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Label-Free Microscale Technologies for Isolation
of Heterogeneous Circulating Tumor Cells

Gürhan Özkayar, Esma Derin, Georg R. Pesch, John W. M. Martens, Peter ten Dijke,
and Pouyan E. Boukany*

1. Introduction

Solid tumors are characterized by uncontrolled proliferation
and/or survival of genomically abnormal cells that can start from
any given organ or tissue. Tumor cells can invade adjoining
tissue, extravasate into blood or lymph circulation, and
subsequently spread and intravasate to distant organs, a process

termed metastasis. Metastatic spread of
cancers is the leading cause of cancer-
related deaths.[1] According to the World
Health Organization statistics, in 2018,
cancer-related deaths reached 9.6 million
worldwide, accounting for every one death
in six.[2] Lung, liver, stomach, colorectal,
and prostate cancers are the top five most
common cancer-related deaths for men
worldwide, and breast, lung, colorectal,
cervical, and stomach cancers are the top
five for women.[2] Besides the tremendous
health risk, cancer is expected to cause a
substantial economic burden of around
25 trillion US$ between 2020 and 2050.[3,4]

During the metastatic process, circulat-
ing tumor cells (CTCs) enter the circulatory
and lymphatic systems and spread to dis-
tant organs (Figure 1A). Isolation and
detection of CTCs from the blood may pro-
vide insight into the dynamic features of
primary tumors and/or metastatic lesions.
A liquid biopsy is a body fluid sample
(blood, urine, etc.) containing CTCs or
tumor cell DNA fragments,[5] which is a
powerful source for diagnostics and moni-
toring disease progression in cancer

patients. Regarding the role of liquid biopsies and multiomics
analyses in cancer diagnostics, we refer to the review by
Visal et al.[6]

The isolation and characterization of CTCs usually require
separating cancer cells from regular blood cells in a sample
and several particle separation methods have been developed
for this purpose. However, several challenges remain for the
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The dissemination of primary solid tumor cells to distant organs, termed
metastasis, is a major cause of cancer-related deaths. Circulating tumor cells
(CTCs), which can exist as individual cells or multicellular clusters, travel through
the bloodstream. Their isolation from liquid biopsy samples is increasingly
recognized as a valuable tool for diagnosis, prognosis, and treatment guidance
for cancer patients. Current isolation methods typically rely on biomarkers like
epithelial cell adhesion molecule (EpCAM) and utilize technologies such as
magnetic beads or microfluidic chips. However, these methods face limitations
due to tumor heterogeneity. Furthermore, tumor cells that transfer into CTCs
often undergo epithelial-to-mesenchymal transition, gaining invasive character-
istics while losing epithelial markers. As a result, these cells are difficult to detect
using EpCAM-based methods. Label-free microscale isolation technologies tackle
the limitations of biomarker-based methods by leveraging the distinctive physical
properties of CTCs, such as their size, electrical charge, viscoelasticity, and
deformability that contrast them from normal blood cells. This review evaluates
primary label-free isolation methods, including deterministic lateral displace-
ment, microfiltration, acoustophoresis, and dielectrophoresis, and whether they
can offer a deeper insight into tumor heterogeneity and the dynamics of cancer
progression and treatment. Additionally, it highlights automated platforms for
high-throughput CTC isolation and analysis.
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broad application of CTCs in clinical practice, including the low
frequency of CTCs in patient blood samples (1–100 cells/mL)
and their fragile and heterogeneous nature.[3] The current gold
standard and only Federal Drug Administration (FDA)-approved
platform for CTC enumeration is the CellSearch system, which
uses immunomagnetic enrichment and fluorescent labeling
of the captured cells. However, CellSearch can only process
7.5mL of blood and relies on the presence of the transmembrane
glycoprotein epithelial cell adhesion molecule (EpCAM) on the
cancer cell. It is thus unable to identify CTCs that do not express
EpCAM.[7,8] In addition, the FDA states that CTC enumeration
for prognosis can only be used on samples obtained from
patients with metastatic breast, prostate, and colorectal
cancers.[9,10]

CTC isolation for cancer diagnosis and treatment and the use
of liquid biopsy has progressed due to advancements in nano-
technology and microfluidics-based methods.[11] Microfluidic
devices are precisely designed and fabricated, often on a size
of micrometers (or even nanometers),[12] and they offer reduced
sample consumption, quick processing times, simple automa-
tion, high throughput, and efficient isolation.[12] These devices
can also manipulate small particles such as single cells. Due
to precise spatiotemporal control for cell sorting and monitoring,
microfluidics has emerged as an appropriate and efficient tech-
nological field for CTC separation and isolation.[13,14]

Numerous review articles mainly concentrate on affinity-based
isolation of epithelial CTCs using surface markers,[15–18] classifying
microfluidic isolation of CTCs in general,[19–22] or only depending
on size and deformability.[23] Nevertheless, there is still a need to
highlight the recent progress regarding the label-free isolation of
heterogeneous CTCs. We do this by first discussing and providing
more in-depth data on CTC heterogeneity and highlighting that
CTCs generally lack unifying biomarkers. Current commercially
available systems to enumerate and isolate CTCs from blood are
biomarker-based and, therefore, cannot identify all CTCs.[24]

This review demonstrates how label-free isolation techniques
(focusing on four common ones displayed in Figure 1B) get beyond
the drawbacks of the existing biomarker-based approaches.

In addition, we provide an overview of studies that aim to
achieve early diagnosis and (real-time) monitoring of treatment
response via downstream analysis, such as enumeration and
characterization of various types of CTCs. Next to opportunities,
we discuss the challenges of CTC isolation applications using
label-free methodologies.

2. Liquid Biopsy—Potentials, Advantages, and
Sources

The advantage of liquid biopsy comes from its minimally inva-
sive nature, which enables retrieval of key information regarding

Figure 1. A) Overview of the metastatic process and the role of circulation and CTCs in the spread of cancer; B) Microfluidics-based label-free isolation
methods commonly used in liquid biopsy applications. The patient’s peripheral blood is collected and processed using specifically designed microfluidic
devices based on the biophysical properties of CTCs, against blood cells.
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tumor features, heterogeneity, and temporal dynamics. Another
advantage is that sample collection and processing are effortless
and affordable.[25,26] Although blood is the most common sample
in detecting cancer, urine, saliva, nipple aspirate fluids, and
synovial and cerebrospinal fluid are also used as liquid biopsy
samples.[27,28]

CTCs are cancer cells entering the bloodstream and lymphatic
vessels after disseminating from primary and/or metastatic
tumor sites. When derived from primary sites, CTCs may lead
to metastasis,[29–31] observed in most solid tumors.[29] Besides
individual CTCs, CTC clusters or platelets-attached CTCs have
also been found in the circulation of patients. Most metastasis
studies suggest that CTC clusters are more important for stimu-
lating metastasis than single-individual CTCs.[32–35] Using ani-
mal models with tagged mammary tumors, Aceto et al.
demonstrated that CTC clusters originate from oligoclonal tumor
cell populations rather than through intravascular aggregation
events. These CTC clusters had a 23–50-fold higher potential
for metastatic spread, while being less common in the circulation
than single CTCs.[36] Hu et al. however, by studying clonal
dynamics of metastatic progression, revealed that most metasta-
ses showed patterns consistent with monoclonal seeding
(n= 151, 76% of metastases), while polyclonal seeding was less
frequent (n= 48, 24% of metastases). Given that treatment
affects metastasis clonality, they also anticipated that polyclonal
seeding of distant metastases would be more prevalent along the
metastasis without treatment than in their study.[37]

Through liquid biopsy, selective and efficient isolation and
characterization of single CTCs and CTC clusters can be of
immense value in diagnosing cancer, determining its prognosis,
and studying its evolution.[17] The standard strategy for CTC iso-
lation uses biomarker-mediated platforms (e.g., CellSearch,
labeling magnetic beads). However, this approach has the
limitation that only CTCs are isolated on which the specific
biomarker is expressed at its cell surface, meaning that only spe-
cific CTC populations are isolated. The significance of this will be
discussed in the following Section 3. Biomarker-independent
CTC separation approaches have recently been developed, capa-
ble of capturing clinical samples of heterogeneous CTCs by using
various approaches such as targeting cell surface electrical
charges via functionalized nanoparticles[38] and size-based meth-
ods such as microfiltration[39] and inertial focusing.[40,41]

3. Heterogeneity in CTCs

Tumors are known for their heterogeneity and plasticity.[42–48] As
cancer cells shed into the bloodstream, they give rise to CTCs
with variations in genetic, molecular, and phenotypic features,
creating diversity and distinction among individual CTCs.[29,49]

Heterogeneity in CTCs refers to the variations in morphology,
genetic makeup, molecular markers, and behavior among the
CTCs.[50–53]

The existence of heterogeneity in CTCs poses a formidable
challenge to the effectiveness of precision medicine and progno-
sis in cancer.[54,55] Thus, understanding CTC heterogeneity is
essential regarding implications for metastasis, treatment
response, and developing resistance to therapies.

