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Isolation of circulating tumour cells by physical
means in a microfluidic device: a review

Pravin Patil,® Madhuprasad,*® Tushar Kumeria,®® Dusan Losic® and Mahaveer Kurkuri*®

Isolation and enumeration of circulating tumour cells (CTCs) from human blood has a huge significance in
diagnosis and prognosis of cancer. Utilization of the unique microscale flow phenomena called
microfluidics offers ability to efficiently isolate CTCs from other haematological cells. The improvement
in microfluidic technology allows time and cost efficient isolation of CTCs in a continuous manner
utilising only up to nano- or micro-litres samples. This technology could potentially lead to the
fabrication of cheap, disposable and transparent devices for sorting and molecular examination of even
single cell. Additionally, the potential to physically entrap and capture rare CTCs in microfluidic devices
can eliminate the need of expensive antibodies normally used for immune capturing of these rare cells
which would further reduce the cost of operation. During the last few years, several innovative and

intricate microfluidic designs to isolate and capture these extremely rare cells from the whole blood
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Accepted 6th October 2015 samples without using specific antibodies have been published. Herein, we review the recent literature

on exploiting physical characteristics of tumour cells to efficiently isolate them from billion other cells
DOI: 10.1039/c5ra16489¢ and discuss the intricate design perspective of microfluidic devices for efficient in vitro cancer diagnosis

www.rsc.org/advances and prognosis.

1. Introduction

Microfluidic technology offers the unprecedented advantage of
miniaturization with required sample volume down to micro/
nano litre, low-cost device fabrication and high throughput
analysis. These devices are usually fabricated by processes such
as micromilling,” micromachining,** lithography®” and
imprinting technique® on various substrates such as metal,
glass, silicon, polymers etc.® Fabrication of microfluidic systems
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via soft photolithographic techniques in a poly-
(dimethylsiloxane) (PDMS)* material has been widely used in
areas such as chemical and biological sensing, chromatog-
raphy, nanomaterials synthesis and so on."* Due to the inherent
properties of PDMS material, microfluidic devices are tend to be
less expensive, transparent (i.e. allows for microscopic investi-
gation of the process), soft and flexible for broader applications.
More importantly the PDMS can be surface modified for
example with specific biomolecules like antibodies, proteins,
nucleotides and others to achieve required selectivity.'* The
essence of microfluidic device lies in its ability to precisely
control the flow of fluid. The microscale phenomenon such as
small Reynolds number, surface tension, and viscous force play
a dominating role in achieving Laminar flow of fluids in the
microfluidic channel.”® Furthermore, high surface to volume
ratio offers the advantage of isolating any molecule/
biomolecule of interest with high efficiency due to the
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increased probability of interaction of analyte molecule with the
surface."™" Significant research on development and applica-
tion of this technology has been carried out across several
disciplines including chemistry, physics, surface science,
microfluidics, engineering and electronics.

Currently, the most emerging application of microfluidic
devices is in the field of life sciences.*® The use of microfluidic
technology in the field of biology and life sciences dates back to
1990s,"” when polymerase chain reaction,® DNA analysis,*
synthesis,* and electrophoresis on chip*® were mainly studied
in microfluidic devices. The biomedical microfluidic devices*
are mostly used for real time analysis of tumour cells,* chem-
ical biology,> neuronal studies,”*® and bioprocesses.”**°
Recently this technology is extensively adopted to physically
capture and/or isolate circulating tumour cells (CTCs) for
prognosis and diagnosis of cancer patients in a lab-on-a-chip
type of devices.*!

