies, artificial
intelligence-driven analyses, and insights derived from single-cell and spatial profiling
may improve both biomarker discovery and the interpretation of circulating signals within
their biological context.

Overall, LB represents one of the most promising developments in precision oncology
for early BC. However, current evidence remains insufficient to support its routine imple-
mentation for population-based early detection. Future clinical adoption will depend on
large prospective validation studies, standardized pre-analytical and analytical workflows,
harmonized reporting criteria, and robust demonstration of clinical utility beyond existing
imaging-based screening strategies. Rather than replacing conventional screening modali-
ties, LB is more likely to complement current diagnostic approaches through integrated
multi-analyte strategies. As these challenges are progressively addressed, LB has the po-
tential to become an integral component of precision oncology, enabling more accurate,
individualized, and biologically informed patient management.
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CAM Collagen Adhesion Matrix
cdPCR Chip-based Digital Polymerase Chain Reaction
CEA Carcinoembryonic Antigen
cfDNA Cell-Free DNA
CHIP Clonal Hematopoiesis of Indeterminate Potential
CSCs Cancer Stem Cells
CTC-chip Circulating Tumor Cell Chip
CTCs Circulating Tumor Cells
ctDNA Circulating Tumor DNA
DCIS Ductal Carcinoma In Situ
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ddPCR Droplet Digital Polymerase Chain Reaction
DEP-FFF Dielectrophoretic Field-Flow Fractionation
DFS Disease-Free Survival
dPCR Digital Polymerase Chain Reaction
DTCs Disseminated Tumor Cells
DOX Doxorubicin
EGFR Epidermal Growth Factor Receptor
EMT Epithelial-to-Mesenchymal Transition
EpCAM Epithelial Cell Adhesion Molecule
EPISPOT Epithelial Immunospot Assay
ESR1 Estrogen Receptor 1
EVs Extracellular Vesicles
FAST Fiber-Optic Array Scanning Technology
FDA Food and Drug Administration
HER2 Human Epidermal Growth Factor Receptor 2
HR+ Hormone Receptor-Positive
ICC Immunocytochemistry
ISET Isolation by Size of Epithelial Tumor Cells
LB Liquid Biopsy
lncRNA Long Non-Coding RNA
MACS Magnetic-Activated Cell Sorting
MCED Multi-Cancer Early Detection
MeDIP-Seq Methylated DNA Immunoprecipitation Sequencing
MEMS Microelectromechanical Systems
miRNA MicroRNA
MRD Minimal Residual Disease
MSCs Mesenchymal Stem Cells
MVs Microvesicles
NGS Next-Generation Sequencing
PCR Polymerase Chain Reaction
PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
RNA Ribonucleic Acid
TEPs Tumor-Educated Platelets
TME Tumor Microenvironment
TNBC Triple-Negative Breast Cancer
VEGF Vascular Endothelial Growth Factor

References
1. Kotsifaki, A.; Alevizopoulos, N.; Dimopoulou, V.; Armakolas, A. Unveiling the Immune Microenvironment’s Role in Breast

Cancer: A Glimpse into Promising Frontiers. Int. J. Mol. Sci. 2023, 24, 15332. [CrossRef]
2. Chauhan, B.; Kumar, D.; Ahmad, A.; Haque, Z.; Baig, M.S.; Choudhary, N.; Tanwar, R.; Sophia, A.; Alam, M.I.; Webster, T.J.; et al.

Precision Breast Oncology: Molecular Insights and Transformative Clinical Strategies. Cancer Treat. Res. Commun. 2026, 47, 101242.
[CrossRef] [PubMed]

3. Kotsifaki, A.; Maroulaki, S.; Armakolas, A. Exploring the Immunological Profile in Breast Cancer: Recent Advances in Diagnosis
and Prognosis through Circulating Tumor Cells. Int. J. Mol. Sci. 2024, 25, 4832. [CrossRef] [PubMed]

4. Schiavone, M.L.; Scarpitta, R.; Ravera, F.; Bleve, S.; Reduzzi, C.; Di Cocco, F.; Dameri, M.; Zoppoli, G.; Naccarato, A.G.; Nuzzo,
P.V.; et al. Liquid Biopsy in Breast Cancer: Redefining Precision Medicine. J. Liq. Biopsy 2025, 9, 100312. [CrossRef] [PubMed]

5. Pleasant, V.; Bapaye, C.; Delporte, F.; Vigil, M.J.D.R.; Divakar, H.; Delgado, G.F.; Garello, N.C.; Gueye, S.M.K.; Gutierrez, C.C.T.;
Iturralde-Roses-Priego, P.; et al. National Policies for Screening and Early Detection of Breast Cancer around the Globe: Practices,
Barriers, and Solutions. Int. J. Gynaecol. Obs. 2025, 171, 1046–1053. [CrossRef] [PubMed]

