
Lab on a Chip

CRITICAL REVIEW

Cite this: Lab Chip, 2015, 15, 4500

Received 8th August 2015,
Accepted 28th October 2015

DOI: 10.1039/c5lc00947b

www.rsc.org/loc

Microfluidic devices to enrich and isolate
circulating tumor cells

J. H. Myunga and S. Hong*ab

Given the potential clinical impact of circulating tumor cells (CTCs) in blood as a clinical biomarker for the

diagnosis and prognosis of various cancers, a myriad of detection methods for CTCs have been recently

introduced. Among those, a series of microfluidic devices are particularly promising as they uniquely offer

micro-scale analytical systems that are highlighted by low consumption of samples and reagents, high flex-

ibility to accommodate other cutting-edge technologies, precise and well-defined flow behaviors, and

automation capability, presenting significant advantages over conventional larger scale systems. In this

review, we highlight the advantages of microfluidic devices and their potential for translation into CTC

detection methods, categorized by miniaturization of bench-top analytical instruments, integration capabil-

ity with nanotechnologies, and in situ or sequential analysis of captured CTCs. This review provides a com-

prehensive overview of recent advances in CTC detection achieved through application of microfluidic

devices and the challenges that these promising technologies must overcome to be clinically impactful.

1. Introduction

Circulating tumor cells (CTCs) in cancer patients' blood have
shown promise as a clinical biomarker for cancer diagnosis,
prognosis, prediction, stratification and pharmacodynamics
without invasive tissue biopsy.1–3 According to ‘seed and soil’
theory,4 CTCs that escaped from primary tumor sites travel
through the bloodstream until they either extravasate and ini-
tiate secondary tumor colonies or die. Over the past decade, a
number of technologies have been developed to discriminate
CTCs that are distinct from normal hematological cells based
on their biological and/or physiochemical properties.5,6

Among these technologies, CellSearch® and Gilupi, approved
by the US FDA and the EU, respectively, are in advanced
stages of clinical translation. CellSearch® (Janssen Diagnos-
tics), a semi-automated CTC detection system approved for
breast, prostate, and colorectal metastatic cancers, relies on
the immunomagnetic separation of CTCs using an antibody
against a CTC marker, epithelial cell adhesion molecule
(EpCAM).1 Gilupi is an in vivo CTC isolation system for CTC
quantification and ex vivo post-capture analysis via insertion
of a CellCollector tip functionalized with polymers and anti-
EpCAM into the blood vessel.7 However, the rarity (approxi-
mately one CTC in the background of 106–109 hematologic
cells), epithelial–mesenchymal plasticity and heterogeneity of

CTCs have hampered clinically reliable detection and molecu-
lar characterization of CTCs.8,9

A variety of emerging microfluidic devices have introduced
several important advantages and enhancement to existing CTC
capture strategies, including size-based and dielectrophoresis-
based separation, immunoaffinity-based capture, fluorescence-
based sorting and immunomagnetic capture of CTCs, as
comprehensively reviewed earlier by others.10–16 Many kinds
of materials, such as polymers (e.g. polydimethylsiloxane
(PDMS)), ceramics (e.g. glass), semi-conductors (e.g. silicon)
and metals, have been used to develop microfluidic devices
for CTC capture. Among these, due to its optical characteris-
tics, biological and chemical compatibility, fast prototyping
and cost efficiency,17 PDMS allows easy fabrication of micro-
fluidic devices using standard photolithography and their
integration with other nanotechnologies. As a result, PDMS
has been the most commonly used material for microfluidic
devices employed for the detection and isolation of CTCs
particularly in their early developmental stages.18 Although
highly promising, in order for microfluidic devices to be
successfully translated, several limitations, such as batch-to-
batch variations, slow processing speed of rare cells in
large sample volumes and non-specific binding, must be
overcome.19

In this review, we focus on how the advantages of micro-
fluidic devices have been exploited to enhance CTC enrich-
ment and detection. The advantages of microfluidic devices
and their recent examples are summarized in Table 1. The
recent microfluidic device techniques implemented to CTC
devices are classified into three principal approaches based
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on the roles that microfluidic technology plays in CTC
enrichment and detection: (i) miniaturization of conven-
tional, bench-top instruments for cell sorting; (ii) integration
with nanotechnologies for improved performance; (iii)
enabling in situ post-capture analysis. Within each category,
several subsections are also provided to further categorize
each technology based on its detection/functional mecha-
nisms. In addition, we discuss key challenges that micro-
fluidic CTC devices encounter, which should be overcome in
order for this promising technology to be clinically impactful.

2. Roles of microfluidics in CTC
enrichment and detection

Microfluidic technology can be considered as both a study of
fluidic behaviors in microchannels and a manufacturing
method for microfluidic devices. A microfluidic device typi-
cally manipulates small amounts (10−6 to 10−12 L) of fluid
using 1 to 1000 μm channel sizes. Microfluidic systems with
small sample volumes, multiplexing capabilities and large
surface-area-to-volume ratios offer a unique way to capture
and detect rare CTCs. Specifically, microfluidic devices
enable (i) the use of very small quantities of samples and
reagents to carry out highly sensitive detection, (ii) facile inte-
gration with other technologies that improve the efficiency of
the device and (iii) a one-step process of sample loading, sep-
aration and analysis.

