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Abstract

Conventional cancer diagnosis needs to excise diseased tissue from the patient’s body for biopsy, causing severe injury to

patients. Liquid biopsy with the superior advantage of minimal invasiveness has shown its ability to cancer diagnosis in real-

time, and has been developing promising diagnostic instruments. However, until today, the developed instrument still cannot

be an alternative to tissue biopsy in the majority of research and clinical settings. In this paper, we firstly summarize the

challenges and limitations suffered by the existing liquid biopsy instrument. Then, the opportunities and future progression

of the next-generation instrument are discussed in detail. In all, we hope that the future liquid biopsy instrument can be

eventually integrated into the clinical workflow, and serve as a validated and reliable tool for cancer diagnosis.

Introduction

Cancer is a highly complex disease that is characterized by evolving pathophysiological processes [1]. Hence,
treatment decisions are typically made according to the manifestation and progression of the primary tumor
[2]. Currently, tissue biopsy technology, which excises or punctures diseased tissue from the patient for
pathological examination, is considered the “gold standard” for cancer diagnosis and treatment [3]. Never-
theless, as various tumor entities originate from internal organs, acquiring diseased tissue can be highly risky
and challenging. Furthermore, clones differentiate into various subpopulations during the biological process
of tumorigenesis, resulting in tumor heterogeneity [4,5]. This diversity and plasticity cannot be detected in
single-tissue biopsy samples owing to their spatial and temporal heterogeneity, making it difficult to acquire
comprehensive information on the genetic and epigenetic variability of cancer [6].

Compared to tissue biopsy, liquid biopsy (LB) is a minimally invasive diagnostic tool that is less wound-
inducing and can be conducted frequently, allowing longitudinal monitoring of the dynamic changes in tumors
and thereby its malignancy [7]. Thus, a straightforward assessment of tumor metastases and the biochemical
changes during blood-borne cancer dissemination becomes possible by cell or molecular monitoring. In
contrast to tissue biopsy, LB mainly involves analyzing circulating tumor cells (CTCs), circulating cell-free
nucleic acids, and exosomes from the peripheral blood of patients with cancer (Fig. 1) [8,9]. CTCs are cancer
cells that actively or passively escape from the primary tumor site to the bloodstream and are regarded as the
culprits of cancer metastasis. CTC analysis has the potential to provide disease-related information on tumor
composition, invasiveness, drug susceptibility, and treatment resistance [10,11]. Circulating cell-free nucleic
acids, which mainly comprise circulating cell-free DNA (cfDNA), are typically discharged from apoptotic and
necrotic tumor cells into the bloodstream [12]. Most cfDNA originates from non-malignant cells, whereas
circulating tumor DNA (ctDNA) derived from tumor cells typically accounts for 0.1–10% of the total cfDNA,
depending on the tumor burden, inflammatory status, cellular turnover, and accessibility of cancer cells to
the blood vessels [13]. Therefore, cell-free nucleic acid analysis can provide detailed information relevant to
cancer diagnosis and therapy [14]. Exosomes are extracellular vesicles secreted by healthy and tumor cells,
containing proteins, RNA, and DNA from patients’ tumors [15]. Thus, tumor-derived exosomes can indicate
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the nature and status of tumor entities, as they contain all cellular contents originating from their tumor
cells.

Fig. 1. Source of liquid biopsy tumor material. Solid tumor masses may shed circulating tumor cell (CTC),
circulating cell-free nucleic acids (ctDNA), and exosome into the bloodstream.

Several instruments have been developed to achieve optimal LB assessment (Fig. 2, Table 1). CellSearch
(Veridex, USA), the first instrument approved by the United States Food and Drug Administration as an
instrument for separating and detecting CTCs in LB, has been widely used for breast, colorectal, and prostate
cancer diagnosis. Using this instrument, CTCs are separated from blood cells by magnetic nanoparticles
coated with anti-epithelial cellular adhesion molecule (EpCAM) antibodies [16]. Immunofluorescence analysis
is then performed on the separated cells for CTC characterization. This approach provides a CTC detection
specificity of > 99% and sensitivity of > 97%. As the detection of circulating cell-free nucleic acids depends
on molecular biology techniques that are complex to operate and require additional analytical platforms
(such as quantitative polymerase chain reaction [qPCR], BEAMing, Safe-SeqS, and CAPP-Seq) [9,17], LB-
based instruments are commonly used to extract cell-free nucleic acids. For example, the KingFisher Flex
instrument has been applied for cfDNA extraction from blood samples based on the magnetic enrichment
technique [18], wherein cfDNA becomes positively charged by magnetic beads that bind to the negatively
charged phosphate DNA backbone. For exosome analysis, serial centrifugation or ultracentrifugation steps
are performed to eliminate nanoscale contaminants [19]. However, these methods require time-consuming
sample preparation protocols and cannot achieve high purity or high-throughput analysis. To address these
limitations, an instrument named EXODUS was developed based on a novel ultrafiltration strategy [20].
In this instrument, exosomes are filtered through nanoporous membranes, and double-coupled harmonic
oscillations are introduced to these membranes to generate transverse waves to inhibit fouling effects, resulting
in enhanced processing speed, yield, and purity.