6. Iacob, R.; Iacob, E.R.; Stoicescu, E.R.; Ghenciu, D.M.; Cocolea, D.M.; Constantinescu, A.; Ghenciu, L.A.; Manolescu, D.L. Evaluating
the Role of Breast Ultrasound in Early Detection of Breast Cancer in Low- and Middle-Income Countries: A Comprehensive
Narrative Review. Bioengineering 2024, 11, 262. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142344

https://doi.org/10.3390/ijms242015332
https://doi.org/10.1016/j.ctarc.2026.101242
https://www.ncbi.nlm.nih.gov/pubmed/42134177
https://doi.org/10.3390/ijms25094832
https://www.ncbi.nlm.nih.gov/pubmed/38732051
https://doi.org/10.1016/j.jlb.2025.100312
https://www.ncbi.nlm.nih.gov/pubmed/40740670
https://doi.org/10.1002/ijgo.70545
https://www.ncbi.nlm.nih.gov/pubmed/41031542
https://doi.org/10.3390/bioengineering11030262
https://www.ncbi.nlm.nih.gov/pubmed/38534536
https://doi.org/10.3390/cancers18142344


Cancers 2026, 18, 2344 32 of 41

7. den Dekker, B.M.; Bakker, M.F.; de Lange, S.V.; Veldhuis, W.B.; van Diest, P.J.; Duvivier, K.M.; Lobbes, M.B.I.; Loo, C.E.; Mann,
R.M.; Monninkhof, E.M.; et al. Reducing False-Positive Screening MRI Rate in Women with Extremely Dense Breasts Using
Prediction Models Based on Data from the DENSE Trial. Radiology 2021, 301, 283–292. [CrossRef] [PubMed]

8. Kotsifaki, A.; Kalouda, G.; Karalexis, E.; Stathaki, M.; Metaxas, G.; Armakolas, A. Emerging Breast Cancer Subpopulations:
Functional Heterogeneity Beyond the Classical Subtypes. Int. J. Mol. Sci. 2025, 26, 11599. [CrossRef] [PubMed]

9. Qiu, P.; Yu, X.; Zheng, F.; Gu, X.; Huang, Q.; Qin, K.; Hu, Y.; Liu, B.; Xu, T.; Zhang, T.; et al. Advancements in Liquid Biopsy for
Breast Cancer: Molecular Biomarkers and Clinical Applications. Cancer Treat. Rev. 2025, 139, 102979. [CrossRef] [PubMed]

10. Guo, L.; Kong, D.; Liu, J.; Zhan, L.; Luo, L.; Zheng, W.; Zheng, Q.; Chen, C.; Sun, S. Breast Cancer Heterogeneity and Its
Implication in Personalized Precision Therapy. Exp. Hematol. Oncol. 2023, 12, 3. [CrossRef] [PubMed]

11. Masmoudi, D.; Alix-Panabières, C.; Eslami-S, Z. Integrating Immunopeptidomics with Liquid Biopsy for Precision Oncology.
Mol. Asp. Med. 2026, 110, 101478. [CrossRef] [PubMed]

12. Mazzitelli, C.; Santini, D.; Corradini, A.G.; Zamagni, C.; Trerè, D.; Montanaro, L.; Taffurelli, M. Liquid Biopsy in the Management
of Breast Cancer Patients: Where Are We Now and Where Are We Going. Diagnostics 2023, 13, 1241. [CrossRef] [PubMed]

13. Yang, J.; Qiu, L.; Wang, X.; Chen, X.; Cao, P.; Yang, Z.; Wen, Q. Liquid Biopsy Biomarkers to Guide Immunotherapy in Breast
Cancer. Front. Immunol. 2023, 14, 1303491. [CrossRef] [PubMed]

14. Armakolas, A.; Kotsari, M.; Koskinas, J. Liquid Biopsies, Novel Approaches and Future Directions. Cancers 2023, 15, 1579.
[CrossRef] [PubMed]

15. Simancas-Racines, D.; Román-Galeano, N.M.; Vásquez, J.P.; Jima Gavilanes, D.; Vijayan, R.; Reytor-González, C. Liquid Biopsy
and Multi-Omic Biomarkers in Breast Cancer: Innovations in Early Detection, Therapy Guidance, and Disease Monitoring.
Biomedicines 2025, 13, 3073. [CrossRef] [PubMed]

16. Jantus-Lewintre, E.; Calabuig-Fariñas, S.; Gandara, D.; Raez, L.; Leighl, N.B.; Fusco, N.; Khorshid, O.; Mayo de las Casas, C.;
Reduzzi, C.; Urum, Y.; et al. Harmonizing Definitions in Liquid Biopsy: A Terminology Framework by the International Society
of Liquid Biopsy. J. Liq. Biopsy 2026, 12, 100462. [CrossRef] [PubMed]

