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Advances in early detection
methods for solid tumors

Bowen Jiang, Deqgian Xie, Shijin Wang, Xiunan Li* and
Guangzhen Wu*

Department of Urology, The First Affiliated Hospital of Dalian Medical University, Dalian, China

During the last decade, non-invasive methods such as liquid biopsy have slowly
replaced traditional imaging and invasive pathological methods used to diagnose
and monitor cancer. Improvements in the available detection methods have
enabled the early screening and diagnosis of solid tumors. In addition,
advances in early detection methods have made the continuous monitoring of
tumor progression using repeat sampling possible. Previously, the focus of liquid
biopsy techniques included the following: 1) the isolation of circulating tumor
cells, circulating tumor DNA, and extracellular tumor vesicles from solid tumor
cells in the patient’s blood; in addition to 2) analyzing genomic and proteomic data
contained within the isolates. Recently, there has been a rapid devolvement in the
techniques used to isolate and analyze molecular markers. This rapid evolvement
in detection techniques improves their accuracy, especially when few samples are
available. In addition, there is a tremendous expansion in the acquisition of
samples and targets for testing; solid tumors can be detected from blood and
other body fluids. Test objects have also expanded from samples taken directly
from cancer to include indirect objects affected in cancer development. Liquid
biopsy technology has limitations. Even so, this detection technique is the key to a
new phase of oncogenetics. This review aims to provide an overview of the current
advances in liquid biopsy marker selection, isolation, and detection methods for
solid tumors. The advantages and disadvantages of liquid biopsy technology will
also be explored.
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1 Introduction

With increases in human life expectancy, the incidence of tumors is increasing, and it has
a major impact on public health worldwide (GBD, 2015 Risk Factors Collaborators, 2016).
Malignant tumors deserve more attention than benign tumors in terms of the damage they
cause and the medical costs they incur. The early detection of tumor especially premalignant
lesions has led to higher cure rates, increased life expectancy, and lower medical costs.
However, continued growth and metastasis of the tumor leads to a decline in the
abovementioned benefits of detection. Until oncology drugs with high efficacies and
lower side effects have been discovered, early detection and diagnosis of tumor especially
premalignant is the most effective way to reduce mortality and prolong survival (Etzioni
et al., 2003).

Traditional imaging and tissue biopsy techniques are the most widely used detection
methods. However, in the early stages of tumor development, the information obtained from
small samples is insufficient to diagnose tumors. Moreover, these detection methods have
limited specificity for different tumors. Thus, multiple tests with considerable time costs are
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required for tumor diagnosis. Therefore, the widespread screening
of healthy individuals is difficult. High financial costs associated with
tumor diagnosis significantly burden public health (Figure 1). New
methods for the early detection of solid tumors are urgently required
to ease the burden on public health. With recent developments in
genetics and proteomics, low-cost, more generalized, easy-to-use,
low-injury, more sensitive, and specific solid tumor early detection
methods are gradually becoming available. In this study, we
reviewed the progress of research on tumor-based early detection
methods.

2 Detection of tumors

Tumor detection begins with discovering the difference between
tumors and normal cellular tissue, thus finding methods that can
accurately and quickly differentiate them. The differences between
tumor cells and differentiated physiological human tissue cells can
be broadly classified based on the following: 1) physical differences
(differences in cell size and morphology, as well as differences in
tissue morphology and structure) and 2) biological differences
(differences in growth and metabolism due to genetic changes).
Therefore, detection methods are based on physical differences in
tumor detection and biological differences in tumor detection.

Due to the physical differences in tumors, various imaging
modalities and tissue biopsies are often needed to identify the

10.3389/fgene.2023.1091223

tumor’s original site, in addition to sites of distant spread. In
contrast, biological characteristics (from genes to proteins to
differences in cell behavior) can be determined by indirect
evidence of tumor presence and the type and direct evidence. An
increase in immune cells associated with tumor formation is an
example of indirect evidence that can be used to diagnose tumor
growth. In addition, other cellular and metabolic changes caused by
the tumor are detected such as an increase in CEA values. Indirect
evidence can indirectly determine the presence of a tumor without
the need to find direct evidence using methods such as puncture
biopsy to locate a tumor that may not be present at high cost.
Therefore, tumor detection methods based on biological differences
are advantageous.

3 Biological characteristics of tumor
cells

Differentiated physiological human tissue cells are programmed
to undergo apoptosis eventually. Human tumor cells are
distinguished from differentiated physiological human tissue cells
by their uncontrolled and unlimited proliferation, invasion, and
metastasis. Biological features are implicit in tumor cell formation.
Tumor cells are genetically altered. These genetic alterations result in
uncontrolled growth, metabolic changes, and angiogenesis in tumor
cells.

Liquid biopsy technique

!

Tissue puncture biopsy

s
s

minimal invasive of x
shorter time v X
highly sensitive J w el x
lower cost of sample isolations v x
provide histological evaluation v X
monitors continuous tumor evolutions I x
real time monitoring of drug response J X
reveals spatial and temporal tumor heterogeneity v x
feasibility of automation e X
feasibility of community screening v x
clinically validated X v
FIGURE 1

Differences between liquid biopsy technique and tissue puncture biopsy.
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A Timeline of Liquid biopsy.
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These genetic alterations can be divided into three levels: 1)
altered genetic material, 2) altered metabolites, and 3) altered
cellular behavior.

3.1 Alterations in genetic material

Carcinogenesis is the alteration of genetic material within
the cell that leads to tumor formation. Human genes that
contain alterations in their genetic material are termed
oncogenes. However, the abnormal expression of oncogenes
in cells leads to carcinogenesis. For example, oncogene
activation (KRAS and MYC), oncogene inactivation (APC),
mismatch gene (PMS1), and gene
overexpression (PTGS2) have been observed in colon cancer

repair inactivation
progression. Altered genetic material is the initiating factor for
carcinogenesis.

3.2 Alterations in metabolites

Alterations in genetic material inevitably result in alterations in
metabolites. The most prevalent alterations occur in genes
corresponding to transcribed RNA products and encoded
proteins. Thus, the levels of transcribed RNA products and
encoded proteins are increased compared to normal levels in
tumors. In addition, tumor cells secrete extracellular vesicles
containing bioactive substances, and the interpretation of these

intercellular messages varies.

3.3 Alterations in cellular behavior

The reduced surface viscosity of tumor cells enables them to
be aggressively metastatic. This leads to the increased motility of
tumor cells in body fluids and their metastasis body. As a result,
tumor cells may be detected throughout the body, especially in
body fluids. This also accounts for metastasis observed in
malignant tumors.
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4 Liquid biopsy technique

The liquid biopsy technique is used to analyze tumor-related
substances (such as cells, nucleic acids, proteins, and other
metabolites) in blood or other body fluid samples in a non-
invasive or minimally invasive manner. Compared with
traditional tissue biopsy, it enables the detection of indirect and
direct information confirming a tumor’s presence. This technique is
more convenient and flexible for patients since it is a diverse testing
modality that is less invasive and utilizes detection targets that are
more sensitive than traditional methods (Figure 2). The liquid
biopsy technique has developed rapidly and achieved remarkable
results in recent years as a detection method with great advantages
and have made many advances in the field of breast cancer, colon
cancer, lung cancer, melanoma and many other cancers (Pinzani
et al,, 2021). In addition to improving the accuracy of the assay and
finding more new markers, the variety of body fluid samples
obtained has been expanded in recent years. Test objects have
also expanded from samples taken directly from cancer to

include indirect objects affected in cancer development.

4.1 DNA

The earliest change that transforms differentiated physiological
human tissue cells into tumor cells is a change in genetic material.
Thus, detecting alterations in genetic material early is advantageous.
Body fluids, particularly blood, contain a variety of biological
information. For example, cell-free DNA (cfDNA) is significantly
altered in patients with cancer, and analysis of blood enables early
detection of tumor cells. In addition to cancer, alterations in
physiological states, such as onset of inflammation or by exercising,
lead to an increase in the quantitative level of cfDNA; this elevated
concentration is not always indicative of malignancy (Atamaniuk et al,,
2004). Thus, research needs to be focused on circulating tumor cell
DNA (ctDNA), which accounts for only 0.1%-10% of the total
circulating cell-free DNA (cfDNA), but has a higher sensitivity.

The sensitivity of cfDNA is well established. As a consequence,
over 50 million colon cancer cells were accurately detected by
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analyzing ctDNA. Even so, imaging localization puncture biopsy is
unable to detect the same volume of solid tumors (Diaz et al., 2012).
CfDNA was first described 70 years ago and has since been widely
used to detect tumor cells (Mandel and Metais, 1948). With the
sequencing (NGS)
technology, ctDNA sequencing has enabled routine clinical

rapid development of next-generation
diagnosis of tumors in their early stages with higher sensitivity
than a tissue biopsy. In addition, ¢fDNA isolation is not labor-
intensive; rather it can be almost entirely automated (Kahlert, 2019).
This is a major advantage of its usage in the clinic setting. cfDNA
analysis has two applications: 1) it is quite extensive and enables a
broad range of research through genomic analysis and sequencing;
and 2) it contains specific genomic regions where specific mutations
can be identified and studied to improve the accuracy of detection
techniques, including those used in tumor detection. For example,
droplet digital polymerase chain reaction is a commonly used
method for cfDNA assays (Holm et al, 2020).
developments in NGS have also ensured that NGS-based assays

Recent

are capable of detecting cfDNA with greater sensitivity in large
regions of the genome.