2.1. Miniaturization

Microfluidic devices are originally designed for miniaturiza-
tion in chemistry, physics, biology, materials science and bio-
engineering from the mm-scale to the μm-scale. The majority
of conventional CTC detection methods, such as magnetic-
activated cell sorting (MACS), fluorescence-activated cell
sorting (FACS), high-definition fluorescence scanning micros-
copy, isolation by size of epithelial tumor cells (ISET) and
density-gradient cell sorting using a centrifuge, are designed

as bench-top instruments. Microfluidic systems have been
recently developed to provide miniaturized structures and
integrated processing capabilities by down-scaling such
bench-top instruments.20,21 Compared to bench-top instru-
ments, CTC microfluidic devices require only a small amount
of reagents, enable superior sensitivity to be achieved,
and enhance enrichment on small surface areas. As a result,
CTC microfluidic devices enable cost-effective, simple
and automated operation, along with precise control over the
flow behaviors and biological interactions of CTCs in
microchannels.14,20

2.1.1. Microfilters for size-based separation. Based on the
morphological and size differences between cancer cells (15–
40 μm in diameter) and leukocytes (≤10 μm in diameter),
size-based filtration using either polymer membranes or
microsieve membrane filter devices made of silicon or nickel
has been shown to extract CTCs from whole blood
samples.22–26 The size, geometry and density of the pores in
the microfilters can be uniformly and precisely controlled.23

Along with batch fabrication, this technology can also afford
maximal sample processing capability through parallel arrays
of multiple flow cells, which reduces processing time, cost
and filter clogging, while facilitating mass production and
high-throughput screening for large-scale clinical studies.26 A
silicon microsieve device with a high-density pore array was
able to rapidly filter tumor cells from whole blood.24 The
highly porous structure (~5000 pores of 10 μm diameter per
mm2) of the thin silicon membrane (30 μm in thickness, 105

pores per device) minimized the fluid resistance, allowing
rapid CTC filtration at a high flow rate of 1 mL min−1

(Fig. 1a–c). From the cancer cell-spiked human whole blood
sample, more than 80% of MCF-7 and HepG2 cells were
recovered at a rapid flow rate of 1 mL min−1. The device was
further validated with blood from cancer patients. The whole
process, from loading of blood samples drawn from various
cancer patients (8 samples) to CTC counting, was completed
in 1.5 h. In addition, the rigid silicon structure and small
device footprint (5 mm in diameter) allowed in situ

Table 1 The advantages of microfluidic devices for enhancing CTC enrichment and detection, and their related recent examples

Advantages Related properties Applications Examples

Miniaturization of conventional,
bench-top instruments for cell sorting

• Small amounts of samples and
reagents required

• Microfilters for size-based separation Ref. 22–31

• Well-controlled fluidic behaviour • Micro-centrifuge for density-based
separation

Ref. 33, 34

• Easy to design, modify and fabricate
the devices

• Micro-immunoassay Ref. 37, 38

• Transparent, soft and flexible • Micro-MACS Ref. 39–45
• Micro-FACS Ref. 46, 47

Integration capability with other
nanotechnologies

• Surface functionalization using
silanes

• Integration with nanostructured surface Ref. 55–57

• Transparent, soft and flexible • Combination with magnetic beads Ref. 58, 59
• Integration with polymers to enhance CTC
capture and release efficiencies

Ref. 66–70

In situ post-capture analysis • High gas permeability (especially to
CO2 rather than O2)

• In situ analysis Ref. 75, 76

• Transparent, soft and flexible • Sequential analysis after release of the cells Ref. 74, 78
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immunostaining for CTC identification directly on the micro-
sieves. However, considering that the size of most CTCs in
clinical samples widely varies and is often found to be similar
to that of leukocytes, as opposed to that of in vitro cancer cell
lines,27,28 these size-based microfiltration systems for CTC
detection require further validation with clinical samples.

It is noteworthy that it has been reported that CTCs which
form clusters are more invasive and metastatic than CTCs
that are present in their single-cell form.29,30 As a result,
methods to isolate CTC clusters from blood have been devel-
oped.30,31 For example, Cluster-Chip utilizes a microfluidic
device integrated with specialized bifurcating traps.31 The
PDMS-based microfluidic device consisted of 4096 parallel
tracks, and each CTC-cluster trap was composed of multiple
rows of shifted triangular pillars.31 The preliminary data
obtained using MDA-MB-231 cell cluster-spiked human blood
revealed that the Cluster-Chip showed higher capture effi-
ciency (near 100%) at 2.5 mL h−1, in direct comparison with
5 μm membrane filters (only ~26% at 0.1 psi). Because the
Cluster-Chip is immunolabeling-independent and is com-
posed of shifted triangular pillars, 80% of the captured CTC
clusters were released from the Cluster-Chip by simply revers-
ing the flow and transiently cooling the samples to 4 °C. The
captured CTC clusters from blood samples of breast cancer,
melanoma or prostate cancer patients were also used for sub-
sequent RNA sequencing and immunostaining, which
showed low expression levels of transcripts encoding CTC
markers, such as keratins, MUC1, EpCAM, and CDH1.31

2.1.2. Micro-centrifuge. Based on the distinct size and den-
sity differences between cancer cells and leukocytes, the min-
iaturized micro-centrifuge, or centrifuge-on-a-chip, can also
isolate CTCs from whole blood samples.32 Typical bench-top
centrifuges are widely used for separation of cells by size/den-
sity, particularly during sample preparation. The micro-

centrifuge with a μL-scale channel volume can replicate the
functions of a conventional centrifuge simply relying on a
purely fluid dynamic phenomenon.32 The well-controlled flow
behaviors in microchannels selectively separate and trap
CTCs in microscale vortices without moving parts or external
forces. Because of its high parallel processing capability, this
technology can also shorten processing time, reduce cost and
filter clogging, and enable high-throughput screening for
clinical studies.32,33

A micro-centrifuge with laminar fluid microvortices has
been demonstrated to continuously trap and enrich cancer
cells from spiked blood samples using hydrodynamic forces.33

At a speed of 5 mL min−1, the balance and decoupling of a
shear gradient lift force and a wall effect lift force in laminar
vortices and microvortex chambers induced particle entry and
trapping within the microvortex chambers, as depicted in
Fig. 1d–f. Without the need for manual pipetting and washing
steps, the micro-centrifuge was reported to enrich rare cancer
cells from blood samples with minimal cytotoxicity (~90% cell
viability). The capability of on-chip fluorescence labeling of
intra- and extra-cellular antigens also enabled the identifica-
tion and quantification of the trapped cancer cells (~40% cap-
ture purity). This simple micro-centrifuge could be potentially
used to develop an automated, low-cost and high-throughput
system for CTC enrichment as an alternative to the standard
bench-top centrifuge used for standardized clinical diagnos-
tics in resource-poor settings.34

