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Abstract
Circulating tumor cells (CTCs) are cancer cells that shed from the primary tumor and enter into body fluids of the patient, 
where they travel to distant sites and ultimately form metastasis. Understanding the biology of CTCs, in particular at the 
critical stages of their itinerary, holds promises for better cancer cure. Since the beginning of this century, liquid biopsy has 
steadily grown to be a keen area of research due to its non-invasive features. As one of the most promising tumor biomark-
ers, CTCs have shown great potential in cancer diagnosis, prognosis, treatment response monitoring, and the exploration 
of biological mechanisms. Although various types of isolation and detection technologies emerge constantly, the rarity and 
heterogeneity of CTCs still pose huge challenges for these methods and make them inefficient. In addition, the clinical prac-
tice of different technologies still lacks reasonable and uniform standards. In this review, we provide a detailed overview of 
the isolation and enrichment strategies of CTCs, as well as their advantages and limitations. By summarizing the current 
status and suggesting future areas of CTCs research, we hope to continue the concerted effort for pushing forward the clinical 
application of CTCs, which may represent a paradigm shift for cancer theranostics in the future.
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Graphical Abstract

Highlights
• As seeds of metastasis, circulating tumor cells have shown great potential in cancer diagnosis, prognosis, and treatment.
• The rarity and heterogeneity of circulating tumor cells pose challenges for their isolation and detection technologies in 
clinical practice.
• This review summarizes and compares biological and physical isolation methods of circulating tumor cells.
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Introduction

Cancer is a multifaceted and dynamic disease characterized 
by the unbridled proliferation and dissemination of aberrant 
cells within the human body. Despite advances in diagnosis 
and treatment, cancer still accounts for nearly 10 million 
and one in six deaths in 2020 according to World Health 
Organization (WHO) [1, 2]. Metastasis, a process by which 
tumor cells spread from primary site to other parts of the 
body through the bloodstream or lymphatic system, is the 
leading cause of death and indicates advanced stages and 
recurrence in cancer patients [3]. However, tumor may not 
show any noticeable symptoms in the early stages, which 
makes it difficult to detect with current medical imaging 

techniques and finally results in more cases of advanced 
stages and metastasis with lower five-year survival rate. On 
the other hand, even as the gold standard of clinical cancer 
diagnosis, tissue biopsy also has many limitations, such as 
invasiveness, inconvenience, and expensiveness. Moreover, 
the tumor heterogeneity could not be reflected comprehen-
sively [4].

In the past two decades, liquid biopsy, as a non-invasive 
to obtain valuable information from patient body fluids such 
as blood, sputum, and pleural effusion, has become a hot 
area of research. Among liquid biopsy, CTCs, circulating 
tumor DNA (ctDNA), and exosomes are the most com-
monly detected biomarkers [4]. CTCs are tumor cells which 
detach from primary and metastatic tumors and enter the 
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bloodstream or lymphatic system. These cells can travel to 
distant sites, and finally form metastasis. ctDNA and EVs are 
tumor-derived DNA and lipid-bound nanovesicles, respec-
tively, which are freely circulating in the blood of cancer 
patients. Compared to ctDNA and EVs, CTC is the most 
specific hallmark of cancer with complete genomes, tran-
scriptomes, and proteomes, which can be utilized to better 
analyze the tumor heterogeneity [5]. Moreover, As the seed 
of cancer metastasis, CTCs can be used to dynamically mon-
itor treatment response, indicate recurrence and prognosis, 
study drug resistance mechanism as well, which make them 
the best alternative to tissue biopsy. However, rare CTCs 
(1 ~ 1000 CTCs per mL) among a high background of blood 
cells [6] in the bloodstream makes their isolation and detec-
tion challenging [7]. In addition, the tumor heterogeneity 
between different patients and even within the same patient 
affects the capture efficiency and purity of CTCs isolation 
methods.

Nowadays, more and more techniques have been devel-
oped or upgraded for the sensitive and specific isolation 
of CTCs, which could be classified into three categories: 
(1) Biological-based isolation technologies, (2) Physical-
based isolation technologies, and (3) Combined isolation 
technologies. In this review, we provide a detailed and 
complete summarization of those strategies and compare 
their advantages and disadvantages. In the end, we out-
line the bottlenecks and propose future directions of CTCs 
development.

Biological‑based isolation technologies

Biological-based CTCs isolation technologies utilize spe-
cific ligands like antibodies or aptamers that bind to anti-
gens on the surface of CTCs and then separate them from 
the patient blood. The most outstanding advantages of bio-
logical-based technologies are the good specificity and low 
false-positive rate. In this section, we generalize three meth-
ods for biological-based CTCs isolation: magnetic enrich-
ment, nanostructured substrate, and microfluidics (Table 1), 
as well as their merits and limitations (Table 2).

Magnetic enrichment

Magnetic enrichment methods use magnetic beads coated 
with antibodies or aptamers to capture CTCs or leukocytes, 
which can be divided into positive enrichment and nega-
tive enrichment. For positive enrichment, CTCs bound to 
magnetic beads are retained with external magnet while the 
rest of the blood components are washed away. For nega-
tive enrichment, leukocytes bound to magnetic beads are 
retained with external magnet so that CTCs in the solution 
can be recovered.

Magnetic enrichment methods have many advantages 
such as simplicity, convenience, and high specificity. Nev-
ertheless, these methods are limited by expensiveness, low 
cell viability, dependence on expressed proteins, difficulty in 
automation. In this section, we summarize magnetic enrich-
ment methods, including antibody-based technologies and 
aptamer-based technologies.

Antibody‑based technologies

Antibody, conjugated with magnetic microbeads, can iden-
tify the target proteins expressed on the surface of CTCs 
and separate CTCs from blood samples. Among these target 
proteins, Epithelial Cellular Adhesion Molecule (EpCAM), 
which is highly expressed on the surface of epithelial cells, 
is the most common biomarkers for CTCs isolation. As the 
“gold standard” of CTCs separation and detection methods, 
Cellsearch® system (Menarini Silicon Biosystems, Italy) 
is the first technology approved by the US Food and Drug 
Administration (FDA) which utilizes the magnetic beads 
coated with anti-EpCAM antibodies to capture CTCs from 
whole blood samples, and followed by verification with flu-
orescence-labeled antibodies including the anti-cytokeratins 
(CK 8,18 and 19) antibody and anti-CD45 antibody, together 
with the nuclear dye 4′,6-diamidino-2-phenylindole (DAPI). 
With Cellsearch® system, Allard et al. found that the recov-
ery of SKBR-3 cells was 85% and 0 ~ 23,618 per 7.5 mL of 
blood (mean, 60 ± 693 CTCs per 7.5 mL of blood) CTCs 
(defined as CK+, DAPI+, CD45− and round or oval cell 
morphology) were captured and detected in 2,183 blood 
samples from 964 metastatic carcinoma patients [8]. Like-
wise, MACS® (Miltenyi Biotech GmbH) uses anti-CK/anti-
EpCAM magnetic microbeads to isolate CTCs and identify 
them by immunofluorescence staining. For clinical tests, 
Katharina et al. have shown that CTCs (defined as CK+, 
DAPI+, CD45− and round or oval cell morphology) were 
isolated in 23 of 69 patients (33.3%) ranging from 1 to 19 
per sample with MACS® technology [9].

To improve the purity and throughput of CTCs capture, 
Talasaz et al. designed the MagSweeper™ (Stanford Uni-
versity), which uses a magnetic rod to capture CTCs labeled 
with magnetic beads and then moves them to a wash station 
to remove other unwanted cells. Finally, CTCs are released 
in a release well with external magnets (Fig. 1A) [11]. Their 
study has shown that MagSweeper™ could successfully pro-
cess 9 mL blood per hour and capture 62% ± 7% of MCF7 
cells in spiking experiments with a purity of 51% ± 18%. 
Moreover, 12 ± 23 CTCs per 9 mL of blood were isolated 
in 47 of 47 patient samples. Further, Xiong et al. devel-
oped a biomimetic immuno-magnetosome (IMS), decorated 
with the leukocyte membrane and anti-EpCAM antibodies 
on a magnetic nanocluster (Fig. 1B) [15]. Due to the prop-
erty of the leukocyte membrane, IMS could successfully 
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Table 2   Strengths and limitations of biological-based CTCs isolation technologies

Technology Strengths Limitations

Magnetic enrichment (antibody-based)
  CellSearch® [8]# high specificity

convenient
simple
appropriate for all epithelial CTCs

omitting CTCs expressing low levels of 
EpCAM

large blood volumes demand
CTCs appear to be damaged
magnetic beads may attach to the tube walls

  MACS® [9, 10] high specificity
convenient
simple
appropriate for epithelial CTCs

omitting CTCs expressing low levels of 
EpCAM and CK

CTCs appear to be damaged
large blood volumes demand
magnetic beads may attach to the tube walls

  MagSweeper™ [11, 12] high specificity
higher throughput and purity than Cell-

Search®
appropriate for epithelial CTCs

omitting CTCs expressing low levels of 
EpCAM

CTCs appear to be damaged
large blood volumes demand
magnetic beads may attach to the tube walls

  AdnaTest® [13, 14] high specificity
convenient
simple
appropriate for epithelial CTCs

omitting CTCs expressing low levels of 
EpCAM

CTCs appear to be damaged
magnetic beads may attach to the tube walls

  Immuno-magnetosomes [15] almost all of the captured cells were still 
viable

low background leukocytes
appropriate for epithelial CTCs

omitting CTCs expressing low levels of 
EpCAM

expensive
low throughput
magnetic beads may attach to the tube walls
lack of clinical data support

  Neutrophil membrane-coated immunomag-
netic nanoparticles [16]

high capture efficiency and purity
high cell viability

low throughput
magnetic beads may attach to the tube walls
1 mL blood might not contain CTCs

  Lipid magnetic spheres [17] high capture efficiency
high sensitivity and specificity

magnetic beads may attach to the tube walls
low purity
low throughput

  N/A [18] high capture efficiency and purity
high cell viability

magnetic beads may attach to the tube walls
lack of clinical data support
not applicable for pan-cancer
low throughput

  EasySep® [19] high sensitivity and throughput
high cell viability for downstream analysis

CTCs expressing CD45 may be removed
low purity

  Cyttel® [20, 21] high sensitivity
high throughput

CTCs expressing CD45 may be removed
low purity
erythrocyte lysis may cause damage to CTCs

  DynaBeads® [22] higher specificity and purity than CellSearch® CTCs expressing CD45 may be removed
only 3 types of DynaBeads are available
magnetic beads may attach to the tube walls
lack of clinical data support

Magnetic enrichment (aptamer-based)
  NanoOctopus [23] high capture efficiency and purity

simple
quick
high cell viability for downstream analysis
cost-effectiveness

omitting CTCs expressing low levels of PTK7
low throughput
magnetic beads may attach to the tube walls
1 mL blood might not contain CTCs

  Double-sided tape [24] reducing non-specific cellular uptake of 
ligand-MNPs by CTCs

omitting CTCs expressing low levels of 
EpCAM

1 mL blood might not contain CTCs
low throughput

  HM-Fe3O4@SiO2/multi-DNA-Ag2S NDs 
[25]

high recovery
low background leukocytes
simple

omitting CTCs expressing low levels of MUC1
1 mL blood might not contain CTCs
low throughput
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Table 2   (continued)

Technology Strengths Limitations

  CoFe2O4@Ag magnetic nanohybrids [26] high recovery and viability
cheap and fast

omitting CTCs expressing low levels of HER2
1 mL blood might not contain CTCs
lack of clinical data support
high false positive rate

Nanostructured substrate (antibody-based)
  3D silicon-nanopillar array [27] high specificity

convenient
high cell viability

omitting CTCs expressing low levels of 
EpCAM

low throughput
lack of clinical data support

  TiO2 nanofibers substrate [28] high specificity
convenient

omitting CTCs expressing low levels of 
EpCAM

1 mL blood might not contain CTCs
  PLGA nanofiber-NanoVelcro Chip [29] high specificity and purity

high cell viability
isolating single CTCs for downstream analysis

omitting CTCs expressing low levels of 
EpCAM

low throughput
  FAuNSs Fractal nanostructures [30] high specificity

efficient release of CTCs with little damage
omitting CTCs expressing low levels of 