However, there are still obstacles in the clinical application of
using cfDNA in early-stage tumor detection. First, cfDNA
concentrations in patients with asymptomatic early-stage tumors
are extremely low in some tumors, especially situ premalignant
lesions (Roy and Tiirikainen, 2020). Thus, to improve sensitivity, a
large number of blood samples are required (Sant et al., 2022).
cfDNA produced by normal somatic cells and hematopoietic stem
cells, can interfere with identification of cfDNA produced by tumor
cells (Atamaniuk et al., 2004; Chen and Zhao, 2019; Song et al.,
2022). Thus, the detection sensitivity of ¢fDNA depends on the
signal-to-noise ratio (Kahlert, 2019). Many factors can affect the
sensitivity of the assay, such as the induction of direct tumor rupture
prior to blood collection and cell membrane lysis after blood
collection. Recent studies have provided new ideas for reducing
this interference. ctDNA differs from other cfDNA and exosomal
DNA by the length of its base pairs. ctDNA fragments were
previously shown to have 20-50 base pairs in cancer patients.
These ctDNA fragments are relatively smaller than cfDNA
(Underhill et al., 2016). Exosomal DNA, another interfering
factor, was found to be mostly double-stranded and composed of
larger nucleotide fragments than ¢fDNA and ranged from 2.5 to
10 kB in length (Thakur et al., 2014).

The low sensitivity of sequencing (Moding et al., 2021) can be
solved through the detection of DNA methylation. For example, this
method has been clinically used to validate the effects of PTGER4/
SHOX2 genes in lung cancer, as well as the GSTP1 and GSTP1 genes
in prostate cancer (Roy and Tiirikainen, 2020; Luo et al., 2021).

Second, most genetic mutations that result in cancer are not
specific to a single type of tumor. Therefore identifying the cell in
which the genetic mutation occurred may be difficult. The clinical
significance of positively identifying the cell in which the genetic
alterations occurred is yet to be elucidated. However, this might be
useful in slowing the transformation of the mutated cells into
that the
transformation may be completely inhibited as well (Garcia-
Pardo et al., 2022).

In conclusion, cfDNA testing has a very promising future.

cancerous cells, and it may also be possible

Furthermore, its importance has been established in other clinical
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applications, such as in the molecular genotyping of advanced
disease and the detection of acquired drug resistance (Chae and
Oh, 2019). In addition, its role is widely recognized by the European
Society of Medical Oncology (ESMO) and other organizations
(Pascual et al., 2022). However, the use of this technology in
early tumor detection needs further research. For cfDNA to
become the gold standard for tumor detection in clinical practice,
standardization of its separation and analysis is required.

4.2 RNA

RNA is another type of genetic material that can be obtained by
liquid biopsy and used as a biomarker. Circular RNA (circRNAs),
discovered in 1970, are a class of non-coding RNA that are produced
mainly by pre-mRNA splicing (Hsu and Coca-Prados, 1979). The
rapid development of high-throughput transcriptome analysis
technologies in recent years has made it possible to detect
circRNAs in body fluids. Studies have found stable and
significant differences in the type and content of the splicing
and healthy
controls; although previously thought to have no biological

byproduct circRNA, between cancer patients

significance (Dragomir and Calin, 2018; de Fraipont et al., 2019).
This suggests that the presence of circRNAs in body fluids may serve
as novel biomarkers for early cancer screening and monitoring. As of
May 2020, 112 differentially expressed circRNAs associated with a
dozen cancers were visible in PubMed (Wang S. et al., 2021).
Recently, related studies have also been published. For example, a
group of 8-circRNAs was shown to be a potential diagnostic
biomarker for the early detection of gastric cancer (Roy et al,
2022). In addition, studies on other RNAs, such as miRNAs, in
early cancer screening have yielded some results. However, the
and difficulties their
implementation are similar regardless of the type of RNA
(Valihrach et al., 2020; Ding et al., 2022).

Theoretically, RNA as a transcription product should be more

advantages encountered in practical

abundant than DNA fragments in body fluids and more stable based
on the covalently closed continuous loop structure of circRNA (Li
et al.,, 2015). It is not easily degraded by nucleic acid endonucleases,
is expressed in a stage-specific manner, and is abundant not only in
tissues and cells but also in body fluids (Arnaiz et al., 2019). This
demonstrates its great potential as a marker for the early screening
and detection of cancer progression.

However, it has to be acknowledged that there are great
difficulties and challenges in the clinical application of RNA. The
first issue is their abundance and the inaccuracies in their detection
of body fluids (Wang S. et al., 2021). RNA-Seq and the gold standard
RT-qPCR techniques can solve this issue (Hong et al., 2020). Even
so, these techniques are associated with higher costs, complex
analytical processes, and large workloads (Valihrach et al., 2020).
Moreover, research on RNA as a cancer biomarker is limited.
Furthermore, information on its role in tumorigenesis and tumor
progression is also limited, and the results rely heavily on
algorithmic models of machine learning. Therefore, its clinical
application still has a long way to go. However, circRNAs are
still ~efficacious when combined with traditional cancer
biomarkers as supporting evidence (Qiao et al, 2019). In

addition, it can also be combined with imaging techniques to
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Cancer type Biomarker
Prostate PSA, PAP
Breast CA15-3, CA125, CA27.29, CEABRCAL, BRCA2,MUC-1, CEA, NY-BR-1, ING-1
Leukaemia Chromosomal abnormalities
Testicular o-Fetoprotein (AFP), B-human chorionic gonadatropin, CAGE-1, ESO-1
Ovarian CA125, AFP, hCG, p53, CEA
Any solid tumour Circulating tumour cells in biological fluids, expression of targeted growth
factor receptors
Colon and pancreatic | CEA, CA19-9, CA24-2, p53
Lung NY- ESO-1, CEA, CA19-9, SCC, CYFRA21-1, NSE
Liver AFP, CEA
Gastric carcinoma CA72-4, CEAA, CA19-9
Esophagus carcinoma | SCC
Trophoblastic SCC, hCG
Bladder BAT, FDP, NMP22, HA-Hase, BLCA-4, CYFRA21-1
FIGURE 3

Some common Tumor biomarkers.

improve accuracy. Imaging has recently seen tremendous progress
and similar research ideas in the direction of tumor detection.
Radiomics is one of them. It links imaging and oncology and
uses machine learning methods to build models to improve the
accuracy of detection (Liu Z. et al., 2019). Similar to RNA detection,
further research also focus on machine learning related priorities
such as interpretability. Thus, we expect that they can be combined
to improve the accuracy of diagnosis.

4.3 Protein

Numerous studies have shown that some proteins are expressed
at higher levels in tumor tissues than in normal tissues. Therefore,
these protein biomarkers have been used in clinical practice for
many years as important tools for the diagnosis of tumor diseases.
The basic principle of this assay is the specific binding of a tumor-
specific antigen to its corresponding antibody. The markers used
clinically for tumor diagnosis and the prognosis is listed in (Figure 3)
(Jayanthi et al, 2017) The thresholds for these commonly used
tumor markers have increased, and they have become stable and
effective diagnostic aids. Moreover, protein biomarkers have made
new discoveries in detection methods and the search for new
markers and methods.

For example, plasma heat shock protein 90 alpha has been used
as a pan-cancer biomarker for diagnosis (Liu W. et al, 2019).
TREM2 is used to determine prognosis (Cheng et al, 2021).
There are also studies aimed at changing the methodologies of
enzyme-linked immunosorbent assay (ELISA)-based biomarker
assays, which include disadvantages such as being slow and
expensive reagents that are unable to detect multiple biomarkers
simultaneously. This was the basis for the development of
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electrochemical, optical, and mass-based biosensor research
(Jayanthi et al., 2017).

The main reasons for the bottleneck observed in the
development stages of biosensors include the need to have
increased sensitivity, selectivity, real-time analysis, and cost-
effectiveness. Unlike in the laboratory setting, clinical applications
require the need to be stable. Thus, biosensors are not yet ideal for
clinical applications. New advances in proteomics and genomics are
needed to further our understanding of the highly complex

mechanisms of cancer cells (Jayanthi et al., 2017).

