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Abstract Liquid biopsy, a non-invasive diagnosis that examines circulating tumor components in body fluids,
is increasingly used in cancer management. An overview of relevant literature emphasizes the current state of
liquid biopsy applications in cancer care. Liquid biopsy, particularly circulating tumor DNA (ctDNA),
circulating tumor RNAs (ctRNA), circulating tumor cells (CTCs), extracellular vesicles, and other cell-free
nucleic acids, offers promising opportunities for early cancer diagnosis, treatment selection, monitoring, and
disease assessment. The implementation of liquid biopsy in precision medicine has shown significant potential
in various cancer types, including lung cancer, colorectal cancer, breast cancer, and prostate cancer. Advances
in genomic and molecular technologies, such as next generation sequencing (NGS) and digital polymerase
chain reaction (dPCR) have expanded the utility of liquid biopsy, enabling the detection of somatic variants
and actionable genomic alterations in tumors. Liquid biopsy has also demonstrated utility in predicting
treatment responses, monitoring minimal residual disease (MRD), and assessing tumor heterogeneity.
Nevertheless, standardizing liquid biopsy techniques, interpreting results, and integrating them into clinical
routine remain challenges. Despite these challenges, liquid biopsy has significant clinical implications in cancer
management, offering a dynamic and non-invasive approach to understanding tumor biology and guiding
personalized treatment strategies.
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1. Introduction

Cancer is the leading cause of death in the world, accounting for nearly 20 million new cancer
cases and 9.7 million deaths in 2022. Cancer is also referred to as a silent killer since its symptoms are
vague and thus difficult to detect early. Cancer formation consists of 4 phases: initiation, promotion,
progression, and metastasis. The first phase, initiation involves gene mutations in a cell. Promotion
is the phase between a premalignant lesion and the development of invasive cancer, involving the
accumulation of actively proliferating preneoplastic cells. The next phase is progression where
genetic and phenotypic changes and cell proliferation occur. At this phase, the tumor size increases
rapidly and the cells may undergo further mutations with invasive and metastatic potential [32]. The
final stage is metastasis, which refers to the spread of cancer cells from a primary tumor to distant
organs of the body. The metastasis process is a multi-step process, named metastatic cascade, broadly
divided into 5 distinct steps (Figure 1). The malignant cells invades into adjacent tissues and penetrate
into lymphatic and circulatory systems. These malignant cells are now known as circulating tumor
cells (CTCs). These cells then exit the from the lymphatic and circulatory systems into adjacent
normal tissue or organs which then survive and proliferate in in adjacent tissue or organs, leading to
colonization [52].
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Figure 1. Metastasis cascade This figure was created with BioRender (https://biorender.com) (accessed
on 10 June 2024).

Liquid biopsy has emerged as a revolutionary approach in the field of oncology, offering a
minimally invasive and real-time method for the detection, monitoring, and characterization of
cancer. Unlike traditional tissue biopsies, which are invasive and may not always capture the
heterogeneity of tumors, liquid biopsy involves the analysis of biomarkers in biofluids such as blood,
urine, saliva, sputum, stool, ascites, pleural effusion, seminal plasma or cerebrospinal fluid [104]. This
approach holds great potential for transforming cancer management through the provision of
clinicians with valuable insight into tumor dynamics, treatment response, and disease progression.
In recent years, the field of liquid biopsy has made rapid advancements driven by technological
innovations and a deeper understanding of cancer biology. The ability to detect CTC, ctDNA, ctRNA,
extracellular vesicles, and metabolites in liquid biopsy samples has opened new avenues for
personalized medicine and precision oncology [52] (Figure 2). With the aid of liquid biopsy, clinicians
may be able to formulate tailor-made treatment strategies for individual cancers based on their
individual molecular profiles, resulting in more effective and targeted therapies.
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Figure 2. Biomarkers present in liquid biopsy. This figure was created with BioRender
(https://biorender.com) (accessed on 10 June 2024).

This review aims to explore the role of liquid biopsy in the clinical management of cancer,
highlighting its potential applications, challenges, and future directions. By consolidating the current
knowledge and research findings in this rapidly developing field, we seek to provide a
comprehensive overview of the impact of liquid biopsy on cancer diagnosis, prognosis, treatment
selection, and monitoring.

2. Background

Traditional methods of cancer diagnosis and monitoring have primarily relied on tissue biopsies,
which involve the surgical removal of a sample of the tumor for analysis [155]. While tissue biopsies
remain the gold standard for cancer diagnosis, they are limited by several factors, including their
invasive nature, the possibility of tumor seeding [41], sampling errors, and a small risk of morbidity
associated with tissue biopsy procedures [109]. These limitations underscore the need for non-
invasive and dynamic approaches that can provide a more comprehensive picture of the disease. In
addition, tissue biopsies typically obtain a sample of only a part of the tumor, thus only encompassing
a part of tumor heterogeneity, limiting the information obtained on the levels of genetic and
epigenetic variability of a patient’s cancer [55]. Liquid biopsy offers advantages over traditional tissue
biopsies, providing a minimally invasive, dynamic, and comprehensive molecular analysis of tumors,
aiding in early diagnosis, prognostication, and treatment response monitoring (Table 1) [2,32,47,90].
By analyzing biomolecules shed by tumors into the bloodstream, liquid biopsy provides valuable
information about the genetic alterations, mutational profiles, and treatment response of cancer cells.
Moreover, liquid biopsy can be performed after surgical resection and when there is no detectable
metastatic mass for cancer treatment monitoring. Due to its minimally invasive nature, liquid biopsy
can be performed multiple times or sequentially, which allows for continuous monitoring of disease
progression as well as the emergence of treatment-resistant clones, offering insights that can be used
to guide clinical decision-making. With the less invasive obtaining method and the various analytes
that can be sampled in liquid biopsy, thus it can be used as a routine method for the real-time
monitoring of cancer progression, early diagnosis of cancer, and assessing treatment response [2].
Liquid biopsy may help reveal intra-tumor heterogeneity (within tumors) and inter-tumor
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heterogeneity (between tumors), allowing the differences between the primary tumor and
metastases, and the differences exposed during disease progression to be distinguished [112]. For
example, Jin et al successfully identified three potential prognostic ctRNA biomarkers, which may be
possible to apply MRD testing involving the identification of any remnants of cancer cells after
operation [58]. Through the integration of liquid biopsy into clinical practice, cancer management
will be revolutionized by early detection, personalized treatment selection, and real-time monitoring
of treatment outcomes. Researchers are exploring liquid biopsy's utility in diverse cancer types and
clinical settings, where the field has great potential to improve patient outcomes and expand our
understanding of cancer biology.