EpCAM
low throughput
lack of clinical data support

Nanostructured substrate (aptamer-based)
  Chitosan [31] high specificity

high purity
high cell viability

omitting CTCs expressing low levels of 
EpCAM

low throughput
lack of clinical data support
1 mL blood might not contain CTCs

  BSA-TiO2 nanorod array [32] highly capture specificity and sensitivity omitting CTCs expressing low levels of 
EpCAM

low throughput
lack of clinical data support
1 mL blood might not contain CTCs

  Gold nanowire array [33] high cell viability omitting CTCs expressing low levels of PTK7
low throughput
lack of clinical data support

Microfluidics (magnetic enrichment-based)
  IsoFlux™ System [34] high recovery than CellSearch® of low 

EpCAM expression of CTCs
controlling flow and improve isolate efficiency

omitting CTCs expressing low levels of 
EpCAM

complex process and equipment
  LiquidBiopsy® [35] high throughput and specificity

no rigid adherence to the EpCAM marker 
system

omitting CTCs expressing low levels of 
EpCAM

complex process and equipment
lack of clinical data support

  Magnetic ranking cytometry [36] high specificity
enabling the sensitive capture of CTCs of dif-

ferent phenotypes

large blood volumes demand
complicated manufacturing

Microfluidics (nanostructured substrate-based)
  OncoCEE™ [37, 38] capture various subtypes of CTCs

high sensitivity
large blood volumes demand
expensive
complex process and equipment

  CTC-Chip [39] high specificity
high throughput
capturing viable CTCs without pre-dilution, 

pre-labelling, and pre-fixation

omitting CTCs expressing low levels of 
EpCAM

complex process and equipment

  HTMSU [40] high capture efficiency and specificity
high throughput

omitting CTCs expressing low levels of 
EpCAM

lack of clinical data support
1 mL blood might not contain CTCs



Med-X            (2024) 2:28 	 Page 9 of 49     28 

capture 84% ~ 100% of MCF7 cells in spiking experiments 
while WBCs were almost undetectable. Moreover, Wu et al. 
functionalized immunomagnetic nanoparticles (IMNs) with 
neutrophil membranes in order to enhance the capture effi-
ciency (from 41.36% to 96.82%) and purity (from 40.25% 
to 90.68%) of CTCs isolation, when compared to bare IMNs 
(Fig. 1C) [16]. Additionally, CTCs (defined as CK+, DAPI+ 
and CD45−) were captured and detected in 19 out of total 
20 breast cancer patients with a range of 0 ~ 15 per sample.

In fact, there are also some other epitopes, which have 
been used for CTCs isolation. For instance, Huang et al. 
designed the lipid magnetic spheres modified with three 
antibodies including EpCAM, vimentin, and Glypican-3 
(GPC3), which presented a good specificity (96.94%), 
high sensitivity (98.12%) and excellent capture efficiency 
(98.64%) in spiking tests of Huh7 cells [17]. Their clini-
cal experiments also showed that CTCs (CK+, DAPI+ and 
CD45− and obvious cellular morphology) were detected 
in 100% (17/17) hepatocellular carcinoma (HCC) patients 
with the number of 24.15 ± 4.47 per 2 mL of blood. In 
addition, Feely et al. used magnetic nanoparticles target-
ing mucin16 (MUC16), which is highly expressed in ≈90% 

of ovarian cancers, and achieved high yield (> 95%), high 
purity (> 85%) and high viability (92%) in spiking experi-
ments of CA125 [18].

Except the immunofluorescence staining, AdnaTest® 
(AdnaGen AG) utilizes multiplex reverse transcriptase–poly-
merase chain reaction (RT-PCR) to detect the tumor-asso-
ciated transcripts of CTCs based on the tumor type, such as 
epidermal growth factor receptor (EGFR), carcinoembry-
onic antigen (CEA), mucin 1 (MUC1), human epidermal 
growth factor receptor 2 (HER2) and EpCAM. For clinical 
tests, Tobias et al. found that 13 out of 43 (30%) patients had 
at least one CTC (CTCs are positively identified if at least 
one of the multiplex PCR markers was detected) [13]. Later, 
Danila et al. discovered that 34 out of 55 (62%) analyzed 
patients were positive for CTCs [14].

Immunomagnetic negative enrichment methods use 
specific antibodies targeting normal blood cells, such as 
anti-CD45, to eliminate them and reduce the background 
noise. For instance, EasySep® (STEMCELL Technolo-
gies) enriches CTCs by CD45 depletion and the remainder 
is stained with EpCAM and CK 7/8 (CTCs are defined as 
EpCAM+, CK+, and CD45− by flow cytometry). Liu et al. 

Table 2   (continued)

Technology Strengths Limitations

  Herringbone-chip [41] high capture efficiency
high throughput
high cell viability for downstream analysis
capturing CTCs clusters

omitting CTCs expressing low levels of 
EpCAM

complicated manufacturing

  Silicon nanopillar platform [42] high capture efficiency and sensitivity omitting CTCs expressing low levels of 
EpCAM

complicated manufacturing
1 mL blood might not contain CTCs

  GO chip [43] high capture efficiency and sensitivity omitting CTCs expressing low levels of 
EpCAM

complicated manufacturing
1 mL blood might not contain CTCs

  Geometrically enhanced mixing chip [44] high capture efficiency, purity, throughput and 
cell viability

complicated manufacturing
erythrocyte lysis cause damage to CTCs
1 mL blood might not contain CTCs
lack of clinical data support

  DNA aptamer-enabled, micropillar-based 
microfluidic device [45]

high capture efficiency, purity, throughput and 
cell viability

no pretreatment of blood samples

complex process and equipment
lack of clinical data support

  Silicon nanowire substrate [46] capturing various subtypes of CTCs
high sensitivity

low purity
low throughput
expensive

  Nanoparticle herringbone-chip [47] high capture efficiency and recover of various 
subtypes of CTCs

high release ability and cell viability for 
downstream analysis

Expensive
complicated manufacturing
low throughput

In vivo
  CellCollector® [48] overcoming sample blood volume limitations

a large number of CTCS can be detected
omitting CTCs expressing low levels of 

EpCAM
invasive

#  approved or cleared by Food and Drug Administration (FDA)
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Fig. 1   Magnetic enrichment (antibody-based) CTCs isolation. A MagSweeper™ [11]. A magnetic rod which can capture CTCs labeled with 
magnetic beads, remove other unwanted cells in a wash station, and release CTCs in a release well. Copyright 2009, Proceedings of the National 
Academy of Sciences of the United States of America. B Immuno-magnetosomes [15]. A magnetic nanocluster decorated with the leukocyte 
membrane and anti-EpCAM antibodies. Copyright 2016, John Wiley and Sons. C Neutrophil membrane-coated immunomagnetic nanoparticles 
[16]. Immunomagnetic nanoparticles functionalized with neutrophil membranes in order to enhance the capture efficiency and purity of CTCs 
isolation. Copyright 2022, with permission from Elsevier



Med-X            (2024) 2:28 	 Page 11 of 49     28 

have shown that the recovery of SW620 cells ranged from 57 
to 94% (median 69%) and 1 ~ 55 CTCs per 10 mL of blood 
were isolated in 47 of 84 (56%) samples [19]. Furthermore, 
Dynabeads® (ThermoFisher Scientific) system integrates 
the depletion of leukocytes with anti-CD45 magnetic beads 
and positive selection of CTCs with anti-EpCAM. Arik et al. 
reported that the recovery of Dynabeads® was a mean of 
44 ± 23% compared to the EasySep™ system with a mean 
recovery of 24% ± 19% [22].

Abnormal chromosome numbers (aneuploidy) have 
been recognized as a common feature of malignant tumor. 
Therefore, Cyttel® (Cyttel Biosciences) combines erythro-
cyte lysis, CD45 subtraction enrichment, immunostaining 
and fluorescence in situ hybridization (FISH) to isolate and 
detect CTCs from blood samples. Bing et al. have illustrated 
that 0 ~ 80 CTCs (centromere of chromosome 8+, DAPI+ 
and CD45−) per 3.2 mL of blood were detected in 107 of 
127 Non-Small Cell Lung Carcinoma (NSCLC) patients 
[20]. Additionally, Yu et al. have found that 2 ~ 46 CTCs 
per 3.2 mL of blood were detected in 49 of 59 colorectal 
cancer patients [21].

Aptamer‑based technologies

Aptamers are short, single-stranded RNA or DNA molecules 
that can specifically bind to target molecules. Therefore, 
aptamers can be designed to capture CTCs from blood sam-
ples when conjugated to microbeads.

In order to improve the capture efficiency, Chen et al. 
established the “NanoOctopus” with long aptamer DNA 
strands immobilized on magnetic microparticle and targeted 
the protein tyrosine kinase 7 (PTK7) receptors by mimicking 
the structure of octopus (Fig. 2A) [23]. The spiking experi-
ments of CCRF-CEM cells showed the excellent capture 
efficiency (88 ± 6%) and purity (96.7%). In addition, their 
clinical results found that 0 ~ 450 per sample CTCs (PTK7+, 
CD45−, DAPI+) were captured in 33 out of 33 Acute Mye-
loid System (AML) patients’ blood. Since magnetic nano-
particles (MNPs) uptake will affect the viability and purity 
of CTCs, this group also designed a double-sided tape 
(DST), which makes CTCs interact with the ligand-MNPs 
with multiple copies of aptamers indirectly (Fig. 2B) [24]. 
With the DST method, CTCs (CK+, EpCAM+, CD45−), with 
numbers ranging from 0 to 120 per sample, were captured in 
20 of 20 breast cancer patients (100%).

Similar to IMS, Ding et al. have developed a nanoplat-
form which combines near-infrared (NIR) multivalent 
aptamer targeting MUC1, functionalized Ag2S nanodots, 
and hybrid cell membrane-coated MNPs to further reduce 
the background noise (Fig. 2C) [25]. Their study reported 
that MCF-7 cells were captured with the capture efficiency 
of 97.63% and the purity of 96.96% in spiking experi-
ments and CTCs (HM-Fe3O4@SiO2/Tetra-DNA-Ag2S 

nanobioprobe+, CD45−, Hoechst+) were identified and enu-
merated with a range of 6 ~ 10 mL−1 in the blood samples of 
eight cancer patients. Moreover, Fereshteh et al. integrated 
CoFe2O4@Ag magnetic nanohybrids and MXenes to isolate 
and detect CTCs with the recovery of 93.00–105.22% and 
more than 80% of CTCs being viable (Fig. 2D) [26].

Nanostructured substrate

Nanostructured substrate has become a popular method to 
be designed and modified with specific antibodies or aptam-
ers to recognize and bind target cells. Since the specialized 
nanostructured surface provides a larger contact surface, 
the interaction between CTCs and the substrate will be 
enhanced, allowing for more efficient capture.

Nanostructured substrate-based isolation has many vir-
tues. First, nanostructured surface has good specificity of 
CTCs capture which could reduce false-positive results. 
Additionally, this method increases the contact area and 
thus improves the capture efficiency. However, the process 
is time-consuming and the cost of producing and functional-
izing is also a limiting factor. In this section, we summarize 
nanostructured substrate related methods, including anti-
body-based technologies and aptamer-based technologies.

Antibody‑based technologies

In 2009, Wang et al. designed a 3D silicon-nanopillar (SiNP) 
array coated with anti-EpCAM antibodies, which achieved 
the capture efficiency of 45 ~ 65% and maintained the cell 
viability of 84 ~ 91% (Fig. 3A) [27]. Later, Nangang Zhang 
et al. constructed an electrospun TiO2 nanofibers (TiNFs)-
deposited substrate modified with anti-EpCAM (Fig. 3B) 
[28]. Their results showed that the TiNFs enabled more 
than 45% recovery of spiked HCT116 cells. Furthermore, 
0 ~ 2 and 3 ~ 19 CTCs per 0.5 mL of blood were captured in 
2 of 3 colorectal cancer and 7 of 7 gastric cancer patients, 
respectively (CTCs: DAPI+/ CK+/ CD45−, 30 μm > cell 
sizes > 10 μm).