4.4 Extracellular Vesicles

Extracellular vesicles (EVs) are lipid bilayer particles released
from cells, ranging from 30 to 5,000 nm in diameter. EVs can be
divided into exosomes, microvesicles, and apoptotic vesicles. Among
them are exosomes, a class of endosome-derived extracellular
vesicles ranging in size from 30-100 nm, (Li et al., 2022), and
microvesicles derived from the plasma membrane, which range
from 50 to 1,000 nm but may be larger (up to 10 um) (van Niel
et al,, 2018). EVs have lipid bilayers, are released by almost all cells,
are rich in exosome-associated proteins and other bioactive
molecules, and transmit important information between cells
(Meldolesi, 2018). After
enriching, purifying, and isolating them, the protein and nucleic

obtaining clinical specimens and
acid information contained in tumor-derived extracellular vesicles
can be used as diagnostic markers for a variety of cancers. For
example, EVs of CD63 and caveolin-1 can be used as potential
markers for melanoma, (Logozzi et al, 2009), and metastasis
suppressor 1 can be a predictive marker for liver metastasis in

pancreatic cancer patients (Costa-Silva et al., 2015). There are
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studies in which EV's are used for early tumor detection; for example,
an increasing number of cell surface proteoglycans glypican-1,
(Melo et al., 2015), and KRAS mutations can be used as adjuncts
for early detection of pancreatic cancers (Melo et al., 2015).
Exosomes contain DNA and RNA from parental cells. These
DNA and RNA contained in exosomes can provide effective
information for the diagnosis and treatment of patients with
various types of cancer. Exosomal DNA was recently discovered.
However, evidence supporting its existence was limited until Balaj
discovered the existence of single-stranded DNA (ssDNA) (Balaj
et al,, 2011). However, it is now widely accepted that exosomes
contain DNA (Allenson et al., 2017) along with RNA (Wang et al.,
2020). Exosomal miRNAs such as miR-1246, miR-4644, miR-3976,
and miR-4306 are highly sensitive biomarkers in pancreatic cancer
patients (Madhavan et al., 2015). Elevated levels of miR-193a-3p,
miR-210-3p, and miR-5100
biomarkers of cancer progression in non-small cell lung cancer
(Zhang et al., 2019). In addition, circRNAs are found in the free form
in the blood and exosomes. Elevated concentrations of specific

in exosomes are non-invasive

circRNAs in exosomes correlate with the presence of ovarian,
prostate, and lung cancers (Wang Y. et al, 2019). In addition to
miRNAs and circRNAs, other non-coding RNAs, such as IncRNAs
in exosomes also play an important role in the diagnosis and
monitoring of tumors (Wu et al, 2020). Recent studies have
suggested that exosomal IncRNA-GC1 can be used as non-
invasive biomarkers in the early detection of gastric cancer and
in monitoring its progression (Guo et al., 2020).

In contrast to previously described limitations in detection
sensitivity and signal-to-noise ratio of c¢fDNA and RNA,
exosome-based assays may have theoretical advantages. The
double-lipid membrane protects the encapsulated
components from degradation and prevents their destruction

outer

during freeze-thaw and transport oscillations (Kahlert and
Kalluri, 2013). In some cancers, exosome-based assays are more
advantageous than cfDNA sequencing. For example, in patients with
advanced or metastatic pancreatic cancer, KRAS mutations in
exosomal DNA are detected at a much higher rate than cfDNA
(Allenson et al., 2017). In addition, recent experiments have shown
that EVs are more effective than whole serum samples in detecting
CNS tumors (Dobra et al., 2020).

The main problem in the clinical translation of this assay is the
difficulty in extracting the EV contents of the extracellular vesicles of
tumor cells. The most common extraction method today is
ultracentrifugation, which involves manual labor rather than full
automation. Even so, this extraction can be achieved with
biomarkers such as c¢fDNA (Kahlert, 2019). Another physical-
scale separation method is ultrafiltration, which is limited in the
manual steps required to complete it, but also requires the use of the
squeeze filtration enrichment method for its completion. The latter
method causes vesicles to rupture and affects the results of its
subsequent analysis (Batrakova and Kim, 2015). The two
methods can also be used in combination to provide an
advantage in microbubble enrichment and to identify biomarkers
that can be used to determine disease prognosis (Rood et al., 2010).

Immunoaffinity-based detection and separation methods
include the

magnetic particles that has an increased efficacy compared to

magnetic immunocapture of antibody-coated

using centrifugation for enrichment (Zarovni et al, 2015).
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Related kits, such as ExoQuick PLUS, ThermoFisher, CUSABIO,
iZON, qEVSingle, and 101Bio, may also be used in EV separation of
blood samples (Mathivanan et al., 2010). The scarcity of the final
target product is a limitation of liquid biopsies that needs further
exploration. In addition, the non-selective processing of similar
biomarkers in a specimen that includes body fluids poses the
potential risk of masking information or generating false positive
results (Kahlert, 2019). Thus, the clinical translation of EVs assays
for early tumor diagnosis depends on further confirmation of
relevant studies.

4.5 Circulating tumor cells

Circulating tumor cells (CTC) were found in the peripheral
blood of patients in the 19th century. CTCs are released from the
primary tumor into the circulatory system, which explains the
distant metastasis of the tumor in vivo. CTC assays soon
achieved significant results in various aspects of disease detection
and have been translated into clinical practice after a long period of
validation (Lin et al., 2021). CTCs have proven to be a great success
in detecting tumors and monitoring progression, not only because of
the ease of sampling due to its usage of the liquid biopsy method but
also because it provides a visual and dynamic picture of tumor
progression in real-time, independent of metabolic and other
complex factors. This makes it more accurate and convincing
than other biomarkers detected in the blood.

Analyses of CTC, therefore, provide a clear picture of tumor
progression. In addition, the CTC count is a strong indicator of
treatment efficacy. For example, studies have shown that treatment
efficacy in patients with breast cancer is positively correlated with
the degree of reduction in CTC count (Smerage et al, 2014).
Additional information about the tumor can now be obtained
from CTCs isolated from blood samples using isolation techniques.

The various methods used to detect CTC from samples are
broadly classified into three categories: 1) enrichment of CTC based
on the immunoaffinity of cell surface molecular markers, 2) isolated
enrichment based on the physical properties of CTC, and 3) direct
analytical detection without enrichment.

Immunoaffinity based on cell surface molecular markers to
enrich CTC uses antibodies against cell surface markers attached
to the device surface or magnetic material. This method is
subdivided into two subcategories: 1) positive and 2) negative
enrichment (according to whether reverse screening is performed
against CTCs or background cells). There are many molecular
markers on the surface of CTC, and the most common is
EpCAM, a common CTC marker for cancers of epithelial origin
(Gires et al., 2020). EpCAM expression varies between cancer types,
and strong EpCAM expression can be used for CTC detection in
some cancers. For example, breast and prostate cancers have strong
EpCAM-positive CTCs and have been shown to have clinical value
as prognostic markers (Gorin et al., 2017; Fabisiewicz et al., 2020).
Other cancers of epithelial origin, including hepatocellular
carcinoma, (Xia et al, 2021), pancreatic cancer, (Varillas et al.,
2019), and colorectal cancer (Marcuello et al., 2019) also have a high
rate of EpCAM-positive CTC. Thus, CTC information can be used
to determine the prognosis and survival of patients with distant
metastases. There are many methods for detecting EpCAM. The
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most common method for detecting EpCAM is EPISPOT analysis
using antibody fixation, culture, or amplification of membrane
nodules of epithelial cell adhesion molecules such as EpCAM.
Even so, the only FDA-approved CTC diagnostic system, the
CellSearch™ System, is an immunomagnetic separation system
that uses ferromagnetic fluid beads attached to EpCAM
antibodies (Allard et al., 2004; Cohen et al., 2008).

There are CTCs that cannot be used as valid biomarkers of
EpCAM positivity. For example, some tumors are inherently
EpCAM-negative or have low EpCAM expression. Furthermore,
reports have shown that tumors undergo an epithelial-to-
mesothelial transition (EMT) after entering the circulatory
system. This results in an increased number of negative CTCs
compared to EpCAM-positive CTCs. Therefore, EpCAM is not a
widely used biomarker. Other markers, such as SNAIL, TWIST, and
EMT-related transcription factors, such as the ZEB family, assist in
screening CTCs (De Craene and Berx, 2013; Mittal, 2018). For
example, in breast cancer, the use of dual markers to indicate
baseline EpCAM and N-calmodulin can correct CTC isolation
and identification of single markers (Wang Z. et al., 2019; Wang
et al, 2021 Z.). However, most EMT-related biomarkers are
cytoplasmic or nuclear proteins. Therefore, they cannot be
isolated using assays based on molecular markers on the cell
membrane surface. Thus, targeting stem cell-related markers such
as, CD133; mesenchymal markers, such as vimentin; and other
biomarkers, including native tumor-related markers, such as human
epidermal growth factor receptor 2 (HER2), (Nanou et al., 2020),
estrogen receptor, (Forsare et al., 2020), folate receptor, (Chen et al.,
2020), survivin, (Cao et al, 2011), prostate-specific membrane
antigen, (Yin et al, 2018), and human high molecular weight
melanoma-associated antigen (HMW-MAA) (Lucci et al., 2020)
were developed for mixed cross-use to improve the detection of
CTCs with extremely heterogeneous antigens. Another method of
negative enrichment is to design an enrichment method based on
the background cells to be excluded for CTC collection rather than
collecting CTCs with heterogeneity. In addition to some professional
and mature commercial platforms, such as the EasySep Depletion
Kit, (Yang et al., 2009), technologies for positive enrichment, such as
MACS and CTC-iChip, can actually be used to simply replace
EpCAM with CD45 for negative enrichment (Ferreira et al,
2016). Exclusion of non-CTC cells by their major antigenic
markers, including CD45/CD66b (granulocytes), CD235a
(erythrocytes), CD41/CD61 (platelets), CD4/CD8 (lymphocytes),
CD11b/CD14 (macrophages), and CD34 (hematopoietic progenitor
cells/endothelial cells), could improve the sensitivity of CTC
enrichment. Even so, single negative enrichment was not possible
due to the crossover of antigenic markers and CTC exclusion.
Furthermore, limitations in CTC crossover and incomplete
exclusion decrease its specificity (Lara et al., 2006; Yang et al., 2009).