Although liquid biopsy holds several advantages over tissue biopsy, more studies and advanced
technologies are required to be conducted and invented in order for liquid biopsy to have the
potential to replace tissue biopsy. The analytes in liquid biopsy are present in a very low
concentration, thus the assays for the detection of analytes should be sensitive and specific enough in
order to produce a valid result for the detection and monitoring of cancer. Moreover, tumor histology
specification and staging cannot be determined by liquid biopsy, stating that liquid biopsy should be
conducted with tissue biopsy for the treatment and diagnosis of cancer. Studies have shown that
validation is still needed to increase the potential of liquid biopsy [57,58]. Therefore, implementing
liquid biopsy assays in clinical practice is indeed facing significant challenges despite the promising
potential of this technology.

The comparison between liquid biopsy and tissue biopsy is shown in Table 1.

Table 1. The comparison between liquid biopsy and tissue biopsy.

Liquid biopsy Tissue biopsy

\

: "'. 0.«4..- J?/f{( /S@ b\

Samples derived from body fluid Samples derived from needle biopsy or
surqical biopsy

Minimally invasive Invasive

Preserved by preservation reagents Preserved by paraffin embedding or
cryopreservation

Can be performed after surgical Impossible to be performed after

resection and when there is no surgical resection and when there is

detectable metastatic mass no detectable metastatic mass

Does not allow tumor histotype Allows histological diagnosis and

specification and staging staging

Easily performed at multiple or Not suitable for frequent monitoring

sequential time points during

treatment

Allows real time monitoring of disease | Single information point over time and
space

Potential to reflect tumor Not suitable to reflect tumor

heterogeneity heteroqeneity
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3. Technology to Collect and Detect Liquid Biopsy

In liquid biopsy, biomarkers are identified in biofluids in order to provide valuable insights into
the presence and characteristics of cancer. The main components of liquid biopsy include CTCs,
ctDNA, ctRNA, extracellular vesicles (exosomes), and other circulating nucleic acids and proteins as
shown in Figure 3. These biomarkers shed by tumors into the bloodstream or other bodily fluids can
offer valuable insights into the genetic changes, mutations, and heterogeneity of cancer cells. Among
different kinds of body fluids, blood is considered the most common material to analyze, but other
body fluids may obtain some benefits over blood. For instance, the malignant pleural and peritoneal
effusions may exhibit a higher concentration of CTCs than blood, or collecting CTCs in urine can
enable the diagnosis of bladder cancer without the need for endoscopy [139]. Besides, many analyses
are performed on ctDNA and CTCs isolated from blood. Therefore, the main focus would be on the
isolation and analysis of ctDNA and CTCs in blood.

- . - anpantunsias

Figure 3. Biomarkers in blood. This figure was created with BioRender (https://biorender.com)
(accessed on 10 June 2024).

3.1. Circulating Tumor Cells (CTCs)

Cells that shed from a tumor and enter the circulatory or lymphatic system are referred to as
circulating tumor cells (CTCs). They are able to travel through the bloodstream or lymphatic system
to other areas of the body which have the potential to cause distant metastases. Different molecular
markers are present on different CTCs depending on the type of cancer. As most of the cancers are of
epithelial origin, a “universal” epithelial marker of cancer, EpCAM can be used as a common marker
for CTCs [73]. The expression of EpCAM varies in different cancers with breast and prostate cancer
being the highest and neurogenic cancers being the lowest. Cancer-specific CTC marks such as
epidermal growth factor receptor-2 (HER2), prostate-specific membrane antigen, estrogen receptor,
folate receptor, and surviving are in accordance with the specific molecular markers of the primary
tumor [72]. CTCs are found to have a very low concentration in the blood even in patients with
metastatic cancer [146], thus highly sensitive technologies are required to detect and isolate these
cells.

3.1.1. Capture and Isolation of CTCs

Advanced Microfluidic Technologies

Microfluidic devices offer high-throughput and high-resolution isolation and analysis of CTCs
from blood samples. These platforms use microscale channels to capture and isolate CTCs based on
physical or biological properties, allowing for more sensitive and specific detection of rare CTCs
(Figure 4).


https://doi.org/10.20944/preprints202406.1172.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 June 2024

do0i:10.20944/preprints202406.1172.v1

Blologlcal properties
1. Positive selection

oAl EpCAM snbodty

— EOLAM
[

2 Negative selection

. 7 MICDAS antibody
s

St cnas

Figure 4. The isolation methods of CTCs.
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Since CTCs are in a low concentration in blood, it is enriched from blood samples through
various techniques that are based on the biological properties of CTCs such as the expression of
specific protein markers, or based on the physical properties like size, density, deformability or

electric charges [5].
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Figure 5. The detection methods of CTCs. This figure was created with BioRender
(https://biorender.com) (accessed on 9 June 2024).