Nowadays, although many LB instruments have been proposed for cancer diagnosis, most of them still
exist a wide gap between the laboratory devices and the commercialization of instrument. According to
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the differences of working mechanism and application object, the developed instruments also face various
limitations. In this article, the challenges of the existed LB instrument, as well as the opportunities for
next-generation LB instruments are discussed, aiming at improving the sensitivity, efficiency, and accuracy
of cancer diagnosis.

Fig. 2.Representative liquid biopsy (LB) instruments for isolating or analyzing circulating tumor cells
(CTCs), circulating cell-free nucleic acids, or exosomes.

Table 1. Summary of the representative liquid biopsy instruments

Instrument Object
Isolation
method

Detection
method Application Reference

CellSearch CTC Immunomagnetic
separation

Fluorescence Cancers such
as breast,
colorectal, and
prostate

[16]

Parsortix CTC Cross-flow
filtration

N/A Castration
resistant
prostate cancers

[25]

ClearCell FX CTC Inertial
microfluidics

N/A Lung, head
and neck, and
non-small-cell
lung cancers

[26]

KingFisher
Flex

cfDNA Immunomagnetic
separation

N/A Cancers such
as pancreatic,
colorectal, and
non-small-cell
lung cancers

[18]

KminTrak cfDNA Immunomagnetic
separation

N/A Gastric cancer [27]

Automatic
Fraction
Collector

Exosomes Centrifugation
and filtration

N/A Colorectal,
head and neck,
and ovarian
cancers

[28]
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Instrument Object
Isolation
method

Detection
method Application Reference

EXODUS Exosomes Filtration N/A Kidney and
bladder
cancers

[20]

Can existing liquid biopsy instrument replace tissue biopsy?

Conventional tissue biopsy, as the key of the diagnostic pathology, can make a definite histopathological
diagnosis over the vast majority of the cancer cases [21]. However, tissue biopsy not only needs complex,
time-consuming and expensive operation processes, but also is difficult to obtain pathological tissue from
body organ. In addition, the conventional tissue biopsy cannot be used to monitor the treatment response.
In contrast, the liquid biopsy instrument can be easily applied to interrogate cancer-related biomarkers
sustainably with minimal invasive, and then achieve real-time monitor for cancers.

The major challenge of existing LB instruments is their insufficient accuracy and sensitivity caused by the
heterogeneity and rarity of cancer biomarkers [22]. To address these issues, LB instruments used for CTC
analysis typically contain white blood cell (WBC) depletion modules, which employ immune- or physical
isolation methods depending on the morphological, biological, or physical properties of the CTC and WBCs.
The immune-isolation method mainly allows the positive selection of CTCs through antigens expressed
in epithelial cells, such as EpCAM. However, subpopulations of metastatic tumor cells with low EpCAM
expression or undergoing epithelial-to-mesenchymal transition (EMT) cannot be captured or identified using
this method [23]. Physical isolation methods typically separate CTCs based on the differences in size, shape,
or deformability between CTCs and blood cells. However, CTC subpopulations with physical features similar
to those of WBCs cannot be differentiated or sorted during the separation process [24]. Furthermore, the
LB instrument used for cfDNA also faces similar limitations. The ctDNA originating from CTCs can be
contaminated by those derived from normal blood cells of the patient and might only account for ˜0.01%
of the total cfDNA. Various patient-related factors, including pregnancy, smoking, exercise, and various
non-malignant conditions, also affect the cfDNA levels in blood [13]. Therefore, the association between
patient-related factors and the performance of specific cfDNA assays may not be entirely accurate.

