
 

Single circulating tumor cell omics: Technologies and clinical
applications
Wenyi Zhang,1 Liyong He,1 Chaima Merzougui,1 Wenjia Wang,1 Kaiqiang Ye,1 Handong Wang,1 Jiahao Shen,1 Peidong Qi,1 Yan Huang,1 Bangshun He,2,*
and Xiangwei Zhao1,*
*Correspondence:  bhe@njmu.edu.cn (B.H.);  xwzhao@seu.edu.cn (X.Z.)
Received: January 26, 2026; Accepted: July 9, 2026; Published Online: July 10, 2026; https://doi.org/10.59717/j.xinn-med.2026.100227
© 2026 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

GRAPHICAL ABSTRACT

Sample collection CTC enrichment Single circulating cell omics technologies Clinical applications

Single Circulating Tumor Cell Omics

Blood

Cerebrospinal fluid

Pleural effusion & ascites

Lymph

Urine & other body fluids

Density

Size

Dielectrophoresis

Positive or negative

Genome
• Copy number alteration
 • Small insertions

• Structural variation
   ...

Epigenome

• Histon modification
 • DNA methylation

• Chromatic accessibility 
   ...

Transcriptome

• Gene expression
 • Gene regulation

• Differentially expressed genes  
      ...

Proteome

 
• Post-translational modification 
• Protein expression
• Protein function
   ...

• mQTL
 • Metabolites profiling

• Metabolic intermediates 
   ...

Metabolome

Early 
diagnosis

Molecular
subtyping

Therapeutic
monitoring

Prognostic
assessment

PUBLIC SUMMARY
■   Circulating tumor cells (CTCs) carry tumor DNA, RNA, and proteins in blood for non-invasive diagnosis.

■   Single-cell omics technologies reveal CTC genomes, transcriptomes, proteomes, and metabolomes.

■   CTC single-cell omics aids early detection, guides therapy, tracks drug resistance, and predicts prognosis.

■   This review covers CTC enrichment, single-cell omics, and their clinical application in oncology.

■   Integrating multi-omics with artificial intelligence and CTC models will advance precision cancer medicine.
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Disseminating  from  primary  or  metastatic  lesions,  circulating  tumor  cells
(CTCs)  enter  various  body  fluids—including  blood,  cerebrospinal  fluid,  and
pleural effusions—acting as a liquid biopsy that provides a comprehensive
molecular  repository.  The  rapid  maturation  of  single-cell omics  has  rede-
fined  CTC  analysis,  shifting  the  focus  from  simple  enumeration  to  high-
resolution  molecular  characterization.  The  application  of  these  single-cell
technologies  has  become  pivotal  for  the  next  generation  of  precision
oncology.  This  review  first  delineates  the  landscape  of  CTC  enrichment,
critically  evaluating  mainstream  strategies  based  on  biophysical  and
biochemical  properties  alongside  emerging  innovations.  We  then  analyze
the  workflow  of  CTC  single-cell omics  analysis  across  five  core  dimen-
sions:  isolation  techniques,  genomics,  transcriptomics,  proteomics,  and
metabolomics.  Furthermore,  we highlight the clinical  translational  value of
these approaches across four critical axes: early cancer detection, molecu-
lar subtyping for companion diagnostics, dynamic monitoring of therapeu-
tic resistance, and prognostic risk stratification. The analysis concludes by
addressing current technical bottlenecks and outlining a roadmap for inte-
grating CTC profiling into routine clinical practice.

 INTRODUCTION
Liquid biopsy has emerged as a transformative diagnostic paradigm, lever-

aging biofluids to interrogate pathological states. While applicable to cardio-
vascular and immunological conditions, its impact is most profound in oncol-
ogy.1 The molecular landscape of liquid biopsies is primarily defined by cell-
free  DNA  (cfDNA),  extracellular  vesicles  (EVs),  and  circulating  tumor  cells
(CTCs).2,3 Representing  the  "seeds"  of  metastasis,  CTCs  disseminate  from
primary or  secondary lesions into the vasculature.4,5 Unlike cell-free compo-
nents,  CTCs  retain  cellular  integrity,  offering  a  unique  "multi-omics" snap-
shot—encompassing  the  genome,  transcriptome,  proteome,  and  metabol-
ome—�that  fragment-based  markers  cannot  provide.2 Consequently,  CTCs
serve as pivotal biomarkers for early detection,6 tracing metastatic cascades,7

and  prognostic  stratification.8 However,  their  clinical  utility  is  currently
hampered by their extreme rarity,  often as few as one cell  among billions of
blood  cells.5,9 Overcoming  this  "needle-in-a-haystack"  challenge  to  isolate
and characterize  CTCs  efficiently  remains  a  central  imperative  in  transla-
tional cancer research.

Single-cell omics refers to a set of technologies that enable the sequenc-
ing,  detection,  and  analysis  of  omics  data—including the  (epi)genome,  tran-
scriptome,  proteome,  and  metabolome—at  the  single-cell  level.  This
approach  has  become  a  pivotal  tool  in  cancer  research,  enabling  precise
characterization of genetic alterations in cancer cells and facilitating a deeper
understanding  of  the  intrinsic  mechanisms  underlying  tumor  initiation  and
progression.10 For  example,  single-cell  RNA  sequencing  (scRNA-seq)
performed  on  selected  cells  from  tumors,  normal  tissues,  and  peripheral
blood across different anatomical regions can generate comprehensive cellu-
lar  atlases.  These  atlases  support  the  inference  of  cell–cell  interaction
networks  and  the  identification  of  potential  molecular  targets  for  clinical
intervention.11 The integration of single-cell sequencing with single- or multi-
omics  analyses  applied  to  tissue  biopsy–derived  cells  has  emerged  as  a
powerful strategy for investigating multiple aspects of cancer biology. These
include invasion during premalignant stages, clonal evolution and intratumor
heterogeneity (ITH) in primary tumors, reprogramming of the tumor microen-
vironment (TME),  metastatic  dissemination,  and  the  development  of  thera-

peutic  resistance.12 However,  tissue-based  single-cell  analyses  capture
tumor states at a single time point, lack longitudinal monitoring capacity, and
depend on invasive biopsy procedures for  cancer  cell  acquisition,  which are
associated  with  inherent  clinical  risks.13 Consequently,  the  application  of
single-cell omics technologies to the detection and analysis of CTCs circum-
vents conventional  invasive sampling approaches,  enables dynamic disease
monitoring,  and  provides  critical  molecular  information  for  cancer  research
and clinical management.14

This  review  adopts  the  CTC  single-cell  omics  analysis  workflow  as  an
organizing framework  and  systematically  examine  the  major  CTC  enrich-
ment  strategies and their  inherent  limitations.  Particular  emphasis  is  placed
on  the  feasibility  of  multi-target  approaches  for  simultaneously  capturing
heterogeneous  CTC  populations.  We  further  discuss  recent  technical
advances  in  CTC  single-cell  omics  technologies,  including  single-cell isola-
tion,  genomic  and  transcriptomic  sequencing,  and  proteomic  and
metabolomic analyses. In addition,  we highlight representative clinical appli-
cations  of  CTC  single-cell  omics.  Finally,  we  provide  a  perspective  on  the
current challenges and future directions of this rapidly evolving field.

 CTC ENRICHMENT
The enrichment and isolation of CTCs constitute the initial and most criti-

cal  step  in  CTC  single-cell omics  analysis  workflows.  CTCs  are  predomi-
nantly found in peripheral blood but occur at extremely low frequencies. Typi-
cally,  only  1–1000 CTCs  are  present  per  milliliter  of  blood,  compared  with
approximately 106–107 white blood cells and 109–1010 red blood cells. Gao et
al. used the CytoSorter® CTC system to count EpCAM/Vimentin CTCs in 14
common  cancers;  even  in  the  cancers  with  the  highest  CTC  levels,  the
number  was only  tens of  CTCs per  4  mL of  blood.15 This  pronounced rarity
poses  a  substantial  challenge  to  the  development  and  optimization  of  CTC
separation technologies.16,17 At present, CTC enrichment and isolation strate-
gies fall into two categories: biochemical and biophysical methods. Biophysi-
cal  methods  can  be  further  subdivided  according  to  parameters  such  as
density,  cell  size,  dielectrophoretic  properties,  and  related  biophysical
features. In contrast,  biochemical  methods are commonly divided into posi-
tive  enrichment  and  negative  enrichment  strategies,  depending  on  whether
CTCs or background cells are selectively targeted. With respect to separation
platforms,  most  existing  techniques  rely  on  magnetic  bead–based systems
or  microfluidic  devices  to  achieve  adequate  CTC  enrichment  and
isolation.14,16,18,19 We have  summarized  emerging  CTC  enrichment  technolo-
gies  successfully  applied  to  clinical  samples  over  the  past  five  years,  as
detailed in Table 1.

 Enrichment based on biophysical properties
 Density-based enrichment. The scarcity of CTCs in the complex hemato-

logic  environment  necessitates  the  removal  of  high-abundance  bystander
cells,  particularly  erythrocytes,  as  a  prerequisite  for  adequate  enrichment.
This  is  frequently  achieved  through  density  gradient  centrifugation  (DGC),  a
label-free technique  that  discriminates  between  cell  types  based  on  differ-
ences  in  mass  density  and  sedimentation  coefficients  (Figure  1A).18,44 The
utility  of  DGC  relies  on  the  specific  selection  of  gradient  media—including
polyhydroxy  sugars/alcohols,  polysaccharides,  inorganic  salts,  iodine
compounds,  and  silica  gels—to  fractionate  diverse  biological  components,
ranging from whole cells  and organelles to viruses and biomacromolecules.
Prominent  commercial  platforms  facilitating  this  process  include  Ficoll-
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Paque™ (GE Healthcare,  Chicago,  IL,  USA),  Lymphoprep™ (STEMCELL Tech-
nologies,  Vancouver,  Canada),  OncoQuick®  gradient  system  (Greiner  Bio-

One,  Kremsmunster,  Austria),  ACCUSPIN™  (Sigma-Aldrich,  St.  Louis,  USA),
and  the  CTS  Rotea  counter-current  system  (Gibco,  Grand  Island,  USA).45
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Table 1.  CTC enrichment technologies validated on clinical samples in the past five years.

Technologies Mechanism Device
Spiking experiment Number of

CTCs in
clinical
specimens

Processing
time Target

Ability to
process whole
blood directly

Capture
efficiency Purity Viability

MPA-Chip20 Size and
Deformability Microfluidic chip 92.3±3% >90% 97% 5-22 / mL ~1 h Non-target No

the 3D Conductive
Scaffold
Microchip21

Immunoaffinity Microfluidic chip 92.8% 91.3% 7-103 / mL ~ 1h EpCAM Yes

CMS22 Immunoaffinity Microfluidic chip 80±5%
1-4 /
1.5 mL ~0.5 min EpCAM Yes

MN-scFv cell23 Immunoaffinity
Microfluidic
magnetic
separation

84.7% 91.9% ~20-
120 / mL ~ 2 h EpCAM No

TDF-Cocktail-
MNP24 Immunoaffinity

Microfluidic
magnetic
separation

>90% >98% 94.25% 5-27 / 4 mL ~1.5 h
EpCAM、
Vimentin、
EGFR

No

AuNP-LFA Chip25 Immunoaffinity LFA 90%±3.2% 80%±7% 3-8 / mL ~1 h EpCAM Yes

NataFace26 Immunoaffinity

M13
bacteriophages
and Microfluidic
magnetic
separation

>95% >99% 98.6% 3-24 / mL ~1 h EpCAM Yes

Cells-on-a-
Bubble27

Immunoaffinity
and Click
chemistry

DNA glass
microbubbles 98% 1-147 / mL ~0.5 h

EpCAM、
EGFR、
HER2

No

HSA-PIMBs28 Immunoaffinity Magnetic beads 93.40–
96.33%

81.21–
85.89%

62-505 /
1.5 mL ~0.5 h EpCAM Yes

high-throughput
thin filter29 Size nanowell chip 76% 93% 3-15 / 5 mL ~0.5 h Non-target Yes

MNPs@FA30 Immunoaffinity Magnetic
nanoparticles 96.08% 95.47% 2-12 / 3 mL ~2 h FR No

CCM-CTCD
system31 Immunoaffinity

Microfluidic
magnetic
separation

82-93% 12-120 /
5.4 mL ~1.5 h Non-target Yes

CFD-Chip32 Size Microfluidic chip >96% >98% 0-hundreds
/ 5 mL ~0.2 h Non-target Yes