Physical properties can be used to separate the enrichment based
on differences in diameter size, physical plasticity, and the dielectric
mobility of CTCs relative to blood cells. These differences can be
used for membrane filtration, microfluidic channels, density
gradient stratification, inertial focusing, and dielectric mobility
methods. In addition, the separation of CTC is detected by the
significant difference in the physical plasticity of WBC and CTCs
(Shaw Bagnall et al., 2015). For the difference in diameter size, CTCs
(mean diameter —15.6 pm) and WBCs (diameter range 7-15 pum)
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(Dolfi et al., 2013) were less evident than physical plasticity, so it is
understood that artificial means can be used to artificially increase
the diameter contrast between the two types of cells using
microbeads with specific antigen antibodies, such as anti-EpCAM
antibodies. The latter results in increased recovery and purity of the
cells (Kim et al,, 2012). However, this undermines the significant
advantage of using physical properties to separate the enrichment, as
the enriched selected CTCs have no antibodies on their surfaces and
are thus more susceptible to further processing.

The third method, the enrichment-free method, was developed
to avoid the loss of time, labor, and sample accuracy associated with
the first two methods. Advances in high-throughput single-cell
imaging have made it possible to identify CTCs in blood samples
without enrichment directly (Han et al., 2016). For example, the
principle of using Imaging flow cytometry to separate CTCs from
WBCs using physical parameters such as differences in diameter
sizes and karyoplasmicratio ratios of the 2 cell types (Kleiber et al.,
2021). Another method, photoacoustic flow cytometry (PAFC), can
accomplish laser-based CTC detection in real-time. A technique
combining multicolor high-speed photoacoustic microscopy and
microfluidics for cell imaging, photoacoustic imaging flow
cytometry (PAIFC), has also been developed to overcome the
problems associated with the need to pre-process blood samples
with excellent sensitivity and specificity (Jin et al., 2021).

CTCs
characteristics, predict treatment response outcomes at early

can provide critical information about tumor
detection and provide direct evidence of epigenetic changes in
tumor-associated genes in real-time during treatment. Most
Importantly, its close association with distant tumor metastasis
plays a key role in determining the choice of protocols for
clinical treatment by patients and physicians. In addition, CTCs
can also help model tumors. For example, the instability of the
tumor genome was monitored by genetic analysis of CTCs. It is
particularly helpful in assessing treatment outcomes and precision
medicine in terms of tumor drug resistance and metastasis. It is also
possible to analyze the CTC transcriptome using single-cell
sequencing technology, which has rapidly developed in recent
years, (Lim et al., 2019; Dong et al., 2020), to improve diagnostic
tools and perform in vivo and in vitro drug treatment trials.
However, the current clinical application of CTC still depends on
the analysis of traditional CTC cell counts and molecular
phenotypes. A more comprehensive characterization of CTC
based on genome, transcriptome, and proteome, as well as high-
throughput sequencing, will further facilitate the clinical application
of CTC detection. However, limited techniques for studying single
cells and difficulties in data analysis make them, especially
proteomes, unavailable for widespread clinical use.

4.6 Non-blood Samples

The previously discussed liquid biopsy techniques use blood
samples. However, liquid biopsies are not only performed on blood
samples (plasma and serum). Many studies have shown that other
body fluids, such as cerebrospinal fluid, saliva, urine, and semen
(Rzhevskiy et al., 2022) can be used in liquid biopsies (Street et al.,
2012). Using body fluids other than blood can be advantageous. For
example, body fluids, such as saliva and urine, are more accessible,
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non-invasive, and inexpensive. For detecting tumors in these
regions, such as oral cancer, saliva has a significant advantage
over samples of blood (Lousada-Fernandez et al.,, 2018).

Recently there have rapid advances in saliva sample-based
diagnostic techniques used in the early detection and
progression  monitoring of cancers. For example,
improvements are currently being made to the following
techniques: 1) the use of electric field-induced release and
measurement (EFIRM) (Tu et al, 2020) to detect EGFR
mutations (tyrosine kinase structural domains) in body fluids
such as the saliva of patients with non-small cell lung cancer
(NSCLC) (Li et al., 2020); 2) the exploration of salivary
biomarkers, such as Foxpl and Gng2 mechanisms in
pancreatic cancer; (Lau et al., 2013); and 3) the exploration
of non-genomic based markers, such as the spectroscopic
analysis of salivary metabolites and changes in the oral
microbiota. Studies have shown that both elevated porphyrin
levels (Yuvaraj et al., 2014) and changes in the oral microbiota
(Deo and Deshmukh, 2020) are associated with oral squamous
cell carcinoma and can be used as a potential adjunct in the
detection of tumors.

Similarly, liquid biopsies based on urine sampling are additional
methods for detecting cancer cells. This technique is based on the
fact that abnormal cells and most biomolecules secreted by tumors
are likely to enter the urine through the urinary system. Thus, this
technique is uniquely advantageous since it enables repeated serial
sampling that can be used to monitor cancer progression or
recurrence. In addition, urological tumors, such as bladder
cancers (Togneri et al, 2016; Zhang et al., 2021) and prostate
cancers, can be used in the detection of colorectal cancer (Zhou
et al., 2022).

The main biomarkers used for cancer detection in urine samples
are exfoliated bladder cancer cells (EEBC), cell-free DNA (cfDNA),
and extracellular vesicles (EVs). EEBC are exfoliated tumor cells
present in urine that need to be enriched to improve the sensitivity of
the assay. Early methods used direct isolation from urine samples
using filter membranes (Croft and Nelson, 1979). Although the
sensitivity of a single physical filtration modality in the early stages is
low, it still increases the sensitivity in early bladder cancer detection
from 80% to 87% (Andersson et al., 2014). In recent years, antibody-
based immunological methods have improved, and studies have
shown that it is possible to capture scattered cancer cells with up to
99% selectivity and 100% sensitivity, thus achieving significant
advances (Macgregor-Ramiasa et al,, 2017). However, there are
limitations, such as quantity bias caused by EEBC morphology,
that need to be solved before this technology can be applied
clinically.

After the release of ¢fDNA from cells during tumor cell
necrosis or apoptosis, its DNA molecules cross the renal
barrier after entering the «circulatory system and are
subsequently detected in urine samples (Botezatu et al., 2000;
Hentschel et al., 2021). Similarly, cfDNA in urine samples can be
isolated and detected in urine through centrifugation or a size-
based selection method. The reduction in target DNA caused by,
for example, high c¢fDNA evasion capture is more easily
compensated by expanding the volume of the collected sample
than for blood Studies shown that the

concentration of cfDNA in urine may be e higher than that in

samples. have
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blood (Hirotsu et al., 2019). For example, Hirotsu et al. assessed
liquid biopsies and found 168 somatic mutations. These
mutations were identified in 53% of the urine supernatants,
48% of the urine sediments, and only 2% of the plasma they
assessed.

EVs can be detected in various types of body fluids, including
urine. Analysis of circRNA (He et al.,, 2021) and mRNA (Murakami
et al,, 2018) contained in EVs revealed genes related to biomarkers,
such as SLC2A1, GPRC5A, and KRT17, which are relatively
promising in the early detection of diseases (Murakami et al.,
2018). This demonstrates their potential as biomarkers for
bladder cancer. However, the sample quality and quantity of
these studies suggest that further research is required to fully
elucidate their potential. EVs have been established as biomarkers
for the detection of prostate cancer. The sensitivity and specificity of
the EV-derived gene TMPRSS2-ERG used in the diagnosis of
prostate cancer exceed 80%, indicating that prostate cancer can
be detected without imaging, by using this liquid biopsy
(Motamedinia et al., 2016). Clinical studies have also shown that
liquid biopsies are highly accurate and play an important role in
eliminating unnecessary tissue biopsies, and false negatives
(Vlaeminck-Guillem, 2021).

Discussion

Early detection of solid tumors is important to address the
impact of cancer on public health. This article discusses the
latest advances and methods in tumor detection. The use of these
assays is advantageous; however, they have limitations that affect
the accuracy, sensitivity, and specificity with which they detect
tumors. Even though research on traditional cancer detection
methods still needs to be improved, with the development of new
assays, biomarkers used in tumor detection has been identified.
Subsequently, there is a trend in combing multiple markers and
methods to improve the precision and accuracy of tumor
detection. The use of multiple assays to detect multiple
biomarkers will need to be further assessed. Reducing the
number of manual steps and embracing automation is the
ultimate goal in tumor detection. Automating tumor
detection will alleviate the public health burden of cancer by
making the early detection of cancer inexpensive, accurate,

efficient, and fast.