The second challenge of the existing LB instruments is their inadequate automation and integration. To
achieve rapid and real-time cancer diagnosis, LB instruments have been developed to reduce biochemical
operations, lower the economic burden for training hospital personnel, including pathologists, nurses, and
physicians, and simplify the interpretation of the test results. However, most LB instruments can only isolate
biomarkers and are unequipped to conduct necessary subsequent analyses. For example, the Parsortix and
ClearCell FX platforms are designed for CTC isolation [25,26], whereas the KminTrak instrument is used
for cfDNA extraction [27]. The Automatic Fraction Collector can only serve as a pretreatment unit for exo-
some isolation [28]. Furthermore, most LB instruments require complex biochemical operations, even during
the biomarker isolation process, which further impairs their automation levels. For example, CytoSorter
requires labor-intensive immunoaffinity operations to separate CTCs from blood cells [29]. For LB instru-
ments without an analytical module, the analysis of biomarkers commonly relies on complex biochemical
operations, such as fluorescent in situ hybridization (FISH), next-generation sequencing (NGS), and digital
PCR (dPCR) [30]. For instance, for cfDNA detection, PCR technologies are typically used to amplify the
target DNA fragment and improve analytical sensitivity. These assays are usually difficult to integrate into
the corresponding LB instrument [31].

The third challenge is the validity of the detection results. CellCollector and KminTrak [32,33] as new-
developed LB instruments can isolate CTCs and cfDNA, separately. Although the number of CTCs in
the blood and the ctDNA content in plasma have been used as a reference for early treatment response of
cancers, they do not inform patients about the cancer progression stage, as no additional clinical evidence
demonstrating their diagnostic efficacy is available compared to standard imaging-based tools [34]. Thus,
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CTC- and ctDNA-based LB technologies are not sophisticated enough to monitor treatment response in the
clinical setting [35]. In addition, early-stage cancer detected via LB instrument may be indolent or will never
develop into life-threatening cancers, such as in the case of prostate and breast cancers. This may result in
the overdiagnosis of incidental cancers that are unlikely to affect the overall health or lifespan of the patients
[36]. Notably, the overtreatment guided by an overdiagnosis can have considerable consequences [4]. For
example, complications that include incontinence or erectile dysfunction can be aroused due to overtreatment
in prostate cancers.

To better understand the evolutionary changes in the genetic and epigenetic landscape of tumors, multigene
assays of biomarkers obtained from LB instruments are often performed. However, these additional testing
require a considerable investment of time, knowledge, and resources, such as state-of-the-art NGS machines,
adequate storage space for multigene sequencing data, and a wet laboratory [37]. National and international
central laboratories are better equipped to perform these assays, wherein the large-scale sample processing
would be more economical. Furthermore, conducting multigene assays rather than single assays may not be
worthwhile for local pathology laboratories. Therefore, LB instruments combined with multigene assays for
cancer detection are difficult to apply in point-of-care (POC) settings.

Although LB instruments can significantly reduce the investment in manual operation and repeated min-
imally invasive detection of cancers, they have been commercially developed to a much lesser extent than
conventional tissue biopsy approaches. In addition, the rapid development of tissue biopsy- and imaging-
based diagnosis methods make them more accessible to researchers and clinicians than LB instruments.
Considering the limitations of the existing LB instruments, an obvious challenge for broad clinical appli-
cations should be addressed. Therefore, the current LB instrument is not sophisticated enough to replace
tissue biopsy.

What’s the opportunity of next-generation liquid biopsy instrument?

Until today, the accuracy of liquid biopsy is not comparable with that of tissue biopsy in cancer confirmation,
as well as their clinical utility is not well demonstrated, thus current liquid biopsy only serves as a comple-
mentary method to tissue biopsy [38]. To fully benefit from the many advantages of LB, next-generation LB
instruments must become a priority.

First, enhanced detection accuracy and sensitivity are warranted; most existing LB instruments for cancer
diagnosis are only based on a single biomarker, thereby significantly limiting their output. Comprehensive
detection using multiple biomarkers might address this issue and is crucial for the advancement of next-
generation LB instruments [39]. For example, CTC and ctDNA detection are believed to be complementary,
with ctDNA being more suitable for detecting mutations and CTCs for studying drug sensitivity and tumor
heterogeneity [40]. Notably, achieving multiple biomarker-based detections should first address key issues,
such as integrating different biomarker isolation components in a single instrument.

Second, most LB instruments still require several manual operation steps, such as cell incubation and im-
munofluorescence labeling, resulting in multiple variables that can cause substantial errors in their clinical
utility. Additionally, regarding some comprehensive sample-to-result workflows, the isolation and detection
of biomarkers must be performed across platforms. For example, in the LiquidBiopsy platform workflow
[31,41], cfDNA is purified and analyzed on the LiquidBiopsy, and Ion Chef and Ion S5 XL platforms, respec-
tively. Integrating the preparation, isolation, detection, and other components into a single LB instrument
can improve its automation level and simplify the operation steps, facilitating the standardization of cru-
cial procedures, thereby improving detection reliability. Therefore, ideal next-generation instruments should
meet the requirement that even non-professionals can readily obtain reliable results using highly automated
LB instruments.