In terms of biological properties, the epithelial cell adhesion molecule (EpCAM) serves as a
surface antigen marker on CTCs so EPCAM-based enrichment for CTC detection is considered as a
reliable method. However, in recent findings, CTCs can cease the expression of selected markers
which allows markers to escape detection and result in false negative results [99,145]. In this case,
negative selection rather than positive selection can be adopted. It refers to the depletion of non-
malignant blood cells from blood by using antibodies such as targeting cell surface antigen CD45 on
white blood cells [12]. It is noted that the drawbacks of negative selection include a lower purity of
CTCs relative to the positive selection approach and the potential risk of depletion of CTCs owing to
being trapped in a mass of blood cells [26,49,137]. Apart from EpCAM, cytokeratin family members
such as CK8, CK18, and CK19 that are specific for epithelial cells also enable isolation of CTCs with
epithelial phenotype by antibodies [96-98].

In terms of physical properties, CTCs show a larger size than normal blood cells. Size-based
methods including isolation by size of epithelial tumor cells (ISET) have been developed, in which
the blood passes through the pores to enable size exclusion of CTCs so larger CTCs are trapped but
smaller CTCs may be lost and a lower purity of isolated CTCs [126]. Density gradient centrifugation
is also available to separate CTCs which allows for fast separation but a lower sensitivity.
Dielectrophoresis (DEP) can separate CTCs from normal blood cells by their unique dielectric
properties which depend on their diameter, membrane area, density, conductivity, and volume,
albeit the changes in dielectric properties during prolonged storage [139].

3.1.2. Strategies on CTCs Analysis
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After the isolation of CTCs, they can be identified by immunological, molecular, or functional
assays [5].

Immunological Technologies

In the immunological assay, CICs are detected by antibodies against epithelial, mesenchymal,
tissue-specific, or tumor-associated markers. For instance, EpCAM and cytokeratin members are the
epithelial markers to be detected, or mesenchymal markers like N-cadherin or vimentin can also be
targeted [65]. The tissue-specific markers like prostate-specific antigen (PSA) show a high specificity
to particular tumor types and tumor-associated markers like HER-2 are important for targeted
therapies.

Molecular Technologies (RNA-based)

Tumor cells have changed at genetic and transcriptomic levels making them able to escape from
the primary tumor and survive as CTCs [50], hence RNA analysis of CTCs can be used for detection
and quantification. CTCs are identified by quantitative reverse transcription polymerase chain
reaction (RT-qPCR), RNA sequencing (RNA-seq), and RNA in situ hybridization (RNA-ISH). RT-
qPCRis a frequently used technique to detect gene expression in CTCs due to its high sensitivity and
cost-effectiveness when compared to other RN A-based methods [9]. Since the concentration of CTCs
is often low in blood, droplet digital PCR (ddPCR) may also be applied to separate the CTCs” RNA
into many partitions by lipid droplets to enhance the detection of CTCs” RNA in the early stage of
cancer, despite only 1 gene can be quantified at a time [66]. RNA-ISH can allow the detection of
localized RNA in CTCs without denaturing the cells, and it can be used without any enrichment
process to reduce the risk of losing CTCs during processing while obtaining a high sensitivity, namely
the CTCscope method [102]. RNA-seq can study a large number of genes simultaneously in either a
single CTC or total CTCs to determine the gene expression profile so that identification of sub-
populations of CTCs with various gene expressions from the same patient by single-cell sequencing
[105], and the examination of comprehensive gene expression profiles of CTCs by whole genome
sequencing [45] can be achieved, though low-level transcripts cause a reduced sensitivity [22].

Single-Cell Analysis of CTCs Using Microfluidic Devices

A study conducted by Aceto et al. (2014) demonstrated a high level of concordance between
expression patterns of CTC clusters and single CTCs, highlighting the importance of single-cell
resolution RNA sequencing [1]. Single-cell analysis of CTC clusters provided insight into tumor cell
migration and metastatic properties [8]. Huang et al. (2023) and Cheng et al. (2023) developed
microfluidic devices for the isolation and analysis of CTCs, emphasizing the importance of efficient
capture and release of CTCs in cancer diagnosis and monitoring [25,56]. Cheng et al. (2023)
introduced a poly(ethylene oxide) concentration gradient-based microfluidic device for the isolation
of CTCs, highlighting the importance of efficient capture and release of these cells for cancer
diagnosis and management [25]. Huang et al. (2023) developed a conductive nanofibers-enhanced
microfluidic device for the efficient capture and electrical stimulation-triggered rapid release of CTCs
[56]. This novel approach not only enables the effective detection of CTCs but also offers a mechanism
for rapid release, which is crucial for cancer diagnosis and monitoring.

Functional Assays

Functional assays, such as drug sensitivity testing on isolated CTCs or CTC-derived xenograft
models, can help predict treatment response and guide personalized therapeutic strategies based on
the drug sensitivity profile of CTCs. Capturing viable CTCs can allow downstream culturing of CTCs
cell lines derived from patients [20]. Some developed methods can maintain CTCs viability and
culture possibility, such as density gradient centrifugation by Ficoll-Paque™ but centrifugation leads
to CTCs loss and lower purity due to a mixture of leukocytes and CTCs [40]. The microfluidic system
is also a method to trap CTCs for characterization and purification such as coating the micro posts
with anti-EpCAM antibodies to collect CTCs but it is challenging for high-throughput production
[117]. Some other chips are created such as herringbone-chip (HB-Chip) to increase throughput but
a trypsinization step is required which may affect the expression of the receptor on CTCs [124], or
CTC-iChip to undergo magnetic sorting of CTCs but with a long preparation time [88]. All the

do0i:10.20944/preprints202406.1172.v1
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mentioned methods require an extra step to illustrate the CTCs’ viability. Therefore, Epithelial
Immuno-SPOT (EPISPOT) assay is developed to directly assess CTC viability in fewer steps.