3.1. Genetic Heterogeneity of CTCs

The genetic makeup of CTCs is comparable to that of the cells in
the original and metastatic lesions, according to results from next-
generation sequencing and molecular profiling.[29,56–58] The con-
cordance between primary tumors and CTCs is between 62% and
72% for triple-negative breast cancer (TNBC) and 73% and 83%
for human epidermal growth factor receptor (HER2)þ tumors;[59]

it can reach up to 85% in some cases of breast cancer.[60] The DNA
sequence among individual CTCs diverges due to several factors,
including the genomic instability of cancer cells,[61] and subclonal
evolution within the primary or metastatic tumor.[62,63] Moreover,
high-resolution copy number analysis identified that genetic alter-
ations in CTCs showed different metastatic potentials.[6] For
instance, individual CTCs from patients with lung cancer were
shown to have mutations of the PIK3CA, RB1, and TP53 genes,
and CTC sequencing of patients with colorectal cancer revealed
mutational variations of the EGFR, KRAS, and PIK3CA genes,
indicating that CTCs have dynamic alterations.[64]

Powell et al. highlighted that metastatic sites at various organ
locations exhibit unique molecular phenotypes due to qualitative
and/or quantitative differences in expression of several genes,
likely resulting from intratumoral heterogeneity.[65] They also
showed that single-cell phenotyping of CTCs is a feasible way
to reveal CTC variability for the success of molecular-guided can-
cer therapy.

3.2. Phenotypic Heterogeneity of CTCs

Phenotypic heterogeneity covers the variations in the physical
and functional characteristics of CTCs, including growth and cell
survival rate, presence or absence of cell surface markers, and
genetic and epigenetic abnormalities.[45] The distinct differences
are also influenced by extrinsic factors (e.g., the tumor microen-
vironment and therapy provided).[66]

The genetic intricacy of cancer is still being revealed by recently
published profiling research, of which the majority is still observa-
tional and not described as biomarkers that are linked to clinical
outcomes.[67,68] A cancer cell’s ability to alter its phenotype without
undergoing new genetic changes is known as cancer cellular plas-
ticity and may occur regardless of therapeutic pressure.[69] Research
on various kinds of cancer has demonstrated that a neoplastic cell
can use developmental processes to adjust to external stimuli.[70,71]

Studying the phenotypic heterogeneity in CTCs can help make clin-
ical decisions more effectively. For instance, selecting between the
use of an androgen receptor signaling inhibitor and taxane-based
chemotherapy in patients with metastatic castration-resistant pros-
tate cancer (mCRPC)may be aided by quantifying the heterogeneity
of CTC phenotypes.[72] For instance,McDaniel et al. showed that the
CD45�/CK� CTC phenotype is common in mCRPC and can offer
further prognostic or predictive value besides to the incidence of the
generally considered CD45�/CKþ CTC phenotype.[73]

3.2.1. Role of Epithelial-to-Mesenchymal Transition (EMT) in CTC
Heterogeneity

The EMT is an important change that contributes to phenotypic
CTC heterogeneity.[52,65,74] EMT is a crucial multistep process
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during stem cell biology, wound healing, and embryonic devel-
opment.[75,76] In this process, epithelial cells acquire the
increased motility and invasiveness typical of mesenchymal cells.
Cancer cells can also undergo EMT, which increases their ability
to migrate and invade. It is a reversible (the latter reverse process
is called MET) and dynamic process, also called epithelial-
mesenchymal plasticity.[76] Potent stimulators of EMT are hepato-
cyte growth factor (HGF)/scatter factor and transforming growth
factor-β (TGF-β), also causing the loss of transmembrane glycopro-
teins such as epithelial-specific cadherin (E-cadherin).[77–79]

CTCs from the same tumor can exhibit different expressions
of biomarkers, which can change due to the tumor’s dynamic
nature, such as during EMT. In particular, EMT is associated
with the downregulation of epithelial markers (such as
EpCAM)[80–82] and the upregulation of mesenchymal markers
(such as N-cadherin, vimentin, and caveolin-1),[83–85] making
the CTCs more migratory and invasive.

According to a growing body of research, the EMT status of
CTCs becomes a reliable candidate for indicating disease pro-
gression and survival.[86–92] EMT plays a pivotal role in CTC het-
erogeneity by creating hybrid epithelial–mesenchymal
phenotypes (E/M-CTCs), enabling adaption to new microenvir-
onments during metastasis.[74] In prostate, breast, and lung can-
cers, the data from human samples highlight the presence of
E/M-CTCs in heterogeneous CTC populations.[93,94] By quantita-
tively comparing the predicted prognostic capacity of epithelial
phenotypes (E-CTCs), mesenchymal phenotypes (M-CTCs),
and hybrid epithelial–mesenchymal phenotypes, Sun et al.
suggested E/M-CTCs show predictive value for metastasis and
survival in pancreatic ductal adenocarcinoma.[86] Jolly et al.
suggested that the E/M-CTC phenotype fosters the collective
migration of CTC clusters.[95] Among breast cancer subtypes,
the ones with a poor clinical outcome, that is, TNBC and
basal-like breast cancer, are the ones enriched for E/M-CTCs,
indicating that E/M-CTCs are linked to aggressive behavior.[96,97]

Disease progression and therapy resistance increase when
M-CTCs outnumber E-CTCs in CTC counts.[96] On the other
hand, E/M-CTCs likely correlated with worse prognosis by
acquiring the ability to self-renew, and they present higher resis-
tance to chemotherapy compared to E-CTCs and M-CTCs.[34,95]

3.3. Morphological Heterogeneity of CTCs

Individual CTCs are observed in similar shapes with white blood
cells (WBCs),[98] from round to oval,[99] and usually have a wide
range of diameters larger than 5 μm.[100] Mendelaar et al. showed
that four different cancer types, including breast, prostate, colo-
rectal, and bladder cancers, have varying median E-CTC sizes.
The study was done using CellSearch and contained a total of
71 612 events. Measuredmedian sizes are 12.4 μm for breast can-
cer, 10.3 μm for prostate cancer, 7.5 μm for colorectal cancer, and
8.6 μm for bladder cancer.[101]

Patients may also display CTC clusters in various malignant
neoplasms, which are microemboli (spheroids) made up of 2–50
cells.[29] Thirty to 40% of patients with melanoma or metastatic
breast or prostate cancer were reported to have CTC clusters.[102]

The narrow detection window and lack of suitable detection
methods for CTC clusters may mean their occurrence and

quantity are underestimated. In addition, CTC clusters originat-
ing from primary breast and prostate cancers might contribute
to those cancers showing poor prognosis.[36] Wendel et al.
found that the nuclear diameters of CTCs in clusters across
stages I–VI are comparable and that 32–47% of CTCs in
nonsmall cell lung cancer (NSCLC) form and migrate in
clusters.[103] CD44, intercellular adhesion molecule 1, and epi-
genetic reprogramming are among the stimuli that provide
CTC clusters with increased self-renewal capacity, as well as
plasticity. Both homo- and heterotypic CTC clusters were
observed;[104] heterotypic clusters were composed of immune
cells, cancer-associated fibroblasts, and platelets in addition
to CTCs.[105–107]

4. Isolation, Sorting, and Enumeration
Technologies for CTCs

The separation and counting of CTCs opens the possibility to
improve cancer diagnosis, early detection, prognostication, and
monitoring of treatment outcomes. However, this remains chal-
lenging. Microfluidic methods for isolating and enumerating
CTCs from liquid biopsies are especially promising as they allow
to efficiently and continuously isolate CTCs from hematological
cells.[108,109]

Various research groups and companies have recently pro-
posed several microfluidic technologies to advance CTC isola-
tion. While these technologies hold significant promise for
cancer healthcare, most CTC methods are still primarily used
for research purposes. Only a limited number of methods have
been approved for clinical use, mainly due to challenges posed by
CTC heterogeneity, their rarity in blood, and the lack of compre-
hensive clinical validation.[110] The consequential challenge of
CTC isolation is their rarity among blood cells; a 10mL periph-
eral blood sample from ametastatic cancer patient can potentially
contain 1–104 single CTCs[99,111,112] and/or roughly 0–5 CTC
clusters.[113,114] However, the same sample includes a high num-
ber of blood cells, including leukocytes (4.0–11.0� 107), erythro-
cytes (4.5–5.6� 1010), and platelets (1.5–4.0� 109),[115] which
makes full recovery of pure CTCs from whole blood quite
demanding. Another challenge is CTC heterogeneity. Label-
based isolation techniques (Section 4.1) have enabled successful
isolation of CTCs based on the expression of certain membrane
glycoproteins, such as EpCAM. However, as outlined in
Section 3, CTCs are highly heterogeneous, and not all CTCs
express the marker used. Thus, these latter CTCs potentially
escape by using a marker-based isolation technique. Furthermore,
CTCs may not be uniform in size, and not all CTCs are signifi-
cantly larger than regular blood cells, making size-based isolation
challenging.