Author contributions

GW provided the article idea, BJ conducted the initial research
and participated in the writing. GW and XL reviewed and revised the
manuscript. All authors contributed to the manuscript and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1091223

Jiang et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Allard, W. J., Matera, J., Miller, M. C., Repollet, M., Connelly, M. C,, Rao, C,, et al.
(2004). Tumor cells circulate in the peripheral blood of all major carcinomas but not in
healthy subjects or patients with nonmalignant diseases. Clin. Cancer Res. Off. J. Am.
Assoc. Cancer Res. 10, 6897-6904. doi:10.1158/1078-0432.CCR-04-0378

Allenson, K., Castillo, J., San Lucas, F. A., Scelo, G., Kim, D. U,, Bernard, V., et al.
(2017). High prevalence of mutant KRAS in circulating exosome-derived DNA from
early-stage pancreatic cancer patients. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 28,
741-747. doi:10.1093/annonc/mdx004

Andersson, E., Steven, K., and Guldberg, P. (2014). Size-based enrichment of
exfoliated tumor cells in urine increases the sensitivity for DNA-based detection of
bladder cancer. PloS One 9, €94023. doi:10.1371/journal.pone.0094023

Arnaiz, E., Sole, C., Manterola, L., Iparraguirre, L., Otaegui, D., and Lawrie, C. H.
(2019). CircRNAs and cancer: Biomarkers and master regulators. Semin. Cancer Biol.
58, 90-99. doi:10.1016/j.semcancer.2018.12.002

Atamaniuk, J., Vidotto, C., Tschan, H., Bachl, N., Stuhlmeier, K. M., and Miiller, M.
M. (2004). Increased concentrations of cell-free plasma DNA after exhaustive exercise.
Clin. Chem. 50, 1668-1670. doi:10.1373/clinchem.2004.034553

Balaj, L., Lessard, R., Dai, L., Cho, Y.-J., Pomeroy, S. L., Breakefield, X. O, et al. (2011).
Tumour microvesicles contain retrotransposon elements and amplified oncogene
sequences. Nat. Commun. 2, 180. d0i:10.1038/ncomms1180

Batrakova, E. V., and Kim, M. S. (2015). Using exosomes, naturally-equipped
nanocarriers, for drug delivery. J. Control. Release Off. J. Control. Release Soc. 219,
396-405. doi:10.1016/j.jconrel.2015.07.030

Botezatu, I, Serdyuk, O., Potapova, G., Shelepov, V., Alechina, R., Molyaka, Y., et al.
(2000). Genetic analysis of DNA excreted in urine: A new approach for detecting
specific genomic DNA sequences from cells dying in an organism. Clin. Chem. 46,
1078-1084. doi:10.1093/clinchem/46.8.1078

Cao, W, Yang, W, Li, H,, Lou, G,, Jiang, J., Geng, M., et al. (2011). Using detection of
survivin-expressing circulating tumor cells in peripheral blood to predict tumor
recurrence following curative resection of gastric cancer. J. Surg. Oncol. 103,
110-115. doi:10.1002/js0.21777

Chae, Y. K., and Oh, M. S. (2019). Detection of minimal residual disease using ctDNA
in lung cancer: Current evidence and future directions. J. Thorac. Oncol. Off. Publ. Int.
Assoc. Study Lung Cancer 14, 16-24. doi:10.1016/j.jtho.2018.09.022

Chen, M., and Zhao, H. (2019). Next-generation sequencing in liquid biopsy: Cancer
screening and early detection. Hum. Genomics 13, 34. doi:10.1186/s40246-019-0220-8

Chen, X., Zhou, F., Li, X,, Yang, G., Zhao, C., Li, W,, et al. (2020). Folate receptor-
positive circulating tumor cells as a predictive biomarker for the efficacy of first-line
pemetrexed-based chemotherapy in patients with non-squamous non-small cell lung
cancer. Ann. Transl. Med. 8, 631. doi:10.21037/atm-19-4680

Cheng, X., Wang, X,, Nie, K., Cheng, L., Zhang, Z., Hu, Y., et al. (2021). Systematic
pan-cancer analysis identifies TREM2 as an immunological and prognostic biomarker.
Front. Immunol. 12, 646523. do0i:10.3389/fimmu.2021.646523

Cohen, S.J., Punt, C.J. A, Iannotti, N., Saidman, B. H., Sabbath, K. D., Gabrail, N. Y.,
et al. (2008). Relationship of circulating tumor cells to tumor response, progression-free
survival, and overall survival in patients with metastatic colorectal cancer. J. Clin. Oncol.
Off. J. Am. Soc. Clin. Oncol. 26, 3213-3221. d0i:10.1200/JC0.2007.15.8923

Costa-Silva, B., Aiello, N. M., Ocean, A. J,, Singh, S., Zhang, H., Thakur, B. K., et al.
(2015). Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 17, 816-826. d0i:10.1038/ncb3169

Croft, W. A., and Nelson, C. E. (1979). Collection and evaluation of normal exfoliated
urinary bladder cells in man using scanning electron microscopy. Scand. J. Urol.
Nephrol. 13, 43-48. doi:10.3109/00365597909179998

De Craene, B., and Berx, G. (2013). Regulatory networks defining EMT during cancer
initiation and progression. Nat. Rev. Cancer 13, 97-110. doi:10.1038/nrc3447

de Fraipont, F., Gazzeri, S., Cho, W. C,, and Eymin, B. (2019). Circular RNAs and
RNA splice variants as biomarkers for prognosis and therapeutic response in the liquid
biopsies of lung cancer patients. Front. Genet. 10, 390. doi:10.3389/fgene.2019.00390

Deo, P.N., and Deshmukh, R. (2020). Oral microbiome and oral cancer - the probable
nexus. J. Oral Maxillofac. Pathol. JOMFP 24, 361-367. doi:10.4103/jomfp.JOMFP_
20_20

Diaz, L. A., Williams, R. T., Wu, ., Kinde, L., Hecht, J. R., Berlin, J., et al. (2012). The
molecular evolution of acquired resistance to targeted EGFR blockade in colorectal
cancers. Nature 486, 537-540. doi:10.1038/nature11219

Frontiers in Genetics

10.3389/fgene.2023.1091223

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ding, P., Liu, P, Wu, H,, Yang, P., Tian, Y., and Zhao, Q. (2022). Functional
properties of circular RNAs and research progress in gastric cancer. Front. Oncol. 12,
954637. doi:10.3389/fonc.2022.954637

Dobra, G., Bukva, M., Szabo, Z., Bruszel, B., Harmati, M., Gyukity-Sebestyen, E., et al.
(2020). Small extracellular vesicles isolated from serum may serve as signal-enhancers
for the monitoring of CNS tumors. Int. J. Mol. Sci. 21, E5359. doi:10.3390/ijms21155359

Dolfi, S. C., Chan, L. L.-Y., Qiu, J., Tedeschi, P. M., Bertino, J. R., Hirshfield, K. M.,
etal. (2013). The metabolic demands of cancer cells are coupled to their size and protein
synthesis rates. Cancer Metab. 1, 20. doi:10.1186/2049-3002-1-20

Dong, Y., Wang, Z., and Shi, Q. (2020). Liquid biopsy based single-cell transcriptome
profiling characterizes heterogeneity of disseminated tumor cells from lung
adenocarcinoma. Proteomics 20, €1900224. doi:10.1002/pmic.201900224

Dragomir, M., and Calin, G. A. (2018). Circular RNAs in cancer - lessons learned
from microRNAs. Front. Oncol. 8, 179. doi:10.3389/fonc.2018.00179

Etzioni, R., Urban, N., Ramsey, S., McIntosh, M., Schwartz, S., Reid, B., et al. (2003).
The case for early detection. Nat. Rev. Cancer 3, 243-252. doi:10.1038/nrc1041

Fabisiewicz, A., Szostakowska-Rodzos, M., Zaczek, A. J., and Grzybowska, E. A.
(2020). Circulating tumor cells in early and advanced breast cancer; biology and
prognostic value. Int. J. Mol. Sci. 21, E1671. doi:10.3390/ijms21051671

Ferreira, M. M., Ramani, V. C,, and Jeffrey, S. S. (2016). Circulating tumor cell
technologies. Mol. Oncol. 10, 374-394. doi:10.1016/j.molonc.2016.01.007

Forsare, C., Bendahl, P.-O., Moberg, E., Levin Tykjaer Jorgensen, C., Jansson, S.,
Larsson, A.-M., et al. (2020). Evolution of estrogen receptor status from primary tumors
to metastasis and serially collected circulating tumor cells. Int. J. Mol. Sci. 21, E2885.
doi:10.3390/ijms21082885

Garcfa-Pardo, M., Makarem, M., Li, J. J. N, Kelly, D., and Leighl, N. B. (2022).
Integrating circulating-free DNA (cfDNA) analysis into clinical practice: Opportunities
and challenges. Br. J. Cancer 127, 592-602. doi:10.1038/s41416-022-01776-9

GBD 2015 Risk Factors Collaborators (2016). Global, regional, and national
comparative risk assessment of 79 behavioural, environmental and occupational,
and metabolic risks or clusters of risks, 1990-2015: A systematic analysis for the
global burden of disease study 2015. Lancet lond. Engl. 388, 1659-1724. doi:10.1016/
S0140-6736(16)31679-8

Gires, O., Pan, M., Schinke, H., Canis, M., and Baeuerle, P. A. (2020). Expression and
function of epithelial cell adhesion molecule EpCAM: Where are we after 40 years?
Cancer Metastasis Rev. 39, 969-987. do0i:10.1007/s10555-020-09898-3

Gorin, M. A., Verdone, J. E., van der Toom, E., Bivalacqua, T. J., Allaf, M. E., and
Pienta, K. J. (2017). Circulating tumour cells as biomarkers of prostate, bladder, and
kidney cancer. Nat. Rev. Urol. 14, 90-97. doi:10.1038/nrurol.2016.224

Guo, X, Lv, X,, Ru, Y., Zhou, F., Wang, N, Xi, H,, et al. (2020). Circulating exosomal
gastric cancer-associated long noncoding RNA1 as a biomarker for early detection and
monitoring progression of gastric cancer: A multiphase study. JAMA Surg. 155,
572-579. doi:10.1001/jamasurg.2020.1133

