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Abstract

Liquid biopsy (LB) represents a promising strategy for the early diagnosis and treatment of lung cancer. However, relying sole-
ly on single-biomarker immunohistochemistry for predictive purposes has shown limited efficacy, often leading to suboptimal
responses in certain patients. LB provides a complementary or alternative approach to immunohistochemistry by aiding in the
identification of patients better suited for immunotherapy, thereby improving treatment precision. This review highlights key
LB targets, including circulating tumor cells, exosomes, and small protein molecules, and explores the predictive and prognos-
tic value of LB in immunotherapy for lung cancer and other tumors. These biomarkers play complex and multifaceted roles
in liquid biopsies. Consequently, researchers have developed numerous targeted detection methods to study and identify key
factors among multiple biomarkers in lung cancer and other tumor diseases. In addition, the limitations and future directions
of LB are examined, aiming to advance its clinical application and support the development of personalized and precise im-
munotherapy. The integration of LB with artificial intelligence holds significant clinical potential for guiding immunotherapy

and advancing precision medicine in lung cancer and other tumors.

Introduction

Lung cancer is a significant malignant disease that poses a serious
threat to human health. The development of effective strategies for
prognosis assessment, diagnosis, and treatment of lung cancer is
hindered by a limited understanding of tumor cell heterogeneity
and the key regulatory factors involved in the onset and progres-
sion of the disease. Over the past decade, cancer immunotherapy
has emerged as a pivotal antitumor strategy, complementing con-
ventional treatments such as chemotherapy, radiotherapy, and sur-
gical intervention.! Specifically, in studies evaluating the efficacy
of immunotherapy for lung cancer, immune checkpoint inhibitors
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(ICIs) targeting the programmed death ligand 1 (PD-L1), pro-
grammed death 1 (PD-1), and cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) pathways have demonstrated the ability to re-
store T cell function and enhance antitumor immune responses.>~5

Currently, several ICIs have received approval for the treatment
of various cancer types from the U.S. Food and Drug Administra-
tion and the European Medicines Agency, including anti-PD-L1
antibody atezolizumab, anti-PD-1 antibody pembrolizumab, and
anti-CTLA-4 antibody ipilimumab.®’ These highlight the growing
importance of immunotherapy in clinical cancer treatment.? Deter-
mining the suitability of first-line immunotherapy and predicting
individual responses in lung cancer patients currently rely primar-
ily on assessing PD-L1 expression through immunohistochemistry
(IHC).® However, the use of PD-L1 as a biomarker and predictive
factor presents several limitations and challenges. One major issue
is the inherent variability in IHC outcomes due to the use of differ-
ent PD-L1 antibodies, such as the 28-8 rabbit monoclonal antibody,
22C3 mouse monoclonal antibody, Roche Ventana SP142 rabbit
monoclonal antibody, and Roche Ventana SP263 rabbit monoclo-
nal antibody, across studies and clinical settings.®'? Additionally,
variability in defining PD-L1 positivity thresholds across different
detection platforms used in clinical trials further complicates the
comparability of results."! Another challenge is the intratumoral
heterogeneity of PD-L1 expression, which can lead to underesti-
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Fig. 1. Distribution of key targets for liquid biopsy in lung cancer.

mation of the true expression status within the entire tumor when
assessments are based on small biopsy samples. This limitation
prevents the capture of the full distribution of PD-L1 within the
tumor.? Furthermore, the predictive value of IHC-based PD-L1
expression for immunotherapy response remains uncertain.'? This
uncertainty stems partly from practical challenges, such as obtain-
ing sufficiently large, high-quality tumor tissue samples and isolat-
ing an adequate number of viable tumor cells from limited biopsy
specimens.!? Given these challenges, there is a pressing need to
develop and validate more robust and reliable predictive biomark-
ers to improve patient selection and enhance personalized treat-
ment approaches.