FIMMs33 Immunoaffinity

Magnetic
nanoparticle and
rotary magnetic
manipulating
device

79.93±3.31-
92.93±3.23%

29.0±4.0-
56.0±6.5%

23-56 /
1.5 mL ~1.5 h EpCAM No

Bait-trap chip34 Immunoaffinity NCage Chip >95% 1-21 / 2 mL ~1.5 h EpCAM、N-
cadherin No

ieSCI-chip35 Inertial force
and Size Microfluidic chip 87%至98.5% 89.92±3.37% 23 / 2 mL ~1 h Non-target No

MNPs@hydrogel36 Immunoaffinity Magnetic
nanoparticles 98% 95% 1-12 / mL ~1 h EpCAM No

IC-MNs37 Immunoaffinity Magnetic
nanoparticles >90% 98% >90% 0-13 / mL ~1 h EpCAM Yes

AIMNPs38 Immunoaffinity Magnetic
nanoparticles 86.6–98.5% 90.5–96.5% 19-685 /

1.5 mL ~2 h EpCAM Yes

C6/MMSN-
GPC339 Immunoaffinity Magnetic

nanoparticles 96% >80% 2-42 / 2 mL ~1 h GPC3 No

Chimeric Ad 5/340 Lentiviral
infection

Fluorescence
microscope 82.5-96% 0-180 /

9 mL ~24 h hTERT No

CTC-dChip41 Immunoaffinity
Microfluidic
magnetic
separation

>60% >99% 2.7-122 /
mL ~3 h EpCAM、

Vimentin No

MNPs-TA42
Polyphenol-
glycocalyx
interactio

Magnetic
nanoparticles 62.3–93.7% ~95% 95-97% 1-10 / mL ~1 h glycocalyx No

CTCelect43 Immunoaffinity
Microfluidic
magnetic
separation

51.8-86.8% 50 / mL ~2.5 h

EpCAM、
Integrin α-
V、CD61、
CD106

Yes

Note: The processing time is an estimate of the time required to process clinical whole blood samples based on the method described in the paper; it does
not include steps such as fixation and staining.
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While  DGC  minimizes  capture  bias  due  to  its  label-free nature,  its  perfor-
mance is often hampered by the physical overlap between CTCs and leuko-
cytes,  which  compromises  purity.  Moreover,  yield  reduction  remains  a
concern, as CTCs may inadvertently migrate into the plasma fraction or form
nonspecific aggregates at the vessel bottom.45,46 To address these inefficien-
cies,  hybrid  strategies  have  been  developed  that  augment  DGC  with
immunoaffinity-based enrichment.  In  these  workflows,  microspheres  func-
tionalized with antibodies (e.g.,  anti-EpCAM or anti-CD146) are added to the
gradient  along  with  peripheral  blood.  These  beads  selectively  bind  CTCs,
altering  their  sedimentation  profile  to  ensure  sequestration  at  the  gradient
base, thereby preventing loss to other density layers.47,48

 Size-based  enrichment. Size-based separation,  which  exploits  differ-
ences in  cell  diameter,  represents the most  widely  applied physical  strategy
for isolating CTCs from blood. Harouaka et al. systematically summarized the
diameters  and  cross-sectional  areas  of  the  major  cellular  components  in
peripheral  blood.  They  demonstrated  that  CTCs  generally  exhibit  larger  cell
diameters than normal blood cells, supporting cell size as a reliable parame-
ter  for  CTC  separation.49,50 Based  on  this  principle,  current  size-dependent
CTC  isolation  technologies  can  be  broadly  categorized  into  microfluidic-
based  separation  methods  and  membrane-based  filtration  methods  (Figure
1B).  Among  microfluidic  platforms,  the  Parsortix®  PC1  system  is  the  first
FDA-approved medical  device for  CTC capture and collection.  It  is  designed
to enrich CTCs from the peripheral  blood of  patients  with  metastatic  breast
cancer  (mBC).51 The  Parsortix  system  (ANGLE  North  America,  Inc.,  King  of
Prussia,  PA)  employs microfluidic  particle  separation technology,  in  which a
disposable  separation  cartridge  contains  tapered,  stepwise  microchannels
with  gap  sizes  ranging  from  4.5  to  10  μm.  As  blood  flows  through  the
cartridge, smaller blood cells traverse the constrictions, whereas larger CTCs
are retained and enriched within the channel gaps.52 In contrast, membrane-
based filtration methods rely on a semipermeable membrane with a defined

microporous  array  as  the  core  separation  element.  When  processed  blood
passes through the membrane, smaller components such as red blood cells
and  platelets  permeate  the  pores,  while  larger  cells,  including  CTCs,  are
retained  on  the  membrane  surface.  Previous  studies  have  shown  that
semipermeable  membranes  with  pore  sizes  of  approximately  8  μm  can
achieve high CTC recovery rates.53 More recently, Li et al. developed a silicon
nitride  filter  membrane  and  systematically  evaluated  its  capture  efficiency,
white blood cell depletion rate, and CTC viability. Based on these metrics, they
identified a silicon nitride membrane with a pore size of 6 μm, a thickness of
200 nm, and a porosity of 34% as optimal for high-performance CTC separa-
tion  and  suitable  for  subsequent  clinical  testing.54 Meanwhile,  passive
systems that  rely  purely  on  channel  geometry,  carrier  fluid,  and  cell  proper-
ties have received attention due to their simplicity and high throughput. These
include  deterministic  lateral  displacement  (DLD),  pinched  flow  fractionation
(PFF),  hydrodynamic  filtration,  inertial  migration,  and  viscoelastic  focusing.55

Huang et al. constructed an inertial-assisted single-cell focusing generator (I-
SCF)  and  a  water  droplet  deterministic  lateral  displacement  cell  sorting  (D-
DLD)  microfluidic  system  (IDIC)  for  the  precise  isolation  of  rare  CTCs  from
blood.56 Wang  et  al.  reported  a  method  of  reverse  flow-enhanced  inertia
pinched  flow  fractionation  (RF-iPFF)  for  particle  separation.  It  separates
particles  by  size  based  on  the  flow-induced  inertial  lift,  and  in  the  abruptly
broadened segment,  reverse  flow  is  utilized  to  further  enhance  the  separa-
tion  distance  between  particles  of  different  sizes.57 In  addition,  Zhou  et  al.
designed a novel multi-flow microfluidic (MFM) system for the separation of
CTCs with high purity. Because lateral cell migration within microchannels is
highly  size-dependent,  this  inertial  migration  principle  enables  label-free
separation  of  CTCs  from  white  blood  cells  using  MFM,  without  complex
sample preparation.58

 Dielectrophoresis-based  enrichment. Dielectrophoresis  (DEP)–based
technology  uses  an  non-uniform  electric  field  to  separate  specific  particles.
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Figure 1.  Common CTC enrichment methods.
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When  an  external  electric  field  is  applied,  differences  in  dielectric  properties
between suspended  particles  and  the  surrounding  medium  lead  to  direc-
tional migration  within  the  field.  Depending  on  the  dielectric  contrast,  parti-
cles  may  be  attracted  to  regions  of  higher  electric  field  intensity  or  repelled
toward areas of lower intensity, leading to positive (pDEP) or negative (nDEP)
dielectrophoresis. By modulating the strength, frequency, and spatial config-
uration  of  the  applied  electric  field  to  generate  a  non-uniform  field,  specific
cells can be selectively retained within or flushed out of the field, enabling the
separation of target cells, viruses, and other biological entities from complex
cell  populations  (Figure  1C).  The  dielectric  properties  of  cells  are  highly
dependent  on  cell  type  and  physiological  state,  and  dielectric  parameters
have  been  quantitatively  characterized  for  a  variety  of  cell  types.  Notably,
cancer cells exhibit  higher membrane capacitance compared with red blood
cells (9 ± 0.8 mF/m2) and white blood cells (ranging from 11 ± 1.1 mF/m2 for
T  cells  to  15.3  ±  4.3  mF/m2 for  monocytes).  By  tuning  the  electric  field
frequency,  selective  separation  of  specific  cell  populations  can  therefore  be
achieved  based  on  these  intrinsic  dielectric  differences.59,60 DEPArray™
(Menarini  Silicon Biosystems, S.p.A.,  Italy)  is a representative cell-separation
platform  that  integrates  dielectrophoresis,  microfluidic  chip  technology,  and
single-cell imaging. The system employs a programmable electrode array at
the  base  of  the  chip  to  generate  precisely  controlled  non-uniform  electric
fields, creating closed electrode potential wells for the capture and isolation of
individual  cells.  Coupled  with  high-resolution  cellular  imaging,  this  platform
enables  accurate  enrichment  and  separation  of  target  CTCs.  Furthermore,
Gascoyne et al. introduced a separation factor (S) to quantify the ease of cell
separation using dielectrophoresis. Cancer cells were shown to exhibit signif-
icantly higher S values than red blood cells and T cells, indicating that cancer
cells  can  be  more  readily  separated  from  these  background  populations  by
DEP, a conclusion subsequently validated experimentally.59

 Enrichment based on biochemical properties
 Positive  enrichment. Biochemical-based  CTC  separation  is  the  most

commonly used method in practice. This approach targets molecular mark-
ers specifically  expressed  on  CTCs  to  enable  their  enrichment  and  separa-
tion from other blood cells (Figures 1D-E).  The CellSearch system (Menarini
Silicon  Biosystems,  S.p.A.,  Italy)  is  the  first  FDA-approved  platform  for  CTC
analysis.  It  has been approved for CTC enumeration in breast,  prostate,  and
colorectal  cancers,  and serves as the gold standard for CTC detection.61,62 It
employs  immunomagnetic  nanoparticles  functionalized  with  antibodies
against  EpCAM  to  enrich  epithelial-derived  cells  from  peripheral  blood.
Following enrichment,  captured  cells  are  subjected  to  multiparametric  fluo-
rescence labeling using DAPI to stain nuclei, antibodies against CD45 to iden-
tify leukocytes, and antibodies against cytokeratins (primarily CK8, CK18, and
CK19)  to  label  epithelial  cells.  Cells  that  are  EpCAM-positive,  DAPI-positive,
cytokeratin-positive,  and  CD45-negative  are  operationally  defined  as  CTCs.
Despite its broad application, EpCAM-based enrichment is intrinsically limited
by  the  biological  plasticity  of  cancer  cells.  EpCAM  is  an  epithelial  marker
whose expression can be markedly reduced or completely lost during epithe-
lial–mesenchymal  transition  (EMT),  a  process  frequently  associated  with
tumor invasion and metastasis.63 In addition, EpCAM expression is absent or
minimal in certain tumor types or specific disease subgroups, such as Lynch
syndrome-associated  tumors  with  EpCAM  gene  deletion,  brain  tumors  and
melanomas  lacking  EpCAM  surface  expression,  and  renal  cell  carcinoma
characterized  by  low  EpCAM  levels.62,64-66 Under  these  conditions,  EpCAM-
dependent enrichment strategies may fail  to efficiently capture relevant CTC
populations.  Accordingly,  molecular  markers  for  CTC  enrichment  should  be
tailored to the biological characteristics of different cancer types. The use of
alternative or multiple biomarkers offers a potential strategy to improve CTC
capture efficiency and broaden the detectable CTC spectrum. Representative
molecular  markers  used for  CTC identification  across  common cancers  are
summarized in Table 2.