2.1.3. Miniaturized immunoassay. Conventional immunoarray
systems, such as the enzyme-linked immunosorbent assay
(ELISA), can be integrated with portable microfluidic devices.
Immunoassay is one of the main analytical techniques used
in biomedical applications due to the highly sensitive and
selective binding properties of antigen–antibody interaction,
which allow for specific analyte detection.35 However,

Fig. 1 Miniaturization of a filter, a centrifuge and an immunoassay for CTC detection. (a) A schematic illustration of size-based CTC separation
using a silicon microsieve. The diameter of the fabricated microsieve is around 5 mm (b), which includes micropores of 10 μm diameter and a
supporting ring as shown in the SEM image (c). The fabricated microfilter is sandwiched between the microscope plate and the blood reservoir,
and whole blood was injected into the microsieve filter using a peristaltic pump (reproduced with permission from the Royal Society of Chemistry).
(d–f) A scheme of the separation mechanism of cells with different densities in a microcentrifuge. After being injected into the microchannels, the
cell mixtures were subjected to a shear gradient lift force, which directs particles toward the channel wall, and a wall effect lift force, directed
toward the channel center (d). The balance between the shear gradient and wall effect lift forces near dynamic equilibrium positions (e), Xeq, was
broken when the lift forces were decoupled near the particle trapping chamber (f), and the CTCs were separated from the blood cells (reproduced
with permission from the Royal Society of Chemistry). (g and h) The miniaturized immunoassay, CTC-chip with a micropost array (1st generation,
g) and herringbone patterns (2nd generation, h) were able to capture CTCs from whole blood after being functionalized with anti-EpCAM on the
silicon (g) or PDMS (h) surface, for point-of-care isolation of CTCs from peripheral blood (reproduced with permission from Nature Publishing
Group (g) and the National Academy of Sciences (h)).
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conventional immunoassays require a labor-intensive process
involving multiple reagent treatment/incubation and several
washing steps. To address this issue, the conventional immu-
noassay has been miniaturized on microfluidic devices to
control binding kinetics, reduce reagent consumption and
automate the process with precise control.35,36 The surface of
a PDMS microfluidic device can be functionalized with
silanes to immobilize proteins, polymers and inorganic mate-
rials (more details in section 2.2).5,6 Compared to antibody-
free detection methods using microfilters and micro-
centrifuges described in the previous sections, an
immunoarray, similar to micro-MACS and micro-FACS
described in later sections, requires specific antibodies
against surface markers on target cells. EpCAM has been the
most commonly used capture agent in these devices because
of its overexpression in various CTCs with epithelial origin,
but no expression in normal hematologic cells.

The CTC capture efficiency of microfluidic immunoassay
devices can be further enhanced by modifying hydrodynamic
mixing efficiency in the microfluidic devices. Toner/Haber's
group has developed a microfluidic device called the CTC-
chip, which is in its advanced stage of development
(Fig. 1g and h).37,38 The CTC-chip showed great potential for
simple and cost-effective CTC detection. The silicon (1st gen-
eration) and PDMS (2nd generation) chip surfaces were modi-
fied using a series of chemicals, i.e., (3-mercaptopropyl)-
trimethoxysilane (MPTMS), N-γ-maleimidobutyryl-
oxysuccinimide ester (GMBS), NeutrAvidin and biotinylated
anti-EpCAM. Microposts incorporated into the fluidic chan-
nels (1st generation) enhanced the hydrodynamic efficiency
of the flow, resulting in sensitive detection of CTCs under
flow.37 Although the micropost-based system exhibited a high
capture yield at a low flow rate (1–2 mL h−1), the capture yield
substantially decreased with an increase in flow rate (higher
than 2.5 mL h−1) due to the insufficient time for CTCs to
bind to the surface. It has been also reported that the first
generation of the CTC-chip showed poor mixing efficiency of
viscous flow due to low diffusivity. In an effort to address
these issues, subsequent studies have incorporated herring-
bone patterns onto the ceiling of the 2nd generation micro-
fluidic device, increasing the mixing efficiency.38 Modifica-
tions on the microchannel surfaces, such as microposts and
2-dimensional grooves, have been shown to be effective in
increasing the contact surface area and disrupting the lami-
nar flow to maximize collisions between the CTCs and
antibody-coated surfaces, enhancing the overall CTC capture
efficiency.38 However, these modifications could cause non-
specific capture or clogging of CTC clusters38 at the regions
where the flow is locally rotating or the local shear stress is
low.

2.1.4. Micro-MACS. Micro-MACS is one of the most widely
used approaches for CTC detection. Compared to conven-
tional bench-top MACS, a downscaled microfluidic system
provides a well-confined flow and magnetic field because its
short vertical height and large cross-section help to increase
the sensitivity of magnetic capture.21 Similar to the

conventional MACS system for CellSearch®, a microfluidic-
based immunomagnetic assay uses antibody-conjugated mag-
netic beads and an external magnetic field for capture. How-
ever, one unique difference of micro-MACS is that, depending
on the direction of the magnetic field, the collection location
of the target cells can be controlled (inside or outside the
microfluidic devices). For example, a device reported by the
Ingber lab retained the captured CTCs on the chip for in situ
post-capture analysis.39 It has also been reported that mag-
netically driven collection of CTCs can be controlled to be
located at different outlets.40 Although the potential cytotox-
icity of the surface-bound magnetic beads should be
addressed, micro-MACS has great potential for high-
throughput screening and commercial translation. Captured
viable CTCs using magnetic nanoparticles (MNPs) in micro-
MACS can be easily released and recovered by removing a
magnet. However, magnetic-activated sorting of cells from
whole blood may change the cell function or activity after
binding with the paramagnetic beads.41

The use of MNPs to magnetically capture and identify
CTCs has been shown to efficiently lead to CTC isolation
using micro-MACS. After conjugation with anti-EpCAM, Fe3O4