CTC isolation strategies can be distinguished into two catego-
ries: label-based isolation, which relies on an affinity-based inter-
action and label-free isolation, which utilizes the physical
properties of cells.[116] Due to the challenges of capturing all types
of CTCs due to phenotypic heterogeneity, this review only pro-
vides a brief overview of label-based isolation techniques
(Section 4.1) and describes label-free isolation techniques in
more detail (Section 4.2).
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4.1. Label-Based Isolation Techniques

Label-based CTC isolation techniques target CTCs using antibod-
ies, offering advantages like high specificity, sensitivity, and
automation.[117–119] These techniques can be divided into positive
and negative isolation strategies. Positive isolation strategies
target cancer-specific markers on the cell membrane, such as
epithelial markers (e.g., EpCAM,[120] E-cadherin,[121] and cytoker-
atins (CKs)[122]), mesenchymal markers (vimentin[123] and
N-cadherin[124]), or cancer type-specific markers (i.e., HER2
for breast cancer,[125] prostate-specific membrane antigen for
prostate cancer,[126] CD147 for kidney cancer,[127] and carcinoem-
bryonic antigen for colorectal cancer).[117,128] EpCAM or CK
expression levels vary among CTCs, with some showing the total
downregulation of both proteins (e.g., during EMT), which limits
the efficiency of detection and isolation based on those
markers.[55] In contrast, negative selection methods target
CD45þ cells for subsequent removal.[129] The fundamental idea
behind the negative selection technique is to eliminate all cells
besides CTCs, mainly the depletion of leukocytes by targeting
CD45 and CD66B molecules.[116,130–132] While this technique
effectively depletes non-CTCs, it often results in lower recovery
of CTCs. Therefore, this isolation technique is usually combined
with other label-free isolation techniques.[133,134]

4.2. Label-Free Isolation Techniques

Label-free isolation techniques are based on biophysical charac-
teristics of CTCs which relate to differences in size, density,
deformability, and electrical properties, allowing for the distinc-
tion of CTCs from other cell types without labeling.[55,135] These
techniques offer minimal manipulation, fast processing times,
and less complexity[136,137] and may enable a better potential
for clinical feasibility and validity by enhancing the performance
of CTC isolation.[135]

Label-free isolation techniques can be either active or passive.
The active methods use various external forces, that is, ultra-
sound, electrical, or magnetic fields. Examples are acoustophore-
sis[138] and dielectrophoresis (DEP).[139] The passive methods
(relying on the structure of fluidic geometry) often utilize pillars
and objects within microchannels to separate and isolate CTCs
without external force fields. Examples include adhesion-
based methods,[140] pinched-flow fractionation,[141] inertial
forces,[41,142,143] and biomimetic separation.[144]

Four of these label-free techniques have become widely recog-
nized: deterministic lateral displacement (DLD)-based isolation,
filtration-based isolation, acoustophoresis-based isolation, and
DEP-based isolation. This review extensively examines these four
primary label-free isolation methods.[135] Each technique offers
distinct advantages and challenges for isolating CTCs while
accounting for their heterogeneous nature. The performance
of these techniques, as well as their advantages and disadvan-
tages, is discussed and summarized in Table 1.

4.2.1. DLD-Based Isolation

DLD is a high-throughput and noninvasive method for CTC iso-
lation. Its key strength lies in its ability to separate CTCs from

blood samples based on size[145,146] and deformability.[144,147]

This makes DLD especially effective when there is a clear size
difference between the CTCs and other cells in the sample. It
was first used in 2004 for biological (e.g., eukaryotic cells, spores,
bacteria, viruses, DNA, vesicles) and nonbiological (e.g., droplets)
particle separation in continuous flow. This separation method
relies on controlling the motion trajectory of the particles by
placing a post inside the microchannel.[144,148]

Loutherback et al. studied the shapes of posts and presented
that triangular posts, compared to the circular ones, enhanced
the performance by lowering the hydrostatic pressure needs
and expanding the range of displacement characteristics.[149]

In addition to geometry (e.g., pillar shape, the gap between pil-
lars, microchannel depth, length, and width), material properties
(e.g., surface treatment, permeability, and deformation), flow
characteristics (e.g., velocity, pressure, and hydraulic resistance),
and sample type (particle size and deformation, concentration,
heterogeneity, interactions and buffer) are key parameters for
the design, fabrication, and operation of DLD-based isolation
devices.[148]

In DLDmicrofluidics, pillars are fabricated with row shift frac-
tion, which generates fluid bifurcation and a unique number of
streamlines between the gaps. The number of streamlines
between each pillar corresponds to the periodicity of the DLD
array because the total fluid flow on each gap can be divided
by the periodicity (N). Fluidic forces and pillar obstacle effects
are the two main parameters that affect particle flow. When
two different particles are placed in a pillar gap in the DLD array,
a particle that is smaller than the first streamline width will follow
the first streamline and move in a zigzag pattern. The second
particle, bigger than the first streamline width, will bump against
the pillar and move laterally to the next streamline (Figure 2A).
The DLD critical diameter (Dc), which can be easily adjusted by
arranging lateral and downstream pillar gaps (Dx, Dy, and G), the
row shift fraction (ε), and the pillar diameter (D0), determines the
zigzag and displacement mode of the particle (Figure 2A).[150]

Holmes et al. defined the DLD mechanism as particles smaller
than the critical diameter moving in the flow direction and par-
ticles larger than the critical diameter moving according to the
pillar arrangement.[151] Zhang et al. simulated red blood cell
(RBC) trajectories with diverse pillar shapes, including circular-,
diamond-, and square-post arrays. In contrast to rigid spherical
objects, biological components are deformable, not perfectly
spherical, which influences their trajectories in DLD devices.[152]

Au et al. presented a continuous flow microfluidic device for
isolating intact CTC clusters from whole blood using a DLD
mechanism.[153] The first stage of the mechanism consists of
a regular DLD array having cylindrical pillars with a 90 μm chan-
nel height to separate large clusters based on size, and the second
stage covers asymmetric pillars with a 30 μm channel height to
separate small clusters (Figure 2B). They claimed that cultured
breast cancer CTC clusters containing 2–100þ cells (having size
heterogeneity) can be recovered with 99% efficiency and 87% cell
viability from RBCs. Liu et al. reported on a combined filter-DLD
strategy for high-throughput and label-free CTC isolation in one
step from advanced nonsmall cell lung cancer (NSCLC)
patients.[154] Differently from standard DLD devices, they used
a hydrodynamic cell sorting design by adding a filtering mecha-
nism into a DLD structure that enabled high-throughput and
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Table 1. Assessment of different microfluidic methods for CTCs isolation considering cancer types, sample sources, results, and limitations.

Isolation method Working scheme Cell types Sample sources Obtained results Limitation Reference [s]

DLD Two-stage
continuous

microfluidic chip

Breast cancer cells
isolated from
patients’ blood

Spiked in PBS
Spiked in blood

99% recovery
High cell viability (87%)

Low throughput (0.5 mL h�1) [153]

Filter DLD
microfluidic chip

A549a)

K562b)
Spiked in diluted

blood

>96% recovery
100 cells/mL

High cell purity (WBC
removal rate 99%)

High cell viability (>98%)
High throughput
(1 mLmin�1)

Validation with diluted
blood samples

[154]

Circular and
triangular DLD

arrays

MCF-7c)

MDA-MB-231d)
Spiked in diluted

blood

99% recovery for MCF-7
80% recovery for MDA-MB-

231
�104 cells/ml

High throughput
(2 mLmin�1)

High cell viability

Validation with diluted blood
samples (10 times)

Limited isolation with highly
viscous samples

[146]

Inertial microfluidic
integrated DLD chip

MCF-7 Spiked in diluted
blood sample

�92% recovery
�104 counts mL�1

High purity (94%)
Relatively high throughput

(400 μLmin�1)

No isolated tumor cell with
low concentration (500

counts mL�1)
Only one cell type (Not

heterogeneous)

[158]

Triangle array MCF10Ae)

MDA-MB-231
Spiked in buffer
Spiked in diluted

blood

85% recovery
High throughput
(10 mLmin�1)