Table 2 categorizes common molecular markers for identifying CTCs into
four  groups:  epithelial  cell  markers,  mesenchymal  cell  markers,  tumor  cell
markers, and site-specific cell  markers. When epithelial markers fail  to iden-
tify CTCs effectively, the remaining three categories can facilitate their detec-
tion. Vimentin, N-cadherin, Twist, and SNAIL are four commonly used mark-
ers of mesenchymal cells. The EMT process in tumors is frequently charac-

terized by increased expression of mesenchymal markers, such as Vimentin,
N-cadherin,  Twist,  and/or  SNAIL,  and  decreased  expression  of  epithelial
markers,  such  as  EpCAM  and  E-cadherin.63,90,121,122 Relevant  studies  have
demonstrated  that  microfluidic  chips  coated  with  Vimentin  antibodies  can
capture  CTCs  exhibiting  a  mesenchymal  phenotype  in  pancreatic  cancer,
with a significantly higher detection frequency than EpCAM CTCs (median of
3  cells/4  mL blood).123 Furthermore,  since  CTCs are  cancer  cells  shed  from
tumors into the bloodstream, tumor-specific markers and site-specific cellu-
lar  markers  can  also  distinguish  CTCs  from  blood  cells.  HER2,  a  common
proto-oncogene,  is  overexpressed  in  various  cancers,  including  breast,
thyroid,  liver,  prostate,  and bladder cancers.68,87,88,99,103 Tumor markers similar
to HER2 can also be used to isolate CTCs. In positive enrichment of CTCs, the
multi-antibody  cocktail  approach,  which  uses  combined  antibody  capture,
can substantially improve CTC capture efficiency. Chen et al. employed anti-
EpCAM  and  anti-FRα  magnetic  nanospheres  for  the  combined  capture  of
NSCLC CTCs. In clinical samples from 41 NSCLC patients, the combined use
of  anti-EpCAM-MNs  and  anti-FRα-MNs  achieved  a  higher  detection  rate
(73.2%)  than  anti-EpCAM-MNs  alone  (48.8%).74 Table  3 compares  single-
target  and  multi-target  enrichment  strategies  across  four  representative
technologies

Site-specific  biomarkers  in  CTCs tend  to  reflect  the  characteristics  of  the
primary  tumor  rather  than  those  of  the  metastatic  site.  Since  we  cannot
determine  the  origin  of  CTCs  during  enrichment  and  isolation,  there  are
currently  no  specific  studies  comparing  CTCs  from  primary  and  metastatic
tumor sites. However,  because CTCs detach from tumor sites and enter the
circulatory system, the molecular features of primary and metastatic tumors
can  indirectly  inform  CTC  characterization.  Regarding  specific  molecular
expression,  Miettinen et  al.  detected GATA3 positivity in the vast majority of
primary  ductal  breast  cancers  (163/178,  92%)  and  their  metastatic  cases
(49/51, 96%).124 Among these metastatic cases, 10 originated from the brain,
and GATA3 positivity was also detected in one case of lobular breast cancer
metastatic  to  the  small  intestine.  However,  GATA3  expression  was  not
detected  in  primary  meningiomas  or  small  intestine  tumors;  meanwhile,
Werling et al. detected high CDX2 expression in all colorectal cancer patients
(including  those  with  lung  metastases),  but  no  significant  CDX2  expression
was  observed  in  primary  lung  cancer.125 Regarding  CTC  gene  expression
patterns,  Rossi  T  et  al.  performed  GO  enrichment  analysis  on  scRNA-seq
expression data from 74 CTCs in 10 patients with metastatic breast cancer,
and their results were consistent with those of BC.126 Meanwhile, Onstenk et
al.  analyzed  the  CTC  gene  expression  profiles  of  7  patients  with  metastatic
breast cancer, finding that in only two patients did CTC characteristics corre-
late  more  strongly  with  lymph  node  metastasis  than  with  primary  tumor
characteristics.127

Negative  enrichment. In  addition  to  the  positive  enrichment  methods
mentioned above, negative enrichment is another commonly used approach
for  separating  CTCs  based  on  their  biological  characteristics.  Negative
enrichment typically targets CD45 or CD66b antigens on the surface of blood
cells,  removing background cells,  such as white blood cells,  leaving CTCs in
suspension.  STEMCELL™  has  developed  the  EasySep™  Direct  Human  CTC
Enrichment Kit, which enables direct CTC enrichment from whole blood. This
kit  uses  an  antibody  complex  (CD2,  CD14,  CD16,  CD19,  CD45,  CD61,  and
CD66b)  combined  with  magnetic  particles  to  specifically  target  and  remove
non-CTC cells.  The enriched CTCs are suitable for direct downstream appli-
cations. CTCs obtained by this method theoretically encompass all subpopu-
lations present in a sample. However, negative enrichment approaches often
fail  to  eliminate  background  cells,  resulting  in  lower  CTC  purity.  Combining
positive and negative enrichment methods increases the number of captured
CTCs. Diagnostic leukapheresis (DLA) is a simplified version of leukapheresis.
CTCs have densities and sizes similar to those of mononuclear cells (MNCs)
in  blood.  DLA  technology  simultaneously  separates  white  blood  cells  and
enriches  CTCs.  The  isolated  cells  are  then  screened  to  remove  white  blood
cells  or  to  enrich  CTCs,  thereby  enabling  CTC  collection.  Compared  to
CellSearch,  DLA requires  a  larger  initial  blood volume (2.8  L  vs  7.5  mL)  and
yields  substantially  more  CTCs,  resulting  in  a  higher  yield.128 In  a  study  of
NSCLC  patients,  the  DLA  method  yielded  significantly  more  CTCs  than
CellSearch (0–216 vs 0–41).129
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 SINGLE CIRCULATING TUMOR CELL OMICS TECHNOLOGIES
 Single cell isolation

The  successful  execution  of  single-cell  analysis  is  predicated  on  the
precise  isolation  of  individual  cells.  Since  standard  enrichment  strategies
frequently  fail  to  eliminate  all  background  leukocytes,  direct  sequencing  or
detection  of  the  enriched  product  is  often  infeasible,  necessitating  the
coupling of  enrichment with dedicated isolation platforms (Figure 2). Micro-
scopic identification,  followed by manual  capillary  aspiration,  enables physi-
cal extraction of immunofluorescently labeled CTCs.40 Although this strategy

ensures  high  specificity,  its  reliance  on  labor-intensive  micromanipulation
severely  limits  throughput,  making  it  unsuitable  for  large-scale  processing.
Alternatively,  fluorescence-activated cell  sorting  (FACS)  automates  separa-
tion by assessing surface marker profiles marker profiles. Through the differ-
ential  tagging  of  tumor  antigens  (e.g.,  EpCAM,  CK,  Vimentin)  against
hematopoietic  exclusion  markers  (e.g.,  CD45,  CD34,  CD33),  FACS  achieves
the precise isolation of CTCs based on established fluorescence gating crite-
ria.130-132 While  FACS  offers  high  throughput,  accurate  CTC  discrimination
often  requires  complex,  carefully  optimized  fluorescence  panels.130,133 Laser
capture microdissection (LCM) is an automated sample preparation technol-
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Table 2.  Biomarkers for identifying circulating tumor cells in common cancers.

Cancer Types Epithelial Mesenchymal Site Tumor References

Breast EpCAM, E-cadherin
CK5/7/8/18/19

N-cadherin, Vimentin
FN1, Twist, SERPINE1/PAI1

/
GATA3, PR, ER, hMAM

HER2, MUC1, CD24/44
ALDH1

67-70

NSCLC EpCAM
CK8/18/19

N-cadherin, Vimentin
Twist, MMPs, FN1

/
/

HER2, MET, TROP2, EGFR,
HER3,Integrins αv and β1
/

71-74

SCLC EpCAM, E-cadherin
CK8/18/19

/
β-catenin, JUNB

/
SYP, CHGA DLL3, CXCR4, PD-L1 75-79

Colorectal EpCAM, E-Cadherin
CK19/20

Vimentin
Twist, SNAIL, SLUG, FOXC2, β-
catenin

CEA MUC1, EGFR, c-MET, STn
c-MYC

80-84

Thyroid
EpCAM
CK8/18/19

Vimentin
/

TSHR
/

EGFR, HER2
/

85-87

Liver EpCAM, E-cadherin
CK7/8/18/19

N-cadherin, Vimentin
Twist, ZEB1/2, SNAIL, SLUG

ASGPR, GPC3
AFP

HER2
/

88-90

Gastric EpCAM, E-cadherin
CK8/18/19

MMPs, Vimentin
/ / HER2

/
91-93

Esophageal EpCAM
CK7/8/18/19/20

/
Twist / / 94-96

Prostate EpCAM, E-cadherin
CK5/8/18/19

Vimentin
/

PSMA
PSA, AR, AR-V7

EGFR, CD44/117, HER2
/

66,97-99

Pancreatic EpCAM, E-cadherin
CK7/8/18/19

Vimentin
Twist / EGFR, GPC1, MUC1, CD166

/
100-102

Bladder EpCAM
CK5/8/13/17/18/19 / / HER2, STn

/
66,83,103

Glioblastoma /
CDH11, TGFBR2, Vimentin
Twist, SNAI2, SERPINE1,
TGFB1

A2B5
/

EGFR, c-MET
Nestin, Telomerase, SOX2

104,105

Renal carcinoma EpCAM, Cadherin 6
CK8/18/19

Vimentin
Twist /

CA9, CD44/147, CA12, EGFR,
MUC1
/

61,66,106-108

Head and Neck EpCAM
Pan-CK / / EGFR, c-MET, CD47, PD-L1/2

/
109-111

Cervical EpCAM
CK8/18/19 / / PD-L1, CD49f/133

/
112,113

Gallbladder EpCAM
CK8/18/19

Vimentin
Twist / EGFR, HER2

/
114,115

Melanoma / /
MCSP
MLANA, gp100, S100, Mart-
1, Mitf, PAX3, GalNAc-T

ABCB5, CD133/146/271, RANK
Nestin, MAGE, LNGFR, MIF,

62,116-120

Note: The biomarkers in the first row of each cell are membrane or transmembrane proteins that can be used for non-invasive capture of CTCs. The
remaining biomarkers can help identify CTCs. Conventional vimentin resides within the cell, but it can also accumulate on the cell surface to form cell-
surface vimentin (CSV). At present, only EpCAM and pan-CK are suitable for clinical analysis; the remaining biomarkers are used solely for research
purposes.
NSCLC - Non-Small Cell Lung Cancer, SCLC - Small Cell Lung Cancer.

 

Table 3.  Comparison of single-target and multi-target enrichment for four technologies.

Technologies Single-target Capture efficiency Multi-target Capture efficiency

TDF-Cocktail-MNP24 EpCAM SK-BR-3 (>90%)
MDA-MB-231(~33%) EpCAM、Vimentin、EGFR >91%

Cells-on-a-Bubble27 EpCAM MDA-MB-231 (9%)
A549 (21%) EpCAM、EGFR、HER2 MDA-MB-23 (87%)

A549 (93%)

Bait-trap chip34 EpCAM N-Cadherin
MCF-7 (EpCAM ~95%, N-Cadherin ~60%)
Hela (EpCAM ~70%, N-Cadherin ~95%) EpCAM、N-Cadherin >97%

CTC-dChip41 EpCAM Vimentin PANC-1 (EpCAM ~20%, Vimentin ~5%)
LNCaP (EpCAM ~100%, Vimentin ~5%) EpCAM、Vimentin PANC-1 (~50%)

LNCaP (~100%)
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ogy  that  precisely  isolates  defined  target  regions.  Similar  to  FACS,  LCM-
based CTC isolation relies on fluorescence-based recognition; however, it can
also  incorporate  in  situ  hybridization  to  identify  CTCs  based  on  specific
genetic  features,  such  as  chromosome  8  centromere  (CEP8)  alterations,
thereby improving isolation precision.134 Nevertheless,  LCM is limited by low
throughput,  as  CTC  identification  is  typically  performed  manually  under  a
microscope, and the ultraviolet (UV) laser used during dissection may induce
cellular damage.133,135 To address these limitations, Kim et al. developed LIMO-
seq, a CTC isolation strategy based on laser-induced forward transfer (LIFT),
which enables  non-contact,  high-precision isolation of  individual  CTCs.135 In
addition, Li et al. reported an SCIGA-chip that integrates CTC single-cell isola-
tion  with  on-chip  cell  lysis  and  subsequent  whole-genome  amplification
(WGA), thereby establishing an automated workflow from whole-blood input
to  WGA  product  output  and  substantially  simplifying  the  CTC  single-cell
sequencing process.133

 Genomics
CTC  single-cell  genome  sequencing  generally  involves  two  main  steps:

WGA of CTC genomic DNA (gDNA) followed by library preparation (Figure 2).
At  present,  WGA  methods  can  be  broadly  classified  into  three  categories:
PCR, multiple displacement amplification (MDA),  and multiple annealing and
looping-based amplification cycles (MALBAC).  PCR-based WGA begins with
the  fragmentation  of  long  gDNA  molecules  using  physical,  enzymatic,  or
chemical  methods,  followed  by  end  repair  and  ligation  of  amplification
adapters.  PCR then amplifies the ligated DNA fragments.  However,  because
PCR relies  on exponential  amplification,  strong amplification  bias  can occur
when  the  input  DNA  amount  is  low.  MDA  is  an  isothermal  amplification
method  using  phi29  DNA polymerase  together  with  random primers.  Under
constant-temperature  conditions,  phi29  polymerase  synthesizes  long  DNA
fragments via strand displacement. MALBAC combines features of both MDA
and PCR and uses a two-step amplification strategy. In this method, special
MALBAC primers (5′ 27 fixed nucleotides 8 N 3′) are incorporated into newly
synthesized  DNA  strands,  forming  loop  structures  that  limit  the  repeated
copying  of  the  same  template  and  enable  quasi-linear  amplification.  The
subsequent PCR step further amplifies the entire amplicon, thereby reducing
amplification  bias.  Previous  studies  have  shown  that,  compared  with  PCR-
based WGA, MDA-based amplification of CTC genomes exhibits relatively low
bias  and  good  genome  coverage,  enabling  genome-wide  single-cell
analysis.136,137 However, due to phi29 polymerase's template-switching activ-
ity, MDA can introduce numerous small artificial inversions during amplifica-
tion.  These  artifacts  may  be  misidentified  as  true  gene  rearrangements  in
downstream  bioinformatics  analyses,  leading  to  false-positive  results.138 In
addition,  when  fixed  cells  are  used,  DNA  crosslinking  caused  by  fixatives
often reduces phi29 polymerase activity, resulting in lower amplification effi-
ciency.139 Under  these  conditions,  MALBAC  has  been  reported  to  provide
improved amplification uniformity and higher accuracy when applied to fixed
cells.29 For  CTC  genomic  analysis,  commonly  used  sequencing  strategies
include  whole-genome sequencing  (WGS),  whole-exome sequencing  (WES),
and targeted sequencing. WGS involves library preparation and sequencing of
all amplified DNA products, providing genome-wide information from individ-
ual  cells.  This  method  offers  unbiased  genome-wide  coverage  and  is  well-
suited for detecting copy number alterations (CNAs) and large-scale chromo-
somal  changes  in  CTCs.  However,  the  large  amount  of  data  generated  by
WGS  poses  challenges  for  data  processing  and  clinical  interpretation.  WES
uses biotin-labeled probes or specific primers to enrich exonic regions before
library  preparation.  By  focusing  on  protein-coding  regions,  WES  enables
accurate detection of single-nucleotide variants (SNVs) and small  insertions
or deletions (INDELs) that  directly  affect  protein function,  making it  valuable
for  identifying  mutations  in  disease-related  genes.  While  WGS  and  WES
provide  broad  genomic  information,  clinical  applications  often  require  more
focused  analysis  of  specific  genetic  alterations.  Targeted  sequencing
addresses  this  need  by  enriching  predefined  cancer-related  gene  panels
before  sequencing.  This  approach  achieves  very  high  sequencing  depth  in
selected regions, improving the sensitivity for detecting low-frequency muta-
tions  and  reducing  background  noise  introduced  during  WGA.140 Neverthe-
less,  amplification  bias  remains  unavoidable  in  single-cell  sequencing  and
can  introduce  systematic  errors,  particularly  in  SNV  analysis.  To  overcome

this  limitation,  Yu  et  al.  developed  a  WGA-free  targeted  single-cell  next-
generation  sequencing  (NGS)  method  for  SNV  detection.  This  method
enables  accurate  identification  of  SNVs  from  single  or  small  numbers  of
pancreatic  cancer  cells  and  was  successfully  applied  to  detect  driver  gene
mutations in CTCs from patients with advanced pancreatic cancer. However,
high sensitivity was attained only when five or more cells were analyzed, and
true  single-cell  resolution  was  not  attained.141 More  recently,  Shen  et  al.
developed  scMet-Seq,  a  low-cost,  high-throughput  single-cell  shallow  WGS
method  based  on  the  Tn5  transposase.  This  approach  directly  inserts  PCR
adapters  into  CTC  gDNA  using  Tn5,  thereby  eliminating  the  need  for  WGA
(Table 4). Using this strategy, copy number variations (CNVs) in single CTCs
can  be  detected  with  high  sensitivity  and  specificity  across  different  cancer
types and  sample  sources,  significantly  improving  the  efficiency  and  accu-
racy of CTC single-cell genomic analysis.142

 Transcriptomics
Single-cell transcriptome sequencing is one of the most widely used single-

cell  sequencing approaches.  It  can be broadly divided into plate-based low-
throughput methods and droplet-based high-throughput methods (Figure 2).
Smart-seq2  is  a  widely  used  plate-based method  and  has  defined  a  stan-
dard workflow for single-cell  transcriptome analysis.  This workflow includes
single-cell lysis, reverse transcription to generate first-strand cDNA, second-
strand  cDNA  synthesis  and  amplification,  followed  by  cDNA  fragmentation,
library  preparation,  and  sequencing.  All  steps  can  be  performed  in  a  single
tube,  reducing  RNA  loss  and  enabling  the  capture  of  full-length  transcripts,
thereby  providing  rich  information  for  downstream  bioinformatics  analysis.
Xu  et  al.  developed  a  single-cell  genome  and  transcriptome  co-sequencing
method termed DMF-DR-seq.  In  this  approach,  a  digital  microfluidic  chip  is
used to separate the nucleus and cytoplasm of individual CTCs. Cytoplasmic
RNA  is  sequenced  using  Smart-seq2,  while  nuclear  DNA  is  amplified  using
MDA-based  methods.  This  strategy  enabled  genome–transcriptome  co-
sequencing  of  single  CTCs  and  captured  abnormal  transcriptional  patterns
driven  by  genomic  alterations  in  multiple  myeloma.143 Methodological
advances have led to several improved plate-based transcriptomic sequenc-
ing  methods  derived  from Smart-seq2,  including  SHERRY,  Smart-seq3,  and
FLASH-seq.  In  addition,  CBTi-seq  enables  the  sequencing  of  hundreds  of
cells within a single library via combinatorial barcoding. However, this method
still relies on manual single-cell isolation and therefore does not support high-
throughput  transcriptomic  sequencing of  CTCs.144-147 Droplet-based scRNA-
seq  methods  achieve  high  throughput  by  using  barcoded  beads  to  prepare
libraries  from  thousands  to  tens  of  thousands  of  cells  in  parallel.  However,
these methods usually require a minimum number of input cells. Using DLA
combined  with  multi-marker  recognition,  Rieckmann  et  al.  applied  scRNA-
seq (10X Genomics) to sequence 3,363 CTCs from six patients with NSCLC.
This study generated the largest CTC transcriptomic dataset reported to date
and revealed distinct CTC phenotypes, providing insights into potential thera-
peutic strategies targeting CTCs.129 Although combining droplet-based library
preparation  with  diagnostic  leukapheresis  can  partially  address  the  rarity  of
CTCs, it often requires large blood volumes, placing a considerable burden on
patients. To reduce sample requirements, Cheng et al. developed a hydrody-
namic barcoding method, Hydro-seq, that requires only 10 mL of blood. This
system integrates size-based microfluidic CTC enrichment with bead-based
barcoding. Individual CTCs are sequentially captured in single-cell chambers,
where in situ lysis releases mRNA that hybridizes with barcoded beads. Using
this  approach,  up  to  800 cells  can  be  sequenced per  run,  with  scalability  to
12,800  cells  (Table  4).148 Lightbody  et  al.  proposed  a  CTC  single-cell
sequencing workflow named SWIFT-seq. This method uses CD138 magnetic
beads for  positive  enrichment,  followed by  scRNA-seq (10X Genomics)  and
single-cell  B-cell  receptor  sequencing  (scBCR-seq,  10X  Genomics).  CTCs
were identified based on V(D)J sequence information, and a “CTC circulation
dynamics  model” was  proposed.  This  model  suggests  that  CTC  levels  in
peripheral blood are shaped by disease stage, proliferative potential,  cytoge-
netic  features,  and circulatory capacity,  offering mechanistic  insight  into the
dissemination  of  multiple  myeloma  cells  from  the  bone  marrow  into  the
bloodstream.149 In  addition,  Brechbuhl  et  al.  performed  scRNA-seq  (10X
Genomics)  directly  on  all  filter-enriched  peripheral  blood  mononuclear  cells
and used cell-type-specific markers to distinguish different populations. This
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strategy  enables  simultaneous  analysis  of  CTCs  and  other  immune  cells,
providing a broader view of CTC interactions within the blood microenviron-
ment and supporting further studies of CTC biology.150

 Proteomics
Proteins are the primary functional molecules in living systems. Compared

with  DNA  and  RNA,  protein  expression  at  the  single-cell  level  more  closely
reflects  cellular  states  and  biological  activity.  Although  single  cells  contain
significantly  more  protein  than  nucleic  acids  (approximately  50–500  pg
protein versus 7 pg DNA and 10 pg RNA), the lack of effective protein amplifi-
cation  strategies  makes  single-cell  proteomic  analysis  of  CTCs  technically
challenging and remains a key issue (Figure 2).

Western  blotting  (WB)  is  a  widely  used  method  for  qualitative  and  semi-
quantitative  protein  analysis.  However,  conventional  WB  typically  requires
pooling cell samples to achieve sufficient protein levels for detection, thereby
preventing the analysis of protein expression changes in individual CTCs. To
overcome this limitation, single-cell western blotting (scWB) integrates single-
cell lysis, protein separation, fixation, and immunodetection within a microflu-
idic  chip.  By  relying  on  diffusion-based  transport,  scWB  limits  dilution  of
protein  lysates  and  maintains  relatively  high  local  protein  concentrations.
Using this approach, up to 12 surface and intracellular signaling proteins can
be quantified in individual CTCs, enabling targeted proteomic analysis at the
single-cell  level.151 The  Single-Cell  Barcoded  Chip  (SCBC)  is  another  single-
cell  proteomics  platform  that  combines  cell  isolation  with  targeted  protein
detection. In this system, cell  suspensions are introduced into a microfluidic
chip  containing  hundreds  of  nanoliter-scale  microchambers  (approximately
2 nL each), resulting in the isolation of zero to five cells per chamber—Shi et
al.  pre-patterned antibody arrays within the SCBC microchambers.  After cell
lysis,  released  proteins  were  captured  by  immobilized  antibodies  and
detected  using  biotin-labeled secondary  antibodies  and fluorescent  strepta-
vidin in  a  sandwich  immunoassay  format,  allowing  quantitative  measure-
ment  of  selected  proteins.152 BOBarray  further  improves  single-cell  isolation
by increasing the number of microchambers while reducing their volume, so
that  most  chambers  contain  either  zero  or  one  cell,  according  to  Poisson
statistics.153 Given the low abundance of CTCs in clinical samples, Deng et al.
introduced  a  poly-L-lysine  (PLL)  barcode  pattern  that  captures  CTCs  from
solution via electrostatic interactions, thereby increasing capture efficiency to
approximately  55%.154 The  same  group  later  developed  a  nanopore-based
chip that supports CTC single-cell isolation, glucose analog imaging, intracel-
lular  signaling  protein  measurement,  and  genomic  amplification.  The  PLL-
coated surface enables higher antibody loading, thereby improving the detec-
tion  sensitivity  for  low-abundance  proteins.155,156 Despite  these  advances,
most  of  these  protein  detection  methods  rely  on  fluorescence-based read-
outs.  Due  to  spectral  overlap,  their  multiplexing  capacity  is  limited,  typically
allowing detection of approximately a dozen proteins. This limitation restricts
the  depth  of  analysis  achievable  in  CTC  single-cell  proteomics.  To  address
this issue, alternative strategies have been explored, including DNA-barcoded
antibodies  combined  with  NGS  and  surface-enhanced  Raman  scattering
(SERS)-based  microfluidic  immunoassays  for  in  situ  CTC  analysis.119,157

However, these  methods  still  fall  short  of  enabling  the  simultaneous  detec-
tion  of  dozens  of  proteins  in  a  single  CTC.  Mass  cytometry  (CyTOF)  and
imaging mass cytometry (IMC) combine flow cytometry principles with mass
spectrometry. In these techniques, antibodies are labeled with metal isotopes
rather  than  fluorescent  dyes,  and  labeled  cells  are  analyzed  using  a  mass
cytometer.  Because  metal  tags  do  not  suffer  from  spectral  overlap,  CyTOF
and  IMC  enable  the  simultaneous  measurement  of  dozens  of  proteins  in
single  cells,  significantly  improving  multiplexing  capability  and  efficiency  in
CTC  single-cell  proteomics  studies  (Table  4).158-161 Nevertheless,  these
approaches are  still  limited to  targeted detection of  predefined proteins and
do not support unbiased proteome-wide analysis.