Liquid biopsy (LB) has recently garnered attention as a prom-
ising, minimally invasive approach for guiding immunotherapy
decisions in lung cancer.'#1¢ LB enables the evaluation of vari-
ous tumor-associated components in peripheral blood, including
circulating tumor cells (CTCs), tumor-associated exosomes, and
protein molecules closely related to tumors (Fig. 1). Compared to
traditional tissue biopsy, LB offers advantages such as minimal
invasiveness, high repeatability, and rapid result turnaround.!6:17
This review summarizes recent advancements in LB research for
ICI therapy in lung cancer, with a focus on current findings and fu-
ture directions. We provide a comprehensive discussion of the ad-
vantages and limitations of LB as a biomarker for lung cancer im-
munotherapy, including its potential to identify responders, detect
resistance mechanisms, and predict clinical outcomes. Ongoing
research aimed to further validate the clinical utility of LB-based
biomarkers, with the goal of optimizing patient selection and man-
agement in ICI therapy. Moreover, with the development of ultra-
sensitive detection technologies, LB holds promise for identifying
tumor biomarkers at extremely low concentrations during the early
stages of cancer. Early detection enables patients to undergo im-
munotherapy before disease progression, significantly improving
cure rates and therapeutic outcomes.

Application of LB technology in the diagnosis and prognosis
of lung cancer

Combining potentially valuable biomarkers such as CTCs, circu-
lating tumor DNA, extracellular vesicles (EVs), and tumor-associ-
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ated antigens can guide the application and development of LB in
the early diagnosis and prognosis of tumor diseases, including lung
cancer (Table 1).1822 Although LB offers advantages comparable
to traditional lung cancer detection methods, there are still limita-
tions and challenges in large-scale clinical applications. (1) The
high heterogeneity of CTC means that the sensitivity, accuracy,
and quality of detection need to be improved. For example, fluo-
rescence flow cytometry requires 5—7 mL of peripheral blood to
detect a single circulating tumor cell cluster (CTCC), and its sen-
sitivity is only 35.3%.'8 (2) There are also unavoidable false posi-
tives and false negatives in LB.?? For instance, the low abundance
of CTCs in peripheral blood can lead to false positives.?*25 (3) LB
lacks industry standards and has a high cost associated with detec-
tion technology.?*2¢ There is no unified standardization in clinical
practice. For example, in the clinical setting, the early stage of lung
cancer requires high sensitivity in detection methods, while the
prognosis and treatment of the disease require good specificity in
the detection method. Here, we comprehensively outline the recent
technical updates on LB and propose a feasible method for early
diagnosis and prognosis management of lung cancer, supported by
new LB technologies.

The role of circulating tumor cells in lung cancer diagnosis and
prognosis

This section primarily discusses how to quickly collect, identify,
and correlate CTCs as one of the tumor markers. It also explores
their advantages, disadvantages, and development prospects in tu-
mor diagnosis and treatment.?>7 CTCs refer to various tumor cells
present in peripheral blood, which can be captured and collected
based on their physical and biological characteristics.?® They are
then identified based on their biological characteristics (such as
the expression of epithelial cell markers and the non-expression
of hematopoietic cell markers) or physical characteristics (such
as cell size, morphology, density, number, invasiveness, etc.).18:22
The detection of CTCs is generally to analyze tumor dynamics and
evaluate treatment effects by monitoring trends in the changes in
their type and number.2°-32 Numerous studies have explored the
association between CTCs and the tumor immune microenviron-
ment. Changes in the tumor microenvironment depend on the in-
fluence of CTCs themselves and whether infiltrating immune cells
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Table 1. Comparison of different tumor-associated biomarker detection methods