MNPs were added to cancer cell-spiked blood samples in a
manner identical to the procedure of the bench-top
CellSearch™ system.42 As an external force, a defined mag-
netic field gradient in the vicinity of arrayed magnets with
alternating polarities, as illustrated in Fig. 2a, was applied to
a typical PDMS microfluidic chip. This micro-MACS led to
the effective capture of MNP-labeled cancer cells, resulting in
90% and 86% recovery rates of an EpCAMlow colon cancer
cell line, COLO205, and an EpCAMhigh breast cancer cell line,
SKBR3 cells, respectively.42 Compared to the CellSearch™
system, this micro-MACS required 25% fewer magnetic parti-
cles to achieve a comparable capture rate, while maintaining
a fast screening speed (at an optimal blood flow rate of 10
mL h−1).42

Under a magnetic field, a microfluidic device with a main
channel and multiple collection-channels lined in dead-end
side chambers was demonstrated to isolate and trap mag-
netic bead-bound CTCs.39 First, CTCs in blood were labeled
with anti-EpCAM-coated magnetic microbeads (2.8 μm in
diameter). Then, the magnetically labeled CTCs were isolated
within the dead-end side chambers of the micro-MACS device
with an angled inlet conduit (Fig. 2b). The design and dimen-
sions of the microfluidic channels were optimized to maxi-
mize the capture efficiency and protect the isolated cells from
shear stress and stress-induced changes in cell physiology
and behavior such as proliferation. This micro-MACS device
was able to isolate CTCs from mouse blood with high effi-
ciency (~90%), specificity (0.4% blood cell capture) and viabil-
ity (~90%). Additionally, the captured CTCs within its dead-
end side chambers were expanded in culture after the
removal of magnets from the device.

Magnetically driven collection of CTCs can be combined
with cell sorting using a hydrodynamic flow created in a
microfluidic device. For instance, after immunolabeling of
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either CTCs or leukocytes using MNPs, inertial focusing in a
microchannel induced alignment of CTCs and leukocytes, fol-
lowing debulking that removed erythrocytes, platelets and
free MNPs (Fig. 2c). This alignment process allowed continu-
ous, high-throughput separation of the nucleated cells.40,43

The CTCs were then separated from leukocytes by either posi-
tive or negative selection using magnetophoresis.40,43 Another
example shown in Fig. 2d utilized local velocity valleys (VVs)
generated in a multizone microfluidic device to sort a cancer
cell mixture into several subpopulations depending on the
levels of EpCAM expression.45 The multizone microfluidic
device consisted of four different regions with different linear
velocities: EpCAMhigh cells trapped in zone I (1× speed),
EpCAMmedium cells trapped in zones II and III (0.5× and
0.25× speed), and EpCAMlow cells trapped in zone IV (0.125×
speed). The surface-marker-guided sorting and profiling of
target cells in the multizone microfluidic device were success-
fully applied to in vitro cancer cell lines with varying levels of
surface expression as well as clinical blood samples from
prostate cancer patients.45

2.1.5. Micro-FACS. FACS has been widely used to sort
heterogeneous mixtures of cells into multiple populations of
a pure cell suspension based on fluorescence signals. FACS is
automated, robust and specific with outstanding sorting
speeds (up to 50 000 cells per second). Similar to MACS
which relies on magnetic labels and magnets, FACS requires
sequential steps of fluorescence labeling, hydrodynamic flow
focusing, laser detection and cell sorting.31 However, because
of the lack of detection sensitivity to separate rare cells, FACS

is usually considered to be more suitable to sort out cells that
represent a relatively major portion in the mixture.12

Recent development in nanotechnology and microfluidic
technology enables the miniaturization of bench-top FACS
systems. For example, to adapt FACS for CTC isolation,
Chiu's group developed a process called “ensemble-decision
aliquot ranking” (eDAR) and applied it to micro-FACS.46,47

Similar to FACS, target cells were first labeled with
fluorescence-tagged antibodies. However, different from the
simultaneous cell analysis and sorting in conventional FACS,
the eDAR process divided the sample into aliquots containing
thousands of cells, and then detected fluorescent CTCs in
each aliquot with pulsed lasers (Fig. 2e). The virtual aliquot
volume in eDAR was optimized at 2 nL for the system
throughput (3 mL h−1), which resulted in a capture efficiency
of around 93% for both MCF-7 and SKBR-3 cells at a low con-
centration of 5 cells per mL. In addition, by utilizing multiple
light sources and detectors as well as a variable-direction
high-speed active sorter, eDAR simultaneously and selectively
performed multi-color sorting of two cell subsets. A heteroge-
neous mixture of rare cells from whole blood was labeled
with two types of fluorescence-tagged antibodies against
EpCAM and the epidermal growth factor receptor (EGFR).
The dual capture eDAR device with an active sorter demon-
strated the simultaneous isolation of EpCAM+ and EGFR+
cancer cells with improved recovery yields (~88%) at 50 μL
min−1.

Multiple functions can be successfully integrated into
highly interdisciplinary microfluidic devices; however, this

Fig. 2 Recent applications of micro-MACS and micro-FACS for CTC capture and identification. (a) A schematic illustration of CTC separation in
the microchannel under a magnetic field after labelling with anti-EpCAM-functionalized magnetic nanoparticles (reproduced with permission from
the Royal Society of Chemistry). (b) The magnetic nanoparticle-bound CTCs were isolated in a unique microfluidic device containing an angled
inlet channel and collection channels. The collection channels in the microchannel have arrays of dead-end side chambers (50 × 6 × 50 μm square
with a gap of 100 μm) due to a permanent magnet beneath the lower row of the side chambers (reproduced with permission from the Royal Soci-
ety of Chemistry). (c) The magnetic nanoparticle-bound CTCs were sorted out from blood cells in a series of debulking, inertial focusing and mag-
netic separation steps in the CTC-iChip system (reproduced with permission from the American Association for the Advancement of Science). (d)
Depending on the EpCAM-expression level on CTCs, the anti-EpCAM-magnetic nanoparticle-labeled CTCs were sorted in a device with multiple
velocity valley zones with different linear velocities: EpCAMHigh cells trapped in zone I and EpCAMLow cells trapped in zone IV (reproduced with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (e) The separation mechanism of micro-FACS, dual-capture eDAR. After immu-
nostaining blood samples, the active sorter in the microfluidic device was able to simultaneously separate the samples into 3 different channels:
non-labeled to the center waste channel (left), green-labeled cells to the left isolation channel (middle) and red-labeled cells to the right isolation
channel (right) (reproduced with permission from the Royal Society of Chemistry).
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multifunctionalization often makes the design, fabrication
and operation of the devices complicated. The fabrication of
complex devices would require technical expertise and long
preparation time, and would be challenging to scale up for
volume production and large-scale clinical applications.19