In  contrast,  mass  spectrometry–based  proteomics  does  not  require  prior
labeling  or  selection  of  target  proteins.  Following  protein  digestion  and
peptide  separation,  amino  acid  sequences  can  be  directly  identified  and
quantified,  allowing  unbiased  analysis  of  protein  expression,  post-transla-
tional modifications, and protein interactions.162 Several studies have applied
liquid chromatography–mass spectrometry (LC–MS) and related techniques
to  analyze  CTC  proteomes.  While  these  methods  can  identify  thousands  of

proteins,  they  generally  rely  on  pooled  CTC  populations  and  do  not  achieve
unbiased proteomic profiling at  the single-cell  level.102,163-167 To advance true
single-cell  proteomics,  Wang et  al.  developed an Orcs-proteomics microflu-
idic  platform  with  a  sickle-shaped  design  for  rare-cell  isolation  and  protein
analysis.  Using  n-dodecyl-β-D-maltoside  (DDM)  as  a  mild  denaturant  and
integrating  timsTOF  mass  spectrometry,  this  system  detected  973  proteins
from five CTCs isolated from blood samples of patients with advanced breast
cancer.168 Tsai et al. reported a label-free single-cell proteomics method, SOP-
MS,  that  uses  surfactant-assisted  integrated sample  preparation  in  a  single
reaction  vessel.  By  eliminating  sample  transfer  steps  and  reducing  surface
adsorption losses,  this method improves sensitivity.  It  enables the detection
of  81–223  proteins  in  single  tumor  cells  derived  from  CTC-based  patient-
derived xenograft  (PDX) models.169 In  recent  years,  rapid progress in  single-
cell  proteomics technologies,  including SCoPE-MS, iProChip,  plexDIA,  PiSPA,
One-Tip,  and  Chip-Tip,  has  enabled  unbiased  detection  of  thousands  of
proteins  per  cell,  with  Chip-Tip  reporting  more  than  5,000  proteins  from  a
single HeLa cell.170-175 As these technologies continue to mature,  their  appli-
cation  to  CTC  single-cell  proteomics  is  expected  to  advance  liquid  biopsy
research substantially.

 Metabolomics
Single-cell metabolomics can be broadly divided into two categories: static

metabolite profiling, which mainly relies on mass spectrometry, and dynamic
metabolic activity analysis, which is commonly based on fluorescence imag-
ing and isotope tracing (Figure 2).176 Compared with other omics dimensions,
the  genome  of  a  single  cell  is  relatively  stable.  Although  the  transcriptome
and  proteome  can  change  substantially,  these  changes  usually  occur  over
minutes to hours. In contrast, metabolite levels can fluctuate within millisec-
onds  to  seconds.  As  a  result,  rapid  quenching  of  enzymatic  activity  during
sample preparation is essential  to preserve accurate and unbiased metabo-
lite  profiles.176,177 Conventional  LC–MS–based metabolomics methods often
lack sufficient sensitivity for single-cell analysis and are not well suited to the
tiny  sample  volumes  involved.  Therefore,  the  development  of  unbiased
metabolomics  techniques  with  true  single-cell resolution  remains  a  signifi-
cant challenge. Zhang et al. first used untargeted mass spectrometry–based
metabolomics  to  compare  colorectal  cancer  cell  lines  with  high  and  low
metastatic  potential.  Based  on  these  results,  they  developed  a  customized
single-cell quantitative mass spectrometry platform capable of measuring 11
metabolites in individual  CTCs. Using this platform, they established a CTC-
based  classifier  to  predict  the  risk  of  colorectal  cancer  metastasis  within  2
years.178 Hiyama  et  al.  developed  live  single-cell  mass  spectrometry  (LSC-
MS),  in  which  individual  CTCs  are  captured  under  microscopic  observation
using tapered glass microcapillaries and then directly introduced into a mass
spectrometer  after  ionization  and  sonication.  This  method  detected  216
metabolic  peaks  that  matched  entries  in  human  metabolite  databases,
markedly improving  detection  efficiency  and  metabolite  coverage,  particu-
larly for lipid species, in single CTCs.179 The same group subsequently applied
LSC-MS  to  perform  untargeted  metabolomic  analysis  of  individual  human
CTCs and lymphocytes, revealing pronounced metabolic differences between
these  cell  types  and  heterogeneity  among  CTCs.180 Hu et  al.  applied  nano-
electrospray  ionization  atmospheric  pressure  chemical  ionization  (nanoESI-
APCI) for high-sensitivity, high-coverage single-cell metabolomics analysis of
primary tumor cells, CTCs, and bone metastatic cells (Table 4). This approach
identified  approximately  800  statistically  significant  metabolic  features  and
showed that CTCs exhibit a distinct metabolic state adapted to survival in the
circulatory  environment.181 When  applied  to  clinical  samples,  single-cell
metabolomic profiles from 120 CTCs were used to construct a classification
model  that  separated  CTCs  into  subgroups  with  different  metastatic  risks,
enabling the prediction of  metastasis  within 1 year.182 Although mass spec-
trometry–based metabolomics  allows  quantification  of  metabolite  abun-
dance in individual cells, it does not directly capture dynamic metabolic activ-
ity within pathways. To address this limitation, 2-NBDG, a fluorescent glucose
analog  that  enters  cells  via  glucose  transporters  and  follows  similar
metabolic  pathways,  has  been  used  to  assess  glucose  uptake  in  glucose-
deprived  CTCs  by  fluorescence  imaging.155 Luan et  al.  developed  a  biofluo-
rescence  imaging–guided  spatial  metabolic  tracking  platform  (BIGSMT).  By

th
e-

 n
no

va
t o

n-
m

ed
 c

 n
e

REVIEW    Precision Medicine   

8  　　　The Innovation Medicine 4(3): 100227, July 23, 2026 www.the-innovation.org/the-innovation-medicine

https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine
https://www.the-innovation.org/the-innovation-medicine


injecting 13C-labeled glucose into mice via the tail vein and combining isotope
tracing  with  in  vivo  fluorescence  imaging,  this  system  enabled  real-time
tracking  of  metabolic  fluxes  and  visualization  of  CTC-driven  metastatic
processes  at  specific  anatomical  sites,  allowing  spatially  resolved
metabolomic  analysis.183 In  addition,  Radfar  et  al.  designed  an  arrowhead-
shaped  static  droplet  microfluidic  device  that  integrates  CTC  enrichment,
capture,  and  metabolomic  screening.  This  platform  enables  precise
measurement of lactate production at the single-cell level and supports high-
throughput identification of metabolically active CTCs.184

 CLINICAL  APPLICATIONS  OF  SINGLE  CIRCULATING  TUMOR  CELL
OMICS

Although  CTC  detection  has  been  introduced  into  clinical  practice,  most
diagnostic  applications  still  rely  primarily  on  CTC  enumeration  to  assess
cancer-related indicators. This approach provides limited molecular informa-
tion and  does  not  support  precise  molecular  diagnosis  or  treatment  deci-
sions.185-187 Single-cell  omics  analysis  of  CTCs  demonstrates  unparalleled
potential in this regard. It not only enables comprehensive molecular analysis
of CTCs using NGS, mass spectrometry, and other techniques, but also facili-
tates  sensitive,  targeted  detection  of  specific  genes,  proteins,  and  other
molecules in  CTCs  through  methods  such  as  specific  probes  and  fluores-
cence  detection.  This  advances  cancer  diagnosis  toward  precision
medicine.14

 Early diagnosis of cancer
Early diagnosis of cancer plays a crucial  role in cancer treatment.  Detect-

ing cancer  or  precancerous  changes  at  an  early  stage  enables  timely  inter-
vention  against  tumor  progression,  thereby  halting  or  slowing  disease
progression  and  reducing  mortality  while  significantly  improving  survival
rates.12,188 Currently,  early cancer diagnosis relies heavily on imaging studies
and  histopathological  analysis.  While  these  methods  can  identify  tumor
morphology  and  structural  information,  their  specificity  and  sensitivity  are
limited, failing to detect minute tumor lesions (diameter ≤ 1 mm).188,189 Single-

cell  omics technologies of  CTCs offer  a non-invasive approach to analyzing
cancer cells at the molecular level, thereby advancing early cancer diagnosis.
Although the FDA approved CellSearch for the use of CTC enumeration as a
prognostic marker for metastatic cancer, multiple studies indicate that cancer
cell  dissemination  occurs  during  early  tumor  development  when  CTCs  are
already released.  Characterizing  cancer  features  using  these  CTCs  demon-
strates  significant  potential  for  early  cancer  diagnosis.4,6,186 DCIS has  tradi-
tionally  been  considered  a  non-invasive  lesion,  as  histological  examination
does  not  reveal  obvious  cancer  cell  dissemination.  However,  some  studies
suggest that cells within DCIS tissue may be capable of invading, entering the
systemic  circulation  to  form  CTCs,  and  establishing  local  niches  in  distant
organs, thereby facilitating metastatic spread. DNA-seq and RNA-seq analy-
sis of these CTCs revealed mutations in multiple cancer genes and chromo-
somal abnormalities. Leveraging these variations could aid in understanding
DCIS  progression  and  in  identifying  clinically  high-risk  patients.190 In  lung
nodule  patients,  Wang  et  al.  used  isolation  by  size  of  epithelial  tumor  cells
(ISET)  to  detect  CTCs  and  reported  their  presence  in  approximately  80%  of
nodules classified as benign. This finding challenges the traditional assump-
tion that benign nodules do not release tumor cells into the circulation. WES
further  showed  that  CTCs  derived  from  malignant  nodules  exhibited  more
extensive  CNVs  than  those  from  benign  nodules.  In  addition,  mutations  in
TP53, NTRK1, and ALK were detected only in CTCs from malignant nodules.
When  combined  with  computed  tomography  (CT)  imaging  features,  these
molecular  data  improved  the  distinction  between  benign  and  malignant
nodules and supported more accurate differential diagnosis.191,192 For cancers
with an unknown primary origin, where standard clinical methods often fail to
identify  the  primary  tumor,  single-cell  analysis  of  CTCs  offers  a  promising
approach.  Guo  et  al.  developed  an  unsupervised  method,  CTC-Tracer,  that
integrates large-scale scRNA-seq data from primary tumors with deep trans-
fer  learning.  This  method  aligns  CTC  transcriptomic  profiles  with  reference
profiles from primary tumor tissues and transfers tissue-specific expression
patterns  to  CTCs.  Using  this  strategy,  the  tissue  of  origin  of  CTCs  in  blood
samples  can be  inferred  with  high  accuracy,  providing  essential  support  for
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Table 4.  Technical specifications for single-CTC omics analysis.

Omics Category Methods Initial Quantity Targets/cell Platform

Genome

Targeted
WES 1 whole exons NGS

Target Sequencing 1 ~100 genes NGS

Non-targeted
scMet-seq 1 whole genome NGS

Uni-C 1 whole genome and 3D chromatin structure NGS

Transcriptome

Low-throughput
Smart-seq2 1 ~10000 genes NGS

DMF-DR-seq 1 DNA: whole genome
RNA: 7000-9000 genes NGS

High-throughput
10x Genomics Thousands Hundreds genes NGS

Hydro-seq Hundreds hundreds genes NGS

Proteome
Targeted

scWB Hundreds ~12 WB

SCBC Hundreds ~12 FM

ADT Hundreds ~15 NGS

SERS dozens 4 SERS

CyTOF millions dozens CyTOF

IMC millions dozens IMC

Non-targeted SOP-MS 1 hundreds MS

Metabolome

Targeted
scQuantitative MS 1 12 MS

SDM thousands Lactic Acid FM

Non-targeted
LSC-MS 1 ~100 MS

nanoESI-APCI 1 Hundreds MS
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early diagnosis and clinical decision-making.193

 Clinical molecular subtyping and companion diagnostics
The  high  heterogeneity  of  tumors  is  a  key  factor  driving  the  diversity  of

cancer  treatment  approaches.  Different  subtypes  of  the  same  cancer  often

require substantially  different  therapeutic  strategies.  Currently,  clinical  prac-
tice  still  relies  on  traditional  tissue  biopsies  to  determine  cancer  subtypes.
However, this method is technically challenging and invasive, making it diffi-
cult to capture tumor dynamics. In contrast, CTCs are tumor cells shed from
primary or metastatic tumors into the bloodstream and carried by the circu-
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Figure 2.  Single circulating tumor cell omics analysis technologies.
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latory  system.  These  cells  carry  extensive  genetic  information,  reflecting
tumor  progression  at  the  molecular  level.  They  demonstrate  significant
potential in clinical molecular subtyping and companion diagnostics, offering
advantages over traditional tissue-based approaches.