To improve the purity and isolate single prostate CTC 
for downstream molecular analysis, Zhao et al. designed a 
PLGA nanofiber-NanoVelcro Chip, which integrates the 
NanoVelcro Chip with ArcturusXT laser capture microdis-
section (LCM) technology to capture, detect and isolate sin-
gle CTC (Fig. 3C) [29]. The spiking experiments of PC3, 
C4-2 and LNCaP cells proved the good capture efficiency 
(74.7%) and viability (> 80%). In addition, more than 39 
CTCs [prostate-specific membrane antigen (PSMA)+, CK+, 
CD45−, DAPI+] per 6 mL of blood were captured in one 
prostate patient.

Moreover, since cancer cell has a higher fractal dimen-
sion than normal cell and prefers to interact with fractal 
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Fig. 2   Magnetic enrichment (aptamer-based) CTCs isolation. A NanoOctopus [23]. A technique with long aptamer DNA strands immobilized on magnetic micro-
particle and targeted PTK7 receptors by mimicking the structure of octopus. Copyright 2019, American Chemical Society. B Double-sided tape [24]. A DNA 
device which makes CTCs interact with the ligand-MNPs with multiple copies aptamers indirectly. Copyright 2019, Royal Society of Chemistry. C HM-Fe3O4@
SiO2/Tetra-DNA-Ag2S [25]. A nanoplatform which combines near-infrared (NIR) multivalent aptamer targeting MUC1, functionalized Ag2S nanodots, and hybrid 
cell membrane-coated MNPs. Copyright 2020, John Wiley and Sons. D CoFe2O4@Ag magnetic nanohybrids [26]. A device which integrates CoFe2O4@Ag mag-
netic nanohybrids modified with HB5 aptamers and MXenes to isolate and detect CTCs. Copyright 2019, with permission from Elsevier
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Fig. 3   Nanostructured substrate (antibody-based) CTCs isolation. A 3D silicon-nanopillar array [27]. A nanostructured substrate coated with 
anti-EpCAM. Copyright 2009, John Wiley and Sons. B TiO2 nanofibers substrate [28]. A nanostructured platform combined the electrospun 
TiO2 nanofibers (TiNFs)-deposited substrate and anti-EpCAM antibodies. Copyright 2012, John Wiley and Sons. C PLGA nanofiber-NanoVel-
cro Chip [29]. A device which integrates the NanoVelcro Chip with ArcturusXT laser capture microdissection (LCM) technology to capture, 
detect and isolate single CTC. Copyright 2013, John Wiley and Sons. D Fractal gold nanostructures [30]. A nanostructured substrate which can 
capture and release CTCs efficiently. Copyright 2013, John Wiley and Sons
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nanostructures by enhanced topographic interactions, Zhang 
et al. designed the fractal gold nanostructures (FAuNSs) 
which can capture and release CTCs efficiently (Fig. 3D) 
[30]. Using the anti-EpCAM coated FAuNS interfaces, more 
than 50% recovery was achieved and 95% of CTCs were 
viably released through an electrochemical process.

Aptamer‑based technologies

Similar to antibodies, aptamers can also be conjugated to 
nanostructured substrates to capture CTCs. In 2015, Sun 
et al. constructed a chitosan nanoparticle surface which is 
modified with polyethylene glycol (PEG) and DNA aptamer 
by electrospray to capture CTCs (Fig. 4A) [31]. Their spik-
ing experiments reported that the capture efficiency of 
MCF-7 cells was 45 ~ 60% from 1 mL whole blood with 
the purity of 97% and the viability of 95%. Further, this 
group fabricated a multiscale TiO2 nanorod array modified 
with bovine serum albumin (BSA) and DNA aptamer tar-
geting EpCAM with high CTCs capture yield (85% ~ 95%) 
(Fig. 4B) [32].

To further improve the capture efficiency and reduce the 
nonspecific adsorption, Zhai et al. designed the gold nanow-
ire arrays (AuNWs), modified with aptamer-sgc8c, PEG, and 
BSA by electrochemical deposition using anodic aluminum 
oxide (AAO) as template (Fig. 4C) [33]. They have found 
that spiked CCRF-CEM cells can be captured and released 
from AuNWs efficiently and keep excellent cell viability 
(90%).

Microfluidics

Microfluidic technologies can manipulate fluids at microliter 
or even nanoliter scale, using channels with dimensions of 
tens to hundreds of micrometers [49]. Due to the rarity of 
CTCs in the bloodstream, microfluidics has become promis-
ing systems which could control flow rate and isolate CTCs 
from blood samples as many as possible.

Biological-based microfluidics also utilizes antibodies 
or aptamers targeting specific surface protein of CTCs and 
separates them from other blood cells with many advantages, 
including good sensitivity, high efficiency and precise fluid 
manipulation. In this section, we sum up the biological-
based microfluidics-related methods, including magnetic 
enrichment-based technologies and nanostructured sub-
strate-based technologies.

Magnetic enrichment‑based technology

In 2013, Wael et al. constructed the IsoFlux™ System (Flux-
ion Biosciences), which integrates microfluidics and mag-
netic enrichment method to isolate CTCs in an isolation zone 
(Fig. 5A) [34]. The spiking experiments have shown that 

the recovery of MDAMB-231, PC3 and SKBR3 cells was 
74 ~ 85%. In addition, viable CTCs (CK+, CD45−, Hoechest+ 
and morphologically intact) were captured in 21 of 22 (95%) 
prostate cancer patients and 13 of 15 (86.7%) colorectal can-
cer patients with numbers ranging from 0 to 600 per sample 
for downstream KRAS mutation analysis.

To capture CTCs of different phenotypes, Mahla et al. 
developed the magnetic ranking cytometry (MagRC), which 
could create high magnetic field gradients and capture 
CTCs in accordance with their expression of specific sur-
face markers, such as EpCAM, by integrating microfluidics 
and X-shaped micromagnets (Fig. 5B) [36]. Their research 
reported the high recoveries of the spiked tumor cells 
(MCF-7 95 ± 5%, SKBR3 93 ± 4%, PC-3 91 ± 6%, MDA-
MB-231 94 ± 5%) and the viability of captured cells (98%). 
Moreover, CTCs (CK+, CD45−, DAPI+) were captured in 24 
of 24 (100%) prostate cancer patients with numbers ranging 
from 9 to 95 per sample using the MagRC system.

Nanostructured substrate‑based technology

In 2007, Sunitha et al. developed the CTC-chip which is 
capable of separating a large quantity of viable CTCs from 
blood samples with anti-EpCAM coated microposts under 
precisely controlled laminar flow conditions (Fig. 6A) [39]. 
The CTC-chip successfully recovered > 65% and > 60% 
spiked tumor cells in phosphate buffered saline (PBS) 
and whole blood, respectively. For clinical trials, CTCs 
(CK+, CD45−, DAPI+) were isolated and detected in 115 
of 116 (99%) blood samples of metastatic lung, prostate, 
pancreatic, breast and colon cancer patients with a range 
of 5 ~ 1,281 CTCs mL−1 per sample. To further enhance the 
interaction between CTCs and the antibody-coated device, 
Stott et al. constructed the herringbone-chip (HB-Chip), 
a high-throughput microfluidic mixing device that makes 
use of microvortices and surface ridges to disrupt blood 
streamline and increase the collisions between CTCs and 
the EpCAM-coated walls (Fig. 6B) [41]. Using the HB-
Chip, PC3 cells were successfully recovered (91.8 ± 5.2%) 
with excellent cell viability (95 ± 0.6%) in spiking experi-
ments. Furthermore, CTCs (PSMA+, CD45−, DAPI+) 
were separated and detected in 14 of 15 (93%) prostate 
cancer patients with a range of 48 ~ 12,668 per sample 
(median = 63 CTCs/mL, mean = 386 ± 238 CTCs/mL). 
Later, in order to smoothly release captured CTCs, Park 
et  al. coated gold nanoparticle on the surface of her-
ringbone microfluidics chip, termed NP-HBCTC-Chip 
(Fig. 6C) [47], and their results showed that the average 
capture efficiency of spiked MDA-MD-231 and PC3 cells 
was 68 ± 29.2% and 72 ± 26.4%, respectively. In addi-
tion, clinical research found that CTCs [DAPI+, CD45−, 
EpCAM+, cadherin 11 (CDH11) +] were detected in 4 of 
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Fig. 4   Nanostructured substrate (aptamer-based) CTCs isolation. A Chitosan [31]. A nanoparticle surface fabricated by electrospray to specific 
capture rare CTCs. Copyright 2015, John Wiley and Sons. B BSA-TiO2 nanorod array [32]. A nanorod array modified with bovine serum albu-
min (BSA) and DNA aptamer targeting EpCAM. Copyright 2016, American Chemical Society. C Gold nanowire array [33]. An array modified 
with aptamer-sgc8c, PEG, and BSA by electrochemical deposition using anodic aluminum oxide (AAO) as template. Copyright 2017, American 
Chemical Society
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Fig. 5   Microfluidics (magnetic enrichment-based) CTCs isolation. A IsoFlux™ System [34]. A system which integrates microfluidics and mag-
netic enrichment method to isolate CTCs in an isolation zone. Copyright 2013, with permission from Elsevier. B Magnetic ranking cytometry 
[36]. A device which could create high magnetic field gradients and capture CTCs in accordance with their expression of specific surface mark-
ers, such as EpCAM, by integrating microfluidics and X-shaped micromagnets. Copyright 2017, Springer Nature
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4 (100%) breast cancer patients ranging from 6 to 12 mL−1 
of blood using the NP-HBCTC-Chip.

In addition to immunofluorescence staining and flow 
cytometry, Adams et  al. fabricated a polymer-based 
HTMSU system, using anti-EpCAM antibodies to cap-
ture CTCs and single-cell conductivity sensor to enumer-
ate CTCs, which achieved outstanding capture efficiency 
(> 97%) and high throughput (> 1.62 mL/h) [40].

In order to increase the contact frequency and further 
improve the capture efficiency and recovery of CTCs, 
Wang et al. reported a CTC-capture platform that inte-
grates anti-EpCAM coated silicon nanopillar (SiNP) 
substrates with overlaid polydimethylsiloxane (PDMS) 
microfluidic chaotic mixers (Fig. 6D) [42]. In fact, more 
than 95% MCF7 cells were recovered in spiking experi-
ments and 0 ~ 23 per sample CTCs (CK+, CD45−, DAPI+, 
40 μm > cell sizes > 10 μm) were captured in 20 of 26 
prostate cancer patients in clinical tests. Further, Yoon 
et al. established a GO chip using functional graphene 
oxide nanosheets on a patterned gold surface and a PDMS 
layer as a microfluidic chamber to isolate CTCs effectively 
[43]. Their results showed the recovery was greater than 
73% for high EpCAM expressing MCF-7 cells and more 
than 65% for low EpCAM expressing PC-3 cells in spiking 
experiments. Moreover, CTCs (CK+, CD45−, DAPI+) with 
numbers ranging from 2 to 23 per sample were captured in 
20 of 20 lung cancer patients with GO chip.

To improve the capture efficiency, purity, cell viabil-
ity and throughput especially for rare target cells, Sheng 
et al. designed a geometrically enhanced mixing (GEM) 
chip based on geometrically optimized micromixer struc-
tures, which enhances the interaction between CTCs and 
anti-EpCAM substrates by transverse flow and flow folding 
(Fig. 6E) [44]. The GEM chip demonstrated good capture 
efficiency (> 90%), purity (> 84%), cell viability (86%) and 
high throughput (3.6 mL/h). In addition, their clinical exper-
iments showed that CTCs (CK+, CD45−, DAPI+, appropriate 
size and morphology) were captured in 17 of 18 pancreatic 
cancer patients ranging from 0 to 7 mL−1 of blood.

In addition to antibodies, aptamers have also been used 
for microfluidic-based CTCs separation. For instance, Sheng 
et al. designed a micropillar-based microfluidic device modi-
fied with aptamer cocktail which is able to efficiently isolate 
CTCs from whole blood with excellent capture efficiency 
(95%), good purity (81%) and also high cell viability (93%) 
[45]. Besides, Zhao et al. developed a silicon nanowire 
substrate (SiNS) embedded microfluidic chip to capture 
CTCs, modified with rational aptamer cocktail which pre-
sented > 50% capture performance across all five NSCLC 
cell lines (Fig.  6F) [46]. Clinical results revealed that 
CTCs (CK+, CD45−, DAPI+) were captured in 23 out of 23 
NSCLC samples with a range of 1 ~ 71 per sample.