EPISPOT is a method to detect viable CTCs only based on the specific tumor-associated proteins
that are secreted, shed, and released by CTCs using an adaption of enzyme-linked immunospot
(ELISPOT) technology [4]. A cell culture is required to accumulate enough released marker proteins
amount because the immunospots are the protein fingerprint created by viable epithelial cells only
so the dead cells which do not release sufficient marker proteins are not detected [7]. The CTCs are
cultured on the nitrocellulose membrane coated with specific antibodies, and the released proteins
from CTCs are captured during the incubation period. EPISPOT often combines leukocyte depletion
negative enrichment step and it can identify CTCs without epithelial features such as EpCAM-
negative CTCs [83]. EPISPOT method has been already validated for prostate cancer [6], breast cancer
[108], head and neck squamous cell carcinoma [42] colorectal cancer [33], and melanoma [23],
illustrating the clinical values of the assay.

3.2. Circulating Nucleic Acids

Circulating nucleic acids, including ctDNA and ctRNA, are fragments of nucleic acids released
into the bloodstream by cells, including tumor cells. The release of circulating nucleic acids into the
human circulatory system can originate from six sources, including apoptosis, necrosis, NETosis,
erythroblast enucleation, extracellular vesicles, and exogenous sources [31].

3.3. Circulating Tumor DNA (ctDNA)

Circulating tumor DNA (ctDNA) is a portion of cell-free DNA (cfDNA) that is released from
tumor cells and enters the circulatory system. The presence of epigenetic or genetic alterations,
including tumor-specific methylation markers, rearrangements, copy number variations, and somatic
point mutations allows ctDNA to be distinguished from normal cfDNA fragments [107]. The genetic
and epigenetic modifications of ctDNA molecules may reflect the genome or epigenome of the cell of
origin, thus it can used to estimate prognosis, for identification of residual disease and treatment
selection, and/or indicate potential risk of relapse [28]. The half-life of ctDNA in the circulatory
system varies from minutes to 2.5 hours [140] and the levels of ctDNA are generally very low which
may require highly sensitive technologies for the detection of ctDNA.

3.4. Circulating Tumor RNA (ctRNA)

RNA released from cells through apoptosis, necrosis, and active secretion is referred to as cfRNA
[59]. ctRNA, including microRNA (miRNA) and long non-coding RNA (IncRNA), are a portion of
cfRNAs that are present in the body fluids of tumor patients. These cfRNAs can be isolated from
various types of body fluids such as blood, urine, breast milk, and other fluids [64].

MiRNAs are small non-coding RNAs that are essential for the expression of post-translation
genes. They are desirable biomarkers for non-invasive cancer diagnosis due to their stability in body
fluids. Moreover, the expression patterns of miRNAs are tissue-specific, suggesting that miRNAs
could be used as a biomarker for cancer diagnosis, prediction, and prognosis [153]. Numerous studies
have shown that specific miRNA signatures are associated with various cancer types. miRNA-21 is
an extensively studied miRNA that is found to be upregulated in a number of malignancies, including
breast, lung, and colorectal cancer [141,142,152].

IncRNAs are transcripts with no protein-coding capacity. These RNAs act as regulatory factors
that play an important role in different cellular processes such as cell growth, differentiation,
proliferation, and apoptosis [64]. IncRNAs are bound to RNA-binding proteins and are released
either inside apoptotic bodies or encapsulated in exosomes, making them resistant to RNase
degradation. Thus, they can exist stably in the circulatory system and could be used as a non-invasive
biomarker [110]. Studies have found that IncRNAs are expressed in a cell- and tissue-type specific
pattern, allowing it to be used in the diagnosis of various cancers such as lung cancer, breast cancer,
gastric cancer, liver cancer, and prostate cancer by measuring the expression level of IncRNAs [18].
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3.4.1. Isolation of Circulating Cell-Free Nucleic Acids

After blood taking, it proceeds to plasma processing and DNA extraction. One of the main
factors that affect the sensitivity of detecting cfDNA is the unintended release of wild-type DNA
owing to the lysis of white blood cells occurring between the blood-drawing time and plasma
processing [85]. Since circulating cell-free nucleic acids have a very low concentration in the
peripheral blood which already demonstrates a significant challenge to any analytical system, the
unwanted increase in normal DNA can further negatively disturb the detection. Besides, despite a
higher concentration of cfDNA in the serum, the increased level is caused by the clotting process of
white blood cells resulting in lysis which contaminates cfDNA [38], so using plasma sample can
reduce the contamination. Therefore, the key to reducing the release of normal DNA from white
blood cells is to process the blood sample rapidly after collection and undergo an additional high-
speed centrifugation step after separating the plasma, which requires the preparation of plasma from
whole blood within 1-2 hours after venipuncture [34]. In view of the rigorous requirements of rapid
handling of blood samples, an alternative approach of inhibiting nuclease activity in blood and
stabilizing white blood cells in the blood collection tube can also achieve the purpose [131].