Methods that require the use of hard-to-fabricate devices may
have issues related to inconsistency in quality control, analyt-
ical validation and device fabrication for their clinical accep-
tance.19,48 Furthermore, these structured microchannels
would require a long time for full-field scanning to find the
cells captured at vertically different locations.49 In order to
truly benefit from miniaturization for CTC detection, other
instruments used in the detection process (e.g. a fluorescence
detector with laser sources and optics) also need to be modi-
fied for wide-field imaging for low-frequency high-throughput
CTC detection without scarifying the image resolution.49

The turnaround time of microfluidic devices also needs to
be improved for high-throughput analysis of clinical samples.
Due to the rarity of CTCs in blood, a fixed volume of 7.5 mL
of blood is typically processed for CTC capture as
CellSearch® does. The volume capacity of a microchannel is
typically less than 100 μL, which is too small to process 7.5
mL of blood within a reasonable time.20 Even without consid-
ering the time to stain and scan the chip to find and count
CTCs among a large number of hematological cells, it could
take several hours to process the blood from a single
patient.20 It is a challenge for clinical laboratories to com-
plete clinical-scale samples for CTC detection as a routine
assay at this sample processing speed.19 Moreover, this long
turnaround time, in addition to high shear stress and the
potential clogging issue of blood clots or CTC clusters in
microchannels, may adversely affect the viability and func-
tion of captured CTCs, making phenotyping and genotyping
difficult.20,50

2.2. Integration capability of microfluidic devices

Another important aspect of PDMS microfluidic devices is
that they can be easily integrated with nanotechnologies to
improve their performance, owing to their several unique
characteristics, such as (i) rapid fabrication by casting the
PDMS polymer against photolithography-based molds,51 (ii)
optical transparency and high elasticity,52 (iii) low magnetic
susceptibility of PDMS polymers52 and (iv) facile surface
functionalization using silanes. The characteristic rapid and
inexpensive prototyping of PDMS microfluidic devices with
high fidelity can reduce time and cost for a design cycle, as
well as enable the fabrication and testing of several proto-
types to optimize design parameters such as the channel size
and geometry. Elastomeric and optically transparent PDMS is
an excellent material to be used under pressure since its sur-
face can withstand high pressure under flow without defor-
mation and can be easily observed under a microscope. Thus,
PDMS microfluidic chambers with these characteristics can
be integrated with nanostructured substrates functionalized
for CTC capture. Low magnetic susceptibility could be useful

in systems for transport, positioning, separation and sorting
of magnetically labeled CTCs using magnetic forces, which
can be combined with magnetic bead-based CTC detection.
Hydrophilic silanol groups (Si–OH) can be easily derived on
the hydrophobic surface of PDMS from its repeating unit of
–O–SiĲCH3)2– via exposure to air and oxygen plasma oxida-
tion.51 The surface of PDMS or glass substrates could be
functionalized with self-assembled monolayers of silanes,
which can be further chemically modified.51 In addition, the
functionalized PDMS devices are prone to wetting with aque-
ous solutions and do not easily allow adsorption of other
hydrophobic species. The capability of PDMS to undergo sur-
face functionalization is suitable for the development of
multifunctional microfluidic devices via addition of polymers
for controlled surface chemistry and additional functions
(e.g. releasing capability of captured cells). For these reasons,
PDMS microfluidic devices can easily adapt integrated analyt-
ical systems for CTC separation.

2.2.1. Integration with nanostructured substrates. Nano-
structured silicon substrates with highly dense arrays of uni-
form vertical silicon nanowires exhibit a high surface-to-
volume ratio and enhanced sensitivity for biomolecule detec-
tion in biosensors.53,54 Silicon nanowire arrays (SiNWAs) have
unique structural features, excellent electronic, optical, ther-
moelectric and mechanical properties, and biocompatibility,
as well as potential for various biomedical applications.54 For
example, compared with flat silicon substrates, SiNWAs with
large surface areas were used as a platform for the enhanced
capture of CTCs through incorporation into a PDMS micro-
fluidic device.55

Anti-EpCAM-coated SiNWAs with a specific 3D nanostruc-
ture were integrated into a microfluidic system, called the
NanoVelcro chip, to increase the cell–substrate contact fre-
quency and improve the CTC-binding affinity.56 After curing
with aminosiloxane, the 3D surface of the SiNWAs and the
integrated microfluidic devices were conjugated with
streptavidin and biotinylated anti-EpCAM. This NanoVelcro
system contained patterned SiNWAs coated with anti-EpCAM
for high-affinity cell enrichment and a microfluidic device
with a serpentine chaotic mixing channel capable of improv-
ing the CTC/substrate contact frequency (Fig. 3a). The syner-
gistic effects led to high CTC-capture performance observed
for both spiked and clinical blood samples, which could
potentially provide a convenient and cost-efficient alternative
for sorting CTCs in clinical laboratories. After modifications
with thermally responsive polymers, CTC capture and release
from the NanoVelcro system were well controlled upon exter-
nal temperature changes.57 This thermally responsive Nano-
Velcro system demonstrated the effective capture of tumor
cells from blood at 37 °C and release of the captured cells
with retained viability and functionality at 4 °C, which will be
further described in section 2.2.4, which discusses the incor-
poration of releasing capability.