Preprocessing of blood
samples from patient

Validation with diluted blood
samples

[145]

Diagonal physical
barrier

A431f )

SK-BR-3g)
Spiked in anti-

coagulated whole
blood

> 95% recovery
High throughput
(5 mLmin�1)

– [216]

Filtration Micropore-arrayed
filtration-membrane

A549 Spiked cell in PBS
Unprocessed BALF

Whole blood

86.2� 4.8% recovery
�100 cells mL�1

High recovery rate with lower
cell concentration (≤ 3 cells

10 mL�1 - 83.3%)
High throughput

Validation with blood
samples from lung cancer

patients

Only one cell type (Not
heterogeneous)

[217]

Conical-shaped
holes

MCF-7
HT-29h)

U87i)

Spiked in PBS
diluted healthy
human blood

�95% recovery
�95% cell viability after

isolation

Low purity
Membrane clogging
Distinct size of CTC

Difficult to detach CTC from
the filter

[55,164]

Prefilters and cell
isolation filters

SW480j) Spiked in whole
blood

70% recovery
100 cells/3.75 mL
High throughput

Blockade risk on the filters
with high viscous samples

(e.g., whole blood)

[168]

Tapered slit filter HT-29
MCF 7
SW620k)

MDA-MB-231

Spiked cells in PBS
Spiked cells in
diluted blood

83–100% recovery
High throughput

(25 mL h�1)
High viability (87–94%)

Elevated risk of clogging [218]

Filtration
microchannels

A549
SK-MES-1l)

H446m)

Spiked cells in PBS
Spiked cells in whole

blood

96% recovery for A549
95% recovery for SK-MES-1
92% recovery for H446

High efficiency

Preprocessing of blood
samples from patient

Low throughput (0.4 mL h�1)

[55,219]

Ultra-thin silicon
nitride membrane

A549
MCF-7

Spiked cells in PBS
Spiked cells in whole

blood

82� 1% recovery for A549
86� 3% recovery for MCF-7

High throughput
(1 mLmin�1)

Elevated risk of clogging [220]
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Table 1. Continued.

Isolation method Working scheme Cell types Sample sources Obtained results Limitation Reference [s]

Meshed microwells MDA-MB-231
MCF-7, LNCAPn),

HeyA8o)

Spiked in whole
blood

�90% recovery
High throughput
(>25mL h�1)

High viability (�95.8%)

Complicated and multistep
fabrication

[114]

PDMS membrane
filter

A549
SK-MES-1
H446

Spiked in PBS
Peripheral blood

90% recovery
High throughput (10mL h�1)

Easy and cost-efficient
fabrication of membrane

Low resolution with PDMS-
based membrane

[221]

Acoustophoresis taSSAW MCF-7
HeLap)

Spiked cells
Peripheral blood

83% recovery
�100 cells mL�1

Validation with cancer
patient samples

A relatively higher volume
(�20 times to similar

principle)

Preprocessing of blood
samples from patient

[222]

Array of acoustic
microstreaming

traps

MCF-7
MDA-MB 231

Spiked cells in PBS
Spiked cells in
diluted blood

95� 5% recovery in PBS
66� 4% recovery in whole

blood sample
Ability to isolate both

epithelial and mesenchymal
cell lines

High cell viability (96%) after
10min ultrasound-treatment

Low throughput
(12 μLmin�1, 1200 μL for

10 min)

[178]

Thin-ultrasonic-
separator-chip; plate

acoustic waves

Panc-1q) Spiked cells in PBS
Spiked cells in RBC-
lysed blood samples

84%� 8% recovery
High viability (85%)

Relatively high throughput
(80 μLmin�1)

Stability of the pressure node
The requirement for chip

symmetry

[223]

Acoustic impedance
contrast by lead
zirconate titanate

transducer

HeLa
MDA-MB-231

Peripheral blood
mononuclear cells

>86% recovery Low throughput
(30–20 μl min�1)

[224]

Piezoceramic
transducer-based
microfluidic chip

DU145r)

PC3s)

LNCaP

Spiked cells in
erythrocyte-lysed
blood sample

93.6–97.9% recovery
High purity (97.4–98.4%)

Low throughput (100 μL)
Not validated with the clinical

sample

[225]

DEP Dielectrophoretic
field-flow

fractionation
(ApoStream)

SKOV3t)

MDA-MB-231
Spiked into PBMC 50–75% recovery

Clinically relevant
throughputs

Very low number of cells
spiked into PBMC

– [193]

Clinical sample
studies using
ApoStream

ASPSu)[196]

Adenocarcinoma[197]

Breast Cancer[197,198]

Ovarian cancer[197]

Squamous Lung
Cancer[197]

Blood samples from
patients

ApoStream is capable of
recovering CTC from patient
blood samples with different

tumors.
Study on clinical samples.
Heterogeneity in CTC

recovered from breast cancer
patients is addressed[198]

– [196–198]

cDEP MCF10A
MCF-7

MDA-MB-231

Cells separated from
each other

Cells are not in contact with
electrodes, avoids

electrochemical effects
Separation of three different
human breast cancer cell
lines to mimic cancer

progression

Feasibility study [143]

cDEP MOSE-Lv)

MOSE-LTICνw)
Cells separated from

each other
Separation of cancer cell

subpopulations and isolation
of highly aggressive cancer

subpopulation

Feasibility study [200]
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clog-free isolation. The filtering mechanism altered the fluid field
around the DLD microposts, allowing more precise manipula-
tion of cell motion. The separation efficiency was >96% with
a near complete WBC removal rate. In addition, high cell viability
(>98%) was observed at a 1mLmin�1 flow rate.

In another DLD-based isolation device, triangle posts were
used inside the channel under continuous flow by using breast
cell lines MCF10A and MDA-MB-231 and prostate cancer cell
line PC3.[145] The recovery rate was 85% for fluorescently labeled
MDA-MB-231 breast cancer cells which were spiked into diluted
whole blood (10:1). They followed a trajectory in an array when a
500 μLmin�1 flow rate was applied (Figure 2C).

DLD-based CTC isolation is often integrated with other
approaches for CTC retrieval, such as magnetic nanoparticles,[155]

DEP,[156] impedance cytometry,[157] and inertial microfluidics.[158]

Beech et al. developed a DLD-based microfluidic system with elec-
trically coupled metal-coated posts to enhance separations drasti-
cally reducing the critical size for separation and improved the
dynamic range of the DLD system.[156] This platform enabled a
reduction in the critical particle size. When particle size is close
to critical diameter, a slight external force is sufficient to move
particles to another trajectory. The metal coating on the pillars
allows voltage to be applied and produces electric field gradients
between adjacent posts, which causes polarizable particles to be
subject to a DEP force. The volume and polarizability of the parti-
cle determine the generated DEP force which is strong enough to
drive particles from one streamline into another. This allows for
tuning a device’s critical size, typically defined by geometry. This
platform can also find applications in CTC isolation since both
methods are widely used.

In addition, Xiang et al. integrated inertial microfluidics and
DLD principles in a two-stage i-DLD sorter to separate MCF7 cell
line cells fromWBCs precisely and continuously in diluted whole
blood.[158] A spiral inertial microfluidic sorter enabled the
removal of the main background (blood cells) in a high-
throughput manner. The DLD section comprises triangular
posts that efficiently remove the remaining blood cells to acquire
higher purity for CTC retrieval. The stained MCF-7 cell line cells
were collected at outlet III (Figure 2D).

The advantages of DLD are that, depending on the application,
the technique does not require any pretreatment or dilution pro-
cedures. For example, Campos-Gonzales et al. showed that DLD
can separate platelets directly from whole blood.[159] The limita-
tions of DLD include the potential for reduced separation effi-
ciency when dealing with smaller or highly deformable CTCs
that resemble normal blood cells.[160] Additionally, traditional
DLD may not be sufficient for distinguishing CTCs from other
circulating cells with similar sizes, since the geometry cannot be
easily modified,[161] making a combined approach necessary
in which DLD is combined with another isolation technique
(as described in this section).

4.2.2. Filtration-Based Isolation

Filtration is a simple and cost-effective method for isolating
CTCs by exploiting differences in cell size. Advancements in
filtration technology in the 1960s led to the development of
polymer-based membranes, with controlled pore sizes, thanks
to the introduction of track-etching processes.[162] Controlling
pore size enables the exact separation of particles based on size

Table 1. Continued.