Cancer is one of the deadliest diseases of current time,
characterized by uncontrollable cell growth, which killed more
than 8 million people in 2012 alone (according to WHO) and the
number is still fast rising.*> Cancer harms the body when
damaged cells divide rapidly to form lumps or masses of tissues
called tumours. Such tumours can grow and interfere with the
organs of affected human. Cancer cells can also release
hormones that can affect the normal body functioning. In
addition, cancer becomes deadly due to its metastasis which
means: the ability of tumour cells to detach from the original
site (i.e. primary tumour) and enter into the blood stream to
migrate and stop at a distant organ to trigger secondary tumour.
Acquisition of such migratory property is achieved through
a process called epithelial mesenchymal transition (EMT).>***
The presence of CTCs in blood stream which act as ‘liquid-
biopsy’* has attracted huge attention from researchers and
clinicians in the recent years. This allows for detection, isola-
tion, and enumeration of metastatic cancer cells from whole
blood samples leading to prognosis of patients suffering from
cancer. However, the extreme rarity of these CTCs in blood
(<200 CTCs per mL of blood, which contains billions of other
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cells) poses a huge challenge to isolate them from whole blood
samples.*

It is worth stressing that there are three main objectives
while designing and evaluating CTC isolation systems, which
are listed below:*

e High capturing efficiency: to isolate all of CTCs that are
present in blood sample.

e High isolation purity: refers to efficient sorting of only
CTCs with no other cells.

e High throughput: processing of large sample volume in
a short time makes system viable in clinical applications.

In addition to above objectives, other important issues
concerns in isolating CTCs are cell clogging, low purity,
recovery, and enrichment. Researchers have developed several
designs at micro-level to address these issues. The efforts have
been focused on structuring macro-scale systems for CTC
isolation to achieve above mentioned objectives. Few products
to isolate and detect these tumour cells such as ISET® (Rare
cells Diagnostics, Paris, France), ScreenCell® (Screencell,
Westford, MA, USA) and CellSearch® are commercially avail-
able in the market.*® Among all such commercial products,
CellSearch® is the only technique which is approved by U.S.
Food and Drug Administration (FDA).*® Although CellSearch®
has been approved by FDA, the system still has several draw-
backs.’” There are various approaches to isolate CTCs in
a microfluidic format from whole blood samples such as
immunoaffinity, physical properties of CTCs and direct analysis
using high throughput assays (Fig. 1).*** On the other hand,
the considerations and drawbacks to commercialize these
microfluidic based devices*® has been discussed by Chin et al.**
Several reviews have been reported on isolation of CTCs, using
antibody mediated techniques.*******” Furthermore, label-free
isolation techniques such as size/deformability based, dielec-
trophoresis, pinched flow,* trajectory based and acoustic based
separation have also been summarised.*

Immunoaffinity
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Though there are few reviews on isolation of CTCs from
blood samples, this review mainly focuses on the recent
concepts that physically isolate CTCs through microfluidic
devices with main emphasis on their intricate designs, param-
eters, and performances. The review has been divided into five
sections: isolation of CTCs based on size, dielectrophoresis,
pinched flow and acoustophoretic methods followed by
conclusion and future prospects.

2. lIsolation of CTCs based on size

Size based isolation of CTCs from blood sample has an advan-
tage of size differences between CTCs (>4 to <30 pm),** and
haematological cells (6-10 pum).”* The most popular size/
deformability-based CTC isolation methods rely on using
either track-etched membranes or micro-fabricated filters. It is
worth noting here that these methods have limitations because
CTCs from certain carcinoma are even smaller than white blood
cells (WBCs) and flexible, this affects isolation efficiency of the
device.?* In this section, we discuss intricate dimensions of few
devices with respect to tumour cells for efficiently isolating
CTCs using size as the critical factor.

Warkiani et al.>>* reported spiral microfluidic devices for
size based, label free isolation of CTCs from clinically appli-
cable blood volumes. The device consists of 8 loops spiral
microchannels with one inlet and two outlets, the radius from
inner to outer loop varies from 8 to 24 mm. To make trapezoidal
cross section, the width of the channel, inlet and outlet heights
were set at 600, 80 and 130 pm respectively (Fig. 2A and B). The
spiral microchannels with rectangular cross-section influence
more on centrifugal force acting in radial direction which
results in the formation of vertices known as ‘dean vertices’.
Due to the Poiseuille flow condition and the effect of inertial lift
and dean drag force, particles of different size balances at
different position from the base of the microchannels. MCF-7
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Fig.1 Wide range of approaches/methods employed for isolation of CTCs for early detection and prognosis purpose (reproduced from ref. 42