In vivo method

To overcome the volume limitation of blood samples and 
capture a larger number of CTCs, Saucedo-Zeni et al. pro-
posed an in vivo method, which uses functionalized and 
structured medical Seldinger guidewirews (FSMW) coated 
with anti-EpCAM to capture CTCs from peripheral blood 
vessels for 30 min [48]. Clinical results showed that FSMW 
successfully captured CTCs (EpCAM+, CK+, CD45−, 
DAPI+) from 10 of 12 breast cancer patients with a median 
of 5.5(0 ~ 50) per sample and 12 of 12 NSCLC patients with 
a median of 16(2 ~ 515) per sample.

In conclusion, biological-based methods mainly rely on 
the specific biomarkers expressed on tumor cell surfaces, 
such as EpCAM. However, depending on the type, stage, 
anatomical location and other factors of tumor, CTCs have 
a wide range of the expression level of EpCAM, based on 
the two recent studies (Fig. 7) [36, 50]. Furthermore, some 
metastatic tumor cells undergo epithelial-to-mesenchymal 
transition (EMT), decreasing the expression of epithelial 
markers typically used for detection. Therefore, to enhance 
the capture sensitivity of CTCs, some researchers used 
an antibody or aptamer cocktail targeting multiple mark-
ers, such as EpCAM, CK, and Vimentin. In this review, we 
describe six examples, including MACS® [9], Lipid mag-
netic spheres [17], OncoCEE™ [37, 38], DNA aptamer-
enabled, micropillar-based microfluidic device [45], Silicon 
nanowire substrate [46], and Nanoparticle herringbone-chip 
[47], which take advantage of at least two epitopes to enrich 
CTCs. Nevertheless, this method increases the cost and may 
also compromise the purity since more epitopes mean more 
possibilities to capture part of WBCs with similar expres-
sion level.

Physical‑based isolation technologies

Physical-based CTCs isolation technologies utilize the dif-
ferences in biophysical properties between tumor cells and 
other blood cells, including size, density, deformability, die-
lectric property and surface adhesion to separate CTCs from 
whole blood. Physical-based isolation methods have many 
strengths, such as high throughput and the ability to isolate 
intact and viable CTCs, allowing for downstream analysis 
and characterization. In this section, we generalize filtration, 
density, hydrodynamics, dielectrophoresis and topographi-
cal techniques for CTCs isolation (Table 3), as well as their 
merits and limitations (Table 4).

Filtration

Since tumor cells are generally larger than most blood cells, 
filtration-based isolation methods use filters with pores of 
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specific size to separate CTCs. When blood samples pass 
through the filter, CTCs are retained while other smaller 
blood cells pass through.

Filtration-based approaches offer a few advantages in 
CTCs isolation, such as simplicity, inexpensiveness, and 
high throughput. However, there are also some shortcom-
ings. For example, due to the size heterogeneity of tumor 
cells, some CTCs may be small and flexible, leading to their 
loss during the isolation. As reflected in Fig. 7, despite the 
fact that the diameters of most WBCs are below 13.9 µm 
(dot-dashed line), there is still an overlap of size between 
CTCs (ranging from 5.5 µm to 27 µm) and WBCs, resulting 
in low purity since some large leukocytes may be captured 
and misjudged as CTCs [50].

In 2000, Vona et  al. developed the ISET® (Rare-
cells Diagnostics) system, which utilizes a calibrated, 
8-μm-diameter, cylindrical pores to separate CTCs from 
blood or diagnostic leukapheresis (DLA) samples with 
many advantages, such as high throughput and cell viabil-
ity for downstream analysis [51]. Moreover, the clinical 
results of Tamminga et al. found that ISET® successfully 
isolated CTCs (TTF1/p40+ or EpCAM+, CD45−) from 14 
out of 16 NSCLC patients, with a range of 1.3 ~ 4 CTCs 
per mL of DLA [52]. Later, Desitter et al. constructed the 
ScreenCell® system which uses a filter with 7.5 ± 0.36 μm 
or 6.5 ± 0.33 μm circular pores to separate fixed or live cells, 
respectively (Fig. 8A) [53].  In spiking experiments, the 
recovery of H2030 cells was 91.2% or 74%, respectively. In 
addition, Kulasinghe et al. found that 0 ~ 3 CTCs (EGFR+, 
CK+, CD45−, intact nuclei and morphologically different 
from leucocytes) per sample and clusters (5 or more CTCs) 
were detected in 13/28 (46.4%) advanced stage head and 
neck cancer (HNC) patients with ScreenCell® [54].

Since track-etch filters cannot overcome the problems of 
low porosity (3–5%) and non-uniform randomly distributed 
pores for CTCs isolation [53, 89, 90], Adams et al. utilized 
photolithographic technique to design a high porosity micro-
filters with an optimal diameter of 7 μm (CellSieve™, Cre-
atv Microtech) which captured spiked MCF-7 cells at a rate 
of 98 ± 2% [57]. Furthermore, their clinical results showed 
that CTCs (CK+, DAPI+, CD45−) were found in 10/10 breast 
patients with a range of 12 ~ 120 per sample.

In order to achieve precise fluid manipulation, Hvichia 
et al. constructed a FDA-cleared Parsortix™ cell separa-
tion system (ANGLE), which integrates microfluidics and 
stepped physical structures to separate CTCs with high 
capture efficiency (42 ~ 70%) of spiked PANC-1 cells and 
perfect cell viability (99%) (Fig. 8B) [58]. What’s more, 
their clinical studies found that 0 ~ 26 CTCs (CK+, DAPI+, 
CD45−) per sample were detected in 10 out of 26 cancer 
patients.

To improve the recovery of CTCs, Kim et al. utilized 
the fluid-assisted separation technology (FAST) and track-
etched polycarbonate membrane with 8 μm pores to iso-
late CTCs from whole blood, which offers notable merits 
that include clog-free, high sensitivity (95.9 ± 3.1%), good 
specificity (> 2.5 log depletion of white blood cells), and 
excellent throughput (> 3 mL/min) (Fig. 8C) [59]. For clin-
ical trials, the system successfully captured CTCs (CK+/
EpCAM+, DAPI+, CD45−) in 83.3% (15/18) breast cancer 
patients (counts: 0 ~ 540 cells/7.5 mL blood), 82.9% (63/76) 
stomach cancer patients (counts: 2 ~ 485/7.5 mL blood), and 
68.6% (24/35) lung cancer patients (counts: 0 ~ 62/7.5 mL 
blood). To further improve the capture efficiency and purity 
of CTCs, Tan et al. fabricated a crescent-shaped trap with 
three 5 μm gaps to isolate CTCs from whole blood, which 
achieved good isolation efficiency (> 80%) (Fig. 8D) [60]. 
Later, they developed a versatile label free biochip on the 
basis of the crescent-shaped trap and their clinical tests dem-
onstrated that CTCs (CK+, DAPI+, CD45−) were captured 
in 5 out of 5 lung cancer samples ranging from 20 to 85 per 
2 mL of blood [61].

In addition to immunofluorescence staining, telomerase 
activation is a distinct feature of cancer cells which can 
also be used to detect CTCs. Therefore, Xu et al. used the 
real-time PCR-based telomeric repeat amplification proto-
col (TRAP) to measure telomerase activity from live CTCs 
captured on a parylene-C slot microfilter (6 μm) and patients 
were defined as positive if Ct values were below the thresh-
old of 33 [62]. The microfilter platform achieved high cap-
ture efficiency (90%), high throughput (12 mL/h), and high 
cell viability (90%) for downstream analysis. Furthermore, 
clinical experiments showed that CTCs were detected in 6 
out of 13 prostate cancer patients.

Fig. 6   Microfluidics (nanostructured substrate-based) CTCs isolation. A CTC-chip [39]. A microfluidic platform which is capable of separating 
a number of viable CTCs from blood samples with anti-EpCAM coated microposts under precisely controlled laminar flow conditions. Copy-
right 2007, Springer Nature. B Herringbone-chip [41]. A high-throughput microfluidic mixing device which makes use of microvortices and 
surface ridges to disrupt blood streamline and increase the collisions between CTCs and the EpCAM-coated walls. Copyright 2016, Proceedings 
of the National Academy of Sciences of the United States of America. C Nanoparticle herringbone-chip [47]. A chip which utilizes a chemical 
ligand-exchange reaction to release cells attached to a gold nanoparticle coating bound to HB-Chip. Copyright 2017, American Chemical Soci-
ety. D Silicon nanopillar platform [42]. A CTC-capture platform that integrates anti-EpCAM coated SiNP substrates with overlaid polydimethyl-
siloxane (PDMS) microfluidic chaotic mixers. Copyright 2011, John Wiley and Sons. E Geometrically enhanced mixing chip [44]. A chip based 
on geometrically optimized micromixer structures, which enhances the interaction between CTCs and anti-EpCAM substrates by transverse flow 
and flow folding. Copyright 2014, Royal Society of Chemistry. F Silicon nanowire substrate [46]. A microfluidic chip which is modified with 
rational aptamer cocktail designed by cell-SELEX. Copyright 2016, John Wiley and Sons

◂
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To optimize the diameter and flow rate of the microcavi-
ties without clogging, Hosokawa et al. designed a circular 
size-selective microcavity array (MCA) with 9 μm in diam-
eter, and achieved high capture efficiency (more than 80%), 
viability (98%) and throughput (200 − 1000 μL/min) for 
CTCs separation (Fig. 8E) [63]. Later, Yagi et al. developed 
a rectangular microcavity array (MCA) with sizes of 8 μm 
in width and 100 μm in length, and this MCA could recover 
more than 70% spiked NSCLC cells [64]. In addition, the 
system captured 0 ~ 46 CTCs (CK+, DAPI+, CD45−) per 
3 mL of blood in 80% (40/50) lung cancer patients.

Beyond that, Zhou et al. designed a separable bilayer 
(SB) microfilter with pores of 40 μm on the upper layer 
and 8 μm on the bottom layer for size-based CTCs capture 
(Fig. 8F) [65]. The SB microfilter demonstrated high cap-
ture efficiency (78 ~ 83%), high cell viability (71 ~ 74%) and 
captured CTCs in one colorectal cancer sample successfully.

Density

Density-based isolation methods separate CTCs from other 
blood components by gradient centrifugation. During cen-
trifugation, CTCs and mononuclear cells (MNCs) migrate 
to a specific layer, which can be collected for subsequent 
identification and further analysis.

There are many advantages for density-based CTCs isola-
tion. First, it is very simple, inexpensive, and rapid, requiring 
only needs one-step enrichment of CTCs by simple centrifu-
gation. Second, it allows for the processing of large volumes 
of blood samples, increasing the number of captured CTCs. 
However, there are also a few limitations, such as low sensi-
tivity and purity due to the overlap of density between CTCs 
and other blood cells, leading to CTCs loss or co-isolation.

Ficoll® (Biochrom, Berlin, Germany) and Onco-
Quick® (Greiner BioOne, Frickenhausen, Germany) are 
commonly used methods of density centrifugation. In 2002, 
Rosenberg et al. compared the capture efficiency between 
these two methods and found that the mean recovery of 
spiked tumor cells were 87% for OncoQuick® and 84% for 
Ficoll® [66]. In addition, they utilized OncoQuick® to cap-
ture CTCs in 11 out of 37 gastrointestinal cancer patients 
that were successfully detected by CK-20 RT-PCR.

Likewise, the AccuCyte®– CyteFinder® system 
also separates nucleated cells from the blood by density 

centrifugation and transfers them to microscopic slides for 
immunofluorescence staining and enumeration. The study 
by Campton et al. reported the excellent recovery of spiked 
tumor cells (90 ~ 91%) achieved by the AccuCyte®– Cyte-
Finder® system, which outperformed Cellsearch® in a panel 
of 10 patients with advanced breast, prostate or colorectal 
cancer [68]. Moreover, van der Toom et al. also reported that 
CTCs (DAPI+, CK+ or EpCAM+, CD45/CD66b/CD11b/
CD14/CD34−, diameter ≥ 4 μm) were captured in 8 out of 
15 prostate patients, counting from 0 to 20 per sample by the 
AccuCyte® − CyteFinder® system [69].

Hydrodynamics

Hydrodynamics-based isolation methods take advantage of 
the physical properties such as size, shape, and deformability 
to separate CTCs from other blood components, which can 
be divided into four types: deterministic lateral displacement 
(DLD), dean flow fractionation (DFF), microfluidic vortex, 
and inertial migration.