In DNA extraction, there are several methods developed including the magnetic-based method,
silica column-based enrichment, polymer-mediated enrichment (PME), and phenol-chloroform-
based extraction. Comparing different types of DNA extraction methods, they illustrate a large
variation in terms of the yield and fragment size of cfDNA [39]. For example, the phenol-chloroform-
based extraction shows a higher yield but decreased cfDNA purity when compared to the magnetic-
based method so the downstream analysis can be affected [60]. Also, the silica column-based
enrichment may obtain a lower yield and partial loss of DNA that is smaller than 150bp [89,116].
Hence, the choice of DNA extraction method is also an important factor to consider.

3.4.2. Circulating Nucleic Acids Detection and Analysis

Digital PCR and Next-Generation Sequencing (NGS)

Ultra-sensitive sequencing technologies are crucial for the analysis of circulating tumor nucleic
acids due to the low abundance of ctDNA in biological samples [132]. These technologies, such as
ultra-deep massively parallel sequencing with unique molecular identifier tagging enable the
detection and quantification of minute amounts of ctDNA, which are typically released into the
bloodstream by tumor cells undergoing cell death [132]. By utilizing ultra-sensitive sequencing
methods, such as Illumina and Thermo Fisher, researchers can achieve comparable performance to
droplet digital PCR (ddPCR), like Bio-Rad's QX200 and Thermo Fisher's QuantStudio for the
detection and quantification of ctDNA from cancer patients [114,132]. For accurate identification of
and quantification of genetic changes in ctDNA, the ultrasensitive nature of these sequencing
technologies is essential, providing insight into tumor dynamics, treatment response, and disease
progression based on the molecular profile of ctDNA, which ultimately guides personalized
therapeutic strategies.

Methylation Profiling

Methylation analysis of ctDNA has been used in cancer diagnostics and monitoring. Numerous
studies have investigated the importance of DNA methylation patterns in ctDNA for early detection,
treatment assessment, and personalized medicine approaches. Tamkovich et al. (2022) discuss the
potential use of aberrantly methylated DNA in liquid biopsy for patients with breast cancer,
emphasizing its early involvement in cancer cell transformation [156]. A recent study by Markou and
colleagues (2022) explored the role of DNA methylation analysis in early-stage non-small-cell lung
cancer (NSCLC) cases, demonstrating the potential for early cancer detection through DNA
methylation analysis [80].

Fragmentomics Analysis

Fragmentomics analysis of cfDNA is essential for understanding the fragmentation properties
of cfDNA, including size distribution and biochemical characteristics of free ends. The method
enables the analysis of the size distribution and frequency of millions of naturally occurring cfDNA
fragments across the genome, offering valuable insights into cfDNA "fragmentomes." [82]. Using
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ultrasensitive sequence technologies, such as nanopore sequencing, researchers can analyze
previously understudied cfDNA populations by acquiring genomic and fragmentomic data [136]. A
comprehensive view of cfDNA fragmentation patterns can be obtained by fragmentomic profiling
within clinical settings, provided there is clear traceability of analytical and physiological factors,
allowing for disease diagnosis and monitoring based on cfDNA fragmentation patterns [103].
Epigenetic profiling of cfDNA fragmentomes can also offer valuable information on DNA
methylation patterns, aiding in predicting CpG methylation of cfDNA without the need for bisulfite
treatment [154]. Using fragmentomics to examine cfDNA fragments offers the potential for enhancing
early cancer detection, monitoring treatment response, and developing personalized therapeutic
strategies based on the molecular characteristics of cfDNA fragments.

3.5. Extracellular Vesicles (EV)

Extracellular vesicles (EV), including exosomes and microvesicles, ectosomes, oncosomes
microparticles, and many others are groups of membrane-closed vesicles containing DNA, RNA,
proteins, and lipids enclosed in a phospholipid biolayer, which play a crucial role in intercellular
communication and disease progression, including cancer [123]. In addition, EVs are secreted by all
cell types and are present in various types of body fluids, allowing the collection of the biomarkers
present in extracellular vesicles for cancer diagnosis and management. For example, exosomes are
small extracellular vesicles that are emerging biomarkers for cancer diagnosis and guide treatments.
Studies have found that exosomes are involved in the occurrence and development of various tumors,
which act as carriers in tumor cells allowing them to escape immune system surveillance. Exosomes
are also able to create a suitable microenvironment for tumor growth and guide the direction of tumor
cell metastasis [48,94]. To improve understanding of circulating EVs, researchers are integrating
multi-omics approaches, implementing machine learning algorithms, and standardizing isolation
and analysis protocols [68].

3.5.1. EV Isolation and Characterization Technologies

The isolation and characterization of EVs are essential for understanding their functions and
potential therapeutic applications. There have been several techniques developed and refined to
address the challenges associated with EV isolation and characterization. The size exclusion
chromatography (SEC) method is one of the most common methods for isolating EVs from plasma in
recent years due to its ability to rapidly isolate relatively pure EVs [125]. Nevertheless, SEC is not
suitable for all downstream applications, highlighting the need to develop a variety of isolation
techniques in order to meet the needs of different research projects. An alternative method of EV
isolation is ultracentrifugation, however, it can be time-consuming and difficult to implement in a
clinical environment [17]. There have been recent advances in EV isolation efficiency and biomarker
profiling by using membrane affinity-based methods and microfluidics [11,51]. These advancements
are essential for improving diagnostic capabilities and advancing precision medicine initiatives.
Further, the development of novel techniques such as the EVtrap [24] and the salting-out approach
[118] offer alternatives for achieving high purity and efficiency in EV isolation. Characterizing EVs is
equally important, and a variety of methods have been used for this purpose, including nanoparticle
tracking analysis (NTA), transmission electron microscopy, and Western blotting.