Isolation method Working scheme Cell types Sample sources Obtained results Limitation Reference [s]

iDEP MCF-7
MDA-MB-231

Cell lines separated
from each other

Separation of two human cell
lines

Feasibility study [190]

DEP-based lateral
displacement

PC14PE6/AS2-GFPx) Cells spiked into
WBC and RBC

50–90% recovery depending
on flow rate

High flow rates
High recovery efficiencies

Low isolation purity
Low total cell density

[202]

DEP at a wireless
electrode array

MDA-MB-231 Spiked cells Wireless electrode array
usage

Single cell capture
Possibility to scale to
clinically relevant
throughputs

Jurkat E6-1 T cells as model
for WBCs

[201]

Optically induced
DEP

PC-3
OECM-1y)

Spiked in sucrose
solution

76–83% recovery for PC-3
cells

61–68% recovery for OECM-
1 cells

High viability 94% for PC-3%
and 95% for OECM-1 cells

Low throughput (6 μL h�1

and sample volume: 1 μL)
Relatively low purity (PC-3

cells: 74–82%, OECM-1 cells:
64–66%)

[226]

a)A549: lung cancer. b)K562: myelogenous leukemia. c)MCF-7: breast cancer. d)MDA-MB-231: breast cancer. e)MCF10A: breast cancer. f )A431: lung cancer. g)SK-BR-3: breast
cancer. h)HT-29: colon cancer. i)U87: glioblastoma (brain cancer). j)SW480: colorectal cancer. k)SW620: colorectal cancer. l)SK-MES-1: lung cancer. m)H446: lung cancer.
n)LNCaP: prostate cancer. o)HeyA8: ovarian cancer. p)HeLa: cervical cancer. q)Panc-1: pancreatic cancer. r)DU145: prostate cancer. s)PC-3: prostate cancer. t)SKOV3:
ovarian cancer. u)ASPS: alveolar soft part sarcoma. v)MOSE-L: murine ovarian cancer-slow developing. w)MOSE-LTICv: murine ovarian cancer-fast developing.
x)PC14PE6/AS2-GFP: lung adenocarcinoma. y)OECM-1: oral squamous cancer.
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differences. Microfluidics enabled the implementation of various
filtration-based platforms to isolate different particles, including
bioparticles such as cells.

Kang et al. used tapered gaps in slits to create a filter.[163]

Unlike traditional straight-hole filters, these tapered gaps feature
a wider entrance that gradually narrows, reducing cell stress. The
performance of this platform was validated by spiking H358 can-
cer cell lines into phosphate-buffered saline (PBS) and diluted
blood (1:4) at a concentration of 105 cells ml�1, achieving efficien-
cies of 90% and 82%, respectively. After 5 days, cell viability
remained at 72%, indicating potential for downstream analyses.
A similar method was introduced by Tang et al. who developed a
microfilter with conical-shaped holes with crossflow components
(Figure 3A). Cell capture efficiency of the filters was tested by
using HT-29, MCF7, and U87 cancer cell lines separately spiked

into PBS with concentrations of 100 cells ml�1. Clinical valida-
tion was done using 15 cancer patients and 6 healthy donor blood
samples. CTCs were captured from 66% of the patients, and no
CTC capture was observed on healthy donor samples.[164]

Isolating single cells using only filtration-based technologies is
challenging, especially in whole blood as CTCs and some
leukocyte types (like neutrophils and monocytes) are similar
in size, making separation difficult. As a result, most size-
dependent platforms target CTC clusters. Sarioglu et al. intro-
duced a cluster chip featuring an array of triangular pillars with
bifurcating traps to create confined regions to isolate CTC clus-
ters. MDA-MB-231 cancer cell clusters were added to whole
blood samples and capture efficiencies were calculated as 99%
for large clusters (>4 cells), 70% for 3-cell clusters, and 41%
for 2-cell clusters.[102]

Figure 2. The method of DLD-based isolation and studies. A) DLD diagram showing important geometrical design elements that affect particle paths. The
zigzag mode, in which net particle trajectories are unaffected by the array and maintain their average transverse position along the flow direction, and bump
mode, in which the pillar array displaces; particles are the two canonical translocation modes for DLD shown in the array schematic. The DLD array was
designed so that particles with a diameter greater than the critical diameter enter a bumpmode and are pushed to the edge of the array. This latter process is
essential for particle concentration and isolation. Reproduced with permission.[215] Copyright 2021, John Wiley and Sons. B) Stage 1 and stage 2 device inlet,
outlets, and fluidic paths. The cylindrical micropillars in stage 1 deflect large clusters from other blood cells using DLD. An array of asymmetric pillars in stage
2 deflects small clusters. Reproduced under terms of the CC-BY license.[153] Copyright 2017, Au et al. published by Springer Nature. C) Enrichment of CTCs in
a DLD array. MDA-MB-231 cells are evenly distributed at the inlet, and then they are manipulated towards the central wall by the triangular DLD array.
Reproduced under terms of CC-BY license.[145] Copyright 2012, Loutherback et al. published by AIP Publishing. D) Workflow of the two-stage i-DLD device
combines the spiral inertial microfluidic sorter with the DLD sorter to separate tumor cells from background blood cells. Photograph of the final device
fabricated in polydimethylsiloxane (PDMS) using soft lithography, microfluidic device (filled with red ink), and scanning electron microscope (SEM) image of
the fabricated triangular posts and isolated CTCs (in red circles). Reproduced with permission.[158] Copyright 2019, American Chemical Society.

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2025, 5, 2400179 2400179 (9 of 21) © 2025 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

 26999307, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/anbr.202400179 by L

eiden U
niversity L

ibrary, W
iley O

nline L
ibrary on [13/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


The corners of square filters may impose considerable tension
on passing cells, as demonstrated by Kim et al.[165] who
presented a reversibly deformable membrane barrier for CTC
isolation with a 94% retrieval efficiency, even at very low cell con-
centrations (�10 cells/0.1 mL). For capture efficiency tests, four
cell lines were used, two of them are lung cancer cell lines (H358
and H460), and the other two are colorectal adenocarcinoma cell
lines (LoVo and SW620). Blood samples from two lung cancer
patients and five colorectal cancer patients were also collected,
and the number of detected CTCs was up to 158.

Liu et al. proposed an innovative release strategy using a mag-
nesium (Mg)-embedded cell filter that can be etched in PBS or
Dulbecco’s modified Eagle medium. MDA-MB-231 breast cancer
cell lines were used to check the filter efficiency. A total of 29 cells
were spiked into 0.4mL PBS, and about 90% capturing efficiency
was obtained.[166]

Boya et al. combined the efficiency and practicality of mem-
brane filtration with the deterministic screening capabilities of
microfluidic chips in a system called Cluster–Wells for CTC iso-
lation from whole blood samples.[114] The Cluster–Wells contain
�100 000 microwells with 15 μm openings, which physically cap-
ture CTC clusters present in unprocessed whole blood, isolating
almost all clusters at a flow rate exceeding 25mL h�1 while
enabling the retrieval of viable clusters (Figure 3B). The study
reported isolation of CTC clusters containing 2–100þ CTCs
from lung and colorectal cancer patients. Similar to the
Cluster–Well mechanism, microcavity structures were utilized
by Hosokawa et al. for CTC isolation based on cell size. CTC
detection efficiencies for the microcavity system were 77% for
NSCLC patient samples and 95% for SCLC patient samples,
compared to CellSearch’s detection efficiency of 32% for
NSCLC patient samples and 57% for SCLC patient samples.[167]

Figure 3. The working principle of filtration-based isolation. A) Illustration of integrated conical-hole filter to capture CTCs. Picture ofmicrofluidics using a test
blood sample in operation and comparison with one euro cent coin and SEM image of conical holes array (scale bar: 40 μm). Reproduced with permission.[164]

Copyright 2014, Springer Nature. B) Representation of Cluster–Wells working principle and experimental setup. The Cluster–Wells catch CTC clusters from
blood samples of cancer patients, regardless of the type of malignancy and its molecular component, whereas single cells pass through unhindered. SEM
image of blood-spiked LNCaP prostate cancer cell cluster as captured by one of the wells on the device (Scale bar: 20 μm). Reproduced under the terms of the
CC-BY license.[114] Copyright 2022, Boya et al. published by Springer Nature. C) Experimental setup for CTC isolation using the CROSS chip. Reproduced
under the terms of the CC-BY license.[168] Copyright 2019, Ribeiro-Samy et al. published by Springer Nature. D) The image of the microfluidic isolation of CTC
clusters device (scale bar: 10mm). The device was designed using computer-aided design software (AutoCAD). It comprises three sections: a left-side input
section for spreading flow, a middle-section capture portion for capturing tumor cell clusters while blood flows through it, and a right-side outflow section. Fb
acts as a balancing force when a binary cluster comes into contact with a pillar that splits the flow in two. Captured fluorescent stained CTC clusters were
imaged in the trap chamber (scale bar: 50 μm). Reproduced with permission.[170] Copyright 2019, AIP Publishing.
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One recent study implemented a two-stage filtration method
using a cross-shaped design.[168] Each chip consists of four sec-
tions containing prefilters (120 μm gaps) and cell isolation filters,
which feature a single row of 25 μm anisotropic micropillars
spaced 5 μm apart (Figure 3C). Based on size and deformability,
the capture efficiency was reported to be 70%, with the capability
of processing 7.5mL of whole blood of metastatic colorectal
cancer patients using two chips.