Multiple studies have shown that CTCs exhibit high heterogeneity. Single-
cell sequencing approaches can subdivide CTCs into distinct subpopulations
from various perspectives. Phenotypically, CTCs can be classified into epithe-
lial and EMT subtypes based on the expression of epithelial markers (e.g., CK,
EpCAM,  E-cadherin)  and  EMT  markers  (e.g.,  Vimentin,  SNAIL).  The  EMT
subtype can be further subdivided into early EMT (or partial EMT, pEMT) and
advanced  EMT.150,158,161 At  the  functional  level,  epithelial-type  CTCs  exhibit
greater activation of cellular and cyclin signaling pathways compared to EMT
CTCs, while EMT CTCs demonstrate stronger anti-apoptotic capabilities. This
suggests that an increased proportion of EMT CTCs may be associated with
reduced  therapy  sensitivity.129,194 Semaan  et  al.  validated  this  concept  in
pancreatic  cancer,  demonstrating  that  the  proportion  of  pEMT-CTCs corre-
lated significantly with advanced disease,  poorer progression-free and over-
all  survival  in  all  patients,  as  well  as  radiological  treatment  progression  and
postoperative recurrence rates. Conversely, Payne et al. observed that early-
stage  EMT  CTCs  in  head  and  neck  squamous  cell  carcinoma  showed
elevated  expression  of  three  phosphoproteins—pSTAT1,  pCREB,  and  pERK.
Combined  with  Rieckmann  et  al.'s  findings  in  NSCLC  that  mesenchymal
CTCs exhibit  both  oxidative  phosphorylation  and  glycolytic/hypoxic  pheno-
types,  this  body  of  evidence  suggests  potential  avenues  for  molecularly
targeted  therapies.129,160 Carter  et  al.  developed  a  CNA-based  classifier  that
distinguishes chemotherapy-sensitive from chemotherapy-resistant patients,
revealing  significant  differences  in  progression-free  survival  (PFS).  This
approach  enables  the  pre-treatment assessment  of  individual  chemosensi-
tivity  and  tailored  treatment  adjustments,  thereby  achieving  more  precise
molecular patient stratification by integrating individual characteristics.195

Beyond  macroscopic  classification  of  CTC  expression  profiles,  single-cell
sequencing  of  CTCs  enables  precise  molecular-level  detection.  HER2-
targeted  therapy  is  a  standard  treatment  for  HER2+  breast  cancer  patients,
significantly improving survival rates. However, multiple studies indicate that
HER2 status may change during breast cancer progression. Monitoring CTC
HER2  status  via  single-cell  genome  sequencing  revealed  detectable  HER2+
CTCs in some HER2- patients.  Adjustment of  HER2-targeted therapy based
on  CTC  HER2  status  significantly  prolonged  progression-free  survival,
addressing  limitations  of  traditional  clinical  staging.134,161,196-198 Furthermore,
Gasch  et  al.  frequently  detected  mutations  in  the  hotspot  regions  of  the
PIK3CA exons 9 and 20 in CTCs from HER2- mBC patients using two distinct
WGA methods. Multiple lines of evidence confirm that single-cell sequencing
of CTCs holds promise for predicting resistance to HER2-targeted therapy.196

In  metastatic  castration-resistant  prostate  cancer  (mCRPC), AR rearrange-
ments  represent  a  key  mechanism  of  resistance  to AR-targeted  hormone
therapy.  However,  compared to  conventional AR amplification or  mutations,
their  clinical  detection  poses  greater  challenges.  Daniel  et  al.  developed  a
strategy to identify AR rearrangements in CTC DNA, specifically detecting AR
deletions  and duplications  via  WGA.  They  discovered AR rearrangements  in
CTCs that  were inconsistent  with cfDNA,  thereby more accurately  capturing
disease heterogeneity in CRPC patients.138 In a study examining BRCA2 dele-
tions  in  mCRPC  patients,  Barnett  et  al.  utilized  scWGS  to  demonstrate  that
single-cell  genome  sequencing  of  CTCs  detected BRCA2 deletions  more
sensitively  than  bone  biopsy  or  cfDNA  sequencing.  Furthermore,  genomic
instability  observed  in  CTCs  was  significantly  correlated  with BRCA2 dele-
tions,  suggesting  that  CTCs  may  serve  as  effective  biomarkers  for  PARP
inhibitor therapy.199 Concurrently, Mishra et al. identified a distinct population
of small,  epithelial-negative prostate CTCs with neuroendocrine characteris-
tics  in  mCRPC  patients  via  RNA  sequencing.  Crucially,  this  neuroendocrine
differentiation remained  undetectable  in  metastatic  tumor  biopsies,  demon-
strating the potential of CTC single-cell sequencing to detect emerging resis-
tance mechanisms at an early stage.200

 Therapeutic monitoring and analysis of drug resistance mechanisms
Long-term monitoring of  cancer  patients is  essential  for  clinical  manage-

ment, enabling adjustments to therapeutic strategies and the identification of
drug resistance.201 Clinical  symptoms often appear  after  molecular  changes

have  already  occurred,  whereas  circulating  tumor  cells  (CTCs)  can  reflect
these changes at an earlier stage. Because CTCs can be repeatedly obtained
via  blood  sampling,  single-cell  omics  analysis  of  CTCs  enables  continuous
assessment of a patient’s molecular status. It provides real-time information
on tumor  evolution,  thereby  supporting  treatment  adjustments  during  ther-
apy.202-204 In  a  pilot  study  of  patients  with EGFR-mutant  NSCLC,  Lim  et  al.
performed longitudinal  single-cell  transcriptomic analysis of  CTCs from two
patients receiving EGFR tyrosine kinase inhibitors. By examining EMT–related
features,  they captured dynamic shifts in CTCs from epithelial  to mixed and
mesenchymal  states  during  treatment.  They  found  that  higher  M-scores
were  associated  with  poorer  clinical  outcomes.205 Blau  et  al.  proposed  the
Intensive Trial of Omics in Cancer (ITOMIC) framework, which integrates DLA
for  continuous  molecular  monitoring.  Using  this  approach  in  a  patient  with
metastatic breast cancer,  they characterized CTC molecular profiles, applied
distributed  network  analysis,  and  predicted  drug  sensitivity.  This  strategy
correctly identified the sensitivity of triple-negative breast cancer cell lines to
BCL-2 inhibitors,  highlighting the value of  CTC-based analysis for  treatment
monitoring and drug screening.206

Several studies have reported that gene expression patterns in CTCs differ
from  those  in  matched  primary  tumor  tissues.  During  mutation  analysis,
CTCs  may  reveal  diverse  genetic  alterations  earlier  than  tissue  biopsies,
offering complementary information for  treatment planning.207,208 ALK muta-
tions  are  established  oncogenic  drivers  in  NSCLC,  and  although  multiple
selective ALK inhibitors  are  available,  acquired  resistance  often  leads  to
disease recurrence. Targeted sequencing of CTCs from patients resistant to
crizotinib or lorlatinib identified not only known resistance-associated muta-
tions, such as RTK–KRAS pathway alterations and TP53 mutations, but also
ALK compound  mutations  that  were  not  detected  in  corresponding  tissue
biopsies.  In  addition,  previously  unreported ALK-independent bypass  alter-
ations involving pathways such as JAK/STAT were observed, illustrating the
heterogeneity  of  resistance  mechanisms  to ALK inhibitors.132 In  contrast  to
ALK-targeted  therapy,  the  mechanisms  of  resistance  to BRAF inhibitors
remain less well defined. In a pilot study of advanced NSCLC patients harbor-
ing BRAFV 6 0 0 E mutations, genomic sequencing of CTCs, matched tumor biop-
sies, and circulating cell-free DNA from patients resistant to dabrafenib with
or  without  trametinib  showed  that  only  a  single  CTC  retained  the BRAFV 6 0 0 E

mutation.  Instead,  CTCs  showed  enrichment  for  MAPK-related  signaling,
along  with  pathways  involved  in  cell  cycle  regulation,  DNA  repair,  and  the
immune response.  These  findings  suggest  that  resistance  in  these  patients
was not driven by the persistence of the BRAFV 6 0 0 E mutation.209 In metastatic
melanoma,  Hong  et  al.  established  short-term  CTC  cultures  and  performed
WES in a patient with BRAFV 6 0 0 E-mutant disease. They found that lipid biosyn-
thesis pathways were highly activated in resistant CTC clones. Further analy-
sis  indicated  that  upregulation  of  SREBP-dependent  lipid  biosynthesis
reduced intracellular  iron levels,  reactive  oxygen species,  and lipid  peroxida-
tion,  thereby suppressing ferroptosis and contributing to resistance to BRAF
inhibitors.210 Endocrine  therapy  is  widely  used  in  estrogen  receptor–positive
(ER+)  mBC,  and  mutations  in ESR1 are  a  well-recognized  mechanism  of
resistance  to  aromatase  inhibitors  and  gonadotropin-releasing  hormone
analogues.  These  mutations  often  exhibit  substantial  heterogeneity.211

Paoletti et al. performed WES on 32 individual CTCs from a single patient and
identified  the ESR1p.Y537S mutation  associated  with  endocrine  resistance.
Notably,  they detected a unique CTC carrying a heterozygous ESR1p.Y537S
mutation,  and  cells  harboring  this  mutation  showed  enhanced  proliferative
responses to extremely low estrogen concentrations, underscoring the diver-
sity  of  endocrine  therapy  resistance  mechanisms.207 In  endocrine-refractory
metastatic breast cancer, mitotic inhibitors such as docetaxel are commonly
used. However,  Horwitz et al.  reported heterogeneous responses of cultured
CTCs  to  docetaxel  treatment.  In  a  subset  of  CTCs,  docetaxel  induced  the
accumulation  of  CDKN1B  protein,  which  blocked  nuclear  replication  and
drove cells  into  a  reversible  quiescent  state.  These  cells  resumed  prolifera-
tion after drug withdrawal, contributing to tumor recurrence. Inhibition of AKT
signaling  reduced  CDKN1B  phosphorylation  and  effectively  suppressed  this
resistance mechanism, thereby delaying disease relapse.212

In  addition to direct  analysis  of  patient-derived CTCs,  ex vivo CTC culture
and  the  establishment  of  CTC-derived  xenograft  (CDX)  models  provide
important  experimental  platforms  for  studying  drug  resistance.  Que  et  al.
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established an NSCLC CTC cell  line,  CTC-TJH-01, and performed integrated
transcriptomic and proteomic analyses. They found specific activation of the
Src/FN1 signaling pathway in CTC clusters,  which promoted cell–cell adhe-
sion  and  resistance  to  environmental  stress.  Treatment  with  Src  inhibitors
disrupted  CTC  aggregation  and  invasion  and  reduced  metastatic
potential.166,213 Stewart  et  al.  conducted  large-scale  scRNA-seq  (10X
Genomics)  of  CDX models  in  small-cell lung  cancer  and  reported  that  plat-
inum-resistant  models  exhibited  higher  intratumoral  heterogeneity  scores.
Drug resistance–related pathways were distributed across distinct subpopu-
lations,  and  target  gene  expression  shifted  dynamically  before  and  after
treatment, providing insight into the high recurrence rate of this disease and
supporting  early  combination  therapy  strategies.214 Similarly,  Suvilesh  et  al.
established  an  NSCLC-derived  CDX  model  and  performed  RNA-seq  to
assess  treatment  response.  Their  analysis  revealed  heterogeneous
responses  to  carboplatin  and  paclitaxel,  with  resistant  tumors  showing
upregulation  of  MYC  target  genes  and  c-MYC  protein.  Blocking  MYC/MAX
dimerization effectively reversed chemoresistance in this model.215

 Prognosis assessment and risk of recurrence
CTCs are widely regarded as the cellular sourceof distant metastasis. Clini-

cal  studies  have  repeatedly  reported  an  association  between  elevated  CTC
counts in peripheral blood and poor patient outcomes. In many cancer types,
detection  of  five  or  more  CTCs  per  7.5  mL  of  blood  is  linked  to  reduced
survival.4,216-218 However,  prognosis assessment based solely on CTC counts
is  limited.  Cell  number  alone  cannot  reflect  intratumoral  heterogeneity  or
ongoing clonal evolution. Single-cell omics analysis addresses this limitation
by enabling  molecular  analysis  of  individual  CTCs,  thereby  providing  addi-
tional information for evaluating recurrence risk and clinical outcome.