EV Proteomic and RNA Profiling

The integration of proteomic and RNA profiling in EV research holds great potential for
advancing precision medicine and improving disease diagnosis and monitoring. The development of
EV proteomic profiling has been promising for the detection and monitoring of cancer, emphasizing
the importance of understanding the protein cargo of EVs for clinical applications [19,148]. Through
the use of high-throughput sequencing and NGS, comprehensive analyses of EV RNA content have
been carried out, which have shed light on the multitude of RNA species present in EVs as well as
the functional implications of their presence [130].

3.6. Metabolites
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Metabolomics can be utilized to identify metabolites with a molecular weight of less than 1kDa
present in body fluids, with serum being the best choice. These metabolites include vitamins, sugars,
and lipids. The changes in metabolite levels highly relate to the pathophysiological state in an
individual, thus they have the ability to become biomarkers for the screening and early diagnosis of
cancer. For instance, a study has demonstrated that benzoic acid might have the potential to be a
diagnostic marker of colorectal cancer [134] and significant differences in metabolite levels can be
found in different stages of the same cancer type [44].

4. Applications in Cancer Management

Liquid biopsy is usually performed for monitoring cancer progression, early diagnosis of cancer,
and assessing treatment response. Analyzing tumor-derived biomarkers in biofluids has
revolutionized personalized medicine and precision oncology. some key applications of liquid biopsy
will be discussed.

4.1. Early Detection and Diagnosis

A number of recent studies have demonstrated the potential of liquid biopsy for cancer
screening, refinement of diagnosis, and early detection of cancer recurrences [43,61]. By detecting
circulating tumor cells, nucleic acids, and exosomes, the method can be used for early cancer
detection, diagnosis, and prognosis in various types of cancer [35,63,71,149]. Additionally, liquid
biopsy can provide insights into cancer progression and treatment response by assessing cancer
cachexia, muscle-derived microRNAs, and energy metabolism [16]. Recent advances in liquid biopsy
techniques, including the detection of exosome microRNAs and protein biomarkers, have made them
more useful for diagnosing and monitoring cancer, providing real-time feedback and non-invasive
disease assessment [71,106]. Moreover, nanotechnology and antibody-conjugated signals in
nanocavities have been proposed to detect cancer markers in liquid biopsy [128]. For instance, since
fewer amounts of ctDNA are released for detecting mutations during the early stages of lung cancer,
evaluating both ctDNA and circulating proteins such as carcinoembryonic antigen (CEA), cancer
antigen 125 (CA-125), cancer antigen 19-9 (CA19-9) etc can allow higher sensitivity for early detection
[147]. Therefore, the evaluation of both 16 driver genes mutation in ctDNA and 8 circulating proteins
called CancerSEEK is conducted to improve early detection for multiple cancers including lung
cancer, which is shown in Table 2 as demonstrated by the study from Cohen et al [27]. In addition,
miRNA is the most sufficient cfRNA molecule in the body fluids so it also has the potential for early
diagnosis of lung cancer. For instance, various types of miRNA in sputum such as miR-145, miR-126,
and miR-7 have been shown to obtain a high sensitivity and specificity to detect NSCLC [14]. Apart
from the identification of lung cancer, miRNA can also be used to distinguish different types of lung
cancer. The use of a miRNA panel in plasma consisting of miR-17, miR-190b, and miR-375, shows
high accuracy in distinguishing small cell lung cancer (SCLC) and NSCLC [78].

Table 2. Gene and protein biomarkers in CancerSEEK.

CancerSEEK

16 gene mutations: 8 protein markers:

NRAS, CTNNB1, PIK3CA. FBXW7, CA-125, CEA. CA19-9, PRL, HGF,
APC. EGFR, BRAF, CDKN2A, PTEN, OPN, MPO, TIMP-1

FGFR2, HRAS KRAS, AKTI1, TP53,

PPP2R1A, GNAS

4.2. Prognostication and Predictive Biomarkers

Liquid biopsy, through the analysis of CTCs, ctDNA, ctRNA, and exosomes, provides
prognostic and predictive information in various cancer types, including prostate cancer, bladder
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cancer, colorectal cancer, and NSCLC [79] [58,70,111]. In recent studies, liquid biopsy has been shown
to have prognostic and predictive value in cancer management, offering molecular and phenotypic
information about cancers [81]. The analysis of nucleic acids in liquid biopsies has demonstrated
prognostic potential and predictive value for guiding treatment decisions in colorectal cancer and
hepatocellular carcinoma [3,67]. In addition, clinical outcomes and cancer recurrence have
consistently been predicted by liquid biopsy, particularly through the detection of CTCs [21].

4.3. Treatment Selection and Personalized Medicine

The use of liquid biopsy to identify specific biomarkers in body fluids has significantly
influenced treatment selection and personalized medicine. Several recent studies have highlighted
the importance of liquid biopsy when selecting targeted therapies and evaluating treatment
responses. Personalized medicine has benefited tremendously from liquid biopsy, enabling the
identification of tumor-specific biomarkers that are used to optimize treatment regimens and monitor
therapeutic outcomes [37,101]. The use of liquid biopsy has enabled accurate prediction, monitoring,
and rational selection of appropriate therapies for individual patients by analyzing ctDNA and CTCs
as well [150,151]. Aside from this, liquid biopsy has also been demonstrated to have promise in
guiding therapeutic decisions for many types of cancer, including lung cancer, breast cancer, and
prostate cancer by providing real-time molecular information that is useful in guiding treatment
choices and evaluating response to treatment.