Protein Characteristic Assay Major parameter Location Cost Application
PD-L1 - CellSearch © CXC kit? CTCPD-L1 Blood Y40 PD-L1(+)-CTCs, in
contrast to PD-
L1(+)-tumors, are
linked to survival
outcomes in metastatic
breast cancer
CEA, NSE, Linear ranges were A tri-channel LOD:107* ng/mL Exosome - Quantification of
Cyfra21-1 from 103 to 10 ng/mL  electrochemical exosomal markers in
from for CEA, 107*to 102 ng/ immunobiosensor?® specific diseases
exosome mlL for NSE, and 1073 to
102 ng/mL for Cyfra21-1
YES1 and Linear from 0.01 Electrochemical LOD: 0.0022 and Blood - Multiplex
CEA to 50 ng/mL immunosensors?! 0.0034 ng/mL immunosensor
CTCs Linear from 5-5 DNA walker powered by a The accuracy of the Blood - CTC-related diagnosis
x 10° cell/mL DNA circuit and MOF- DNA walker driven by a and individualized
on-MOF nanozyme?? DNA circuit and MOF- treatment
on-MOF nanozyme
synergies signal
amplification strategy
CTCs A deep-learning-based, Confocal backscatter A high Pearson Blood - In vivo detection

peak detection and
classification model

and fluorescence flow
cytometry have been

correlation
coefficient of 0.943

of CTCCs

used for label-free
detection of CTCCs in
whole blood based on
machine learning-enabled
peak classification'®

CEA, carcino-embryonic antigen; CTCCs, circulating tumor cell cluster; CTCs, circulating tumor cell; Cyfra21-1, cytokeratin 19 fragments; LOD, limit of detection; MOF, metal-or-
ganic frameworks; NSE, neuron-specific enolase; PD-L1, programmed death ligand 1; YES1, yamaguchi sarcoma viral oncogene homolog 1.

have sufficient anti-tumor ability.*3* For instance, patients with
detectable CTCs exhibited markedly higher regulatory T cell in-
filtration in tumor tissues compared to those without detectable
CTCs, indicating an immunosuppressive phenotype.

In recent years, swift technological progress has facilitated in-
depth functional analyses of CTCs, offering robust tools for in-
vestigating predictive biomarkers in ICI therapy for lung cancer.
In particular, single-cell proteomics, transcriptomics, and metabo-
lomics of CTCs can reveal multidimensional molecular features
linked to therapeutic outcomes. Proteomics analyses can identify
specific CTC subpopulations linked to immunotherapy sensitivity
or resistance3; transcriptomic analyses can uncover gene expres-
sion patterns associated with immune evasion mechanisms; and
metabolomics provides insights into the impact of immunometa-
bolic phenotypes on treatment efficacy.3® Applying single-cell
multi-omics to CTCs offers a more comprehensive understand-
ing of tumor heterogeneity. For example, treatment strategies that
target converging molecular pathways may fail if different cells
within the tumor exhibit distinct molecular alterations.?® In such
cases, it might be necessary to target each abnormality individu-
ally. Therefore, single-cell analysis of CTCs can provide a clearer
picture of the molecular landscape across the entire cancer.?’ Fur-
thermore, the dynamic evaluation of CXCR4 expression levels on
CTCs using single-cell assays could aid in tracking immunoregu-
latory processes.?” In conclusion, ongoing technological advance-
ments have made comprehensive CTC research achievable, estab-
lishing CTCs as a promising source of biomarkers for predicting
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and monitoring immunotherapy efficacy in lung cancer patients,
with considerable clinical application potential 2838