Hydrodynamics-based CTCs isolation has notable merits: 
(1) capture efficiency, (2) CTCs viability and intactness, and 
(3) easy integration with other CTC capture or analysis tech-
nologies. Nevertheless, there are still disadvantages associated 
with hydrodynamics-based CTCs isolation. The specificity 
and sensitivity of CTCs separation are affected by the overlap 
of physical properties between some CTCs and leukocytes.

Deterministic lateral displacement

In 2012, Loutherback et  al. developed a microfluidic 
device using DLD array to isolate CTCs from other back-
ground cells with high capture efficiency (> 85%), high 
throughput (10 mL/min), and high cell viability (> 95%) 
for downstream analysis (Fig. 9A) [70]. Later, Park et al. 
utilized tapered micrometer scale constrictions and oscil-
latory flow which could generate a ratcheting effect to sep-
arate CTCs from other blood cells based on the size and 
deformation properties (Fig. 9B) [71]. In spiking experi-
ments, > 90% tumor cells were captured by this microflu-
idic device with the viability of 99.1%. For clinical tests, 
CTCs (CK+, DAPI+, CD45−) were isolated from 19 out 
of 20 prostate patients, with a median of 178 CTCs per 
7.5 mL of blood.

Fig. 7   Comparison of size and EpCAM expression between cell lines, WBCs and patient CTCs [50]. A The size distributions of the WBCs, can-
cer cell lines, including melanoma (SK-Mel28), lung (H1975), prostate (PC3-9) and breast (MB231 and SkBR) and CTCs of four cancer types 
obtained via monolithic chip. There are only 0.1% of WBCs, of which size are over the horizontal line at 13.9 μm. B The size distributions of 
CTCs derived from patients of four cancer types. C The EpCAM expression distributions of WBCs, cancer cell lines, including melanoma (SK-
Mel28), lung (H1975), prostate (PC3-9) and breast (MB231 and SkBR) and CTCs of four cancer types. The horizontal line at 147 a.u. indicates 
the estimated CellSearch® threshold for capture. D The EpCAM expression distributions of CTCs derived from patients of four cancer types. 
The comparative distribution of EpCAM expression and size for single CTCs and WBCs in (E) breast cancer, (F) lung cancer and (G) prostate 
cancer patient. Note: the horizontal and vertical dotted and dashed lines are defined as the size of 13.9 μm and the EpCAM expression of 147 
a.u. respectively. Copyright 2017, Springer Nature
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Table 4   Strengths and limitations of physical-based CTCs isolation technologies

Technology Strengths Limitations

Filtration
  ISET® [51, 52] low-cost

high throughput
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
  ScreenCell® [53, 54] high capture efficiency

low-cost
high throughput
high cell viability for downstream analysis
ability to work on living and fixed cells

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
erythrocyte lysis may cause damage to CTCs

  MetaCell® system [55, 56] low-cost
high throughput
keeping CTCs viable for downstream analysis 

and cell culture

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
  CellSieve™ [57] high capture efficiency

low-cost
high throughput
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
  Parsortix™ [58, 59]# high capture efficiency

low-cost
high throughput
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

complex process and equipment
  Fluid-assisted separation technology [59] clog-free

high sensitivity
high capture efficiency
low-cost
high throughput
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

complex process and equipment

  Crescent-shaped trap [60, 61] high sensitivity
high capture efficiency
low-cost
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

complex process and equipment
  Parylene-C slot microfilter [62] high sensitivity

high throughput
low-cost
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
centrifugation results in cell loss
complex process and equipment

  Microcavity array (circular/rectangular) 
[63, 64]

high sensitivity
high throughput
low-cost
high cell viability for downstream analysis

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
  Separable bilayer [65] high capture efficiency

low-cost
high cell viability
simultaneously act as a capture
analysis and culture platform

losing CTCs due to the morphology and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

clog
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Table 4   (continued)

Technology Strengths Limitations

Density
  Ficoll® [66, 67] high throughput

inexpensive
one-step enrichment of CTCs by simple 

centrifugation
post-CTC detection and analysis is possible

low specificity and purity due to the overlap of 
density between some CTCs and other blood 
cells

additional techniques are needed
platelet contamination

  OncoQuick® [66] high throughput
inexpensive
one-step enrichment of CTCs by simple 

centrifugation
post-CTC detection and analysis is possible

low specificity and purity due to the overlap of 
density between some CTCs and other blood 
cells

additional techniques are needed
platelet contamination

  AccuCyte® [68, 69] high recovery
high throughput
inexpensive
no-wash
no-lysis collection and transfer of nucleated 

cells to slides

low specificity and purity due to the overlap of 
density between some CTCs and other blood 
cells

platelet contamination

Hydrodynamics Deterministic Lateral Displacement (DLD)
  DLD microfluidic device [70] high capture efficiency

high throughput
high cell viability for downstream analysis
allow for isolating CTCs clusters

losing CTCs due to the deformability and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

lack of clinical data support
complex process and equipment

  Microfluidic ratchet mechanism [71] high capture efficiency
high cell viability for downstream analysis
clog-free

losing CTCs due to the deformability and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

throughput limitation
complex process and equipment

  Two-stage continuous microfluidic chip [72] high capture efficiency
high cell viability
sorting large and small CTCs clusters into dif-

ferent output streams

losing CTCs due to the deformability and size 
heterogeneity of CTCs

low purity due to larger leukocytes may be 
captured

lack of clinical data support
complex process and equipment

Hydrodynamics Dean Flow Fractionation (DFF)
  ClearCell® FX [73, 74] high throughput

high cell viability for downstream analysis
losing CTCs due to the size heterogeneity of 

CTCs
low purity due to larger leukocytes may be 

captured
erythrocyte lysis may cause damage to CTCs
complex process and equipment

  Slanted spiral microfluidics [75] high capture efficiency
high throughput
high cell viability for downstream analysis
clog-free

losing CTCs due to the size heterogeneity of 
CTCs

low purity due to larger leukocytes may be 
captured

erythrocyte lysis may cause damage to CTCs
complex process and equipment

  Labyrinth [76] high capture efficiency
high throughput
high cell viability for downstream analysis
clog-free
capable of both isolating heterogeneous single 

CTCs and clusters of CTCs

losing CTCs due to the size heterogeneity of 
CTCs

low purity due to larger leukocytes may be 
captured

complex process and equipment
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Furthermore, to obtain and study the clinical significance 
of CTCs clusters, Au et al. presented a two-stage DLD 
strategy composed of cylindrical micropillars to mainly 

recover large clusters at the first stage and asymmetrical 
pillars to mainly extract smaller clusters at the second stage 
(Fig. 9C) [72]. In spiking experiments, this system isolated 

Table 4   (continued)

Technology Strengths Limitations

Hydrodynamics Microfluidic vortex
  Vortex Chip [77] low cost

high throughput
high purity
high cell integrity and viability
clog free

low recovery
losing CTCs due to the size heterogeneity of 

CTCs
low purity due to larger leukocytes may be 

captured
  High Throughput Vortex Chip [78] low cost

maximizing throughput
high capture efficiency
high purity in cell line
hastening downstream analyses to concentrate 

cells from any volume to ~ 200μL

losing CTCs due to the size heterogeneity of 
CTCs

low purity in clinical tests due to larger leuko-
cytes may be captured

Hydrodynamics Inertial migration
  Multi-flow straight channel [79] high capture efficiency and purity

high throughput
isolation of circulating tumor microemboli 

(CTM) can be readily accomplished

losing CTCs due to the size heterogeneity of 
CTCs

low purity due to larger leukocytes may be 
captured

Dielectrophoresis
  Apostream® [80, 81] good recovery

high cell viability
clog free

may cause cellular damage
larger leukocytes with similar dielectric prop-

erty like CTCs may get captured
CTCs of the same size as leukocytes may not 

be captured
complex process and equipment
centrifugation results in cell loss

  DEPArray™ [82, 83] high recovery
high purity
high cell viability
single cell isolation for downstream analysis

low throughput
limited volume
complex process and equipment
centrifugation results in cell loss

  Wireless bipolar electrode array [84] high cell viability
single cell isolation for downstream analysis
high throughput than other DEP devices

larger leukocytes with similar dielectric prop-
erty like CTCs may get captured

lack of clinical data support
complex process and equipment

Topographical
  Collagen adhesion matrix assay [85] Simple

efficient in the recovery of invasive CTCs that 
have strong avidity to the ECM

high cell viability for subsequent culture

low purity
lose CTCs due to the size heterogeneity of 

CTCs
1 mL blood tested might not contain CTC​
low throughput

  Nanoroughened Surfaces [86] simple, high capture efficiency and sensitivity
applicable to many different cancer cell types

the adhesion strength of cancer cells might be 
affected by various factors

may cause cellular damage
low purity
low throughput
lack of clinical data support

  An integrated microfluidic system [87] high capture efficiency and purity
high cell viability
applicable to many different cancer cell types
allowing for analysis of metastasis

low throughput and time consuming
low purity due to larger leukocytes may be 

captured
complex process and equipment

  CTC-Race assay [88] can isolate metastatic CTCs
high cell viability and purity

low throughput and time consuming
complex process and equipment
only obtain a little percentage of CTCs

#  approved or cleared by Food and Drug Administration (FDA)
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Fig. 8   Filtration-based CTCs isolation. A ScreenCell® [53]. A system which uses a filter with 7.5 ± 0.36 μm or 6.5 ± 0.33 μm circular pores 
to separate fixed or live cells, respectively. Copyright 2011, Anticancer Research. B Parsortix™ [58]. A microfluidic platform which integrates 
microfluidics and stepped physical structures to separate CTCs with high capture efficiency. Copyright 2016, John Wiley and Sons. C Fluid-
assisted separation technology [59]. A system which utilizes FAST and tracketched polycarbonate membrane with 8 μm pores to isolate CTCs 
from whole blood. Copyright 2017, American Chemical Society. D Crescent-shaped trap [60]. A platform with three 5 μm gaps to isolate CTCs 
from whole blood, which achieved good isolation efficiency. Copyright 2019, Springer Link. E Microcavity array [63]. A circular size-selective 
device with the diameter of 9 μm, which achieved high capture efficiency (more than 80%), viability (98%) and rapid (200−1000 μL/min) for 
CTCs separation. Copyright 2010, American Chemical Society. F Separable bilayer [65]. A microfilter with pores of 40 μm on the upper layer 
and 8 μm on the bottom layer for size-based CTCs capture. Copyright 2014, Springer Nature

98.7 ± 2.4% large clusters and 65.5 ± 6.5% small clusters 
with good cell viability (91.7 ± 2.45%) at a flow rate of 
0.5 mL/h in artificial blood.

Dean flow fractionation

DFF is another example of hydrodynamic method, which is 
based on the parabolic feature of the laminar velocity dis-
tribution [91]. In 2014, Warkiani et al. designed a slanted 
spiral microfluidic device which makes use of the principle 
of DFF to focus larger CTCs close to the inner wall and 
smaller blood cells towards the outer wall by inertial lift 
forces in the Dean vortex flows (Fig. 10A) [75]. The tech-
nique achieved high capture efficiency (> 80%), high purity 
(∼4 log depletion of WBCs), high cell viability (> 90%), and 
high throughput (7.5 mL/8 min). Moreover, clinical results 
showed that CTCs (CK+, DAPI+, CD45−) were isolated and 
detected from 100% patient samples (n = 10) with advanced 
stage metastatic breast and lung cancer in a range of 
6 ~ 57 mL−1 and 3 ~ 125 mL−1 of blood, respectively. There-
after, Lin et al. developed the “Labyrinth”, a structure made 
up of long loops and sharp corners, which also utilizes the 
balance between inertial lift forces and dean flow to separate 
CTCs from other blood cells with high capture yield (> 90%) 
and purity (600 WBCs/mL) at a flow rate of 2.5 mL/min 
(Fig. 10B) [76]. In addition, clinical findings demonstrated 
that CTCs (CK+, DAPI+, CD45−) were found in 20 out of 20 
pancreatic cancer patients (counts: 51.6 ± 25.5 CTCs mL−1 
of blood) and 52 out of 56 breast cancer samples (counts: 
0 ~ 31 CTCs mL−1 of blood).