with permission. Copyright®© 2014 Elsevier Inc.).
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Fig. 2 (A) Multiplexed spiral microfluidic chip for capturing CTCs (reproduced from ref. 55 with permission. Copyright© 2014 Royal Society of
Chemistry). (B) CTC enrichment by a spiral channel with a trapezoid cross-section (reproduced from ref. 56 with permission. Copyright© 2014
Royal Society of Chemistry). (C) Double spiral microfluidic device. Inset: Optical microscopic image of the isolated Hela cells (reproduced from
ref. 58 with permission. Copyright© 2013 American Institute of Physics). (D) Microfluidic chip for continuous CTC isolation (reproduced from ref.

59 with permission. Copyright®© 2013 Elsevier B.V.).

and T-24 cell lines were used for isolation with processing time
less than 10 min with highest possible throughput of 7.5 mL
blood. On the other hand, immune based CTC isolation of same
volume of blood (7.5 mL) was achieved in 60 min.*” The spiral
biochip enriches CTCs from RBCs by 10" fold and achieved
~85% efficiency in both the devices. 100% CTC capture/
isolation was achieved for metastatic breast and lung cancer
patients, which indicates that the device can be used as a diag-
nostic and prognostic kit.

Further to improve the poor efficiency obtained by spiral
designs, Sun et al®*® introduced double spiral microfluidic

89748 | RSC Adv., 2015, 5, 89745-89762

device for the hydrodynamic size based isolation. The chip is
a 6-loop double spiral microchannel of 300 pum wide and 85 um
height with one inlet and three outlets exists at the outer loop,
which would be easier for microscopic inspection during
operation. The channel was connected with the inlet at the first
spiral and spirals in the counter clockwise direction, changes its
direction through an S-shape at center junction, spirals out and
ends with three outlets (inner outlet of 70 pm wide, middle
outlet of 145 pm wide and outer outlet of 85 um wide). The gap
between two adjacent loops is 450 pm and the total length of
double spiral channel is 334 mm (Fig. 2C). The modelling was

This journal is © The Royal Society of Chemistry 2015
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performed using computational fluid dynamics (CFD) Fluent
software to optimize flow rate, which provides an under-
standing of flow field and particle behaviour which is crucial for
better designing of cell separation device. Followed by simula-
tion, HeLa cell lines were used for real time testing, the results
showed that, both cell purity and cell separation was ~90% with
a high throughput of 2.5 x 10° cells min~'. Furthermore, the
cell lines were mixed with fluorescent materials to identify the
isolation of CTCs under optical microscope.

In another study, highly effective isolation of lung cancer
cells using novel microfluidic design has been reported.> The
device has an advantage that it maximises target volume and
simplifies liquids splitting at channels. It consists of more than
80 paired parallel microchannels connected by a row of filtra-
tion microchannels to split liquid efficiently. And further to
achieve maximum target volume, the device also consists of an
outlet and a waste chamber. Typical dimensions of the devices
were as follows: 50 pm (width) x 50 um (height) and filtration
microchannels, 20 um (width) x 2-8 um (height). The 86 main
microchannels and the 87 side microchannels were arranged in
parallel at regular intervals of 30 um distance to increase the
throughput of the micro-device. One end of each microchannel
was connected to inlet and other end to waste chamber via
filtration microchannel. Similarly, one end of side micro-
channel was connected to waste chamber and other end was
kept closed. Finally main microchannel was connected to side
microchannel via row of filtration microchannels as shown in
Fig. 2D. This design works in such a way that small cells like
erythrocytes, granulocytes etc. get filtered out through filtration
channels and collected in waste chamber, but larger cells like
CTCs cannot pass through filtration channel, thus get isolated
through main channel. Cell lines, A549, SK-MES-1 and H446
were used for these experiments with optimised flow rate of 0.4
mL h™', which provided more than 80% cell recovery. The
average capturing efficiency of 90% for all cell lines was ach-
ieved. As a practical application, 59 cancer patients were sub-
jected for analysis, among them 54 patients (~91%) were found
having CTCs in their peripheral blood.