2.2.2. Combination with magnetic beads. Magnetic NPs
can form self-assembled structures in microfluidic devices
under a magnetic field and be functionalized for CTC
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capture. Ephesia, a system of microfluidic channels with
arrays of self-assembled biofunctionalized superparamagnetic
beads, was developed using a hexagonal array of magnetic
ink patterned at the bottom of a PDMS microfluidic channel
after injecting anti-EpCAM-coated magnetic beads into the
channel.58 Upon exposure to the vertically applied external
magnetic field, three-dimensional arrays of bead columns
were formed and localized on top of the magnetic ink dots
(Fig. 3b).58 The integrated magnetic beads increased the
amount of anti-EpCAM per surface area to efficiently bind to
CTCs. The captured cells from blood samples taken from
patients in the Ephesia system were released for post-capture
analysis of mutation detection by removing a magnet.59 For
example, heterozygous E545K mutation in exon 9 of the
PIK3CA gene was monitored on the released CTCs, which
revealed the potential of this technology for post-capture
genotyping.59

2.2.3. Addition of polymers for controlled surface chemis-
try. Recent advances in polymeric nanomaterials have
enabled the design of biomedical devices with significantly
improved performance. For example, multivalent binding
that occurs in a variety of physiological processes has been
exploited to significantly increase the sensitivity and selectiv-
ity of detection assays.60 We have used polyĲamidoamine)

(PAMAM) dendrimers that allow precise control of the multi-
valent binding effect through their characteristic properties
obtained from their well-defined chemical structure, high den-
sity of peripheral functional groups and easy deformability.61,62

The binding strength between CTCs and a capture surface
can be enhanced through the dendrimer-mediated multiva-
lent binding effect, which can significantly improve the sensi-
tivity and selectivity of the surfaces for CTC detection.62,63

Compared to linear polymer-coated surfaces, the surfaces
functionalized with the anti-EpCAM–dendrimer conjugates
exhibited dramatically enhanced cell adhesion and binding
stability towards three breast cancer cell lines (MDA-MB-361,
MCF-7 and MDA-MB-231).62 In addition, immobilization of
E-selectin induced cell rolling and has been shown to
enhance the surface capture of tumor cells (up to 10-fold
compared to the same surface without dendrimers).63–65 We
have also applied the significant enhancement of the
dendrimer-coated surfaces to various antibodies and have
shown the effectiveness of the device in capturing tumor cells
from clinically relevant blood samples as well.63

The biomimetic combination of the anti-EpCAM–dendrimer
conjugates and E-selectin has been introduced into micro-
fluidic channels. The in situ patterning of the two proteins
onto the interior of a permanently bonded PDMS micro-
fluidic device has been shown to improve immunoaffinity-
based tumor cell capture.66 Micropatterned photo-
polymerized polyĲacrylic acid) (PAA) with carboxyl termini on
the PDMS microchannels was used for E-selectin attachment
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysulfosuccinimide (NHS) coupling. Then, the self-
assembled monolayers of (3-mercaptopropyl)trimethoxysilane
with sulfhydryl groups backfilled between the PAA patterns
on the PDMS microchannels were used for surface immobili-
zation of the anti-EpCAM–dendrimer conjugates using an
N-γ-maleimidobutyryl-oxysuccinimide ester (GMBS) cross-
linker (Fig. 3c). By patterning the two adhesive proteins in an
alternating manner, the specificity and sensitivity for tumor
cell capture were significantly increased under flow. This in
situ pattern of alternating biomimetic proteins reduced the
leukocyte capture by up to 82%, while maintaining a high
tumor cell capture efficiency up to 1.9 times higher than that
of a surface with anti-EpCAM only. Moreover, this patterning
technique requires no mask alignment and can be used to
spatially control the immobilization of multiple proteins
inside a sealed microchannel.

2.2.4. Incorporation of releasing capability. CTCs captured
from patients' blood provide opportunities to perform post-
capture analysis to identify signaling pathways and investi-
gate the molecular profiling of individual CTCs. A number of
approaches to efficiently release the captured CTCs have been
explored to facilitate subsequent cell culture and single-cell
analyses.67,68 A promising approach is to use stimuli-
responsive polymers for CTC capture and release. The stimuli-
responsive polymers have been used to release the captured
CTCs upon exposure to various stimuli, such as light, temper-
ature, pH and physical stress. Proteolytic enzymes and/or

Fig. 3 Application examples of microfluidic devices integrated with
nanotechnology for CTC capture. (a) A PDMS microfluidic device with
a microchannel was assembled with nanostructured silicon arrays,
which was further functionalized with anti-EpCAM for CTC capture.
The increased surface area through integration with a nanostructured
surface demonstrated enhanced CTC sensitivity, compared to a flat
chip (reproduced with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim). (b) Anti-EpCAM-coated magnetic nanoparticles
were injected and arrayed inside a microfluidic device under an exter-
nal vertical magnetic field, which was used to functionalize the micro-
fluidic device for CTC capture as well as to release the captured CTCs
after removing the magnet (reproduced with permission from the
National Academy of Sciences). (c–f) A micropatterned microfluidic
device integrated with nanomaterials and biomimetic proteins, such as
dendrimers and E-selectin, respectively, significantly increases the CTC
capture efficiency and purity under flow conditions. The alternating
pattern of immobilized anti-EpCAM–dendrimer (red, d) and E-selectin
(green, d) on a PDMS channel surface showed stationary tumor cell
binding (red dots, e) across the entire capture surface, while leukocytes
rolled (green dots, e) on the E-selectin patterns. After rinsing with a
leukocyte elution buffer, the enrichment of red-labeled tumor cells on
the surface was clearly shown in (f) (reproduced with permission from
the American Chemical Society).
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stimuli-responsive polymers have been commonly used to
engineer the CTC capture surface to release the cells as a
result of surface degradation or in response to external
stimuli.