Genomic instability and CNAs detected in CTCs are closely associated with
disease  relapse  and  resistance  to  targeted  therapies.  Using  single-cell
sequencing  technologies,  these  genomic  features  can  be  monitored  over
time,  enabling  dynamic  assessment  of  tumor  progression.219 Chiu  et  al.
performed  whole-genome  single-nucleotide  polymorphism  (SNP)  and  CNA
profiling  of  CTCs  from  patients  with  metastatic  melanoma.  They  observed
that extensive genomic alterations in CTCs were associated with metastatic
disease.  Based  on  recurrence-related  CNAs,  they  constructed  a  prognostic
gene  panel  that  included CSMD2 and CNTNAP5.  This  panel  successfully
stratified  melanoma  patients  according  to  recurrence  risk.220 In  mCRPC,
Malihi et al. analyzed 257 CTCs from 47 patients using WGS. Loss of tumor
suppressor  genes  was  more  frequently  detected  in  CTCs  than  in  matched
bulk samples. Patients whose CTCs showed concurrent loss of two or more
genes, including PTEN, RB1, and TP53, had significantly shorter progression-
free  and  overall  survival.  When  genomic  instability  was  further  assessed
using large-scale transition (LST) scores, longer survival was associated with
lower instability and fewer tumor suppressor losses. Importantly, these asso-
ciations were independent of CTC count, highlighting the prognostic value of
CTC genomic features.221 Similarly, Alves et al. conducted WES of CTCs from
29  patients  with  metastatic  colorectal  cancer.  They  introduced  a  mutation-
allele  tumor  heterogeneity  (MATH)  score  to  quantify  mutational  diversity.
Patients  carrying  non-silent  mutations  in BCL9L showed  poorer  overall
survival,  indicating  that  both  mutational  heterogeneity  and  specific  gene
alterations  influence  prognosis.222 Beyond  genome-wide alterations,  muta-
tions in individual cancer-related genes within CTCs also provide prognostic
information. Markou et al. applied a sensitive mutation detection method and
found  that PIK3CA mutation  status  in  CTCs  could  change  during  disease
progression  or  relapse  in  breast  cancer.  The  presence  of PIK3CA-mutant
CTCs  was  associated  with  reduced  survival  in  metastatic  patients.223 In
multiple  myeloma,  Lohr  et  al.  examined  35  recurrent  mutation  sites  and
detected  frequent  alterations  in BRAF, TP53,  and IRF4 in  relapsed  disease.
They  further  showed  that  RNA-seq  of CCND1 and CCND3 expression
enabled  molecular  classification,  supporting  the  use  of  CTC  single-cell
sequencing for disease stratification.224 Gene expression patterns in CTCs are
also  linked  to  metastatic  potential  and  survival.  Ebright  et  al.  combined
genome-wide CRISPR activation screening in breast cancer CDX models with
scRNA-seq of CTCs from metastatic breast cancer patients. They found that
high  expression  of  ribosomal  protein  genes  correlated  with  shorter  overall
survival.  Their  data  suggest  that  epithelial  CTCs  may  promote  metastasis

through  increased  translational  activity  and  enhanced  proliferative
capacity.225 Kozuka  et  al.  analyzed  CTCs  from  metastatic  colorectal  cancer
patients  using  stemness- and  EMT-related  markers  together  with  scRNA-
seq.  They  identified  four  CTC  subtypes  and  reported  that  EMT-associated
CTC populations were linked to shorter progression-free and overall survival.
In  contrast,  purely  epithelial  CTCs showed no such association. SPARC and
ITGB1 were  proposed  as  markers  of  EMT-related  CTCs.226 In  pancreatic
cancer,  Rossi  et  al.  and Nitschke et  al.  independently  applied transcriptomic
and  proteomic  analyses  to  CTCs  and  identified GAS2L1 and RARRES1 as
genes  associated  with  poor  prognosis.  Elevated  expression  of  these  genes
was  linked  to  reduced  survival,  suggesting  their  potential  clinical
relevance.227,228

In  addition to intrinsic molecular  features,  interactions between CTCs and
other  circulating  cells  influence  metastatic  behavior.  CTC-associated clus-
ters  include  complexes  formed  with  immune  cells,  such  as  neutrophils,  as
well  as  clusters  composed  solely  of  tumor  cells.  Szczerba  et  al.  performed
scRNA-seq  and  WES  on  isolated  CTCs,  CTC-neutrophil clusters,  and  multi-
cellular  CTC  clusters  from  breast  cancer  patients  and  CDX  models.  They
observed increased expression of cell cycle–related genes in CTC-neutrophil
clusters. Their findings suggest that neutrophils directly support CTC prolifer-
ation and promote metastatic  seeding.  These clusters may therefore act  as
efficient  metastatic  units.229 Hapach  et  al.  investigated  CTC  clusters  in  vitro
and identified two CTC subpopulations with distinct  migratory capacities.  In
CDX  models,  however,  the  less  migratory  population  showed  greater
metastatic potential. RNA sequencing revealed that this phenotype depended
on E-cadherin expression,  which promoted cluster  formation and survival  in
circulation, thereby facilitating colonization of distant tissues.230

 CHALLENGES AND PROSPECTS
Currently, clinical tumor classification largely relies on immunohistochemi-

cal  testing  of  biopsy  specimens.  Although  this  method  is  well-established,
such  invasive  procedures  carry  certain  risks  and  often  fail  to  provide  timely
diagnoses  for  early-stage  tumors  or  tumors  with  unclear  locations.  Liquid
biopsy technology, due to its non-invasive nature, enables continuous moni-
toring  of  tumor  information  in  a  patient’s  bodily  fluids—such  as  peripheral
blood, cerebrospinal fluid, and pleural effusion—and has demonstrated signif-
icant potential in clinical management. More than 20 years have passed since
the  FDA  approved  CellSearch  for  clinical  testing  of  metastatic  colorectal,
breast, and prostate cancers in 2004. Liquid biopsy methods, represented by
circulating tumor cell  (CTC)  counting,  have gradually  been validated in  clini-
cal  practice  as  reliable  molecular  diagnostic  and  monitoring  tools.  In  recent
years, NGS technologies based on cfDNA/ctDNA have been approved by the
FDA  as  companion  diagnostic  tools  for  targeted  therapies  for  various
cancers,  such  as  Guardant360  CDx  and  FoundationOne  Liquid  CDx,  which
are  used  to  monitor  hundreds  of  genetic  mutations  in  cancer  patients.
Compared to  cfDNA/ctDNA,  CTCs possess  a  complete  set  of  genetic  infor-
mation, including DNA, RNA, proteins, and metabolites, which gives CTCs the
potential  for  comprehensive  characterization  of  tumor  features.  Thanks  to
advancements in single-cell sequencing technology, CTC-based liquid biopsy
testing is currently transitioning from simple cell counting to molecular profil-
ing.  Although high-throughput  sequencing and single-cell mass spectrome-
try can generate large-scale data sets unattainable through traditional meth-
ods, thereby accelerating clinical translation—numerous challenges must still
be overcome before these approaches can be widely adopted (Figure 3).

 More efficient CTC enrichment and single-cell isolation technology
Obtaining a sufficient number of high-quality CTC single cells is the most

critical  step  in  CTC  single-cell  omics  analysis.  Currently,  established  CTC
enrichment  methods  still  rely  on  strategies  based  primarily  on  EpCAM
biochemical enrichment and biophysical enrichment. While the former offers
higher purity, it suffers from partial CTC loss during enrichment. Later, though
capable of bias-free CTC enrichment, is limited by the presence of mononu-
clear cells such as white blood cells, resulting in lower enrichment purity and
loss  of  informative  cells  during  subsequent  single-cell  analysis.  Balancing
CTC  recovery  rate  and  enrichment  purity  remains  the  top  priority  in  the
current  development  of  CTC  enrichment  methods.  Furthermore,  current
methods  for  obtaining  single  CTCs  still  rely  on  the  combined  use  of  CTC
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enrichment and single-cell sorting technologies. The overall workflow is rela-
tively complex, time-consuming, and prone to causing cell damage. In recent
years,  with  the  widespread  application  of  microfluidic  technology  in  CTC
enrichment,  some  technologies,  such  as  CTCelect,43 have  integrated  CTC
enrichment  and  single-cell sorting  into  a  single  process,  achieving  auto-
mated single-cell  separation of CTCs. Furthermore, certain single-cell  omics
analysis  technologies,  such  as  DMF-DR-seq,143 iProChip,171 and  microfluidic
SERS,119 are also  performed  on  microfluidic  chips.  In  the  future,  it  is  antici-
pated that  microfluidic technology will  be combined with single-cell separa-
tion techniques—such as FACS and SERS—as well as other single-cell omics
analysis technologies. This integration of CTC enrichment, single-cell separa-
tion, and single-cell detection and analysis is expected to make CTC acquisi-
tion more convenient and efficient.

 Single CTC multi-omics co-analysis
Although  numerous  single-cell  omics  analysis  technologies  for  CTC

genomics,  transcriptomics,  proteomics,  and  metabolomics  have  emerged,
only  DMF-DR-seq  (genomics-transcriptomics)  and  Uni-C  (genomics-3D
genomics) address CTC multi-omics analysis, which severely limits the abil-
ity  to  obtain  comprehensive  molecular  information  from  individual  CTCs.231

Although  traditional  single-cell  multi-omics  analysis  technologies  such  as
CITE-seq  and  REAP-seq  can  simultaneously  analyze  the  transcriptome and

cell surface proteins, they rely on high-throughput scRNA platforms, and the
rarity of CTCs limits their further application in this context.232,233 Certain tech-
nologies,  such as nanoSPLITS and scSTAP, utilize nanodroplet  fractionation
to divide the contents of a single cell into multiple groups for separate multi-
omics detection and analysis.234,235 Although these techniques are suitable for
in-depth multi-omics analysis of single cells, the high heterogeneity of CTCs
means  that  the  loss  of  a  substantial  fraction  of  cellular  material  during
sample partitioning may prevent  accurate characterization of  CTCs’ biologi-
cal  features.  Technologies  such  as  OCAM,  scPMA,  and  scMAPs  utilize  the
biochemical  characteristics  of  different  intracellular  components  and  their
responses  to  various  treatment  methods  to  enable  sequential  multi-omics
detection  within  a  single  cell.236,237 This  strategy  effectively  overcomes  the
sample  scarcity  and  heterogeneity  of  CTCs  and  is  expected  to  be  further
applied in CTC multi-omics analysis in the future, jointly revealing the molec-
ular landscape within CTCs.

Apart  from  CTC  multi-omics  detection  technologies,  CTC  multi-omics
bioinformatics  processing  also  poses  a  major  challenge  in  multi-omics  co-
analysis due  to  differences  in  data  dimensions  across  omics,  noise  intro-
duced  by  detection  methods,  and  variations  in  analytical  approaches.
Currently,  bioinformatics  tools  used  for  single-cell  multi-omics  co-analysis
primarily focus on (1) dimensionality reduction, (2) batch correction, (3) clus-
tering,  (4)  classification,  (5)  feature  selection,  (6)  imputation,  and  (7)  spatial
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registration.238,239 However,  most  of  these  tools  are  designed  for  high-
throughput  single-cell  multi-omics detection  technologies  and  are  not  suit-
able  for  analyzing  low-throughput,  deep  single-cell  multi-omics  data.
Although  some  researchers  have  utilized  WNN  algorithms  for  integrated
analysis  of  different  modalities  or  employed  machine  learning  models  to
process  and  analyze  multi-omics  data,  these  approaches  overlook  cross-
modal biological characteristics (such as the time lag between the transcrip-
tome and proteome).  Furthermore,  due  to  the  scarcity  of  CTC samples  and
their  high  internal  heterogeneity,  it  is  difficult  to  train  a  universal  analytical
framework.235 To  address  these  issues,  we  believe  that  future  CTC  multi-
omics bioinformatics analysis should shift from being data-driven to knowl-
edge-driven.  Rather  than  merely  performing  dimensionality  reduction  and
analysis on data from different omics modalities, it should incorporate exist-
ing biological knowledge—such as gene function, pathway classification, and
gene interactions—to achieve a precise, comprehensive interpretation of CTC
biological information.