Monitoring of CTCs has demonstrated strong prognostic value
in various solid tumors.3” However, due to the absence of con-
clusive clinical utility data, CTC detection has not been widely
implemented for monitoring lung cancer treatment. In advanced
non-small cell lung cancer (NSCLC), research on the pheno-
typic heterogeneity of CTCs and its relationship with treatment
outcomes is still limited. CTCs can be detected in the majority
of stage IV NSCLC patients. Although absolute high-definition
circulating tumor cell counts do not exhibit a significant correla-
tion with prognosis, fluctuations in CTC counts over time can pre-
dict survival in metastatic lung cancer patients receiving chemo-
therapy.*® This indicates that CTC levels and dynamics reflect the
biological and pharmacological characteristics of different disease
stages and treatment time points, highlighting their complex role in
cancer research and real clinical practice (Fig. 2a).3° Researchers
have also explored the clinical significance of CTCs and circulat-
ing tumor endothelial cells, as well as their subtypes, in patients
with small cell lung cancer (SCLC) (Fig. 2b).*? Using nanoparti-
cle-coated Smart BioSurface® slides, which enable the fixation of
intact nucleated cells without preselection, epithelial CTCs were
identified in patients with early-stage NSCLC (Fig. 2¢).*! CTC de-
tection in liquid biopsies acts as a predictive and prognostic marker
for SCLC, though it presents certain analytical challenges.** By
integrating microfluidics or density gradient-based CTC enrich-
ment with immunofluorescence staining or quantitative polymer-
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Fig. 2. Circulating tumor cells (CTCs) for detection. (a) High-definition circulating tumor cell (HD-CTC) and CTCs for stage IV non-small cell lung cancer
(NSCLC) (copyright BioMed Central, 2019)3%; (b) CTC/circulating tumor endothelial cells (CTEC) counts (copyright Wiley, 2021)*°; (c) Subpopulations of
NSCLC CTCs identified on Smart BioSurface® (SBS)-CTCs slides (copyright MDPI, 2023)%*; (d) Representative images of three distinct CTCs identified through
immunofluorescent staining of panCK (red), white blood cells (WBC) (green), and nuclear counterstaining with 4’, 6-diamidino-2-phenylindol (DAPI) (blue)

(copyright Wiley-Liss Inc., 2024).42

ase chain reaction for CTC-related transcripts, a detection rate
ranging from 60.8% to 88.0% has been attained in blood samples
from SCLC patients. Epithelial and neuroendocrine transcripts,
such as DLL3, are linked to shorter overall survival (OS), indicat-
ing their potential clinical value in diagnosis and treatment deci-
sions.*3 Elevated CTC counts and the detection of CTC doublets
through immunofluorescence staining are predictive of poor OS
and may serve as potential markers of disease progression or treat-
ment failure. In patients with a high CTC burden, positive results
for circulating free plasma RNA and CTC-associated transcripts
show strong consistency. These findings highlight the importance
of CTCs and their transcripts in SCLC, stressing the clinical sig-
nificance of liquid biopsies for diagnosing and managing this
disease (Fig. 2d).*? In general, there are still diverse separation
and enrichment methods for CTCs in the field of LB.* Differ-
ent methods have significant differences in sensitivity, specificity,
and efficiency, and no unified standard has been established, which
leads to poor comparability of test results between different experi-
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ments. Secondly, CTCs are present in low numbers in peripheral
blood and are easily interfered with by other blood cells.*5 Differ-
ent detection technologies have different abilities to identify low-
abundance CTCs, which may lead to false negative and false posi-
tive results, especially in early cancer.#® Thirdly, CTCs have high
heterogeneity, and there is a lack of unified standards for the se-
lection of markers (e.g., EpCAM, CK, Vimentin), which can lead
to insufficient accuracy and consistency of detection. Therefore,
developing unified CTC separation and enrichment standards, op-
timizing detection technologies (such as microfluidics and nano-
technology), and establishing a unified marker screening system
are crucial to improving the detection efficiency and reliability of
low-abundance CTCs in early cancer patients.*”

Exosome associated with LB for lung cancer diagnosis and
prognosis

Exosomes are round, nanoscale particles with diameters ranging
from 40 to 100 nm and densities between 1.13 and 1.19 g/mL.2°
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They are released by various cell types under both physiological
and pathological conditions, including immune cells, stem cells,
and tumor cells.*® These small molecules can be easily obtained
from most bodily fluids, making them promising biomarkers for
LB in lung cancer. EVs represent a complete intercellular commu-
nication strategy utilized by both pathogenic and non-pathogenic
cells.*” Exosomes have high stability, target specificity, good bio-
compatibility, and low immunogenicity, making them promising
vehicles for lung cancer therapy.3%5!