Alginate hydrogels have been incorporated onto the sur-
face to increase the CTC capture efficiency by altering the
surface topography and efficiently release the isolated CTCs
from the surface upon simple stimulation. Alginate in a solu-
tion containing CaCl2 was injected into the 1st generation
CTC-chip for in situ hydrogel formation on the chip surface,
which was further functionalized with a mixture of PEG,
EDC, sulfo-NHS and anti-CD34. This ionically crosslinked
hydrogel was used to capture and release CD34-expressing
endothelial progenitor cells in heparin-treated blood speci-
mens without the need for enzymatic digestion,67 with the
principle of calcium chelation driving the substrate degrada-
tion. When the alginate hydrogel on the chip surface was
covalently crosslinked using an Irgacure 2959 photoinitiator
and functionalized with anti-EpCAM, EpCAM-expressing CTCs
were captured and released via treatment with alginate lyase
(Fig. 4a).69 This calcium-sensitive approach is limited by the
fact that chelating agents, such as ethylenediaminetetraacetic
acid (EDTA), cannot be used as blood anticoagulants. The use
of enzymes (alginate lyase and DNase) has also resulted in poor
efficiency (<10%) of release and limited viability of the cells.57

Self-assembled DNA nanostructures were incorporated onto
an avidin-coated, herringbone microfluidic device via rolling
circle amplification at 37 °C using a biotinylated primer–cir-
cular template complex, nucleotide triphosphate containing
deoxyribose (dNTP) and DNA polymerase (Fig. 4b).70 Multi-
ple long aptamers in the matrix of the DNA nanostructures
on the chip had a highly specific binding affinity with lym-
phoblastic CCRF-CEM cells over monovalent aptamers and
anti-EpCAM.70 The degradation of the DNA matrix upon
exposure to DNases/endonucleases induced the release of
captured cells from the chip.70

As discussed earlier in section 2.2.1, the thermally respon-
sive NanoVelcro system demonstrated the effective capture
and release of tumor cells from blood upon external tempera-
ture changes. In this study, thermally responsive polyĲN-
isopropylacrylamide) (PNIPAAm) polymers were grafted onto
a silicon nanowire array (SiNWA)-based CTC detection plat-
form.57 The amino groups on the PNIPAAm-grafted Nano-
Velcro were then conjugated with biotin-NHS and streptavidin
for further functionalization with biotinylated anti-EpCAM. As
shown in Fig. 4c, this thermally responsive platform demon-
strated the effective capture of tumor cells in the presence of
human blood cells at 37 °C and release of the captured cells
with retained viability and functionality at 4 °C. The
PNIPAAm-grafted NanoVelcro exhibited reversible cellular
attachment and detachment in response to temperature
changes due to the transition of the chain conformation
between the hydrophobic collapsed state and the hydrophilic
extended state. At 37 °C, biotins were present on the surfaces,
leading to the binding of biotinylated anti-EpCAM through
streptavidin as a bridge and thus facilitating the capture of

cancer cells with high efficiency. As the temperature
decreased to 4 °C, the PNIPAAm chains became hydrophilic
and extended to encapsulate anti-EpCAM, which stimulated
the release of captured cells.

A thermally responsive gelatin-based nanostructured coat-
ing formed by the layer-by-layer (LbL) deposition of bio-
tinylated gelatin and streptavidin was also developed for the
temperature-responsive release (for bulk-population recovery)
of captured CTCs (Fig. 4d).68 Raising the device temperature
to 37 °C degraded the nanocoating from the whole surface
within minutes for the bulk-population release of CTCs. In
addition, the local regions in the gelatin nanocoating were
sensitive to mechanical stress from a frequency-controlled
microtip, which was used for the mechanosensitive single-
cell release of CTCs (Fig. 4d).68 This dual release strategy of
the gelatin-coated chip has successfully driven the

Fig. 4 Releasing capability-integrated microfluidic devices for CTC
capture and release. (a) An alginate gel-coated microfluidic device was
able to capture CTCs after anti-EpCAM functionalization, as well as
release the captured CTCs via gel dissolution after brief exposure to
the bacterial enzyme, alginate lyase (reproduced with permission from
the American Chemical Society). (b) A microfluidic device incorporated
with long multivalent DNA aptamers isolated CTCs from whole blood,
which were released after DNase treatment to cleave the DNA
aptamers on the surface (reproduced with permission from the
National Academy of Sciences). (c) A schematic illustration of a micro-
fluidic device integrated with a nanostructured silicon surface and
thermally responsive polymers, such as PNIPAAm. The captured CTCs
on the nanomaterial-based device at 37 °C were released after lower-
ing the temperature to 4 °C (reproduced with permission from Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim). (d) The multiple layer-by-
layer deposition of biotinylated gelatin and streptavidin on the surface
of a microfluidic device induced the isolation and release of CTCs from
the nanocoating in two different mechanisms: bulk cell release via
temperature changes (left) and single-cell/selective release after apply-
ing localized shear stress via inducing vibration from the microtip
(right) (reproduced with permission from Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim).
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characterization of the PIK3CA and EGFR oncogene muta-
tions in the released CTCs.

Although promising, it should be noted that these stimuli-
responsive nanomaterials may face challenges in order to be
clinically implemented due to the requirement of running
the samples at certain temperatures (for thermally responsive
nanomaterials) and under specified conditions (DNase/endo-
nuclease-free conditions for DNA/aptamer-based materials).
Additionally, the exposure of individual cells to a certain stim-
ulus (e.g. enzyme, light, chemical, temperature or mechanical
stress) during the release process may affect the cell viability.
In addition, the nanomaterial-integrated microfluidic device
may have some potential issues regarding stability and quality
control due to the intrinsic heterogeneous and often unstable
characteristics of nanomaterials.