Microfluidic vortex

Microfluidic vortex takes advantage of inertial force by 
employing the structure of sudden expansion and contraction 
[91]. Based on this principle, Sollier et al. designed a Vortex 
chip which combines the micro-scale vortices and inertial 
focusing achieving high purity (57 ~ 94%), high through-
put (7.5 mL/20 min), and high cell integrity and viability 
(85.7%) (Fig. 11A) [77]. For clinical experiments, CTCs 
(circular, CK+, DAPI+, CD45−, 30 μm > diameter > 30 μm) 
were successfully separated from 4 out of 4 breast cancer 
patients with a range of 25 ~ 51 per sample and 8 out of 8 
lung cancer patients with a range of 23 ~ 317 per sample. To 

further improve the capture efficiency and throughput, Che 
et al. constructed the High Throughput Vortex Chip (Vortex 
HT Chip), which is upgraded with 2 × more parallel channels 
and 1.5 × more serial reservoirs than Vortex Chip and reflow 
the sample waste at the same time (Fig. 11B) [78]. In spik-
ing experiments, high capture efficiency (83%) was achieved 
with good purity (80%) and excellent viability (83.9 ± 4.0%). 
Moreover, the clinical results demonstrated that more CTCs 
[CK+, DAPI+, CD45− or only DAPI+ with a large nucleus 
(> 9 μm) and N:C ratio (> 0.8)] were found in 12 out of 
15 lung cancer patients with a range of 0.5 ~ 24.2 mL−1 of 
blood and 19 out of 22 breast cancer patients with a range 
of 0.75 ~ 23.25 mL−1 of blood than 10 healthy donors with 
a range of 0 ~ 1.25 mL−1 of blood.

Inertial migration

Since rotation-induced lift force is the predominant inertial 
force for cell migration, Zhou et al. constructed a multi-flow 
microfluidic device based on size-dependent inertial migra-
tion with a good recovery rate (> 83%) and excellent purity 
(> 87%) at a flow rate of 300 μL/min (Fig. 11C) [79, 92]. 
In addition, CTCs (DAPI+, CD45−, CK+, with high nucleus 
to cytoplasmic ratio and morphologically larger than back-
ground leukocytes) were successfully isolated from 6 out of 
8 NSCLC patients (median: 12 CTCs per mL of blood) in 
clinical tests.

Dielectrophoresis

Dielectrophoresis-based isolation methods utilize the differ-
ences in dielectric property between CTCs and other blood 
cells to separate them when subjected to non-uniform elec-
tric field, which induces polarization and generates forces on 
cells based on their dielectric properties, such as size, shape, 
membrane roughness and conductivity.

There are several virtues of dielectrophoresis-based 
isolation. Firstly, it could gently separate CTCs, minimiz-
ing the risk of cell damage. Furthermore, it allows for 
single CTC isolation which is suitable for downstream 
analysis, such as single cell sequencing. Despite this, the 
heterogeneity of CTCs still affects their response to the 
electric field and the purity may be influenced since large 
leukocytes may have similar dielectric property like CTCs. 

◂
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Fig. 9   Deterministic lateral displacement-based CTCs isolation. A Deterministic lateral displacement microfluidic device [70]. A microfluidic 
device using DLD arrays to isolate CTCs from other background cells with high capture efficiency, high throughput, and high cell viability. Cop-
yright 2012, AIP Publishing. B Microfluidic ratchet mechanism [71]. A device with tapered micrometer scale constrictions and oscillatory flow 
which can generate a ratcheting effect to separate CTCs from other blood cells. Copyright 2016, John Wiley and Sons. C Two-stage continuous 
microfluidic chip [72]. A device composed of cylindrical micropillars to mainly recover large clusters at first stage and asymmetrical pillars to 
mainly extract smaller clusters at second stage. Copyright 2017, Springer Nature
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Additionally, the throughput of this method needs to be 
further improved.

In 2012, Gupta et  al. developed the ApoStream® 
(ApoCell, Inc.) technology, which utilizes positive dielec-
trophoretic (DEP) forces to push CTCs towards the electrode 
plane while other blood components are attracted by negative 

DEP into the hydrodynamic flow velocity profile (Fig. 12A) 
[80]. The spiking experiments shown that the recovery of 
SKOV3 and MDA-MB-231 tumor cells was 75.4 ± 3.1% 
and 71.2 ± 1.6%, respectively. Moreover, the research by 
O'Shannessy et al. found that CTCs (CK+, DAPI+, CD45−) 

Fig. 10   Dean flow fractionation-based CTCs isolation. A Slanted spiral microfluidics [75]. A device which makes use of the principle of DFF to 
focus larger CTCs close to the inner wall and smaller blood cells towards the outer wall by inertial lift forces in the Dean vortex flows. Copyright 
2014, Royal Society of Chemistry. B Labyrinth [76]. A device made up of long loops and sharp corners, which utilizes the balance between 
inertial lift forces and dean flow to separate CTCs from other blood cells. Copyright 2017, with permission from Elsevier
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Fig. 11   Microfluidic vortex and inertial migration-based CTCs isolation. A Vortex Chip [77]. A chip which combines the micro-scale vortices 
and inertial focusing with high purity, high throughput, and high cell integrity and viability. Copyright 2014, Royal Society of Chemistry. B 
High Throughput Vortex Chip [78]. A chip which is upgraded with 2x more parallel channels and 1.5x more serial reservoirs than Vortex Chip 
and reflow the sample waste at the same time. Copyright 2016, Oncotarget. C Multiflow straight channel [79]. A multi-flow microfluidic device 
based on the size-dependent inertial migration. Copyright 2019, Springer Nature
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Fig. 12   Dielectrophoresis-based CTCs isolation. A ApoStream® [80]. A device which utilizes positive DEP forces to push CTCs towards the 
electrode plane while other blood components are attracted by negative DEP into the hydrodynamic flow velocity profile. Copyright 2012, AIP 
Pubilishing. B DEPArray™ [82]. A technology which combines the CellSearch® enrichment and the nonuniform electric field to attract and 
isolate single CTC with matchless purity. Copyright 2018, John Wiley and Sons. C Wireless bipolar electrode array [84]. A DEP device which 
attracts and traps CTCs at the electric field maxima around the BPE tips along both x- and y- directions while other blood cells remain in fluid 
flow. Copyright 2017, American Chemical Society
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Fig. 13   Topographical-based CTCs isolation. A Nanoroughened surfaces [86]. A simple strategy, which takes advantage of the differential adhe-
sion preference between tumor cells and other blood cells to capture CTCs with high capture efficiency. Copyright 2013, American Chemical 
Society. B An integrated microfluidic system [87]. A technique, which combines size-based enrichment and invasiveness-based analysis, provid-
ing a fetal bovine serum (FBS) ingredient to isolate and analyze the metastasis potential of CTCs. Copyright 2023, with permission from Else-
vier. C CTC-Race assay [88]. An assay that separates a small percentage of CTCs (11.5%) of high motility with excellent purity and viability. 
Copyright 2024, American Chemical Society
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were isolated from 31 out of 37 cancer patients with numbers 
ranging from 0 to 216 per sample [81].

In order to isolate single CTC with high purity, Di Tra-
pani et al. designed the DEPArray™ ( Menarini Silicon 
Biosystems, S.p.A., Italy) technology, combined with the 
CellSearch® enrichment, which utilizes the nonuniform 
electric field to attract and isolate single CTC with match-
less purity (100%) (Fig. 12B) [82]. What’s more, Rossi et al. 
integrated OncoQuick® for enrichment and DEPArray™ 
for CTCs isolation [83]. Their results showed that CTCs 
(DAPI+/EpCAM+/CK+/CD45−) enumerated from 0 to 6 per 
sample were found in 10 out of 11 breast cancer patients 
before surgery in clinical tests.

To further enhance the isolation throughput, Li et al. 
developed a wireless bipolar electrode (BPE) array which 
attracts and traps CTCs at the electric field maxima around 
the BPE tips along both x- and y- directions while other 
blood cells remain in fluid flow. (Fig. 12C) [84].

Topographical

Topographical-based isolation methods make use of the 
special ultrastructure (longer filopodia and more microvilli) 
of CTCs to separate them from other blood components 
when blood samples pass through the specific topological 
substrate [93].

Topographical-based isolation is able to recover mul-
tiple subtypes of CTCs which show strong adhesion and 
invasiveness to the specific surface. But it also faces some 
challenges. For instance, the purity and throughput need to 
be improved and the adhesion property of CTCs might be 
affected by various factors.

Based on this principle, in 2010, Lu et al. developed a 
collagen adhesion matrix (CAM) assay which successfully 
captured spiked tumor cells with the recovery of 54 ± 9% and 
the purity of 0.5–35% [85]. In addition, their clinical experi-
ments demonstrated that CTCs [EpCAM+, CAM+, CD34−, 
CD45−, 7-aminoactinomycin D (7AAD) −] were detected 
in 10 out of 10 metastatic breast patients (range: 18 ~ 256 
CTCs per mL of blood) and 28 out of 54 stage I–III breast 
cancer patients (mean: 61 CTCs per mL of blood). Further, 
Chen et al. designed a nanoroughened surface using reactive 
ion etching (RIE), which takes advantage of the differential 
adhesion preference between tumor cells and other blood 
cells to capture CTCs with high capture efficiency (> 90%) 
(Fig. 13A) [86].

In 2023, Wang et al. combined size-based enrichment 
and invasiveness-based analysis, providing a fetal bovine 
serum (FBS) ingredient to isolate and analyze the metas-
tasis potential of CTCs (Fig. 13B) [87]. Their equipment 
showed excellent capture efficiency (74.00 ± 14.05% ~ 88.17 
± 9.10%) and purity (83.93 ± 0.63%) in spiking experiments 
of gastric cancer cell line (SGC-7901) as well as good cell 

viability. Furthermore, their clinical results demonstrated 
that CTCs (EpCAM+, DAPI+, and CD45−) were detected in 
28 out of 28 colorectal cancer patients (range: 1 ~ 13 CTCs 
per 1.5 mL of blood). They also found that CTCs from meta-
static patients migrated longer distance than other patients 
without metastasis, which indicates that CTCs can be used 
as a predicted marker of cancer metastasis. Likewise, Liu 
et al. took advantage of similar principle and designed the 
CTC-Race assay to separate a small percentage of CTCs 
(11.5%) of high motility with excellent purity (97.85%) and 
viability (> 96%) (Fig. 13C) [88]. To be specific, CTCs were 
categorized into three types: epithelial types (EpCAM+, 
Vim−, DAPI+, and CD45−), mesenchymal type (EpCAM−, 
Vim+, DAPI+, and CD45−), and mixed epithelial and mes-
enchymal type (EpCAM+, Vim+, DAPI+, and CD45−). They 
found that CTCs of mesenchymal type showed high migra-
tion speed than other two types.

In summary, physical-based isolation methods do not 
rely on specific biomarkers of CTCs and separate them with 
high throughput and little damage, allowing for downstream 
analysis and culture. However, the recovery rate and purity 
are compromised due to the overlap of some physical prop-
erties between CTCs and other non-target cells. Therefore, 
it is necessary and hence become more effective to combine 
physical-based approaches and biological-based approaches, 
for the purpose of compensating the inherent drawbacks of 
each method and thus enabling the precise isolation and 
detection of various CTCs [92].

Combined isolation technologies

Combined isolation methods, which constantly spring up in 
the CTCs research, leverage the advantages of both biological-
based and physical-based techniques to improve the specificity, 
sensitivity, and throughput of CTCs isolation and detection. In 
this section, we list some combined technologies (Table 5), as 
well as their advantages and disadvantages (Table 6).

In 2010, Gleghorn et  al. designed a geometrically 
enhanced differential immunocapture (GEDI) chip, which 
utilizes staggered obstacle arrays modified with anti-PSMA 
to create size-dependent particle trajectories and isolate CTCs 
from castrate-resistant prostate cancer (CRPC) patients [95]. 
The GEDI chip achieved high capture efficiency (> 80%) and 
good purity (> 60%) and captured CTCs (PSMA+) in 18 of 
20 CRPC patients (average: 27 ± 4 per mL of blood).