Han, Y., Gu, Y., Zhang, A. C,, and Lo, Y.-H. (2016). Review: Imaging technologies for
flow cytometry. Lab. Chip 16, 4639-4647. doi:10.1039/c61c01063f

He, Y.-D., Tao, W., He, T., Wang, B.-Y,, Tang, X.-M., Zhang, L.-M,, et al. (2021). A
urine extracellular vesicle circRNA classifier for detection of high-grade prostate cancer
in patients with prostate-specific antigen 2-10 ng/mL at initial biopsy. Mol. Cancer 20,
96. doi:10.1186/s12943-021-01388-6

Hentschel, A. E,, van den Helder, R., van Trommel, N. E,, van Splunter, A. P., van
Boerdonk, R. A. A, van Gent, M. D. J. M, et al. (2021). The origin of tumor DNA in
urine of urogenital cancer patients: Local shedding and transrenal excretion. Cancers 13,
535. doi:10.3390/cancers13030535

Hirotsu, Y., Yokoyama, H., Amemiya, K., Hagimoto, T., Daimon, H., Hosaka, K., et al.
(2019). Genomic profile of urine has high diagnostic sensitivity compared to cytology in
non-invasive urothelial bladder cancer. Cancer Sci. 110, 3235-3243. doi:10.1111/cas.
14155

Holm, M., Andersson, E., Osterlund, E., Ovissi, A., Soveri, L.-M., Anttonen, A.-K.,
et al. (2020). Detection of KRAS mutations in liquid biopsies from metastatic colorectal
cancer patients using droplet digital PCR, Idylla, and next generation sequencing. PloS
One 15, €0239819. doi:10.1371/journal.pone.0239819

Hong, M,, Tao, S., Zhang, L., Diao, L.-T., Huang, X., Huang, S., et al. (2020). RNA
sequencing: New technologies and applications in cancer research. J. Hematol.
Oncol.] Hematol. Oncol. 13, 166. doi:10.1186/s13045-020-01005-x

frontiersin.org


https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.1093/annonc/mdx004
https://doi.org/10.1371/journal.pone.0094023
https://doi.org/10.1016/j.semcancer.2018.12.002
https://doi.org/10.1373/clinchem.2004.034553
https://doi.org/10.1038/ncomms1180
https://doi.org/10.1016/j.jconrel.2015.07.030
https://doi.org/10.1093/clinchem/46.8.1078
https://doi.org/10.1002/jso.21777
https://doi.org/10.1016/j.jtho.2018.09.022
https://doi.org/10.1186/s40246-019-0220-8
https://doi.org/10.21037/atm-19-4680
https://doi.org/10.3389/fimmu.2021.646523
https://doi.org/10.1200/JCO.2007.15.8923
https://doi.org/10.1038/ncb3169
https://doi.org/10.3109/00365597909179998
https://doi.org/10.1038/nrc3447
https://doi.org/10.3389/fgene.2019.00390
https://doi.org/10.4103/jomfp.JOMFP_20_20
https://doi.org/10.4103/jomfp.JOMFP_20_20
https://doi.org/10.1038/nature11219
https://doi.org/10.3389/fonc.2022.954637
https://doi.org/10.3390/ijms21155359
https://doi.org/10.1186/2049-3002-1-20
https://doi.org/10.1002/pmic.201900224
https://doi.org/10.3389/fonc.2018.00179
https://doi.org/10.1038/nrc1041
https://doi.org/10.3390/ijms21051671
https://doi.org/10.1016/j.molonc.2016.01.007
https://doi.org/10.3390/ijms21082885
https://doi.org/10.1038/s41416-022-01776-9
https://doi.org/10.1016/S0140-6736(16)31679-8
https://doi.org/10.1016/S0140-6736(16)31679-8
https://doi.org/10.1007/s10555-020-09898-3
https://doi.org/10.1038/nrurol.2016.224
https://doi.org/10.1001/jamasurg.2020.1133
https://doi.org/10.1039/c6lc01063f
https://doi.org/10.1186/s12943-021-01388-6
https://doi.org/10.3390/cancers13030535
https://doi.org/10.1111/cas.14155
https://doi.org/10.1111/cas.14155
https://doi.org/10.1371/journal.pone.0239819
https://doi.org/10.1186/s13045-020-01005-x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1091223

Jiang et al.

Hsu, M. T., and Coca-Prados, M. (1979). Electron microscopic evidence for the
circular form of RNA in the cytoplasm of eukaryotic cells. Nature 280, 339-340. doi:10.
1038/280339a0

Jayanthi, V. S. P. K. S. A,, Das, A. B,, and Saxena, U. (2017). Recent advances in
biosensor development for the detection of cancer biomarkers. Biosens. Bioelectron. 91,
15-23. doi:10.1016/j.bios.2016.12.014

Jin, T., Zhang, C., Liu, F., Chen, X, Liang, G., Ren, F., et al. (2021). On-chip multicolor
photoacoustic imaging flow cytometry. Anal. Chem. 93, 8134-8142. doi:10.1021/acs.
analchem.0c05218

Kahlert, C., and Kalluri, R. (2013). Exosomes in tumor microenvironment influence
cancer progression and metastasis. J. Mol. Med. Berl. Ger. 91, 431-437. doi:10.1007/
s00109-013-1020-6

Kahlert, C. (2019). Liquid biopsy: Is there an advantage to analyzing circulating
exosomal DNA compared to cfDNA or are they the same? Cancer Res. 79, 2462-2465.
doi:10.1158/0008-5472.CAN-19-0019

Kim, M. S,, Sim, T. S., Kim, Y. J., Kim, S. S, Jeong, H., Park, J.-M,, et al. (2012). SSA-
MOA: A novel CTC isolation platform using selective size amplification (SSA) and a
multi-obstacle architecture (MOA) filter. Lab. Chip 12, 2874-2880. doi:10.1039/
c2lc40065k

Kleiber, A., Kraus, D., Henkel, T., and Fritzsche, W. (2021). Review: Tomographic
imaging flow cytometry. Lab. Chip 21, 3655-3666. doi:10.1039/d11c00533b

Lara, O., Tong, X., Zborowski, M., Farag, S. S., and Chalmers, J. J. (2006). Comparison
of two immunomagnetic separation technologies to deplete T cells from human blood
samples. Biotechnol. Bioeng. 94, 66-80. doi:10.1002/bit.20807

Lau, C, Kim, Y., Chia, D., Spielmann, N,, Eibl, G., Elashoff, D., et al. (2013). Role of
pancreatic cancer-derived exosomes in salivary biomarker development. J. Biol. Chem.
288, 26888-26897. doi:10.1074/jbc.M113.452458

Li, F., Wei, F., Huang, W.-L,, Lin, C.-C,, Li, L., Shen, M. M., et al. (2020). Ultra-short
circulating tumor DNA (usctDNA) in plasma and saliva of non-small cell lung cancer
(NSCLC) patients. Cancers 12, E2041. doi:10.3390/cancers12082041

Li, P., Chen, S., Chen, H., Mo, X, Li, T,, Shao, Y., et al. (2015). Using circular RNA as a
novel type of biomarker in the screening of gastric cancer. Clin. Chim. Acta Int. J. Clin.
Chem. 444, 132-136. doi:10.1016/j.cca.2015.02.018

Li, Y., Meng, L., Li, B, Li, Y., Shen, T., and Zhao, B. (2022). The exosome journey:
From biogenesis to regulation and function in cancers. J. Oncol. 2022, 9356807. doi:10.
1155/2022/9356807

Lim, S. B., Di Lee, W., Vasudevan, J., Lim, W.-T., and Lim, C. T. (2019). Liquid biopsy:
One cell at a time. NPJ Precis. Oncol. 3, 23. d0i:10.1038/s41698-019-0095-0

Lin, D,, Shen, L., Luo, M., Zhang, K,, Li, J., Yang, Q,, et al. (2021). Circulating tumor
cells: Biology and clinical significance. Signal Transduct. Target. Ther. 6, 404. doi:10.
1038/541392-021-00817-8

Liu, W,, Li, ., Zhang, P., Hou, Q,, Feng, S., Liu, L., et al. (2019a). A novel pan-cancer
biomarker plasma heat shock protein 90alpha and its diagnosis determinants in clinic.
Cancer Sci. 110, 2941-2959. doi:10.1111/cas.14143

Liu, Z., Wang, S., Dong, D., Wei, ], Fang, C., Zhou, X,, et al. (2019b). The applications
of radiomics in precision diagnosis and treatment of oncology: Opportunities and
challenges. Theranostics 9, 1303-1322. doi:10.7150/thno.30309

Logozzi, M., De Milito, A., Lugini, L., Borghi, M., Calabro, L., Spada, M., et al. (2009).
High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma
patients. PloS One 4, 5219. doi:10.1371/journal.pone.0005219

Lousada-Fernandez, F., Rapado-Gonzalez, O., Lopez-Cedrun, J.-L., Lopez-Lopez, R.,
Muinelo-Romay, L., and Suarez-Cunqueiro, M. M. (2018). Liquid biopsy in oral cancer.
Int. J. Mol. Sci. 19, E1704. doi:10.3390/ijms19061704

Lucci, A, Hall, C. S, Patel, S. P., Narendran, B., Bauldry, J. B., Royal, R. E., et al. (2020).
Circulating tumor cells and early relapse in node-positive melanoma. Clin. Cancer Res.
Off. J. Am. Assoc. Cancer Res. 26, 1886-1895. doi:10.1158/1078-0432.CCR-19-2670

Luo, H., Wei, W., Ye, Z., Zheng, J., and Xu, R.-H. (2021). Liquid biopsy of methylation
biomarkers in cell-free DNA. Trends Mol. Med. 27, 482-500. doi:10.1016/j.molmed.
2020.12.011

Macgregor-Ramiasa, M., McNicholas, K., Ostrikov, K., Li, J., Michael, M., Gleadle,
J. M, et al. (2017). A platform for selective immuno-capture of cancer cells from urine.
Biosens. Bioelectron. 96, 373-380. doi:10.1016/j.bios.2017.02.011

Madhavan, B., Yue, S., Galli, U, Rana, S., Gross, W., Miiller, M., et al. (2015).
Combined evaluation of a panel of protein and miRNA serum-exosome biomarkers for
pancreatic cancer diagnosis increases sensitivity and specificity. Int. J. Cancer 136,
2616-2627. doi:10.1002/ijc.29324

Mandel, P., and Metais, P. (1948). Nuclear acids in human blood plasma. C. R. Seances
Soc. Biol. Fil. 142, 241-243.