Zhang et al. combined filtration and immune affinity principle
for CTC retrieval in one platform to increase the isolation effi-
ciency.[169] They presented a two-stage integrated microfluidic
chip for CTC isolation from a whole blood sample. A novel
release mechanism was developed based on air-liquid interfacial
tension, which was used to peel off the membrane after blood
cells had been extracted by filtering using a micropore-array
membrane. The second stage involved a dense immunomagnetic
bead clump for CTCs and provided a recovery rate of 86% and a
purity of 38% for rare lung cancer cells (A549) spiked into whole
blood.

As a different strategy for CTC clusters, Kamyabi et al. devel-
oped trap chambers relying on size differences and dynamic
force balance in the trapped chamber.[170] This filter system lets
blood cells and single CTCs pass but traps CTC clusters.�10 000
trap chambers were fabricated to isolate CTC clusters from the
whole blood samples in 1 h. The collected CTC clusters were iso-
lated with a backflush for further downstream analysis. The
reported capture efficiency was 66–87%, and the release effi-
ciency was between 76% and 90%, depending on the concentra-
tions of clusters (Figure 3D).

CTCs from various types of cancer, especially CTC clusters,
are larger and less deformable than leukocytes, which allows
their isolation through filtration (e.g., microgaps, microposts,
or gaps in the structure) from blood. Despite the advantages
of filtration-based isolation, that is, cost-effectiveness and simple
operation, traditional filters also have significant drawbacks, such
as being less effective for isolating small and singular
CTCs[162,171,172] and difficulties in retrieving collected CTCs
and failures due to pore-clogging.[172–174]

4.2.3. Acoustophoresis-Based Isolation

Acoustophoresis relies on acoustic streaming and radiation
forces. These forces act on suspended particles to achieve sepa-
ration based on their physical and mechanical properties of the
particles.

Acoustophoresis uses an acoustic pressure gradient within the
channel, generating an acoustic radiation force that operates
independently of pH, surface charge, or ionic strength, while pre-
serving the integrity of particles or cells.[138,175] When an acoustic
radiation force is applied, particles or cells move under the influ-
ence of ultrasound, which is determined by their size, density,
and compressibility.[138] The standard approach to generate
acoustic waves involves using piezoelectric transducers.

The acoustic force can vary significantly depending on the
mechanical properties of the cell and the surrounding fluid (such
as density and compressibility). Other forces acting on the cells
include fluid shear forces, gravitational forces, and buoyant
forces (Figure 4A). This results in cells being pushed toward a

pressure node, where the periodic pressure variation is zero,
or toward an anti-pressure node, where the acoustic pressure
is maximal.[176] The migration duration and final position of cells
within and after the acoustic field are influenced by the magni-
tude of acoustic radiation forces experienced by cells with varied
volume, density, or compressibility values.[175]

Olm et al. utilized a peripheral blood progenitor cell (PBPC)
suspension, spiked with transplant-contaminating neuroblas-
toma cells (NBCs), and introduced this sample to a microfluidic
chip at a flow rate of 100 μLmin�1. The cells formed two parallel
bands in the prealignment channel, which was controlled
at 5MHz by a resonator. A sorting buffer was supplied at a flow
rate of 300 μLmin�1 to enhance separation resolution, Aligned
cells then entered a separation channel, where a second acoustic
field influenced their lateral positioning based on their acoustic
characteristics. Tumor cells experienced stronger radiation
forces than the smaller blood cells, which caused them to move
toward the center of the channel, while mononuclear cells
(MNCs/PBPCs) exited through side outlets (Figure 4B).[177]

Lu et al. presented a platform that uses an array of microtraps
combined with acoustic streaming to isolate breast cancer cell
lines, achieving isolation efficiency of 95� 5% in spiked diluted
serum and 66� 4% in whole blood samples. Each microtrap
served as an active point to attract and hold surrounding cancer
cells when ultrasound was applied, enabling size-based separa-
tion and discrimination of microparticles (Figure 4C).[178] Li
et al. demonstrated the use of tilted interdigital transducers
(IDTs) placed around a microfluidic channel to apply sound
waves.[179] The generated acoustic radiation force (Fac) acting
on CTCs was greater than that (Faw) acting on WBCs due to their
larger size. As a result, CTCs had a larger vertical displacement
than WBCs. No separation was observed when HeLa cancer cells
and WBCs were mixed without an acoustic field. However, HeLa
cells were collected at the outlet with the acoustic field activated,
while WBCs remained in the waste outlet (Figure 4D).

Undvall Anand et al. introduced a novel two-step acoustopho-
resis platform designed for isolating DU145 cells from RBC-
lysed whole blood.[180] The first step involved an acoustofluidic
preseparation to separate cells based on their sonic mobility.
It aimed to collect viable DU145 cells in the central outlet and
WBCs in the side outlets. Due to the overlap in acoustophysical
properties of these viable cells, a second step was necessary to
eliminate WBC contamination by using negative selection acous-
tophoresis. The recovery rate of viable cancer varied between 28
and 42% depending on the concentration of cancer cells. The
primary advantage of this platform is the ability to obtain viable
cells for further analysis, although the recovery ratio remains
minimal (Figure 4E).

One of its key advantages is its noncontact nature and the abil-
ity to isolate CTCs without applying mechanical forces, making it
suitable for preserving cell viability in comparison to size-based
label-free techniques. Since the technique is an active separation
method, it also allows for tunable separation. CTC sizes in dif-
ferent cancer stages are reportedly different,[181] and this tech-
nique can be adapted to size changes during the operation.
However, its limitations include challenges in separating
CTCs from normal blood cells with similar or overlapping acous-
tic properties,[180] especially when CTCs exhibit heterogeneity in
size or stiffness. Moreover, the resolution of acoustophoresis can
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be hindered by the complexity of the cellular environment in can-
cer patients, where the presence of high cell density may reduce
efficiency. Therefore, a RBC lysis solution is often utilized to

enhance the efficiency.[179,182] Since the RBC lysis solution
has no adverse effects on CTCs, the only drawback of this step
can be considered as increased processing time.[179]

Figure 4. The working principle of acoustophoresis-based isolation. A) Diagrammatic representation of the various forces acting on a particle (Facoustic is the
force created by an acoustic field generated by IDTs, Fviscous is the shear force exerted by the liquid inside the microchannel, Fbuoyant is the upward force
exerted by the liquid opposing the gravitation leading to floating of the particle inside the liquid, and Fgravity is the gravitational force). Reproduced with
permission.[138] Copyright 2019, Elsevier. B) Illustration of a two-stage acoustophoresis chip for NBC isolation. Reproduced under terms of the CC-BY
license.[177] Copyright 2019, Olm et al. published by Springer Nature. C) Diagram of a parallel isolation microdevice for separating cancer cells (green)
from a large number of RBCs in a biological fluid (red) (inset SEM of cancer cells that were trapped in a microtrap, scale bar: 10mm). The top, bottom,
and side perspectives of traps demonstrate how the acoustic capturing force produced by the trap can be used to isolate cancer cells based on their size.
Actual microscopy images represent the flow of the cells (scale bar: 40 μm). Reproduced with permission.[178] Copyright 2018, John Wiley and Sons.
D) Representation of tilted-angle standing surface acoustic waves (taSSAW)-based cell separation and working mechanism. Reproduced by permission.[179]

Copyright 2015, Li et al. published by National Academy of Sciences. E) Illustration of the workflow of two-stage separation, the image of primary separation
setup including aluminum chip holder before construction, secondary separation channel with two piezoelectric transducers for producing sound, and a
temperature sensor. Reproduced under terms of the CC-BY license.[180] Copyright 2021, Undvall Anand et al. published by American Chemical Society.
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4.2.4. DEP-Based Isolation

DEP is often used for cell sorting or isolation. DEP describes the
movement of a polarizable particle in a nonhomogeneous
electric field.[183] The movement is caused by the action of the
nonhomogeneous field on the induced dipole in the cell. The
force acting on the cells depends on the gradient of the electric
field vector, the cell’s volume, and the cell’s relative polarizability
in the medium, commonly expressed through the real part of the
Clausius–Mossotti (CM) factor, Re[CM]. Re[CM] is frequency-
dependent and bound between �0.5 and 1.0. If Re[CM] is nega-
tive, cells move against the field gradient towards regions of low
electric field, termed negative DEP (nDEP) (Figure 5A). If
Re[CM] is positive, cells move along the gradient, towards the
local maximum of the electric field, termed positive DEP (pDEP).