Similarly, Sun and co-workers® fabricated microchannel
device which works similar to that of Huang et al.:** both, main
and side channels have the width and height of 50 pm at the
cross section, while filter channel was of 20 pum width whereas
height varied from 2 to 8 pm. The microfluidic device was tested
using HT-29 cell lines (human rectal cancer cells) at a flow rate
of 0.5 mL h™'. Fluorescence microscopic studies were per-
formed to identify and enumerate CTCs: the recovery rate was
~94%, whereas for EpCAM based devices the recovery rate was
~45%.

In order to process higher volume of samples a multistage
microfluidic device for continuous isolation of CTCs from
whole blood samples was developed by Shen et al.®* The device
mainly consists of four regions, i.e (i) filter region, which
prevents channel from clogging due to cell aggregation. (ii)
Inertial focusing region, which was composed of 80 repeated
contraction/expansion channel units with a total length of 2.4
cm. The length of contraction and expansion was same i.e. 150
pum, but the width was different ie. 180 pm for expansion

This journal is © The Royal Society of Chemistry 2015

View Article Online

RSC Advances

channel and three different widths of contraction channels (30,
60, 90 pm). The height of channels and microstructures of the
device were all 57 pm. (iii) Inertial separation region, which was
split into two side channels and one central channel. The two
side channels were respectively connected with outlets 2 and 3
for removing small-sized waste cells (i.e. blood cells). The
central channel was connected with the outlet 1 for collecting
large-sized target cells (CTCs) and (iv) steric hindrance region
was to improve the target cell efficiency by removing unsepa-
rated blood samples. The working principle is shown in Fig. 34,
the filter region (A) prevent the external debris to avoid down-
stream clogging within the device and due to inertial lift forces
at the inertial focusing region (B), relatively larger rare cells
(CTCs) and few blood cells pass through center channel of
inertial separation region (C) and enter steric hindrance region
(D), where most of blood cells filtered out. Subsequently, based
on cell size in steric hindrance region, trapezoid-shaped pillar
array shaped channels can further isolate blood components
and enrich tumour cells. MCF-7, HeLa tumour cells and K562
leukemic cells were used for analysis. The cell recovery rate and
throughput achieved was ~90% and 2.24 x 10’ cells min*
respectively, with 2.2 x 10° fold improvement.

Convective accumulation based cell separation (CACS)
system was introduced against conventional fluorescence acti-
vated cell sorter (FACS).® It is worth mentioning that, most
existing microfluidic devices are based on the rate of laminar
flow which requires inlet and outlet to inject and collect cells.
Therefore, cells of smaller size usually get tangled and lost in
between the device during the analysis process. CACS system
can overcome these issues utilizing its open structure of the
device in a microfluidic format, which makes it easy to use even
for single cell separation. Also, such standalone devices are easy
to inspect under microscope and imaging, often difficulty arises
with the microtubings being plugged to the devices which
hinders the movement of the device under microscope. The
concept of CACS system is based on cells loading in trap-in unit
of microfluidic chip, which works with no connectors to the
chip and with no exact flow control. The principle of trap-in unit
in CACS system is that, firstly, small particles such as cells are
accumulated at an air-liquid interface formed in between glass
cover and substrate chip. Secondly, by sliding the glass cover in
one direction, cells are trapped in a micro-well (diameter of 20
pum) of the substrate chip (Fig. 3B). The other advantage of this
unit is that, in combination with convective accumulation
method, the trapped cells are accessible from top of the chip,
followed by pick-up unit, which has soft micropillar array where
cells are being recovered. The open top structure makes bubble
to carry the trapped cells away from top of the chip. To evaluate
the viability of device, cell trap confirmation and recovery, the
cells were subjected for live/dead viability assay followed by
imaging with the help of inverted microscope where 75% of cell
viability was achieved.