Marcuello, M., Vymetalkova, V., Neves, R. P. L., Duran-Sanchon, S., Vedeld, H. M.,
Tham, E., et al. (2019). Circulating biomarkers for early detection and clinical
management of colorectal cancer. Mol. Asp. Med. 69, 107-122. doi:10.1016/j.mam.
2019.06.002

Mathivanan, S., Lim, J. W. E., Tauro, B. ], Ji, H., Moritz, R. L., and Simpson, R. J.
(2010). Proteomics analysis of A33 immunoaffinity-purified exosomes released from

Frontiers in Genetics

10

10.3389/fgene.2023.1091223

the human colon tumor cell line LIM1215 reveals a tissue-specific protein signature.
Mol. Cell. Proteomics MCP 9, 197-208. doi:10.1074/mcp.M900152-MCP200

Meldolesi, J. (2018). Exosomes and ectosomes in intercellular communication. Curr.
Biol. CB 28, R435-R444. doi:10.1016/j.cub.2018.01.059

Melo, S. A., Luecke, L. B, Kahlert, C., Fernandez, A. F., Gammon, S. T., Kaye, J., et al.
(2015). Glypican-1 identifies cancer exosomes and detects early pancreatic cancer.
Nature 523, 177-182. doi:10.1038/nature14581

Mittal, V. (2018). Epithelial mesenchymal transition in tumor metastasis. Annu. Rev.
Pathol. 13, 395-412. doi:10.1146/annurev-pathol-020117-043854

Moding, E. J., Nabet, B. Y., Alizadeh, A. A., and Diehn, M. (2021). Detecting liquid
remnants of solid tumors: Circulating tumor DNA minimal residual disease. Cancer
Discov. 11, 2968-2986. doi:10.1158/2159-8290.CD-21-0634

Motamedinia, P., Scott, A. N, Bate, K. L., Sadeghi, N., Salazar, G., Shapiro, E., et al.
(2016). Urine exosomes for non-invasive assessment of gene expression and mutations
of prostate cancer. PloS One 11, €0154507. doi:10.1371/journal.pone.0154507

Murakami, T., Yamamoto, C. M., Akino, T., Tanaka, H., Fukuzawa, N., Suzuki, H.,
et al. (2018). Bladder cancer detection by urinary extracellular vesicle mRNA analysis.
Oncotarget 9, 32810-32821. doi:10.18632/oncotarget.25998

Nanou, A., Zeune, L. L., Bidard, F.-C,, Pierga, J.-Y., and Terstappen, L. W. M. M.
(2020). HER2 expression on tumor-derived extracellular vesicles and circulating tumor
cells in metastatic breast cancer. Breast Cancer Res. BCR 22, 86. doi:10.1186/s13058-
020-01323-5

Pascual, J., Attard, G., Bidard, F.-C., Curigliano, G., De Mattos-Arruda, L., Diehn, M.,
etal. (2022). ESMO recommendations on the use of circulating tumour DNA assays for
patients with cancer: A report from the ESMO precision medicine working group. Ann.
Oncol. Off. J. Eur. Soc. Med. Oncol. 33, 750-768. doi:10.1016/j.annonc.2022.05.520

Pinzani, P., D’Argenio, V., Del Re, M., Pellegrini, C., Cucchiara, F., Salvianti, F., et al.
(2021). Updates on liquid biopsy: Current trends and future perspectives for clinical
application in solid tumors. Clin. Chem. Lab. Med. 59, 1181-1200. doi:10.1515/cclm-
2020-1685

Qiao, G.-L., Chen, L, Jiang, W.-H., Yang, C,, Yang, C.-M.,, Song, L.-N., et al. (2019).
Hsa_circ_0003998 may be used as a new biomarker for the diagnosis and prognosis of
hepatocellular carcinoma. OncoTargets Ther. 12, 5849-5860. doi:10.2147/OTT.S210363

Rood, I. M, Deegens, J. K. J., Merchant, M. L., Tamboer, W. P. M., Wilkey, D. W.,
Wetzels, J. F. M, et al. (2010). Comparison of three methods for isolation of urinary
microvesicles to identify biomarkers of nephrotic syndrome. Kidney Int. 78, 810-816.
doi:10.1038/ki.2010.262

Roy, D., and Tiirikainen, M. (2020). Diagnostic power of DNA methylation classifiers
for early detection of cancer. Trends Cancer 6, 78-81. doi:10.1016/j.trecan.2019.12.006

Roy, S., Kanda, M., Nomura, S., Zhu, Z., Toiyama, Y., Taketomi, A., et al. (2022).
Diagnostic efficacy of circular RNAs as noninvasive, liquid biopsy biomarkers for early
detection of gastric cancer. Mol. Cancer 21, 42. doi:10.1186/s12943-022-01527-7

Rzhevskiy, A. S., Kapitannikova, A. Y., Vasilescu, S. A., Karashaeva, T. A., Razavi
Bazaz, S., Taratkin, M. S,, et al. (2022). Isolation of circulating tumor cells from seminal
fluid of patients with prostate cancer using inertial microfluidics. Cancers 14, 3364.
doi:10.3390/cancers14143364

Sant, M., Bernat-Peguera, A., Felip, E., and Margeli, M. (2022). Role of ctDNA in
breast cancer. Cancers 14, 310. doi:10.3390/cancers14020310

Shaw Bagnall, J., Byun, S., Begum, S., Miyamoto, D. T., Hecht, V. C., Maheswaran, S.,

et al. (2015). Deformability of tumor cells versus blood cells. Sci. Rep. 5, 18542. doi:10.
1038/srep18542

Smerage, J. B, Barlow, W. E., Hortobagyi, G. N., Winer, E. P., Leyland-Jones, B.,
Srkalovic, G., et al. (2014). Circulating tumor cells and response to chemotherapy in

metastatic breast cancer: Swog S0500. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 32,
3483-3489. doi:10.1200/JCO.2014.56.2561

Song, P., Wu, L. R, Yan, Y. H,, Zhang, J. X,, Chu, T., Kwong, L. N, et al. (2022).
Limitations and opportunities of technologies for the analysis of cell-free DNA in cancer
diagnostics. Nat. Biomed. Eng. 6, 232-245. doi:10.1038/s41551-021-00837-3

Street, J. M., Barran, P. E., Mackay, C. L., Weidt, S., Balmforth, C., Walsh, T. S., et al.
(2012). Identification and proteomic profiling of exosomes in human cerebrospinal
fluid. J. Transl. Med. 10, 5. doi:10.1186/1479-5876-10-5

Thakur, B. K., Zhang, H., Becker, A., Matei, I, Huang, Y., Costa-Silva, B., et al. (2014).
Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 24,
766-769. doi:10.1038/cr.2014.44

Togneri, F. S., Ward, D. G,, Foster, J. M., Devall, A. J., Wojtowicz, P., Alyas, S., et al.
(2016). Genomic complexity of urothelial bladder cancer revealed in urinary cfDNA.
Eur. ]. Hum. Genet. EJHG 24, 1167-1174. doi:10.1038/ejhg.2015.281

Tu, M., Cheng, J., Chen, Y.-L,, Jea, W.-C., Chen, W.-L., Chen, C.-J,, et al. (2020).
Electric field-induced release and measurement (EFIRM): Characterization and
technical validation of a novel liquid biopsy platform in plasma and saliva. J. Mol.
Diagn. JMD 22, 1050-1062. doi:10.1016/j.jmoldx.2020.05.005

Underhill, H. R, Kitzman, J. O., Hellwig, S., Welker, N. C., Daza, R., Baker, D. N,, et al.