Cells may experience pDEP or nDEP depending on excitation
frequency and cell composition (Figure 5B).[184] Generally, the
Re[CM] of a viable cell is negative at low field frequencies (below
10 kHz) and positive at intermediate to high field frequencies (up
to several tens of MHz). The first crossover frequency depends
on the cellular membrane’s capacitance. Most DEP separators
operate by exploiting differences in the first crossover frequency.
It was shown that cancer cells have a significantly different first
crossover frequency compared to blood cells.[185] Cancer cells
have a higher membrane capacitance, due to their higher mem-
brane folding factor (ϕ) than blood cells.[186] The “folding factor”
is the ratio between the effective membrane area and the area of a
sphere having the equivalent volume. Furthermore, variations in
protein concentration, glycosylation, and changes in the cytoskel-
eton all influence the effective membrane capacitance.

Different approaches exist to generate the field inhomogeneity
required for particle manipulation. The two main approaches are
electrode-based DEP (eDEP)[187,188] and insulator-based DEP
(iDEP).[189,190] In eDEP, the field inhomogeneity comes from
the electrodes’ asymmetry. The most common approach is an
array of interdigitated microelectrodes positioned at the bottom
of a microfluidic chip. The resulting electric field will be stron-
gest close to the electrodes and decreases with distance from the
array. Because the DEP force drops with distance from the array,
3D concepts exist to obtain a more homogeneous distribution of
the DEP force in the channel. In iDEP, the electrodes are
positioned outside of the actual separation regions. The electric
field gradient is then generated by scattering the superimposed
electric field at insulating posts or obstacles positioned in the
separation region.

Two main strategies exist to isolate target particles from a mix-
ture of target and nontarget particles,[191] that is, to isolate CTCs
from whole blood or buffy coat. The first option is to isolate cells
by selective immobilization in local field maxima; this is usually
referred to as trapping. For this, the target cells need to experi-
ence a sufficiently large pDEP force that is strong enough to act
against fluidic drag forces, whereas nontarget cells should either
experience nDEP or only weak pDEP. Target cells remain iso-
lated until the field is turned off. This allows semibatch operation
with alternating trapping and release steps. The second option
for cell isolation is to sort target and nontarget cells into different
outlets on a microfluidic chip. The main requirement is that the
DEP force between target and nontarget particles must be

sufficiently different to move both particle types onto different
streamlines that either lead to different outlets or elute at differ-
ent times from the device. Both approaches can be implemented
with either iDEP or eDEP setups. The approaches are also called
nonequilibrium (trapping) and equilibrium (sorting) approaches
and have been discussed by Gascoyne and Shim.[192]

Here, we highlight a few selected DEP applications for isolat-
ing CTC from blood samples. This list is not necessarily exhaus-
tive. One notable device is ApoStream, a commercially available
cell-sorting system marketed by Precision for Medicine.[193] It is
promoted as a label-free sorter of CTCs from blood and is based
on earlier dielectrophoretic field-flow fraction techniques for
isolating rare cells.[185,188,194,195] The device consists of a large
interdigitated electrode array located at the bottom of the device.
Samples are injected through a port at the bottom in front of the
electrode array, while an elution buffer is continuously flushed
through a second port, reducing the sample’s conductivity.
For selective DEP separation to be successful, the conductivity
of the mediummust be significantly lower (about 30–60mSm�1)
compared to that of physiological media (1.6 Sm�1).
After entering the device, all cells initially gather close to the elec-
trode array. At the appropriate frequency, CTCs experience a
pDEP, allowing them to remain near the electrode array (but
not become trapped), while peripheral blood mononuclear cells
(PBMCs) experience a nDEP and are pushed away to other stream-
lines. CTCs, positioned on streamlines near the electrodes, are
directed toward a collection outlet at the bottom, while PBMCs,
on higher streamlines, are diverted to a waste outlet and discarded.
In benchmark experiments,[193] ApoStream successfully processed
12� 106 PBMCs (equivalent to 7.5mL of blood) in 60min. It
recovered both SKOV3 ovarian and MDA-MB-231 breast cancer
cells spiked into PBMCs from healthy donors at concentrations
as low as 4 cells per 12� 106 cells. SKOV3 is an ovarian cancer
cell line with high EpCAM expression, while MDA-MB-231 exhib-
its low EpCAM expression. The experiments demonstrated recov-
ery efficiencies ranging from 50% to �75% for both cell types
without losing cell viability after isolation.

In a subsequent study, Balasubramanian et al.[196] conducted a
crosslaboratory validation of ApoStream through spike-recovery
experiments with cancer cells from three different phenotypes
(MDA-MB-231 breast cancer, A549 lung adenocarcinoma cell,
and ASPS-1 sarcoma). They spiked 1000 or 50 cells into 107

PBMCs in 1mL of the sample. They observed 68% and 55%
mean recovery rates for the higher and lower spiking levels,
respectively. The lower recovery rates at lower spiking levels were
attributed to inherent cell loss inside tubings, flow chambers,
and pipette tips. Additionally, they noted that, of the 107

PBMCs present at the input, about 6000–35 000 were found
in the single-pass purified sample, depending on the applied field
frequency. The required field frequency also varied based on can-
cer cell phenotype. The authors performed tests on blood sam-
ples from six patients with alveolar soft part sarcoma (ASPS).
They successfully recovered CTCs from all six patients, as dem-
onstrated by a transcription factor binding to IGHM enhancer
3 break-apart fluorescent in situ hybridization analysis.
Importantly, they demonstrated that using parameters derived
from cell-line experiments enabled successful isolation of
CTCs from clinical samples, achieving a performance compara-
ble to that expected from spike-recovery experiments.
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Other researchers utilized ApoStream to recover CTCs from
clinical samples of patients with various metastatic cancers to
detect folate receptor alpha (FRα)þ cells.[197] Le Du et al.[198] used
ApoStream to recover CTCs and identify subsets (E-CTC,
E/M-CTC, M-CTC, and cancer stem-like cells, CSC) from breast

cancer patients at different treatment stages. Although they could
not correlate the CTC counts to pathological complete response
(pCR), this study emphasized the importance of marker-indepen-
dent cancer cell isolation, as E/M-CTCs, M-CTCs, and CSCs can-
not be captured using EpCAM-specific isolation strategies.

Figure 5. The working principle of DEP-based isolation. A) Particles or cells move to electric field maxima when they experience pDEP conversely; they
move to the electric field minima when they experience nDEP. B) The real part of the Clausius–Mossotti factor decides the strength and direction of the
DEP force. Cells usually have a negative Re[CM] at low frequencies and experience a crossover from negative to positive at a frequency between 10 and
100 kHz (termed first crossover frequency). C) Common cancer cell lines (NCI-60 panel) have a first crossover frequency that is significantly lower than
blood cells. This allows separation by DEP. Reproduced with permission.[185] Copyright 2013, AIP Publishing. D) ApoStream system working principle.
Reproduced with permission.[193] Copyright 2012, AIP Publishing. E) ApoStream system linearity and recovery rates are shown for two cancer cell lines,
SKOV3 and MDA-MB231. Reproduced with permission.[193] Copyright 2012, AIP Publishing.
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Other dielectrophoretic methods for identifying CTCs also
exist. For instance, Henslee et al.[199] used contactless DEP
(cDEP), a variant of iDEP where the electrodes are separated
from the separation area by a thin insulating membrane, to sep-
arate normal MCF10A breast cells, MCF-7 luminal breast cancer
cells, and MDA-MB-231 TNBC cells. They argued that these
human breast cells represent early, intermediate, and late-stage
breast cancer, respectively. Without focusing on target-cell
concentration or throughput, the authors successful isolated
MDA-MB-231 cells from a population containing MCF10A
and MCF-7 cells when operating at 30 Vrms and 164 kHz. In a
later feasibility study,[200] cDEP was utilized to separate tumor
subpopulations, namely highly aggressive MOSE-LTICν cells
from the less aggressive MOSE-L mouse ovarian surface epithe-
lial cells, both derived from the same MOSE-L cell line. The
authors suggested that their experiments could be an in vitro
models mimicking expected in vivo behavior.