Multiple analytical components are hard to integrate with other LB instruments, especially multigene as-
says that require considerable sample processing time, as well as expensive and bulky equipment [42]. To
reduce the complexity of LB instruments, complex biochemical assays can be performed in a superior labo-
ratory. Therefore, the next-generation LB instrument may be designed to isolate and then primarily detect
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biomarkers, and a sophisticated follow-up analysis may be conducted through off-site centralized testing.
Furthermore, a database should be established to share extensive analytical data in real-time, which may ac-
celerate the investigation of cancers. In the future, integrating label-free based cell separation and detection
components in the LB instrument would make it possible to achieve this goal. With such LB instruments,
CTCs may be isolated based on their physical properties using inertial microfluidic, acoustofluidics, or other
technologies [43,44]. Then, isolated CTCs may be detected by label-free interrogation technologies, including
impedance cytometry and image flow cytometry [45,46]. The obtained CTCs with high activeness will be
suitable for further investigation of tumor composition, invasiveness, drug susceptibility, and resistance to
therapy in a central laboratory [47]. Moreover, a label-based biomarker separation method that obtains
active target biomarkers by labeling non-target biomarkers, as well as impedance cytometry for detecting
submicron bioparticles (such as exosomes), also holds promise for rapid and primarily detection of biomarkers
[48,49].

Assessment of multiple biomarkers and parameters for the comprehensive detection of cancer, which will
generate a large amount of analytical data, may be the future of LB instruments. Hospital personnel who
obtain these data should receive adequate training to interpret such results and act accordingly. However,
such training typically requires considerable time and effort. Moreover, with the increase in detection
parameters, the corresponding analytical data also become complex, causing obstacles for physicians to make
accurate diagnoses and treatment decisions. In next-generation LB instruments, artificial intelligence may
help comprehensively analyze the clinicogenomic, metabolomic, immunomic, microbiomic, and homeostatic
data obtained from LB instruments to assist diagnosis and treatment decisions [50].

Apart from making next-generation LB instruments more multifunctional, downscaling the size of instru-
ments may also be a significant future development [51,52]. In general, patients experience a recovery
period of months to years after cancer surgery, and daily monitoring is essential for preventing cancer re-
currence. However, LB-based total-analysis instruments may not be easily accessible to patients in health
resource-limited locations. Therefore, the development of portable or wearable LB instruments for real-time
monitoring of cancer is of great significance, as critical detection data can be obtained and shared with physi-
cians in real-time to evaluate the recovery of patients with cancer. Label-free cfDNA and CTC detection
methods or membrane filtration methods, such as electrochemical sensing technology for label-free cfDNA
detection and thin membrane with special micro-pores or structures for tumor cell line capture [53,54], are
promising approaches to achieve this requirement, as no expensive reagents or bulky external platforms are
required. Portable or wearable LB instruments are expected to be developed to isolate and detect tumor
biomarkers from patients.

Several points need to be considered to make next-generation LB instruments commercially available. First,
the basic requirement of the LB instrument is to ensure analytical and clinical validity, and achieve clinical
utility. Additionally, cost-effectiveness analyses are essential, as an LB instrument can be highly expensive
and inaccessible to certain clinical settings. Lastly, the analytical results must be incorporated into the clinical
workflow to guide cancer diagnosis and treatment. Before being widely adopted in clinical applications, a
large number of on-site validations should be performed in clinical trials by comparing and evaluating the
results of the newly developed LB instruments and routine assays [55].

In all, with the improvement of highly sensitive techniques for accuracy disease detection, the next-generation
liquid biopsy instruments are a promising tool for the early diagnosis, real-time monitor, prognosis, and
prediction of the response to treatment in various types of cancers.

Conclusion

Comparing to conventional tissue biopsy that excises diseased tissue from the patient’s body, liquid biopsy
with the advantages of minimal invasiveness can be used to rapid and real-time diagnosis of cancers, as well
as the longitudinal monitoring along tumor dynamic changes, and thus many liquid biopsy-based instruments
emerged. However, existing liquid biopsy instruments suffer many limitations, such as insufficient accuracy
and sensitivity, inadequate automation, poor commercialization, etc., thus existing instrument still cannot
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be an alternative to tissue biopsy. The ideal LB instrument either allows precise, reliable, rapid, and
comprehensive cancer detection in the laboratory or can be used as a portable real-time monitoring tool in
a health resource-limited place. With the improvement of highly sensitive techniques for precision medicine,
next-generation LB instruments are promising tools for early diagnosis, real-time monitoring, prognosis, and
prediction of response to treatment for various cancer types. We hope that the future LB instrument will
become an optimal and reliable technology upon which we can all rely.
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