17. Velpula, T.; Buddolla, V. Enhancing Detection and Monitoring of Circulating Tumor Cells: Integrative Approaches in Liquid
Biopsy Advances. J. Liq. Biopsy 2025, 8, 100297. [CrossRef] [PubMed]

18. Wang, X.; Wang, L.; Lin, H.; Zhu, Y.; Huang, D.; Lai, M.; Xi, X.; Huang, J.; Zhang, W.; Zhong, T. Research Progress of CTC, ctDNA,
and EVs in Cancer Liquid Biopsy. Front. Oncol. 2024, 14, 1303335. [CrossRef] [PubMed]

19. Solaimani, M.; Hosseinzadeh, S.; Abasi, M. Non-Coding RNAs, a Double-Edged Sword in Breast Cancer Prognosis. Cancer Cell
Int. 2025, 25, 123. [CrossRef] [PubMed]

20. Marrugo-Ramírez, J.; Mir, M.; Samitier, J. Blood-Based Cancer Biomarkers in Liquid Biopsy: A Promising Non-Invasive Alternative
to Tissue Biopsy. Int. J. Mol. Sci. 2018, 19, 2877. [CrossRef] [PubMed]

21. Sobota, J.; Zhang, Y.; Alshammari, E.; Yang, Z. Emerging Non-Invasive Molecular Biomarkers for Early Cancer Detection. In
Genomic and Epigenomic Biomarkers of Toxicology and Disease; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2022; pp. 229–250.
ISBN 978-1-119-80770-4.

22. Zafar, S.; Hafeez, A.; Shah, H.; Mutiullah, I.; Ali, A.; Khan, K.; Figueroa-González, G.; Reyes-Hernández, O.D.; Quintas-Granados,
L.I.; Peña-Corona, S.I.; et al. Emerging Biomarkers for Early Cancer Detection and Diagnosis: Challenges, Innovations, and
Clinical Perspectives. Eur. J. Med. Res. 2025, 30, 760. [CrossRef] [PubMed]

23. Carrasco, R.; Dreij, K. Integrating Liquid Biopsy and Mutational Signatures to Advance Precision Oncology. npj Precis. Oncol.
2026, 10, 114. [CrossRef] [PubMed]

24. Zulbayar, S.; Brooks, J.; Aminoleslami, A.; Kim, S.; Calderon Anyosa, R.J.C.; Xiang, F.; Knight, J.; Eisen, A.; Anderson, G.M.
Early-Stage Breast Cancer in Women Younger Than 50 Years: Comparing American Joint Committee on Cancer Anatomic and
Prognostic Stages With Partitioning Around Medoids Clusters in SEER Data. JCO Clin. Cancer Inf. 2026, 10, e2500173. [CrossRef]
[PubMed]

25. Liang, X.; Tang, Q.; Chen, J.; Wei, Y. Liquid Biopsy: A Breakthrough Technology in Early Cancer Screening. Cancer Screen. Prev.
2025, 4, 40–52. [CrossRef]

26. Mayoral-Peña, K.; González Peña, O.I.; Artzi, N.; de Donato, M. Biomarker Discovery for Early Breast Cancer Diagnosis Using
Machine Learning on Transcriptomic Data for Biosensor Development. Comput. Biol. Med. 2025, 196, 110584. [CrossRef] [PubMed]

27. Bai, S.; Lin, S.; Lin, T.; Wang, Q.; Cheng, C.; Lin, J.; Zhang, Y.; Jiang, X.; Han, X. Clinical Diagnostic Biomarker “Circulating Tumor
Cells” in Breast Cancer—A Meta-Analysis. Front. Oncol. 2023, 13, 1137519. [CrossRef] [PubMed]

28. Gu, X.; Wei, S.; Lv, X. Circulating Tumor Cells: From New Biological Insights to Clinical Practice. Signal Transduct. Target. Ther.
2024, 9, 226. [CrossRef] [PubMed]