2.3. In situ or sequential analysis of isolated CTCs

The genetic information of enumerated CTCs at the single-
cell level will significantly contribute to a better understand-
ing of the CTC population through complete characterization
and functional analysis. The single-cell genetics of low-
frequency CTCs may provide the means to link genetic data
to new insights into the complex mechanisms of drug resis-
tance, ultimately leading to the development of personalized
cancer treatments. Research incorporating microfluidics and
single-cell genetic analysis, including cell capture and enrich-
ment, cell compartmentalization and detection, can be used
to create simple and more informative tools for CTC stud-
ies.71 Microfluidic technologies are attractive for single-cell
manipulation due to their precise handling in isolating rare
CTCs and low risk of contamination from the environment
and components within the sample.12 Microfluidic single-cell
techniques can also allow for high-throughput and detailed
genetic analyses that increase accuracy with reduced cost,
compared to bulk techniques.12 Additionally, microfluidic
technologies provide an additional alternative to in situ cul-
ture of live and intact CTCs for downstream analysis due to
the unique properties of PDMS such as optical transparency,
flexibility, and high permeability to gases, water, oxygen and
chemicals.52,72 Incorporating these microfluidic platforms
into research and clinical laboratory workflows can fulfill an
unmet need in biology, delivering highly accurate and infor-
mative data necessary to develop new therapies and monitor
patient outcomes.

2.3.1. In situ analysis while capturing. Enrichment must
be conducted in line with a separation system to reduce the
contamination possibilities and the liquid volume for rapid
detection and analysis. To clean up unnecessary hematologi-
cal cells, a variety of detection strategies, such as layers with
8 μm pores for size-based filtration73 and magnetic or physi-
cal traps,74 were incorporated into microfluidic systems for
CTC detection and in situ analysis. Optically transparent
PDMS microfluidic devices allow the identification of cap-
tured and washed CTCs through immunofluorescence
staining against cytokeratin, CD45 and DAPI on-chip, and

subsequent in situ analysis to be carried out for the single-
cell genetic profiling of the CTCs.

Fluorescence in situ hybridization (FISH) has been fre-
quently used for in situ analysis and successfully evaluated
the amplification status of cancer-related genes in micro-
fluidic devices. The 2nd generation CTC chip with a herring-
bone pattern75 was used to successfully isolate pancreatic
CTCs from mouse and human blood, and investigate the
molecular characterization of signaling pathways associated
with proliferation and anoikis (a form of programmed cell
death that is induced by anchorage-dependent cells detaching
from the surrounding extracellular matrix) (Fig. 5a).76 Expres-
sion of WNT in pancreatic cancer cells is known to suppress
anoikis, enhance anchorage-independent sphere formation,
and increase the metastatic propensity in vivo.76 The results
of single-molecule RNA sequencing showed the amplification
of WNT signaling genes of captured CTCs in 5 out of 11 cases
of pancreatic cancer patients, demonstrating that the WNT
signaling pathways may contribute to pancreatic cancer
metastasis. The treatment of WNT inhibitors, TAK1 inhibitors
and shTak1 on tumor cells clearly showed increased
anchorage-independent tumor sphere formation. Thus, the
effectiveness of WNT inhibition in suppressing this effect
could potentially identify a novel drug target for metastasis
suppression to prevent the distal spread of cancer.75

2.3.2. Sequential analysis. By concentrating rare cells in
localized regions using microfluidic systems, mechanical
traps are some of the most commonly used methods for
anchoring particles and cells to a physical structure and
enabling multistep perfusion of reagents to perform cell
assays on-chip. After capture, it is important to release particles
and cells on-demand for further downstream analysis.74,77

Having discussed the application of stimuli-responsive poly-
mers for the release of captured cells from microfluidic
devices in section 2.2.4, this section will focus on other
approaches to collecting CTCs for downstream, sequential
analyses.

Swennenhuis, J. F. et al. developed a microfluidic device
with microwells to capture and recover CTCs.74 The captured
and identified CTCs on the multiwell microfluidic device
were collected by punching the bottom of the device. The
self-seeding chip contained 6400 microwells (with a diameter
of 70 μm and a depth of 360 μm) to trap a single cell per well
(Fig. 5b). A 5 μm pore-size filter was placed in the center of
the microwell to allow media or non-target cells to pass
through, removing unnecessary background signals. After a
fast and efficient distribution of single cells in individual
microwells by applying a negative pressure of 10 mbar under
the slide using an air pump, a manometer and a pressure
regulator, the cells of interest in the microwells were recov-
ered in a 96 PCR well plate by punching the 1 μm thick bot-
tom. The recovered cells were used for DNA amplification
and Sanger sequencing.74 The signatures of the ROBO2 and
PTEN genes in the recovered PC-3 cells were identified, which
were used to determine the capture specificity.74 Apart from
punching the wall of the microfluidic device, other

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 2
9 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 C
hi

ca
go

 o
n 

26
/0

4/
20

16
 1

8:
59

:3
0.

 
View Article Online

http://dx.doi.org/10.1039/c5lc00947b


Lab Chip, 2015, 15, 4500–4511 | 4509This journal is © The Royal Society of Chemistry 2015

approaches, including the use of a suction needle for single-
cell retrieval, could be also combined with microfluidic
devices to recover the captured CTCs for sequential
analysis.78

Conclusions

Accurate CTC detection has great potential to provide valu-
able clinical insight into the progress of metastatic cancers
and monitor the responses of patients during cancer therapy.
As summarized in this review, recent advances in micro-
fluidics such as miniaturization of bench-top analytical
instruments, integration with nanotechnology and in situ
analysis of captured CTCs, have provided various designs and
promising implementation of highly reliable CTC-capture
platforms with excellent yield and selectivity. However, micro-
fluidic devices, especially those that are PDMS-based, have

potential difficulties to be translated for clinical impact. For
clinical translation, the next generation of CTC microfluidic
devices is expected to meet the following standards: (i)
enhanced detection sensitivity and specificity than the cur-
rent CTC devices; (ii) shorter total analysis time for CTC
detection, capture and identification; (iii) enhanced capabil-
ity for in situ or sequential analysis after capture; (iv) simplifi-
cation of operating procedures for high throughput; (v) mini-
mal batch-to-batch variations. Beyond simple enumeration,
in situ analysis of captured CTCs in microfluidic devices will
lead to novel insight into cancer progression and metastasis,
and genetic/phenotypic changes in cancer cells. We expect
that such CTC microfluidic devices will be implemented for
routine use in point-of-care testing and ultimately play a key
role in achieving personalized therapeutics for cancer
patients.
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