A significant body of evidence suggests that EVs play an es-
sential role in the interactions between tumor cells and immune
cells.5? EVs originating from tumors primarily exhibit immuno-
suppressive functions, promoting tumor immune escape. This im-
mune evasion mechanism includes: downregulating the expression
of major histocompatibility complex class II in dendritic cells; ac-
tivation of the cGAS-STING signaling pathway in dendritic cells;
inducing STAT3-mediated M2 polarization in monocytes®?; reduc-
ing the production of interferon-y in natural killer cells**; and in-
ducing T cell apoptosis.>> Additionally, PD-L1 expression on the
surface of EVs can induce T cell exhaustion, further suppressing
anti-tumor immune responses.>® On the other hand, EVs originat-
ing from tumors can also trigger immune activation by activating
natural killer cells, macrophages, B lymphocytes, and T lympho-
cytes. Particularly, EVs related to the Hippo signaling pathway
have been found to be closely associated with potent tumor clear-
ance and immune activation.5” Furthermore, EVs derived from an-
tigen-presenting cells exhibit immune-stimulating effects by car-
rying various major histocompatibility complexes that activate T
cells, although their potency in T cell activation is relatively weak.

EVs contain a variety of genetic materials, such as messen-
ger RNA, micro RNA, long non-coding RNA, nucleic acids, and
proteins, playing a crucial role in mediating cellular functions.
The proteins on the EV membrane have become important detec-
tion targets for various tumors and other diseases. Research has
shown the potential of using EVs as immune-oncology biomarkers
in melanoma patients treated with ICIs. Increased PD-L1 expres-
sion on the surface of EVs marks an adaptive immune response
and can distinguish clinical responders from non-responders.> In
patients receiving anti-CTLA-4 therapy, increased levels of PD-L1
and CD28 in EVs are related to enhanced progression-free survival
and 0S.9%¢! Additionally, specific EV RNA profiles correlate with
the efficacy of anti-CTLA-4 treatment.%? In conclusion, EVs, as
important immune regulatory factors, have immense research and
application potential in immuno-oncology. The analysis of circu-
lating EVs as immune-related biomarkers shows great promise.
However, despite the widespread detection of EVs in the blood of
lung cancer patients, the lack of validated, standardized isolation
techniques remains a major obstacle.®® Addressing these technical
challenges is the primary task to advance the clinical application
of EV analysis.