29. Allgayer, H.; Mahapatra, S.; Mishra, B.; Swain, B.; Saha, S.; Khanra, S.; Kumari, K.; Panda, V.K.; Malhotra, D.; Patil, N.S.; et al.
Epithelial-to-Mesenchymal Transition (EMT) and Cancer Metastasis: The Status Quo of Methods and Experimental Models 2025.
Mol. Cancer 2025, 24, 167. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142344

https://doi.org/10.1148/radiol.2021210325
https://www.ncbi.nlm.nih.gov/pubmed/34402665
https://doi.org/10.3390/ijms262311599
https://www.ncbi.nlm.nih.gov/pubmed/41373752
https://doi.org/10.1016/j.ctrv.2025.102979
https://www.ncbi.nlm.nih.gov/pubmed/40540857
https://doi.org/10.1186/s40164-022-00363-1
https://www.ncbi.nlm.nih.gov/pubmed/36624542
https://doi.org/10.1016/j.mam.2026.101478
https://www.ncbi.nlm.nih.gov/pubmed/42119346
https://doi.org/10.3390/diagnostics13071241
https://www.ncbi.nlm.nih.gov/pubmed/37046459
https://doi.org/10.3389/fimmu.2023.1303491
https://www.ncbi.nlm.nih.gov/pubmed/38077355
https://doi.org/10.3390/cancers15051579
https://www.ncbi.nlm.nih.gov/pubmed/36900369
https://doi.org/10.3390/biomedicines13123073
https://www.ncbi.nlm.nih.gov/pubmed/41463084
https://doi.org/10.1016/j.jlb.2026.100462
https://www.ncbi.nlm.nih.gov/pubmed/42004689
https://doi.org/10.1016/j.jlb.2025.100297
https://www.ncbi.nlm.nih.gov/pubmed/40453103
https://doi.org/10.3389/fonc.2024.1303335
https://www.ncbi.nlm.nih.gov/pubmed/38333685
https://doi.org/10.1186/s12935-025-03679-0
https://www.ncbi.nlm.nih.gov/pubmed/40170036
https://doi.org/10.3390/ijms19102877
https://www.ncbi.nlm.nih.gov/pubmed/30248975
https://doi.org/10.1186/s40001-025-03003-6
https://www.ncbi.nlm.nih.gov/pubmed/40826140
https://doi.org/10.1038/s41698-026-01337-w
https://www.ncbi.nlm.nih.gov/pubmed/41731148
https://doi.org/10.1200/CCI-25-00173
https://www.ncbi.nlm.nih.gov/pubmed/41774882
https://doi.org/10.14218/CSP.2024.00031
https://doi.org/10.1016/j.compbiomed.2025.110584
https://www.ncbi.nlm.nih.gov/pubmed/40644891
https://doi.org/10.3389/fonc.2023.1137519
https://www.ncbi.nlm.nih.gov/pubmed/37397397
https://doi.org/10.1038/s41392-024-01938-6
https://www.ncbi.nlm.nih.gov/pubmed/39218931
https://doi.org/10.1186/s12943-025-02338-2
https://www.ncbi.nlm.nih.gov/pubmed/40483504
https://doi.org/10.3390/cancers18142344


Cancers 2026, 18, 2344 33 of 41

30. Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The Emerging Role of Cell-Free DNA as a Molecular Marker for Cancer Manage-
ment. Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef] [PubMed]

31. Mouliere, F. A Hitchhiker’s Guide to Cell-Free DNA Biology. Neurooncol. Adv. 2022, 4, ii6–ii14. [CrossRef] [PubMed]
32. Rostami, A.; Lambie, M.; Yu, C.W.; Stambolic, V.; Waldron, J.N.; Bratman, S.V. Senescence, Necrosis, and Apoptosis Govern

Circulating Cell-Free DNA Release Kinetics. Cell Rep. 2020, 31, 107830. [CrossRef] [PubMed]
33. Kustanovich, A.; Schwartz, R.; Peretz, T.; Grinshpun, A. Life and Death of Circulating Cell-Free DNA. Cancer Biol. Ther. 2019, 20,

1057–1067. [CrossRef] [PubMed]
34. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.;

Erdbrügger, U.; et al. Minimal Information for Studies of Extracellular Vesicles (MISEV2023): From Basic to Advanced Approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef] [PubMed]

35. Chemi, F.; Mohan, S.; Guevara, T.; Clipson, A.; Rothwell, D.G.; Dive, C. Early Dissemination of Circulating Tumor Cells: Biological
and Clinical Insights. Front. Oncol. 2021, 11, 672195. [CrossRef] [PubMed]

36. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. EMERGING BIOLOGICAL PRINCIPLES OF METASTASIS. Cell 2017, 168,
670–691. [CrossRef] [PubMed]

37. Harney, A.S.; Arwert, E.N.; Entenberg, D.; Wang, Y.; Guo, P.; Qian, B.-Z.; Oktay, M.H.; Pollard, J.W.; Jones, J.G.; Condeelis,
J.S. Real-Time Imaging Reveals Local, Transient Vascular Permeability and Tumor Cell Intravasation Stimulated by Tie2Hi
Macrophage-Derived VEGFA. Cancer Discov. 2015, 5, 932–943. [CrossRef] [PubMed]
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