In addition, Ozkumu et al. developed an inertial focus-
ing–enhanced microfluidic CTCs capture platform (CTC-
iChip), which combines (1) DLD to remove RBCs and 
platelets, (2) inertial focusing to align WBCs and CTCs, 
and (3) magnetophoresis to deflect magnetically tagged cells 
(CTCs or WBCs) (Fig. 14A) [96]. The CTC-iChip success-
fully achieved high capture efficiency (77 ~ 98%) in spiking 
experiments and captured 0.5 ~ 610 CTCs mL−1 of blood 
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(DAPI+, CD45−, CK+) in 37 out of 41 CRPC patients. Later, 
to curtail set up time and improve the throughput, Fachin 
et al. made use of similar principle and developed an auto-
mated monolithic chip with 128 multiplexed DLD, double 
inertial focusing stage and magnetically-activated cell sort-
ing stage, which achieved outstanding recovery rate (99.5%) 
in spiking tests (Fig. 14B) [50]. Moreover, their clinical 
results demonstrated that 2561 putative CTCs (DRAQ5+, 
CD45/CD66/CD16−, EpCAM+ for lung, prostate or breast 
cancer or CD146+/NG2+ for melanoma) were found in 39 
out of 39 melanoma, lung, prostate, and breast cancer sam-
ples. Furthermore, the LPCTC-iChip, designed by Mishra 

et al., removes RBCs and platelets by size-based inertial 
separation, depletes WBCs with a mixture of biotinylated 
antibodies targeting CD45, CD16, CD3, CD45RA, CD66b 
by magnetic sorter chip, and finally recovers CTCs with 
good capture efficiency (> 85%) and ultrahigh throughput 
(168 mL/h) in 65 mL leukapheresis samples (Fig. 14C) [97].

Besides antibodies, Song et al. designed an aptamer-tailed 
octopus chip (AP-Octopus-Chip), which uses DLD-pat-
terned and aptamer-functionalized Au nanospheres targeting 
EpCAM to capture CTCs (capture efficiency: 74.2 ~ 84.4%) 
and takes advantage of the thiol exchange reaction to release 
CTCs (recovery rate: 80%, viability: 96%) for downstream 

Table 6   Strengths and limitations of combined CTCs isolation technologies

Technology Strengths Limitations

RosetteSep™ [54, 94] higher purity than Ficoll®
high throughput
inexpensive
post-CTC detection and analysis is possible

low recovery rate
causing inherent cell loss and morphologic changes
platelet contamination

GEDI chip [95] high capture efficiency
high purity
low blood volumes need

Expensive
1 mL blood might not contain CTCs
not applicable for pan-cancer

CTC-iChip [96] high capture efficiency
high throughput
high cell viability for downstream analysis
applicable to all cancers

long set up times
low purity due to some leukocytes may be captured
complicated fabrication
expensive

Monolithic Chip [50] Automated
fully integrated
high recovery
high throughput
applicable to all cancers

CTCs expressing CD45 maybe remove from the 
sample

low purity due to some leukocytes may be captured
complicated fabrication
expensive

LPCTC-iChip [97] ultrahigh-throughput
processing a large concentrate of blood cells without 

clogging
CTCs have preserved viability and molecular integ-

rity
applicable to all cancers

CTCs expressing CD45 maybe remove from the 
sample

low purity due to some leukocytes may be captured
complicated fabrication
expensive
lack of clinical data support

Aptamer-tailed Octopus chip [98] high capture efficiency
high specificity
gentle release of CTCs
high cell viability for downstream analysis

omitting CTCs expressing low levels of EpCAM
expensive
low throughput
1 mL blood might not contain CTCs

ApTDN-Chip [99] high capture efficiency
high specificity
gentle release of CTCs
high cell viability for downstream analysis

omitting CTCs expressing low levels of EpCAM
expensive
low throughput
1 mL blood might not contain CTCs

FLASH-Chip [100] high capture efficiency
high specificity
gentle release of CTCs
high cell viability for downstream analysis
high purity

omitting CTCs expressing low levels of EpCAM
expensive
low throughput
1 mL blood might not contain CTCs

PillarX [101] high capture effiency
sorting CTCs and clusters based on size, epithelial 

expression, and deformability

omitting CTCs expressing low levels of EpCAM
low throughput
complicated fabrication
0.5 mL blood might not contain CTCs
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sequencing and culture (Fig. 14D) [98]. For clinical experi-
ments, the AP-Octopus-Chip captured 2 ~ 20 CTCs (DAPI+, 
CD45−, CK+) per mL of blood in 38 out of 38 prostate and 
colorectal cancer samples successfully. Thereafter, this 
research team also designed the ApTDN-Chip [99] and the 
FLASH-Chip [100].

Later, in 2022, Green et al. constructed the PillarX device, 
a bimodular microfluidic device which integrated a Pillar 
device (size-based) and an X-magnetic device (EpCAM 
expression-based) to profile both single CTCs and clusters 
with a mean capture efficiency ranging from 75 ~ 84% and 
good cell viability (> 70%) in two breast cancer cell lines 
(MDA-MB-231, MDA-ECAD)(Fig.  14E) [101]. What’s 
more, this technique successfully captured CTCs (12 ~ 79 per 
0.5 mL of blood) and clusters (5 ~ 16 per 0.5 mL of blood) 
in 6 out of 6 breast cancer patients (CTCs were defined as 
CK+, DAPI+, CD45−).

In generalization, the combination of biological and physi-
cal methods overcomes the limitations of individual technique 
and improves the sensitivity and specificity of CTCs isolation. 
However, there are still a few issues that need to be solved. For 
example, the optimal combination and clinical standardiza-
tion of those technologies present challenges since different 
platforms may have varying performance in practice.

Challenges and future perspectives

Since tissue biopsy suffers the drawbacks such as invasive-
ness, inconvenience, and expensive cost, liquid biopsy has 
garnered widespread attention in the recent years. As one of 
the significant markers of liquid biopsy, CTCs have shown 
their great potential in elucidating the fundamental mecha-
nism of metastasis and providing valuable information in 
clinical diagnosis and prognosis. However, the rarity and 
heterogeneity still pose great challenges for the isolation 
and detection of CTCs. Here, we summarize the challenges 

and propose the future developments of CTCs related 
technologies.

Improve the recovery, purity and cell viability

By now, most CTCs isolation technologies have failed to 
take both recovery and purity into account. Because of the 
different expression levels of target antigens, biological-
based CTCs isolation technologies fail to capture differ-
ent types of CTCs, leading to a low recovery rate. Hence, 
though some scientists tried to use multiple epitopes to 
isolate CTCs, it not only compromises the purity but also 
increases the cost. As for immunomagnetic negative enrich-
ment methods, some tumor cells are lost since they also have 
a high expression of CD45, evidenced in a study by Gast 
et al. where circulating hybridization cells (CHCs) were 
detected to be positive for both traditional epithelial marker 
(e.g. CK, EpCAM) and CD45 in tumor-bearing mice and 
cancer patients [102]. They also found that the number of 
CHCs was higher than CTCs in pancreatic cancer patients, 
which means it cannot be overlooked. In brief, depending on 
surface epitopes of tumor cells or leukocytes will absolutely 
lose part of CTCs and compromise cell viability as well. 
Hence, more in-depth researches are needed to discover new 
biological methods for CTCs separation. For example, Wu 
et al. used superparamagnetic positively charged nanopar-
ticles to capture CTCs, which are negatively charged due 
to Warburg effect [103]. Moreover, it is remarkable that a 
promising method (Datar Cancer Genetics, India), utilizing 
epigenetically activated media to enrich “apoptosis resist-
ant” tumor cells and also tumor-associated macrophages and 
fibroblasts, has been granted as ‘Breakthrough Designation 
for Blood Test’ by FDA [104]. On the other hand, physical-
based CTCs isolation technologies improve the recovery 
but reduce the purity due to the overlap of physical proper-
ties between tumor cells and blood cells. Therefore, it is 
a good solution to leverage physical-based techniques to 
enrich CTCs at first, then utilize biological-based methods 

Fig. 14   Combined isolation technologies. A CTC-iChip [96]. An inertial focusing–enhanced microfluidic CTCs capture platform, which com-
bines (1) deterministic lateral displacement to remove RBCs and platelets, (2) inertial focusing to align WBCs and CTCs, combines (1) deter-
ministic lateral displacement to remove RBCs and platelets, (2) inertial focusing to align WBCs and CTCs, and (3) magnetophoresis to deflect 
magnetically tagged cells (CTCs or WBCs). Copyright 2013, Science. B Monolithic chip [50]. An automated chip with 128 multiplexed deter-
ministic lateral displacement, double inertial focusing stage and magnetically-activated cell sorting stage, which achieved an outstanding recov-
ery rate. Copyright 2017, Springer Nature. C LPCTC-iChip [97]. A device, which removes RBCs and platelets by size-based inertial separation, 
depletes WBCs with a mixture of biotinylated antibodies targeting CD45, CD16, CD3, CD45RA, CD66b by magnetic sorter chip, and finally 
recovers CTCs with good capture efficiency and ultrahigh throughput in 65 mL leukapheresis samples. Copyright 2020, Proceedings of the 
National Academy of Sciences of the United States of America. D Aptamer-tailed Octopus chip [98]. A chip, which uses DLD-patterned and 
aptamer-functionalized Au nanospheres targeting EpCAM to capture CTCs and takes advantage of the thiol exchange reaction to release CTCs 
for downstream sequencing and culture. Copyright 2019, John Wiley and Sons. E PillarX [101]. A bimodular microfluidic device which inte-
grates a Pillar device (size- based) and an X-magnetic device (EpCAM expression-based) to profile both single CTCs and clusters. Copyright 
2022, John Wiley and Sons

▸
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to isolate CTCs more accurately. The capture efficiency and 
detection accuracy will be highly improved if various tech-
nologies can be combined and integrated properly.

Furthermore, CTCs are fragile and prone to damage 
during the process of isolation and detection with cur-
rent techniques. Consequently, researchers are supposed 
to improve current technologies, optimize experiment 
conditions, or design new strategies for CTCs analysis in 
order to keep them intact and viable. It is meaningful to 
obtain not only the enumeration of CTCs but also mutation 
information of key genes with subsequent analysis tech-
nologies, such as quantitative PCR [34, 35, 43, 53, 58, 59, 
96] and digital PCR [94, 97, 99, 105–108] so as to instruct 
clinical medicine. Furthermore, live CTCs can be cultured 
and used to established CTCs-derived tumor xenograft 
models and organoids, which are suitable for drug screen-
ing and efficacy testing, providing personalized medicine 
suggestions for patients [109, 110]. Moreover, since there 
is crosstalk between CTCs and other blood cells, including 
platelets, researchers can simulate patient’s tumor micro-
environment and explore the interaction and metastatic 
mechanism in a co-culture organoid model [111, 112]. 
Thus, the cell viability of CTCs should be maintained well 
during isolation and detection process so as to showcase 
more potential in cancer research.

Increase throughput and reduce cost

Most techniques for CTCs isolation and detection are lim-
ited by low throughput, which cannot handle a large num-
ber of blood samples rapidly. Meanwhile, the cost cannot 
be ignored as well, which restricts their clinical practice. 
Until now, in most cases, CTCs are still detected using 
CellSearch® system by manual evaluation of thumbnail 
fluorescent pictures. This, however, undoubtedly requires 
a large amount of time and manpower, and also introduces 
biases among different operators. Therefore, the automation 
of whole process is very important for the clinical practice 
of CTCs. In 2019, Aguilar-Avelar et al. constructed an auto-
mated high-throughput fluorescence microscope, which 
can identify CTCs labeled by immunofluorescence staining 
accurately and efficiently without human operation [113]. 
Similarly, Juan et al. also integrated a membrane-based 
microfiltration device with a sample processing unit and a 
machine-vision-enabled imaging system to isolate, label, 
and detect CTCs from blood automatically [114].