Deep learning has been used to explore the characteristics of
EVs and identify similarities in human plasma exosomes. Exo-
some-based deep learning-enhanced surface-enhanced Raman
spectroscopy has demonstrated accurate early-stage lung can-
cer diagnosis. The integration of deep learning and EV analysis
presents a promising approach for early LB in lung cancer (Fig.
3a).% The fluorescence resonance energy transfer-based magnetic
aptamer sensor has been proposed for enriching EVs using ap-
tamer magnetic affinity, followed by the detection of cancerous
surface proteins using the fluorescence resonance energy transfer
“lighting up” strategy.®> Fluorescent quantum dots and aptamers
are incorporated into magnetic nanoparticles. When the aptamers
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pair with complementary DNA on the surface of Au nanoparticles,
the fluorescence emission decreases (Fig. 3b).%% A technique in-
tegrating an automated centrifugal microfluidic disk system with
functionalized membranes for exosome isolation and enrichment
(Exo-CMDS) has been established, along with an original aptam-
er-based fluorescence system (Exo-AFS) for detecting exosome
surface proteins. Exo-CMDS is efficient, rapid, and requires low
sample volumes, completing a one-step separation and purifica-
tion process within 8§ m, with exosome concentrations reaching
5.1 x 10° particles/mL from small serum samples (<300 pL). The
sensitivity of Exo-AFS for detecting PD-L1 reaches a minimum
threshold of 1.58 x 10° particles/mL. In clinical trials, this method
showed a diagnostic accuracy of 91% for lung cancer, outper-
forming exosome ELISA. Compared to traditional methods, Exo-
CMDS and Exo-AFS offer significant advantages in cost, speed,
purity, sensitivity, and specificity, providing an efficient and reli-
able tool for early cancer detection and clinical immunotherapy
(Fig. 3¢).% However, there are some potential drawbacks of Exo-
CMDS and Exo-AFS, which include the complexity of fabrication,
cost, sensitivity to biological variability, and exosome fouling and
degradation. A targeted early diagnosis method based on a nano-
particle array for multiple lung cancer subtypes has also been pro-
posed. By chemically conjugating amino and carboxyl groups, five
targeted aptamers are modified onto mesoporous silica nanopar-
ticles, constructing a high-specificity targeted nanoparticle array.
Flow cytometry experiments have shown that even when biomark-
er expression levels are as low as 1.5%, this nanoparticle array
could specifically identify tumor-derived exosomes in phosphate
buffered saline. Transmission electron microscopy results further
confirmed that the nanoparticle array could isolate tumor-derived
exosomes from the blood of tumor-bearing mice, successfully de-
tecting exosomes in the blood of mice with early-stage lung cancer
(with cancer formation only seven days prior). In conclusion, the
targeted nanoparticle array is a great early detection tool across
multiple lung cancer subtypes (Fig. 3d).’

In general, in the application research of LB based on exosomes
for the early diagnosis of diseases, there are still problems such as
incomplete standardization of exosome separation and detection,
lack of consistency in experimental results, and gaps in efficiency,
purity, and repeatability of existing separation methods (e.g., ultra-
centrifugation, precipitation methods, microfluidic technology, fil-
tration membrane technology, etc.), which will lead to insufficient
reliability and repeatability of test results in clinical applications.®
Second, exosomes contain complex biological molecules, includ-
ing proteins, DNA, RNA, lipids, etc., and there may be significant
differences in exosome markers from different sources and condi-
tions, which will affect the difficulty of screening and verification
of specific markers.® Third, the expression level of some exosome
markers in early lung cancer is low, which can be easily interfered
with by other components in the solution, leading to false positive
and false negative results.”” Finally, although a variety of potential
exosome markers have been identified in research, many are still
in the exploratory stage and lack large-scale clinical verification,
which seriously hinders their transformation from basic research
to actual clinical application. In response to the above problems, it
is necessary to develop fast and efficient exosome separation tech-
nologies (e.g., nanotechnology, microfluidics, etc.) and establish
unified technical standards and guidelines, with the aim of improv-
ing the purity and consistency of exosome separation and laying
the foundation for large-scale clinical application.”! Secondly, it is
possible to combine the information of various biomolecules (such
as proteins, micro RNAs, DNA mutations, etc.) in exosomes to
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Fig. 3. Schematic overview of the deep learning-based circulating exosome analysis for lung cancer detection. (a) Deep learning-based circulating exosome
analysis for lung cancer detection (copyright American Chemical Society, 2024)%; (b) The operational mechanism of the Férster resonance energy transfer
(FRET) strategy (copyright Royal Society of Chemistry, 2021)85; (c) The process of exosome isolation and detection (copyright Elsevier, 2022)%; (d) Diagram-
matic representation of the fabricated targeted nanoarray and its application in detecting tumor exosomes from the blood of lung cancer patients (copyright
Elsevier, 2024).57 PAA, polyacrylic acid; PCA, principal component analysis; PEIl, poly (ethylene imine); SERS, surface-enhanced Raman spectroscopy.

build a multi-marker detection model to improve diagnostic sen-
sitivity and specificity, especially in the early detection of lung
cancer. Third, using machine learning and artificial intelligence
(AI) algorithms, we can explore the potential features in exosome
data, optimize marker screening and result interpretation, thereby
improving the accuracy of diagnosis and prognosis, and promot-
ing personalized treatment.””7# Finally, we can combine exosome
research with other LB technologies (e.g., CTC, free DNA detec-
tion, etc.) to conduct multi-omics data integration analysis, aiming
to provide a more comprehensive cancer diagnosis and dynamic
detection solution.