A non-inertial lift force was utilized to isolate rare cells in
a single straight channel, having two equal sized inlets with
cross section of 66 x 63 um converge in a rectangular main
channel with varying height at outlet which facilitate the sepa-
ration of CTCs from RBCs.*® As shown in Fig. 3C, the cells were

RSC Adv., 2015, 5, 89745-89762 | 89749
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Copyright© 2014 Royal Society of Chemistry). (B) Convective accumulation based cell separation (CACS) system for the trapping of rare cells
(reproduced from ref. 62 with permission. Copyright© 2014 IEEE). (C) Non-inertial lift force induced cell sorting device (reproduced from ref. 63

with permission. Copyright® 2013 American Institute of Physics).

injected in channel from Qgampie at a flow rate of 20 pL h'and
focused the cells by varying flow rates. Main channel has same
cross section as inlets and a length of 20 mm. The non-inertial
lift induced separation takes place between the regions X; and
X, (Fig. 3C), which leads to migration of cells from wall to
different heights due to size differences. These difference in
height of cells were carefully observed and microchannel was
expanded in z direction with an angle of 27° up to a height of
276 pm (x3) to sort CTCs out. In addition, separation of CTCs
from RBCs was made possible by two outlets which exists 84 pm
apart. Further, MV-3 melanoma cells were used: 100% separa-
tion efficiency and throughput of ~6 x 10% cells mL™" was
achieved.

For the purpose where cell purity matters for example in
molecular analysis after isolation, microvortex based device
would help. The isolation is based on the difference between
shear gradient lift forces exerted on cells of different sizes.®* The
device has eight parallel straight channels (width = 50 pm,
height = 70 pm and length = 4.5 cm) consists of two inlet, two
reservoirs (width = 400 pm). It was optimized for flow rate and
critical diameter for trapping. The straight channel with high-
aspect ratio was designed so that flowing particle/cells were
inertially focused to two distinct lateral positions closer to
channel walls at a uniform z-plane prior to entering the cell
trapping reservoir region. To increase throughput, the array of
these designs were fabricated parallel to each other. Main
factors which influence the cell trapping here are, shear

89750 | RSC Adv., 2015, 5, 89745-89762

gradient lift force, which act on the cells and helps to migrate
towards channel walls and lift force due to wall effect, where
cells were repelled away from the wall. These forces are
dependent on cell size, channel width etc. In this device as the
cells enter a reservoir, where neighbouring wall was no longer in
close proximity, the particles experience shear-gradient lift force
in the direction towards vortex center. Since this force is more
prominent in larger cells, induces higher lateral lift force due to
which large cells were trapped in reservoir and small particles
were allowed to move freely and comes out of reservoir region.
The system was tested for the ability to enrich larger cells by
flowing various concentrations of fluorescently labelled HeLa
cells and MCF-7 cells. The capturing efficiency decreased but
remained higher than 25% as the number of cells introduced
decreased (from 900 to 200 cells per run), further the capturing
efficiency of the device was found to be lower than the average
when the solution with a high cancer cell concentration (2000
cells per run) which was due to the limitation of trapping
capacity of the device. The throughput for this device was 7.5 x
10° cells s~ ', which can further be increased by multiplexing the
parallel channels. Further, enrichment studies were conducted
for MCF7 cells where the cells enriched by a factor of 7.1 with
23% capturing efficiency, while HeLa cells were enriched by 5.5
times with 10% capturing efficiency due to smaller average cell
size (12.4 pm) compare to MCF7 cells (20.4 pm).