Furthermore, in recent years, artificial intelligence (AI) 
and neural networks have emerged as promising technologies 
and already demonstrated extraordinary data analysis and 
image processing capabilities, which have been widely used 
in all walks of life. In fact, there have been some researches 
using deep learning method for CTCs detection with the 
purpose of enhancing the throughput and also reducing the 

cost. For instance, Zeune et al. have designed a deep-learn-
ing based CTCs detection technologies, which combined 
autoencoding convolutional neural networks (CNN) with 
advanced visualization techniques, allowing more conveni-
ent analysis than classical image techniques [115]. Their 
network could classify fluorescent images of five different 
classes, including CTCs, WBCs, tumor-derived extracellular 
vesicles (tdEVs), bare nuclei and other objects with excellent 
accuracy, sensitivity and specificity (> 96%). Moreover, to 
overcome the challenges of uneven microfilter surfaces and 
make all cells in focus during scanning, Shen et al. devel-
oped an auto-focusing principle fittingly combined with a 
deep-learning-based identification to automatically detect 
mimic CTC (mCTC) and cancer-associated fibroblasts 
(CAFs) [116]. Their technology solved the problem of focus 
plane variations which are ill-addressed by currently avail-
able commercial slide scanners and further demonstrated 
that the deep learning method outperformed conventional 
computer vision (CV) models in the performance testing of 
mCTC and CAFs recognition. Noteworthily, the research 
of Akashi et al. showed that though they made training sets 
of KYSE520 cell lines with high expression of EpCAM for 
CNN-based AI detection system, yet AI can also accurately 
identify KYSE30 cell lines (EpCAM-negative), suggesting 
that AI does not just rely on the expression of traditional bio-
marker to distinguish CTCs from blood cells [117]. It can be 
speculated that AI can discover some unknown and invisible 
features such as cell morphology or any tiny differences of 
nucleus structure for CTCs identification. In addition, Guo 
et al. [118] and Xu et al. [119] also utilized CNN method to 
automatically detect CTCs based on FISH detection system, 
improving its sensitivity and specificity.

Taken together, it is imperative and promising to employ 
AI in CTCs studies to enhance detection accuracy and effi-
ciency, reduce cost and eliminate human subjectivity. Nev-
ertheless, the criteria of AI-aided CTCs detection are still a 
black box, which makes it hard to explain clearly the under-
lying mechanism(s), if there is any. Additionally, substantial 
high-quality clinical CTCs images and data are required for 
improving the robustness and reliability of neural networks. 
Nonetheless, we anticipate that AI and neural networks will 
ultimately replace manual labor and become the key power 
of CTCs research in the near future.

Establish label‑free detection system of CTCs

In addition to the time and manpower cost, and the biases 
among different operators, there are also many other short-
comings for CellSearch® immunofluorescence identifica-
tion method: (1) Due to fluorescent spectrum overlap and 
crosstalk, the number of alternative markers is limited. (2) 
The EMT process leads to the heterogenous expressions of 
common markers. Meanwhile, the existence of CHCs makes 
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the definitions of CTCs and white blood cells vague. Both 
of them lead to low detection rate of CTCs. (3) The stain-
ing process is complicated, time-consuming and detrimen-
tal to cell viability, which is not conductive to subsequent 
analysis and culture. Consequently, there is an urgent need to 
develop a label-free CTCs detection system, which does not 
rely on any surface antigens of CTCs. For example, Wang 
et al. [120] and Moallem et al. [121] took advantage of CNN 
and machine learning algorithm to identify CTCs based on 
bright field microscopy images. This method achieved high 
accuracy on the identification and enumeration of CTCs 
without any advanced devices or experts. What’s more, 
imaging flow cytometry has also been integrated with AI 
for CTC label-free detection. For instance, Hiroyuki Konno 
and Hiroya Takeuchi team utilized computer vision tech-
nology to identify target cells, based on quantitative phase 
microscopy (QPM) images, comparing the differences of 
subcellular structures and optical path length between CTCs 
and other blood cells rather than the cellular outline used 
in conventional methods [123–125]. Similarly based on the 
differences of cells’ refractive index or optical path length, 
Pietro Ferraro team designed an AI-aided tomographic phase 
imaging flow cytometry system, which can provide high-
throughput 3D phase-contrast tomograms of single cell to 
detect CTCs [126, 127]. Moreover, Abani Patra and Irene 
Georgakoudi team combined confocal backscatter and fluo-
rescence flow cytometry for label-free detection of CTC 
clusters and accuracy assessment with machine learning or 
deep learning for peak detection/classification [128, 129].

In summary, label-free methods can enhance the sen-
sitivity of CTCs detection without complicated and time-
consuming staining process, keeping good cell viability for 
further downstream analysis and culture. However, current 
label-free CTCs detection models were mostly developed 
and validated by a few types of tumor cell lines, which could 
not reflect the enormous tumor heterogeneity. To address this 
issue, Piansaddhayanon et al. established the patient liver tis-
sue derived organoids, consisting of various cell types and 
represent complex genotype and phenotype of cancer sub-
type [122]. Then, they constructed a dataset of bright field 
images of organoid-derived cancer cells and other blood 
cell and made a deep learning model to distinguish them. 
Even so, there are still some differences between CTCs and 
tumor cells derived from primary tissue in molecular char-
acteristics, cell morphology and their living environments. 
Therefore, a large amount of actual patient-derived CTCs 
data is needed to establish a more efficient and accurate AI 
detection model concerning CTCs, where two main chal-
lenges should be considered. Firstly, as excellent AI models 
require a large dataset of CTCs images, but due to the low 
number of CTCs in patient blood, patient samples and blood 
volumes are demanded in substantial quantities that will 
absolutely cost a lot of time, efforts and money. Secondly, a 

positive standard or valid ground truth is essential for super-
vised machine learning-based models. Hence, it is neces-
sary to find or develop a reliable and convenient method, 
such as next-generation sequencing, as the gold standard of 
label-free CTCs detection, and then input real CTCs data 
to optimize the performance of AI model continuously. In 
addition to these challenges, current label-free methods are 
limited by low throughput. To resolve this issue, larger mul-
tichannel with high flow rates and more sophisticated data 
analysis algorithms are needed. Taken together, we value 
the potential of label-free methods and speculate that they 
may replace traditional immunofluorescence staining and 
establish a new clinical standard in years to come. Achieve 
single cell isolation and sequencing of CTCs.

Currently, most techniques of CTCs are confined to 
obtain genomic information from batch analysis of dozens 
or hundreds of CTCs. However, the distinguishing informa-
tion between individual CTC may be overlooked [91]. Since 
the heterogeneity of inter- and intra-patients and complex 
physiological environment lead to highly diverse CTCs, it 
is necessary to isolate single CTC and study the molecular 
and phenotypic differences of each CTC with single cell 
isolation platforms, including automated micromanipula-
tion, fluorescence-activated cell sorting (FACS), nanowell 
systems, droplet generators, dielectrophoresis and optofluid-
ics [130], and also multi-omics analysis, such as genomic, 
epigenomics, transcriptomic, and proteomic [131]. Single 
cell analysis of CTCs not only helps scientists reveal the bio-
logical mechanism of metastasis, understand cancer evolu-
tion process, but also provides more information for patient 
risk stratification, therapeutic target discovery, and tissue 
origin identification in clinical practice [132]. For example, 
Cheng, et al. developed Hydro-Seq, a massively parallel 
CTCs analysis platform, which combines size-based cap-
ture and single cell whole-transcriptome sequencing [133]. 
Their results presented the both inter- and intra-patient het-
erogeneity of CTC subtypes in some important genes about 
proliferation, metastasis, therapy, and stemness. Hence, it 
is of vital importance to coordinate isolation and detection 
methods of CTCs with single cell analysis techniques.

Promote CTCs to clinical application

Up to now, CTCs have been included into the fifth edition 
of the WHO Classification of Tumours: Breast Tumours and 
the seventh edition of the AJCC Cancer Staging Manual 
as a new classification, cM0(i +), which indicates that no 
overt metastasis but tumor cells have been detected in blood, 
bone marrow or lymph nodes [134]. Moreover, according 
to ClinicalTrials.gov, there have been a lot of clinical trials 
and researches related to CTCs. Not only the enumeration, 
but also the molecular characterization of CTCs has shown 
enormous potential in the clinical practice of melanoma 
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[135]  and various solid tumors, including breast can-
cer [6, 136, 137], lung cancer [138–141], colorectal can-
cer [142–145], prostate cancer [146–148], gastric cancer 
[149–151], hepatocellular carcinoma [152–155], pancre-
atic cancer [156, 157], head and neck cancer [158, 159], 
renal cell carcinoma [160, 161], thyroid cancer [162, 163], 
and ovarian cancer [164]. In fact, the enumeration was the 
first step of CTCs clinical application, which has mainly 
been used for real-time treatment monitoring, tumor pro-
gression evaluation, minimal residual disease monitoring, 
prognosis and recurrence prediction [165]. Furthermore, as 
intact and viable cells, CTCs can be utilized to offer more 
molecular information by different technologies from bulk 
analysis to single cell sequencing. The molecular subtyping 
of CTCs based on key therapeutic targets, such as AR-V7 
(prostate cancer endocrine therapy), HER-2/EGFR/KRAS 
(targeted therapy), PD-L1 (immunotherapy), is meaningful 
to guide treatment decisions and indicate therapy efficacy 
[166]. Additionally, CTCs are considered as an early event 
of cancer progression, meaning that it can be used for early 
detection of cancer [5].

However, there are still many obstacles in the clinical 
application of CTCs. First, patients of early stage have 
limited number CTCs, which means small-volume blood 
samples may not contain any CTC, leading to false nega-
tive result. Hence, it is recommended to increase sample 
volumes especially for patients at an early stage. Second, 
it is extremely difficult to judge the clinical utility of vari-
ous CTCs isolation and detection methods since different 
technologies using different cancer cell lines demonstrated 
different performances with different definitions of CTCs. 
What’s more, the cut-off value of positive patient is hard to 
define due to the differences of various technologies and 
the lack of enough clinical evidence. As a result, after the 
introduction and performance evaluation of a CTCs analysis 
technology, it is recommended that researchers should con-
duct large-scale, multi-center pre-clinical studies to clarify 
the validity and definite standard for all detailed informa-
tion in order to make it clearer for clinical assessment and 
approval. Last but not least, good quality management of 
blood samples is also a prerequisite for subsequent CTCs 
analysis, including standardized patient preparation, sample 
collection, pre-treatment, storage, and transportation. Sam-
ple collection involves but not limited to collection time, 
volume, vessel site, anticoagulant type, etc. In fact, Dia-
mantopoulou et al. have illustrated the circadian rhythm on 
CTCs release and shown that highest counts of CTCs were 
detected during sleep in both mouse models and breast can-
cer patients owing to hormone levels [167]. As for the ves-
sel site of blood withdrawal, Sun et al. revealed the spatial 
heterogeneity of CTCs between different blood collection 
sites, including hepatic vein (HV), peripheral artery (PA), 
peripheral vein (PV) and portal vein (PoV) using single-cell 

full-length RNA sequencing in HCC patients [168]. There-
fore, scientists and clinicians can choose different schemes 
depending on different purposes, but the conditions must 
be fixed during the whole research process to make sure 
the reliability of their results. Furthermore, the preservation 
and transportation of blood samples also require standard-
ized and appropriate conditions to maintain the viability and 
integrity of CTCs over time. It is generally recommended 
that blood samples should be sent for analysis as soon as 
possible after collection.

In short, due to the complexity of hematology and the 
heterogeneity of CTCs, more convictive data, studies and 
trials are needed to explain the ambiguous relevance and 
prove the clinical validity and utility of CTCs. Even though 
most clinicians have still been inclined to trust the result of 
pathological examination during clinical practice for many 
years, CTCs and liquid biopsy are considered as a blueprint 
for the future of cancer research especially after utilizing 
AI, which is the cornerstone to achieve automation and 
fully exert the clinical value of CTCs. Moreover, single cell 
sequencing of CTCs is able to uncover intra-patient hetero-
geneity, providing more details about tumor subtypes and 
evolution. Therefore, developing more affordable sequencing 
methods for clinical application will be another direction of 
CTCs development for the time to come.

Conclusion

Cancer is a common, complex and intractable disease affect-
ing people all over the world. As one of valuable biomarkers 
of liquid biopsy, CTCs hold immense potential for cancer 
early detection, prognosis, and treatment guidance. Despite 
the challenges in the isolation and detection technologies 
of CTCs, ongoing researches and future advances by refin-
ing existing techniques, combining different strategies, and 
leveraging the imaging and AI approaches, will allow CTCs 
to play a crucial role in forthcoming precision medicine. 
Moreover, persistent interdisciplinary efforts and collabora-
tions between biology, engineering, materials science, chem-
istry, clinical medicine and other related fields, are critical to 
translate new progress into clinical practice and ultimately 
embrace the era of precision medicine.
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