The role of protein in lung cancer diagnosis and prognosis

PD-L1, an immune checkpoint protein also known as CD247 or
B7-H1, is expressed on the membranes of tumor cells and antigen-
presenting cells.” PD-L1 interacts with its corresponding recep-
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tor PD-1 on T cells, suppressing T cell activation and weakening
anti-tumor immune responses. Monoclonal antibodies targeting
the PD-1/PD-L1 pathway demonstrate clinical efficacy in patients
with high PD-L1 expression, as determined by IHC staining of tu-
mor biopsies.”® Nevertheless, some patients with low tumor PD-
L1 expression still respond to IClIs, likely due to the dynamic and
complex nature of immune regulation that static IHC evaluations
cannot fully capture. Furthermore, PD-L1 expression on both ma-
lignant cells and infiltrating leukocytes adds to the challenge of
accurately interpreting PD-L1 levels in tumor tissues. The incon-
sistency in antibody performance for detecting PD-L1 poses an
ongoing challenge, impeding the standardization of PD-L1 IHC
methodologies. Additionally, the heterogeneous expression of PD-
L1 between primary and metastatic lesions reduces the reliability
of tissue-based assessments. Analyzing PD-L1 status in the blood
through circulating markers such as CTCs, EVs, and PBMCs of-
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fers a complementary approach to mitigate some limitations as-
sociated with tissue biopsies.’

Researchers have developed numerous ultrasensitive LB tech-
nologies to detect lung cancer-related biomarkers.277-80 LB tech-
nology mainly relies on various metals, semiconductors, metal
skeleton compounds, and other materials.*880-87 For example,
ultra-thin Ti’*C2-MXene nanosheets are synthesized using a mini-
mal intensity layer exfoliation method and uniformly functional-
ized with aminopropyl silane (f-Ti*C2-MXene) to provide covalent
bonding sites (anti-carcino-embryonic antigen (CEA)) for label-
free ultrasensitive detection of cancer biomarkers, such as CEA
(Fig. 4a).8% An exosome microRNA array sensor, with biological
conjugates consisting of p53 protein and hydrazine, selectively
captures targets in p53 recognition with excellent specificity and
outstanding analytical performance (Fig. 4b).%° An electrochemi-
cal biosensor utilizing multiple signal amplification strategies for
the concurrent detection of two lung cancer biomarkers: cytokera-
tin 19 fragment 21-1 and CEA (Fig. 4¢).3? The PC-SM biosensor
chip enhances the signal-to-noise ratio of a single molecule ap-
proximately threefold by coupling the energy of a single-molecule
photon with the optical bandgap of a photonic crystal. This chip
was effectively employed to detect low-abundance leukemia in-
hibitory factors in the blood of both pancreatic cancer patients and
healthy individuals (Fig. 4d).%" In real scenarios, there may be situ-
ations where protein markers are distributed on exosomes and in
free form. In such cases, we can pre-treat the sample before testing,
separate free proteins and exosomal proteins, and then perform
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group testing. It is also possible to design different detection chan-
nels in the same system and perform dual-channel simultaneous
testing. Finally, protein detection can also be combined with other
omics data (RNA, DNA mutations, or metabolomics) to reveal the
biological significance of free and exosomal proteins from multi-
ple dimensions, thereby enhancing the accuracy and comprehen-
siveness of disease diagnosis.®»??