4.4. Lung Cancer

Lung cancer is one of the most common cancers to cause mortality but there is a low rate of early
detection so most patients are diagnosed at the advanced stage which leads to a lower survival rate.
Pre-screening program is thus an important tool to enable early screening of the population and
liquid biopsy can detect lung cancer in a safer and earlier way. On the other hand, tissue biopsy may
not be available owing to the invasive procedure and the failure to have sufficient tumor tissue for
further gene variations detection [120]. With the properties of non-invasiveness, simple accessibility,
and great repeatability, the use of liquid biopsy is increased for molecular profiling testing and drug-
resistance monitoring [147].

In the management of targeted therapy, NSCLC has achieved a targeted treatment according to
molecular classification to increase overall survival, namely the use of EGFR tyrosine kinase
inhibitors for patients with EGFR mutation. However, drug resistance can also occur decreasing the
effectiveness of targeted therapy. Hence, testing gene variations is required for NSCLC patients but
there are some problems. For instance, it is complicated to obtain tissue biopsy, especially for drug-
resistant patients [93]. Tumor heterogeneity causes non-comprehensive genomic profiles by tissue
biopsy obtained in 1 site only [127]. It is also difficult for continuous monitoring due to the invasive
procedure of tissue biopsy. Therefore, liquid biopsy may be effective in tackling these problems.
ctDNA is found to be mostly consistent with genomic variations in tumors so EGFR mutation
detection can be performed by ctDNA in the plasma. EGFR T790M acquired drug resistance mutation
can also be discovered by ctDNA instead of tumor tissue [113]. Therefore, ctDNA allows the early
detection of drug resistance to the use of treatment which ensures the treatment is useful to the
patient.

4.5. Breast Cancer

Breast cancer can be classified into 4 subtypes based on molecular information, including
luminal A, luminal B, HER2-positive, and triple-negative. This molecular classification can categorize
patients who are able to benefit from targeted therapy. The luminal A subtype is characterized by the
presence of estrogen receptor (ER) positive, progesterone receptor (PR) positive but human
epidermal growth factor receptor (HER2) negative, which shows low-grade and slow-growing
characteristics to have the best prognosis result. The luminal B subtype, which is characterized by ER
positive, PR negative, and HER2 positive, obtains a higher grade and worse prognosis when
compared to the luminal A subtype. The HER2-positive subtype, which is characterized by ER
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negative, PR negative, and HER?2 positive, grows faster than the luminal subtypes and improves after
HER?2-targeted therapies. The triple-negative subtype, which is characterized by ER negative, PR
negative, and HER2 negative, is likely to benefit from chemotherapy.

When breast cancer becomes metastatic, it is hard to control. After confirming the status of
hormone receptors and HER2 by a biopsy of metastatic breast cancer lesions, determination of the
metastatic phenotype by repeated sampling can provide useful information on molecular changes
and treatment customization [115], and thus liquid biopsies can achieve the purpose.

In breast cancer, there is an increase in both ctDNA and CTCs that correlate with cancer
development. The analysis of these biomarkers is beneficial to manage advanced or early breast
cancer patients. It is found that a high concentration of ctDNA is related to a more aggressive or
relapsing disease [84]. CTCs are also useful in characterizing phenotypes and determining the
possibility of metastatic spread and prognosis [119].

Detection of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)
mutation is important for breast cancer because of the targeted therapies developed. PIK3CA
mutation may result in resistance to HER2-targeted therapies. PIK3CA hotspot mutations such as
E545K and H1047R mutations can be detected by ctDNA and CTCs but not detected by the DNA
from the primary tumor (Formalin-Fixed Paraffin-Embedded samples) through the use of the same
highly sensitive methods, indicating the importance of liquid biopsies [122].

Estrogen Receptor 1 (ESR1) mutation plays a significant role in endocrine therapy (ET) resistance
for metastatic breast cancer, and it can also be detected by CTCs and ctDNA. Compared to tissue
sequencing, ctDNA may be more superior because it can accurately reveal the molecular file of
metastatic cancer [138]. Therefore, integrating liquid biopsies into the diagnostic workflow in breast
cancer patients can help highlight the resistance to ET and guide treatment decisions such as
changing to other ET or non-endocrine treatments.

4.6. Prostate Cancer

Prostate cancer is a prevalent cancer in men resulting in mortality. The treatment of metastatic
prostate cancer involves androgen deprivation therapy combined with androgen receptor pathway
inhibitors (ARPI), chemotherapy, radionuclides, and immunotherapy [15]. However, the treatment
decisions informed by markers such as PSA, bone scintigraphy, computed tomography (CT), or
positron emission tomography (PET) scans do not provide information on disease drivers or
resistance mechanisms [133]. Therefore, technologies for providing a more comprehensive disease
characterization are needed and liquid biopsy assays are developed to facilitate prognosis, assess
treatment response, etc, in prostate cancer.

CTCs in the patient’s blood can represent the disease burden and act as precursors for metastasis
so CTCs enumeration can be used for prognosis and treatment response. For instance, CellSearch
assay is a CTCs enumeration platform to serve as a prognosis marker in metastatic prostate cancer
because multiple studies demonstrate an obvious association between CTCs count and overall
survival (OS) [30,87]. The CTCs count serves as a marker for treatment response based on several
criteria for changes in CTCs count by the studies of treatment response, including decline percentage
in CTC count relative to baseline level [53,75,76], complete decrease of CTCs from at least 1 at baseline
to 0 in 7.5mL of blood [54], etc. Generally, the reduction in CTC count following treatment is
proportional to the effect of treatment.