(2016). Fragment length of circulating tumor DNA. PLoS Genet. 12, €1006162. doi:10.
1371/journal.pgen.1006162

frontiersin.org


https://doi.org/10.1038/280339a0
https://doi.org/10.1038/280339a0
https://doi.org/10.1016/j.bios.2016.12.014
https://doi.org/10.1021/acs.analchem.0c05218
https://doi.org/10.1021/acs.analchem.0c05218
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.1158/0008-5472.CAN-19-0019
https://doi.org/10.1039/c2lc40065k
https://doi.org/10.1039/c2lc40065k
https://doi.org/10.1039/d1lc00533b
https://doi.org/10.1002/bit.20807
https://doi.org/10.1074/jbc.M113.452458
https://doi.org/10.3390/cancers12082041
https://doi.org/10.1016/j.cca.2015.02.018
https://doi.org/10.1155/2022/9356807
https://doi.org/10.1155/2022/9356807
https://doi.org/10.1038/s41698-019-0095-0
https://doi.org/10.1038/s41392-021-00817-8
https://doi.org/10.1038/s41392-021-00817-8
https://doi.org/10.1111/cas.14143
https://doi.org/10.7150/thno.30309
https://doi.org/10.1371/journal.pone.0005219
https://doi.org/10.3390/ijms19061704
https://doi.org/10.1158/1078-0432.CCR-19-2670
https://doi.org/10.1016/j.molmed.2020.12.011
https://doi.org/10.1016/j.molmed.2020.12.011
https://doi.org/10.1016/j.bios.2017.02.011
https://doi.org/10.1002/ijc.29324
https://doi.org/10.1016/j.mam.2019.06.002
https://doi.org/10.1016/j.mam.2019.06.002
https://doi.org/10.1074/mcp.M900152-MCP200
https://doi.org/10.1016/j.cub.2018.01.059
https://doi.org/10.1038/nature14581
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1158/2159-8290.CD-21-0634
https://doi.org/10.1371/journal.pone.0154507
https://doi.org/10.18632/oncotarget.25998
https://doi.org/10.1186/s13058-020-01323-5
https://doi.org/10.1186/s13058-020-01323-5
https://doi.org/10.1016/j.annonc.2022.05.520
https://doi.org/10.1515/cclm-2020-1685
https://doi.org/10.1515/cclm-2020-1685
https://doi.org/10.2147/OTT.S210363
https://doi.org/10.1038/ki.2010.262
https://doi.org/10.1016/j.trecan.2019.12.006
https://doi.org/10.1186/s12943-022-01527-7
https://doi.org/10.3390/cancers14143364
https://doi.org/10.3390/cancers14020310
https://doi.org/10.1038/srep18542
https://doi.org/10.1038/srep18542
https://doi.org/10.1200/JCO.2014.56.2561
https://doi.org/10.1038/s41551-021-00837-3
https://doi.org/10.1186/1479-5876-10-5
https://doi.org/10.1038/cr.2014.44
https://doi.org/10.1038/ejhg.2015.281
https://doi.org/10.1016/j.jmoldx.2020.05.005
https://doi.org/10.1371/journal.pgen.1006162
https://doi.org/10.1371/journal.pgen.1006162
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1091223

Jiang et al.

Valihrach, L., Androvic, P., and Kubista, M. (2020). Circulating miRNA analysis for cancer
diagnostics and therapy. Mol. Asp. Med. 72, 100825. doi:10.1016/j.mam.2019.10.002

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology
of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213-228. d0i:10.1038/nrm.2017.125

Varillas, J. I, Zhang, J., Chen, K., Barnes, I. I, Liu, C., George, T. J., et al. (2019). Microfluidic

isolation of circulating tumor cells and cancer stem-like cells from patients with pancreatic
ductal adenocarcinoma. Theranostics 9, 1417-1425. doi:10.7150/thno.28745

Vlaeminck-Guillem, V. (2021). Exosomes and prostate cancer management. Semin.
Cancer Biol. $1044-579X (21), 101-111. -9. doi:10.1016/j.semcancer.2021.08.004

Wang, J., Ni, J., Beretov, J., Thompson, J., Graham, P., and Li, Y. (2020). Exosomal
microRNAs as liquid biopsy biomarkers in prostate cancer. Crit. Rev. Oncol. Hematol.
145, 102860. doi:10.1016/j.critrevonc.2019.102860

Wang, S., Zhang, K., Tan, S., Xin, J., Yuan, Q., Xu, H,, et al. (2021a). Circular RNAs in

body fluids as cancer biomarkers: The new frontier of liquid biopsies. Mol. Cancer 20,
13. doi:10.1186/512943-020-01298-z

Wang, Y, Liu, J., Ma, J., Sun, T., Zhou, Q., Wang, W., et al. (2019a). Exosomal
circRNAs: Biogenesis, effect and application in human diseases. Mol. Cancer 18, 116.
doi:10.1186/5s12943-019-1041-z

Wang, Z., Sun, N, Liu, H., Chen, C,, Ding, P., Yue, X,, et al. (2019b). High-efficiency
isolation and rapid identification of heterogeneous circulating tumor cells (CTCs) using
dual-antibody-modified fluorescent-magnetic nanoparticles. ACS Appl. Mat. Interfaces
11, 39586-39593. doi:10.1021/acsami.9b14051

Wang, Z., Wu, Z, Sun, N., Cao, Y., Cai, X,, Yuan, F., et al. (2021b). Antifouling
hydrogel-coated magnetic nanoparticles for selective isolation and recovery of
circulating tumor cells. J. Mat. Chem. B 9, 677-682. doi:10.1039/d0tb02380a

Wu, Z., Xu, Z., Yu, B,, Zhang, J., and Yu, B. (2020). The potential diagnostic value of
exosomal long noncoding RNAs in solid tumors: A meta-analysis and systematic
review. Biomed. Res. Int. 2020, 6786875. doi:10.1155/2020/6786875

Frontiers in Genetics

11

10.3389/fgene.2023.1091223

Xia, W., Li, H,, Li, Y., Li, M., Fan, J., Sun, W, et al. (2021). In vivo coinstantaneous
identification of hepatocellular carcinoma circulating tumor cells by dual-targeting
magnetic-fluorescent nanobeads. Nano Lett. 21, 634-641. doi:10.1021/acs.nanolett.
0c04180

Yang, L., Lang, J. C., Balasubramanian, P., Jatana, K. R,, Schuller, D., Agrawal, A., et al.
(2009). Optimization of an enrichment process for circulating tumor cells from the
blood of head and neck cancer patients through depletion of normal cells. Biotechnol.
Bioeng. 102, 521-534. doi:10.1002/bit.22066

Yin, C.,, Wang, Y., Ji, ., Cai, B., Chen, H., Yang, Z,, et al. (2018). Molecular profiling of
pooled circulating tumor cells from prostate cancer patients using a dual-antibody-
functionalized microfluidic device. Anal. Chem. 90, 3744-3751. doi:10.1021/acs.
analchem.7b03536

Yuvaraj, M., Udayakumar, K., Jayanth, V., Prakasa Rao, A., Bharanidharan, G,
Koteeswaran, D., et al. (2014). Fluorescence spectroscopic characterization of salivary
metabolites of oral cancer patients. J. Photochem. Photobiol. B 130, 153-160. doi:10.
1016/j.jphotobiol.2013.11.006

Zarovni, N., Corrado, A., Guazzi, P., Zocco, D., Lari, E., Radano, G., et al. (2015).
Integrated isolation and quantitative analysis of exosome shuttled proteins and nucleic
acids using immunocapture approaches. Methods San. Diego Calif. 87, 46-58. doi:10.
1016/j.ymeth.2015.05.028

Zhang, R., Zang, J., Xie, F.,, Zhang, Y., Wang, Y., Jing, Y., et al. (2021). Urinary
molecular pathology for patients with newly diagnosed urothelial bladder cancer.
J. Urol. 206, 873-884. doi:10.1097/JU.0000000000001878

Zhang, X., Sai, B, Wang, F., Wang, L., Wang, Y., Zheng, L., et al. (2019). Hypoxic
BMSC-derived exosomal miRNAs promote metastasis of lung cancer cells via STAT3-
induced EMT. Mol. Cancer 18, 40. doi:10.1186/s12943-019-0959-5

Zhou, H,, Zhu, L., Song, J., Wang, G, Li, P., Li, W,, et al. (2022). Liquid biopsy at the
frontier of detection, prognosis and progression monitoring in colorectal cancer. Mol.
Cancer 21, 86. doi:10.1186/s12943-022-01556-2

frontiersin.org


https://doi.org/10.1016/j.mam.2019.10.002
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.7150/thno.28745
https://doi.org/10.1016/j.semcancer.2021.08.004
https://doi.org/10.1016/j.critrevonc.2019.102860
https://doi.org/10.1186/s12943-020-01298-z
https://doi.org/10.1186/s12943-019-1041-z
https://doi.org/10.1021/acsami.9b14051
https://doi.org/10.1039/d0tb02380a
https://doi.org/10.1155/2020/6786875
https://doi.org/10.1021/acs.nanolett.0c04180
https://doi.org/10.1021/acs.nanolett.0c04180
https://doi.org/10.1002/bit.22066
https://doi.org/10.1021/acs.analchem.7b03536
https://doi.org/10.1021/acs.analchem.7b03536
https://doi.org/10.1016/j.jphotobiol.2013.11.006
https://doi.org/10.1016/j.jphotobiol.2013.11.006
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1097/JU.0000000000001878
https://doi.org/10.1186/s12943-019-0959-5
https://doi.org/10.1186/s12943-022-01556-2
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1091223

	Advances in early detection methods for solid tumors
	1 Introduction
	2 Detection of tumors
	3 Biological characteristics of tumor cells
	3.1 Alterations in genetic material
	3.2 Alterations in metabolites
	3.3 Alterations in cellular behavior

	4 Liquid biopsy technique
	4.1 DNA
	4.2 RNA
	4.3 Protein
	4.4 Extracellular Vesicles
	4.5 Circulating tumor cells
	4.6 Non-blood Samples

	Discussion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