Additionally, Bhattacharya et al.[190] conducted feasibility anal-
yses using iDEP, successfully trapping individual MCF-7 cells in
a mixed population of MCF-7 and PBMCs and a mixed popula-
tion of MCF-7 and MDA-MB-231 cells. Li and Anand[201] used
wireless electrodes, also sometimes called floating electrodes,
to separate MDA-MB-231 from Jurkat E6-1 leukemic cells; the
authors use the latter as a model for T cells. Specifically, the
authors demonstrated single-cell capture of target cells and sug-
gested that their device is easily scalable, allowing them to reach
clinically relevant throughputs comparable to ApoStream. Unlike
ApoStream, single cells were isolated on the chip, allowing for
easy downstream on-chip analysis. Cheng et al.[202] used 3D,
V-shaped electrodes to move CTCs lateral to the flow direction.
They separated PC14PE6/AS2 green fluorescent protein (GFP)-
labeled human lung adenocarcinoma cells spiked into white and
RBCs at different ratios from 1:10 000 to 1:500 000. The authors
achieved an 85% recovery rate at a throughput of 1.2 mL h�1.
However, final cell concentrations were around two orders of
magnitude lower than expected in clinical samples.

Huang et al. used optical DEP to separate prostate cancer (PC-
3) cells and human oral cancer (OEC-M1) spiked into a leukocyte
population. Optical DEP works by applying a homogeneous elec-
tric field across a trapping region. One electrode is coated with a
thin photoconductive material. If the photoconductive layer is
illuminated, its impedance drops locally, thus creating a local
inhomogeneous electric field. This method avoids complicated
microelectrode fabrication. Their method was able to isolate
PC-3 and OEC-M1 cells from a leukocyte background with a high
recovery rate of 76–83% (PC-3) and 61–68% (OEC-M1). They
also achieved a high purity (PC-3 cells: 74–82%, OEC-M1 cells:
64–66%) at a set flow rate of 0.1 μLmin�1 and sample volume of
1 μL.

DEP is unique as a sorting method because the dependence
of the polarizability on the membrane capacitance allows the dis-
crimination of cells by properties that are not accessible by other
techniques. It allows for the separation of CTCs from blood cells,
even if they are the same size as blood cells, if their size changes
depending on the cancer stage,[181] or if they do not express dif-
ferent surface markers. This is because malignant cells show dif-
ferent glycosylation and phosphorylation of the membrane
proteins.[184] In addition, several researchers demonstrated that
DEP could distinguish between different cell lines derived from

the same tissue, for example, MCF-7 breast cancer cells and
MCF10A breast cells, based on dielectric property differen-
ces.[199,203] Therefore, this technique becomes particularly advan-
tageous for isolating CTCs in heterogeneous populations.[204]

There are good reviews that discuss the strengths and weak-
nesses of DEP for cancer cell isolation.[184,192,205] While DEP has
access to unique cell properties for isolation, it also suffers from
some drawbacks. One challenge is carefully optimizing of the
applied electric field to accommodate the diversity of CTCs,
which is required,[206] since cell type, size, membrane character-
istics, and morphology variations can affect CTCs’ response to
the field. Besides, a presuspending step is often necessary, which
is the process of transferring the cells in an iso-osmolar low-
conductivity medium.[207,208] Another challenge is the achievable
throughput, especially considering the low concentration of tar-
get cells in the blood. DEP is mainly a microfluidic technique;
while many studies present thoughtful advances on increasing
selectivity, fewer papers demonstrate clinically relevant through-
puts. A third challenge is the transfer from model systems (i.e.,
experiments with cell lines) to clinical samples. As discussed by
Shim et al.[188] dielectrophoretic properties of the blood of cancer
patients are modified by the disease and treatment. This might
cause the presence of blood cell subpopulations that can
negatively impact the CTC isolation. An ongoing concern is
the ion leakage and decrease in cell viability caused by the pres-
ence of strong electric fields applied for cell isolation, which was
reported by Menachery et al.[209] and Gascoyne et al.[192]

4.3. Automated and Integrated Platforms for Efficient CTC
Isolation

Compared to other isolation platforms like density-gradient
centrifugation, microfluidic-based isolation is preferred for
various applications due to its low sample consumption, rapid
processing times, ease of automation, high throughput, and
overall efficiency. However, there is often a compromise between
efficiency and throughput.[210]

A literature study introduced a DLD-based microfluidic sys-
tem integrated with an automatic purification device using
CD45-labeled immunomagnetic beads and a capturing platform
coated with rat-tail collagen.[211] This system enables the rapid
and sensitive identification of CTCs. Furthermore, another
recent study developed an automated system combining a 3D
printed off-chip multisource reagent platform, an air-bubble
retainer, and a single CTC-capturing microchip. This system
can successfully capture and identify CTCs in less than
90min. In contrast to conventional CTC identification techni-
ques, this technology performs immunoassays on-chip with full
automation, reducing immunostaining time and antibody
consumption by 90%.[212]

A notable trend in microfluidics is the integration of artificial
intelligence (AI), machine learning (ML), and deep learning (DL)
into CTC isolation platforms. Einoch-Amor et al. combined AI
with nanoarrays to detect CTCs specifically using A549 lung can-
cer cells spiked into blood samples.[11] Another recent study
developed a precise and fast image-processing algorithm using
convolutional neural networks (CNN) to detect CTCs in patients
with esophageal squamous cell carcinoma (ESCC). Researchers
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assessed the algorithm’s accuracy in differentiating ESCC cell
lines from PBMCs and subsequently applied it to identify
CTCs in blood samples from ESCC patients. The average time
to complete cell classification for 100 images was 0.74 s for
the AI and 630.4 s for the researchers, with a statistical signifi-
cance of P= 0.012. The accuracy of distinguishing esophageal
cancer cell lines (KYSE series) from PBMCs in the same study
was 100% for AI and 92% for the researchers.[213] The integration
of AI-based technologies for CTC isolation and characterization
is expected to open a new era of automated detection of CTCs’
phenotypes and genotypes, enhancing screening and analysis in
a high-throughput manner.[11] Additionally, a novel approach
involving bioimprinting technology has been developed for the
label-free isolation of pancreatic tumor cells. In this protocol,
cells are imprinted on functionalized polymers to create specific
spaces, allowing for preferential retention of targeted cancer cells
from PBMCs.[214]

5. Conclusion and Future Perspectives

The isolation and characterization of CTCs as a biomarker in
liquid biopsy has great promise to improve cancer diagnosis,
determine prognosis, and monitor the effectiveness of cancer
treatment. CTCs are rare among blood cells; they possess phe-
notypic heterogeneity and size variations, and often, it is required
to maintain their viability for downstream functional analysis.
Therefore, more efforts are needed to improve CTC isolation
platforms. Recent advancements in microfluidic technologies
offer great potential to address the limitations and to improve
throughput, purity, recovery, and clinical relevance.

Microfluidic devices exploit differences in the physical (size,
electrical charge, etc.) and biological properties (cell receptor
affinity) of cells, independently or in combination. Label-free
strategies might enable a higher yield than the current
affinity-based techniques, since affinity-based techniques require
markers like EpCAM. The heterogeneous nature of CTCs, such
as those influenced by EMT, leads to the downregulation of
epithelial markers like EpCAM, thereby reducing the capture
yield of CTCs. Efficiently isolating heterogeneous CTCs using
label-free methods could significantly enhance clinical applica-
tions, including earlier detection of aggressive tumors, improved
therapy selection, and better detection of drug resistance, as well
as the ability to identify novel therapeutic targets.

Label-free microfluidic technology relies on various particle
separation techniques. This review extensively discussed four
primary methods, focusing on their mechanism and efficiency
in isolating heterogeneous CTCs.

Considerable progress has been made in the use of microflui-
dic devices in clinical trials, and several commercially available
technologies now utilize label-free separation. Currently, there
are platforms available for both label-free and label-based CTC
isolation. For example, CanPatrolTM system utilizes an affinity-
based isolation technique similar to CellSearch. Label-free
commercial products include filtration methods such as ISET
(Isolation by SizE of Tumor cells; Rarecells diagnostics),
MetaCell, and ScreenCell, as well as size-based separation
technologies like Parsortix (Angle plc) and ClearCell FX1
(Clearbridge Biomedics), and DEP methods including

ApoStream (Apocell, Inc.) and DEPArray (Menarini Silicon
Biosystems).

This review highlights the significant potential of CTCs in
prognostication and particularly emphasizes the critical need
for efficient and straightforward CTC isolation methodologies.
Combining functional and molecular characterization of CTCs
with isolation techniques allows for a deeper understanding of
disease conditions. Further research into CTC isolation methods
is necessary to efficiently capture all types of CTCs from whole
blood. Characterizing the various types of cells is essential for
monitoring cancer progression and treatment efficacy, as they
collectively provide important clinical information about tumor
stages.[3] Given that CTC analysis has shown considerable
promise and delivers critical insights in preclinical models, micro-
fluidic-based isolation devices should aim to achieve superior
sorting efficiency in clinical studies. Additionally, these devices
should be compatible with current downstream characterization
procedures and should integrate DL, ML, and AI into diagnostics
while providing high-throughput isolation capabilities.
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