Sollier et al.®® also designed similar device which works on
vortex technology, the Vortex chip consists of 64 reservoirs, with

This journal is © The Royal Society of Chemistry 2015
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8 paths in parallel and 8 reservoirs per path (Fig. 4). Each path is
comprised of a single straight high-aspect ratio channel
(WC(width of the channel) = 40 pm, H(height of the channel) = 80-85 um,
Lc(iength of the channel) = 4 mm) followed by 8 reservoirs
(WRwidth of the reservoir) = 480 um, LR(Iength of the reservoir) = 720 Hm)
located every 1 mm downstream. Filters located at the inlet
prevent channel clogging by bead or cell aggregates or debris
present in blood samples. To identify the best device geometry
various dimensions were tested (H = 55, W = 50, and Lc = 100,
500 and 1000 pm). The main factors governing this vortex micro
device are inertial flow,*® complex geometries, flow rate, and
dimensional parameters such as channel width, size of the cells
etc. The advantages of vortex technology are short processing
time and low concentration of sample required. The optimised
flow rate for blood sample was 350 pL min~ ', OVCAR-5 (Ovarian
Carcinoma), M395 (Melanoma) and PC-3 (prostate adenocarci-
noma) were used for the analysis. The throughput achieved was
7.5 mL/20 min, which is significantly higher compared to the
commercial CellSearch® kit which takes more than 4 hours to
process the same amount of blood sample. Similarly, process-
ing 7.5 mL of blood with antibody based capturing through
microfluidic device takes 60 min.*” Non-epithelial origin cell
lines such as M395 (melanoma cancer cells) were successfully
isolated using this device. The cell purity was found to be 80 to
100 % which is crucial for mutational analysis such as gene
expression analysis and sequencing whereas efficiency was less
compared to conventional methods.*

A simple filtration based devices like microcavity array (MCA)
system integrated in a microfluidic device has been designed by
Hosokawa et al.*” MCA systems provide three major advantages
over other array based devices. (i) This system can facilitate
trapping of large number of single cells with high efficiency. (ii)
Cell sorting, observation, imaging and evaluation of large
number of cells or single cell can be done easily by aligning cells
on MCA system and (iii) it is useful for entrapment and

View Article Online

RSC Advances

immobilization of both adherent and suspension types of cells
such as leucocytes. MCA system also provides an environment
that allow trapped cells to be cultured or maintained by trans-
porting nutrients and oxygen in a microfluidic network and it is
useful for long term monitoring of cells.®® Each of 10 000 cavi-
ties were arranged in 100 x 100 array format, which was fabri-
cated to have a diameter of 8 to 9 um on the top and placed at
a distance of 60 um from adjacent microcavity (Fig. 5A). The
CTC isolation device was constructed by sandwiching the MCA
system between upper and lower PDMS layer using spacer tapes.
For analysis, HCC827, NCI-H358, NCI-H441, DMS79, NCI-H69
and NCI-H82 cell lines were used. Soon after introducing
blood sample in the device, pressure was applied to a cell
suspension using a peristaltic pump connected to a vacuum
line, allowing sample to pass through microcavities at flow rate
of 200 pL, min . To identify and enumerate isolated CTCs, cell
lines were stained inside the device and subjected for fluores-
cence imaging. Recovery rate was found to be ~98% for all cell
lines. These results were further compared with the commer-
cially available CellSearch® kit where 31% recovery rate was
achieved, which revealed that capturing efficiency was higher
for fabricated microarray device.

Similar simple microfiltration approach has been used by
Adams et al.® The fabricated microfluidic device has several
advantages such as it is transparent, flexible, non-fluorescent
(i.e. suitable for the imaging under fluorescence microscopy)
and also has high tensile strength allowing for high porosity
within a large filtration area, which decreases complications of
mounting procedures. Each optical mask is patterned to
produce thirty 13 mm diameter microfilters within a 100 mm
wafer. The pores are formed within a 9 mm diameter area in the
center of filter. The SEM images of micropores are shown in
Fig. 5B. Three different optical masks with different pore sizes
were used to produce different pore distributions i.e. ~70 000,
~110 000 or ~160,000 pores. Initially, different sizes of
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Fig.4 Microvortex based microfluidic chip showing its intricate design, digital photograph of the device, and mathematical model explaining the
flow of cells inside different sections of the chip (reproduced from ref. 65 with permission. Copyright© 2014 Royal Society of Chemistry).
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Fig.5 (A) Microcavity array (MCA) for size-based isolation of CTCs and SEM image of tumour cells trapped on the MCA system (reproduced from
ref. 67 with permission. Copyright© 2013 PLOS ONE). (B) SEM images of microfilters (reproduced from ref. 69 with permission. Copyright© 2014