Challenges and future directions

LB holds significant promise for diagnosing, prognosticating, and
predicting lung cancer treatment response. However, it continues
to encounter challenges, such as detecting rare CTCs. Analyzing
CTCs may provide a broader understanding of the genomic land-
scape of the cancer as a whole, while also presenting a safer and
more cost-effective alternative to biopsying multiple tumor sites.
However, evaluating tumor heterogeneity lacks standardized pro-
tocols. Although existing evidence indicates that CTCs can offer
molecular insights into the overall cancer, it remains uncertain
whether metastatic lesions in different organs release CTCs in a
uniform manner.?® The sensitivity and accuracy of CTC detection
are limited, necessitating more advanced microfluidic and imag-
ing technologies, as well as machine learning methods, to enhance
capture and analysis capabilities. Another challenge is that some
biomarkers are delicate and demand careful handling before analy-
sis. Factors such as the sample type and amount, storage condi-
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tions, timing of collection, clinical variables, and individual pa-
tient biological characteristics must be considered.’ Furthermore,
isolating and analyzing these biomarkers requires highly specific
and sensitive techniques, particularly due to the low concentration
of certain molecules in bodily fluids. Additionally, the analytical
performance (such as sensitivity, specificity, detection limits, and
stability) of various LB techniques requires further assessment and
optimization.

Emerging technologies like AI will play a key role in decipher-
ing the complexities of cancer and formulating treatment strategies
to improve cancer management. Al holds significant promise in
oncology, particularly in diagnosing, treating, and predicting the
prognosis of cancers. Its key applications in healthcare encompass
medical imaging, clinical decision support, and surgical robotics.
The integration of LB with Al could enhance the early detection,
management, and prognosis of lung cancer patients. While LB is
unlikely to fully replace traditional tissue biopsy, combining LB
with tissue biopsy and multidimensional data analysis can over-
come the limitations of relying on a single method. Additionally,
the standardization of longitudinal sampling still requires further
optimization. Inter-laboratory collaboration, the development of
consensus guidelines, and external quality assessment programs
are key to resolving the standardization issues. These measures
will enhance the reliability and reproducibility of LB, promoting
its widespread application in clinical practice and providing a more
robust foundation for precision lung cancer treatment.

Conclusions

Ultrasensitive cancer biomarker detection provides precise, early,
and dynamic information, significantly enhancing the success rate
of cancer immunotherapy and improving patients’ quality of life.
It not only facilitates the early identification of cancer but also
plays a supervisory and guiding role during treatment, enabling
more personalized and optimized therapeutic strategies. CTCs, ex-
osomes, and proteins are more easily and cost-effectively collected
than tissue biopsies and, in many instances, offer real-time mo-
lecular insights and response data—particularly for patients where
tumor tissue biopsies are challenging to obtain. These advanced
LB technologies can be combined with tissue DNA analysis to
guide molecularly targeted therapies. Additionally, they can be
used alongside imaging to provide important information on clini-
cal response, drug resistance, and prognosis. Numerous promising
directions for the future of liquid biopsies are emerging, including
the use of alternative fluids (cerebrospinal fluid, ascites, effusions,
urine, etc.) and the exploration of additional biomarkers like circu-
lating tumor RNA and cell-free micro-RNA. Another key area of
active and potentially groundbreaking research is the early detec-
tion of cancer when it is still treatable. Overall, LB is proving to be
a versatile and impactful tool for enhancing oncology management
and patient outcomes.

Furthermore, LB has significant potential in the immunother-
apy of lung cancer. As a simple, rapid, and minimally invasive
tool, LB provides valuable sources of immune-related biomarkers,
which can guide precision treatment. Its advantages include the
ability for repeat sampling, dynamic monitoring, and follow-up of
treatment responses, especially in cases where ICI therapy induces
substantial tumor changes. By capturing specific or multiple bio-
marker combinations at the optimal time, LB helps in formulating
personalized treatment strategies, improving treatment outcomes
and patient quality of life. While not yet incorporated into treat-
ment guidelines, current evidence indicates that LB may be valu-
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able for the continuous monitoring and optimization of lung cancer
immunotherapy, offering a promising pathway for achieving preci-
sion medicine.
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