Besides, liquid biopsy can be used to guide treatment decisions. According to genomic studies
of prostate cancer, it is identified that recurrent mutations may affect treatment response and somatic
mutations can be used to predict response to ARPI therapy, indicating the potential of personalized
treatment [10,13,29]. Liquid biopsy assays can provide a minimally invasive and comprehensive
assessment of mutations that affect the response to therapies. For example, The androgen receptor
splice variant 7 (AR-V7) is the most commonly detected variant associated with treatment response
because it continuously activates downstream signaling and evades androgen receptor blockers due
to retaining the DNA-binding domain but lacking the regulatory ligand-binding domain [91,143].
AR-V7 detection can be achieved in CTCs and ctDNA, such as using EPIC Sciences CTC AR-V7
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nuclear localization assay [77] or AR-V7-modified AdnaTest followed by RT-qPCR amplification of
AR-V7 mRNA [74]. Furthermore, mutations that cause a deficiency in DNA damage repair pathways
have resistance to ARPI such as mutations in BRCA1, BRCA2, and ATM which are responsible for
producing proteins for homologous recombination repair (HRR) [133]. It is observed that patients
with homologous recombination deficiency (HRD) mutations are sensitive to poly(ADP-ribose)
polymerase inhibitors (PARPi) treatment like olaparib or rucaparib. FoundationOne Liquid CDx test
is an FDA-approved next-generation sequencing-based test to identify mutations in BRCA1, BRCA2,
and ATM in c¢fDNA in order to guide the treatment of olaparib or rucaparib [144]. All in all, the
integration of liquid biopsy assays into clinical investigations of prostate cancer remains the potential
for prognosis and treatment guidance.

5. Key Clinical Trials Evaluating Liquid Biopsy for Cancer

There have been numerous clinical trials on liquid biopsy, including the detection of actionable
mutations, evaluating treatment response, and predicting prognosis. For instance, an ongoing clinical
trial at the Jewish General Hospital in Montreal, Canada, called TRICIA (TRIPLE Negative Breast
Cancer Markers In Liquid Biopsies Using Artificial Intelligence) is developing a test or score based
on ctDNA expression within a cohort of patients with triple-negative breast cancer, which
demonstrates the potential of liquid biopsy to guide treatment decisions based on specific breast
cancer subtypes. [121]. Another prospective phase II clinical trial in CRC utilized liquid biopsies to
detect spatial and temporal heterogeneity of resistance to anti-EGFR monoclonal antibodies by
combining sequential profiling of ctDNA with mathematical modeling and imaging of tumor
progression, which showed that liquid biopsy can be used to monitor the progression of cancer and
the response to treatment [135]. Furthermore, EGFR mutation status is being evaluated in NSCLC
patients using the ddPCR method in ongoing clinical trials, suggesting liquid biopsy can play a major
role in guiding treatment decisions for NSCLC patients [95]. As a result of these trials, it is evident
that liquid biopsy can be useful for identifying specific mutations in lung cancer patients and guiding
targeted therapies.

6. Liquid Biopsy Regulatory Considerations and Challenges.

Integrating liquid biopsy into clinical practice presents a number of regulatory challenges and
considerations. Regulatory issues, standardization of methods, diagnostic performance, and further
research are key factors affecting the integration of liquid biopsy in the clinic [92]. Challenges such as
low amounts of CTCs, ctRNA, and ctDNA, lack of consensus in pre-analytical and analytical
processes, clinical validation, and regulatory approval hinder the successful implementation of liquid
biopsy in clinical settings. The success of regulatory pathways for liquid biopsy diagnostics has been
attributed in part to the incremental value of FDA approval for tests developed under the Clinical
Laboratory Improvement Amendment (CLIA), as well as their complexity, which can hinder their
widespread replication in CLIA laboratories [46]. In addition to its clinical utility, liquid biopsy is
used to monitor tumor genomes non-invasively and ensure appropriate treatment for patients.
However, liquid biopsy remains a challenge in effective cancer management due to the lack of
sensitive and specific biomarkers, the limitations of sampling single primary tumors, and the
difficulty of monitoring cancer progression over time [100].

Among the challenges faced in integrating liquid biopsy into clinical practice are the need to
standardize techniques, validate assays, and interpret results [62]. Considering the complexity of
liquid biopsy approaches, robust validation processes are required to ensure accurate and reliable
results [129]. Moreover, tumor heterogeneity, clonality, and dynamic nature of tumors pose
challenges when interpreting liquid biopsy results for effective cancer management [69]. The
implementation of liquid biopsy in clinical practice relies greatly on international standards, such as
the International Organization for Standardization (ISO). It is essential that different laboratories and
settings follow standardized protocols for sample collection, processing, and analysis. In cancer
management, following international standards helps harmonize practices, improve data quality,
and facilitate information exchange [62]. For example, the workflow and quality evaluation of
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sequencing data from massively parallel sequencing should be based on 15020397-1:2021 and
1SO20397-2:2021. To be used in clinical laboratories, assays should follow ISO15189 [62]. A
standardized liquid biopsy method and workflow could further enhance the clinical usefulness of
this approach in cancer management. Healthcare providers can ensure accurate, reproducible, and
clinically relevant liquid biopsy results by following established guidelines and protocols [36].
Additionally, standardizing approaches facilitates the sharing of data, collaboration, and integration
of liquid biopsy into routine clinical practice [62,86].

8. Conclusions

Liquid biopsy shows great potential in making early diagnoses and continuously monitoring
disease development or therapeutic response with its less invasive property. Compared to tissue
biopsy which is regarded as the only diagnostic method traditionally, the analysis of liquid biopsy
can minimize the burden on patients. Despite the benefits of liquid biopsy, more studies and
improvements are still required. For instance, the feasibility of extracting different biomarkers from
samples except for blood, or the advancements in technologies to improve sensitivity and specificity
for detecting biomarkers from the liquid biopsy. With more investigations, it is hoped to address the
challenges associated with liquid biopsy, and eventually integrate liquid biopsy in the clinical
settings.
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