Royal Society of Chemistry).

micropores with different pore distribution as mentioned above
were tested to optimise pore size of the device. The optimal
design consisting of pores with 7 mm diameter array patterned
with 160 000 pores were used throughout the experiments. The
capturing efficiency of the device was assessed using fluores-
cence microscopy with MCF-7, SKBR3, MD-MBA-453, PC3 and
LNCaP cell lines stained with the acridine orange and DAPI
dilacetate. Initially MCF-7 cell lines were used for the optimi-
zation of flow rates. The positive pressure i.e. direct pushing of
cells through the device caused a massive cell loss to overcome
this, an open system was developed called negative pressure
(<18.5 mbar) to avoid shear stress on the cells. The optimum
flow rate was found to be 7.5 mL min~". The isolation efficiency
for above mentioned cells lines were evaluated, with and
without fixed dilution solutions. It was found that, the fixed
cells show efficiency of ~93% while the unfixed show ~80%
efficiency. It has been concluded that, high porosity microfilters
were more suitable for size based isolation of CTCs due to broad
capturing ranges with a low standard deviation and a high
capture efficiency, but there is a possibility of cell clogging
during the analysis which may lower the throughput.

Recently, Tang et al.”® fabricated microfilters with conical
shaped holes, different sizes (5.5, 6.5, 8.0 um) of microfilters
fabricated using polyethylene glycol diacrylate (PEGDA) were
integrated in PDMS based microfluidic device. Fig. 6 depicts the
conical shaped microfluidic device. For assessing the device,
HT-29 cells were spiked in human blood cells and the average
capturing efficiency of 95% was obtained. The cell isolation
efficiency with respect to hole size was studied using three
different cell lines (MCF-7, HT-29 and U87) at a particular
concentration of 100 cells mL ™" spiked in PBS buffer solution
with optimized flow rate of 0.2 mL min~". In this study it has
been observed that, by using 5.5 pm holes the capture efficiency
was achieved to be 98, 96 and 85% for MCF-7, HT-29 and U87,
respectively. They also tried for different sizes of hole (5.5, 6.5
and 8 pm) to further optimize the efficient hole size for
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separation. Interestingly, it was found that, there was no
comparable differences at 6.5 pm hole diameter with compar-
ison to 5.5 pm holes but there was huge decrease in efficiency at
8 um holes with this 6.5 um was chosen for the experiments. In
another study, resettable cell trap mechanism was introduced
for size based isolation of CTCs.”* The main advantage of this
mechanism is that it enables creation of an adjustable aperture
with a well-controlled geometry inside a microchannel. UM-
UC13 bladder cell lines were used for the study and a capture
efficiency of 82% was achieved in contrast to CellSearch® kit,
which only provided 42% capture efficiency. This shows that
a simple design, which can expand and contrast pore size with
respect to the cell size, can hugely improve the throughput as
well as cell clogging during the separation process.