 Spatial heterogeneity of CTC
CTCs are tumor cells that have detached from primary or metastatic tumor

tissue and entered the circulatory system; like tumor tissue, CTCs also exhibit
spatiotemporal heterogeneity. The temporal heterogeneity of CTCs has been
reported  in  numerous  studies,  covering  aspects  ranging  from  cell  count  to
phenotype,  from early  to  late  stages of  tumor development,  and at  different
time points before and after tumor treatment. However, there is a scarcity of
research  on  the  spatial  heterogeneity  of  CTCs,  primarily  because  the  vast
majority  of  existing  studies  capture  CTCs  through  blood  sampling  from
peripheral venous blood, thereby overlooking the inherent spatial heterogene-
ity  of  CTCs.  Given  the  complexity  of  the  blood  microenvironment,  CTCs are
exposed  to  shear  stress,  immune  cell  binding,  and  the  formation  of  cellular
aggregates as  they  circulate  through  the  bloodstream.  This  spatial  hetero-
geneity may result in CTCs in peripheral venous blood failing to represent the
most  representative  characteristics  of  the  tumor  tissue.  Relevant  studies
have reported that CTC counts in the portal vein are significant predictors of
liver  metastasis  within  6  months  post-surgery  for  gallbladder  or  pancreatic
cancer.240 In PC patients, the percentage of M-CTCs in portal venous blood is
also  a  significant  prognostic  biomarker.241 Furthermore,  CTC and circulating
tumor  microemboli  burden  in  hepatic  veins  and  peripheral  circulation
predicted postoperative lung metastasis and intrahepatic recurrence, respec-
tively.242 Based on these findings, tumor-proximal liquid biopsy is proposed to
improve  the  diagnostic  and  prognostic  performance  of  circulating  tumor
cells.243 However,  most current studies on the spatial  heterogeneity of CTCs
rely  primarily  on  CTC  counts,  making  it  difficult  to  capture  their  biological
characteristics.  By  leveraging  single-cell  omics  analysis  techniques,  we  can
further model the molecular features of CTC spatial heterogeneity and inves-
tigate  deeper  biomedical  questions.  For  example,  Sun  et  al.  compared  the
transcriptomic profiles of CTCs captured from different vascular sites in HCC
patients  and  revealed  that  CCL5  acts  as  a  key  mediator  promoting  CTC
immune evasion by recruiting and regulating regulatory T cells (Tregs) via the
TGF-β1-p38-MAX  signaling  pathway.244 Currently,  research  on  CTC  spatial
heterogeneity  is  largely  confined  to  small-scale  studies,  and  no  large-scale
clinical  studies  have yet  confirmed the  advantages of  tumor-proximal  liquid
biopsy  over  peripheral  venous  blood  biopsy.  In  the  future,  single-cell  omics
detection  and  analysis  technologies  should  be  utilized  to  further  investigate
the optimal anatomical sites for CTC sampling across different cancer types,
disease  stages,  and  research  objectives.  Furthermore,  in  recent  years,  an
increasing  number  of  studies  have  focused  on  the  role  of  CTC  clusters  in
tumor metastasis and prognostic evaluation. In addition to the spatial hetero-
geneity  of  CTCs,  the  spatiotemporal  heterogeneity  of  CTC  clusters  should
also be further investigated in the future.

 Combined with in vivo/vitro models
Traditional patient-derived xenograft (PDX) models require the collection of

tumor tissue via surgery or biopsy, which is then implanted into immunodefi-
cient  mice  through  heterotopic  or  orthotopic.  Although  these  models  can
preserve  tumor  characteristics  to  the  greatest  extent  in  vitro,  the  need  for
tumor  biopsy  severely  limits  their  further  application.  In  recent  years,  CTC-
derived  xenograft  (CDX)  models—which  use  circulating  tumor  cells  (CTCs)

instead  of  traditional  biopsy  tissue  for  transplantation  into  immunodeficient
mice—have  proven  to  be  reliable  models  for  disease  modeling  and  drug
screening.245 Furthermore, when combined with single-cell omics analysis of
CTCs,  these  models  enable  functional  simulation  at  the  molecular  level.  On
the one hand, CDX models can simulate the complexity of tumors in vivo and
in vitro, and their response to standard chemotherapy is similar to that of the
donor  patient  receiving  the  same  treatment.  This  characteristic,  combined
with  single-cell  analysis,  facilitates  more  accurate  modeling  of  tumor
responses to  specific  therapies,  thereby  identifying  drug  targets  and  path-
ways with greater therapeutic potential. On the other hand, constructing CDX
models using CTCs collected at different spatiotemporal points for single-cell
omics analysis can better recreate the tumor evolution process, further deep-
ening our understanding of tumor metastasis mechanisms.246

Although CDX models  offer  unique advantages in  studying tumor  genetic
profiles  and  evolutionary  mechanisms,  they  often  fail  to  fully  replicate  the
parent  tumor.  This  limitation  restricts  the  use  of  many  anticancer  drugs,
including those with poor solubility or stability, suboptimal pharmacokinetics,
insufficient tumor specificity, and severe side effects. Additionally, the devel-
opment cycle is lengthy, success rates are low, and such models are not suit-
able  for  precision  medicine  in  clinical  settings.  CTCs  have  been  shown  to
retain  the  characteristics  of  cancer  stem  cells  (CSCs)  and  can  undergo
phenotypic  transitions  similar  to  those  of  CSCs.  By  leveraging  this  feature,
CTC-derived  organoid  models  (CTCDO)  can  be  established.  Compared  to
traditional  tumor tissue-derived organoids,  CTCDO models retain the unique
biological  characteristics  of  both  the  primary  tumor  and  CTCs,  enabling  a
more accurate in vitro reflection of the properties of CTCs in the bloodstream
and  thereby  further  elucidating  the  mechanisms  of  early  metastasis.247,248

Furthermore,  compared  to  CDX,  CTCDO  has  a  shorter  culture  cycle
(~2 weeks) and stronger patient specificity. Combined with multi-omics anal-
ysis, it  enables targeted high-throughput drug screening for patients in vitro,
supporting precision diagnosis and treatment of tumors. However, whether it
is CDX or CTCDO, culture success rates are often low due to the challenges
of CTC acquisition—including low yield, scarcity, and low purity. Furthermore,
there  is  currently  no  standardized  protocol  for  constructing  CTC  in  vitro
models,  particularly  for  CTCDO.  These  models  often  overlook  the  fluid
dynamics of blood and the complexity of the microenvironment during culti-
vation,  failing  to  fully  simulate  tumor  characteristics.  In  the  future,  with  the
emergence  of  more  efficient  CTC  enrichment  strategies,  researchers  will
need  to  develop  a  targeted,  effective  standard  protocol  tailored  to  different
cancer  types  and  application  scenarios.  Combined  with  single-cell  multi-
omics analysis of CTCs, this will  advance precision diagnosis and treatment
of tumors. During CTCDO culture, researchers should also consider incorpo-
rating  blood cells  such as  neutrophils.  Combining  organ-on-a-chip technol-
ogy  to  simulate  the  physical  vascular  environment  with  single-cell  omics
analysis would enable more accurate modeling of CTC survival and metasta-
sis, thereby facilitating the translation of this approach from the laboratory to
clinical practice.

 Combined with artificial intelligence
Artificial  intelligence  (AI)  has  advanced  rapidly  in  the  biomedical  field  in

recent  years,  and  combining  AI  with  existing  single-cell  analysis  techniques
holds  promise  for  ushering  in  a  new  paradigm  in  CTC  single-cell  analysis.
Traditional CTC  identification  relies  on  immunofluorescence  staining  analy-
sis  or  visual  identification  of  cellular  features;  the  former  often  fails  to  fully
identify  CTCs  due  to  their  low  abundance  and  weak  fluorescence  intensity,
while the latter frequently results in misidentification because CTCs resemble
white blood cells in morphology.  AI  algorithms, particularly those that incor-
porate multiple  markers for  identification,  offer  new solutions to these chal-
lenges.  Traditional  machine  learning  models,  such  as  random  forests  and
XGBoost,  and  deep  learning  models,  such  as  convolutional  neural  networks
and Transformers, can extract more detailed features—such as fluorescence
intensity, cell radius, and nuclear size—significantly improving CTC detection
efficiency  and  accuracy.249-251 When  combined  with  CTC  enrichment  and
sorting technologies, this approach holds promise for achieving efficient CTC
detection  and  analysis  without  relying  on  any  biochemical  methods.252

Furthermore, CTC samples are scarce and highly heterogeneous. Compared
to  traditional  single-cell  omics  analysis  of  tumor  tissues,  the  available  data
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volume is limited, which severely restricts further biological analysis of CTCs.
By leveraging the similarities  between CTCs and tumor cells  and employing
transfer learning methods, the shortcomings of insufficient CTC sample data
can  be  effectively  addressed.  By  leveraging  pre-trained  models  such  as
Geneformer, scGPT, and CTC-Tracer in conjunction with specific CTC single-
cell  detection  and  analysis  data,  researchers  can  not  only  address  the
dropout effects and high noise associated with single-cell omics using exist-
ing knowledge but also perform cell type annotation, multi-batch integration,
multi-omic  integration,  perturbation response prediction,  and lesion tracking
even  with  limited  data.193,253,254 However,  single-cell  omics  data  are  often
characterized  by  high  dimensionality,  heterogeneity,  sparsity,  and  nonlinear
variations.  Traditional  statistical  methods  often  struggle  to  uncover  the
underlying biological  mechanisms. Although algorithms like WNN can facili-
tate joint analysis of different omics data, their capacity for complex model-
ing  is  limited.  By  leveraging  deep  learning  models—particularly  multimodal
learning frameworks  based  on  autoencoders,  variational  inference,  genera-
tive adversarial networks (GANs), and Transformer architectures—it is possi-
ble to more effectively  capture the complex nonlinear relationships between
different  omics,  thereby  achieving  higher-precision  molecular  analysis  of
CTCs.255-259 Furthermore, integrating existing multi-omics datasets with deep
learning enables the cross-referencing of omics data from different sources,
thereby  addressing  the  limitations  of  insufficient  clinical  CTC  data.  In  the
future,  leveraging large-scale  public  single-cell  databases alongside specific
CTC single-cell omics  data,  AI  technology  is  expected  to  enable  the  predic-
tion of other omics data from a single omics dataset, thereby enhancing the
accuracy of CTC single-cell analysis. Furthermore, by utilizing specific pertur-
bation models, it is expected to simulate in vitro the multi-omics responses of
CTCs  under  drug  pressure  or  immune  attack,  thereby  advancing  precision
medicine in oncology.260

 Clinical management
As  CTC  single-cell  omics  technologies  mature  and  are  integrated  with

complementary experimental approaches, it will become an essential part of
clinical  patient  management.  Because  CTCs  are  easy  to  obtain  and  carry
comprehensive  information,  they  can  play  a  unique  role  at  every  stage  of
tumor diagnosis and treatment. Looking ahead, we anticipate CTC single-cell
omics  analysis  to  become  a  routine  clinical  monitoring  tool  and  a  key
component of precision oncology, providing comprehensive molecular profil-
ing.  In  early  cancer  diagnosis  and  treatment:  i.  Combining  CTC counts  with
conventional  imaging can help distinguish benign from malignant tumors in
early-stage  patients,  accurately  assess  tumor  risk,  and  compensate  for  the
limited  sensitivity  of  imaging.  ii.  Complete  characterization  of  genetic  and
molecular  expression  in  early-stage  patients’ CTCs—using genomic,  tran-
scriptomic,  proteomic,  and  metabolomic  data—allows  preliminary  diagnosis
based on broader  CTC categories,  such as classic  EMT-related subtypes or
PD-L1/2-related  subtypes  relevant  to  immunotherapy.  iii.  Focusing  on
specific gene expression: current cancer molecular typing relies on immuno-
histochemistry (IHC), which has drawbacks like difficulty in sample collection
and long turnaround times. In early diagnosis and treatment, using CTC gene
expression  information  can  precisely  identify  molecules  linked  to  specific
cancer subtypes—such as ER, HER2, and ALK—compensating for the limita-
tions of  traditional  clinical  classification.  iv.  Finding targeted therapy targets:
targeted  therapy  is  a  key  cancer  treatment.  Selecting  targeted  drugs  based
on  specific  gene  mutations  can  substantially  improve  treatment  outcomes.
CTC genomic  sequencing  can  effectively  identify  actionable  genetic  targets,
provide  mutation  profiles,  and  help  select  suitable  drugs.  In  the  future,
combining  this  with  high-throughput  drug  screening  in  CDX  models  may
enable accurate prediction of treatment outcomes. During clinical treatment:
i. Continuously monitor changes in patient CTCs during therapy to track shifts
in tumor  molecular  profiles,  evaluate  treatment  effectiveness,  assess  thera-
peutic  approaches,  and  adjust  treatment  plans  accordingly  for  effective
companion  diagnostics.  ii.  Combine  known  drug-resistance  mutation  data
with  targeted,  ongoing  monitoring  of  specific  CTC  molecules  to  predict
patient  resistance  early.  Integrate  this  with  clinical  information  to  optimize
therapeutic strategies. In prognosis evaluation: i. Screen for specific prognos-
tic markers (e.g., PTEN, TP53) to assess treatment response early. Use bioin-
formatics tools to estimate recurrence risk. ii. Apply highly sensitive detection

of  metastasis-related  biomarkers  and  develop  tailored  molecular  detection
panels for different cancer types and metastatic sites to improve metastasis
risk quantification.  iii.  Characterize  features  specific  to  CTC  clusters.  Inte-
grate cluster  classification,  metastatic  potential,  and  specific  gene  expres-
sion with other indicators to improve prognostic monitoring and assessment.
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