Spiral devices developed by Warkiani et al>**® display an
efficiency of ~85% and a throughput of 7.5 mL/10 min, which
can be used as a point of care type of devices for diagnosis of
cancer. On the other hand, the devices with straight micro-
channels including microfilters have been demonstrated to
provide very high efficiency but lacks in throughput because of
microfilters blockage during the experiment. For example, the
device by Sun et al.,*® has got very high recovery rate of ~94% at
a very low throughput of 0.5 mL h™". The microvortex based
devices have very low efficiency but the purity of isolated CTCs
will be as high as 90%.°° The devices based on vortex technology
have a low isolating efficiency but have high throughput. All
these devices depend on the dimensions of channels, fluid
forces such as inertial lift force, dean drag flow, and hydrody-
namic forces. Nevertheless, if the sizes of leucocytes and CTCs
are same then these techniques are not relevant (for example,
the average size of leukemic cell line CCRF-CEM is 9.7 um in
diameter whereas RBCs have average size of 9 um). This limi-
tation is true with all the device, however, developing intricate
devices to overcome this issue is believed possible and
necessary.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (A) Microfluidic device with conical shaped microfilters for CTC isolation. (B) A photograph of microfluidic device while conducting
experiment. (C) Photograph of a device in comparison with 1 cent euro. (D) SEM image of a conical shaped microfilters. Scale bar: 40 pm
(reproduced from ref. 70 with permission. Copyright© 2014 Scientific Reports).

3. Dielectrophoresis based isolation

Dielectrophoresis (DEP) has become an attractive method for
cell sorting because it offers cheap, continuous, antibody-free,
label-free isolation of cells of different sizes. The term DEP
was first introduced by Pohl™ to study the motion of biological
cells due to the effect of polarization in a non-uniform electric
field. It is known that polarisation changes with size of the cells,
the dielectric property of normal and tumour cells vary signifi-
cantly because of the differences in surface area and hence, the
volume. By manipulating and/or controlling electric field within
the microfluidic channels, the separation of tumour cells can be
achieved. There are two types of DEP forces viz; (i) positive DEP
(p-DEP) (i.e. if the particle/cell is more polarizable than its
surrounding medium, the particles will be concentrated toward
the high electrical field gradient) and (ii) negative DEP (n-DEP)
(i.e. if the surrounding medium is more polarizable than the
particles which causes the particle to move toward the low
electrical field region).” It is worth knowing that the DEP force
depends on four important parameters such as, volume,
dielectric property of cells, surrounding medium and applied
electric field.” The common electrode used during this process
is Cu/Au electrode, however many other electrodes can also be
used. The general equation governing this DEP forces is

(FDEP) = 2mtema’Re[fum] V| EP

where a is radius of particle, em is permittivity of suspending
medium, E is electric field strength, Re[f.y,] is real part of the
Clausius-Mossotti factor. Re[f.,| describes the frequency
dependent polarization of the particle which is a function of
complex permittivity of particle and suspending medium. In

This journal is © The Royal Society of Chemistry 2015

this section we review some of the literature of DEP based cell
isolation.

During the early days, CTC isolation using dielectrophoresis
was only carried out with microelectrodes, which showed
disadvantages such as cell cleavage, low cell discrimination and
throughput.” To address this issue, Shim et al.”® developed
continuous dielectrophoretic field flow fractionation (DEP-FFF)
to isolate CTCs. Initially, batch mode of DEP-FFF was used to
attain the discrimination between cells, however the device
lacked in high throughput as it took several days to isolate very
few rare cells from 4 x 107 of RBCs.”” To allow larger batches of
cells to be processed with higher discrimination, the contin-
uous flow DEP-FFF was introduced where the isolation takes
place in less than 1 h. The working principle of continuous flow
DEP-FFF is presented in Fig. 7, briefly, there are two main
regions in the device: one is ion-diffusion region and DEP
separation region. Continuous flow of a low conductivity elute
was passed from an inlet ‘a’ to an outlet ‘', establishing
a Poiseuille flow profile in separation channel of 200 mm
length, 25 mm width and 314 um height with 50 pm parallel
gold coated copper microelectrodes. Peripheral blood mono-
nuclear cells (PBMNs) having CTCs (specimen) were fed
through a slot in the bottom of the chamber at a continuous
flow rate g;,, designated as specimen injection zone ‘b’ has a low
flow rate compared to elute flow rate Q;,, which enables to form
a thin specimen lamina that flows adjacent to the floor of the
chamber beneath the main elute flow stream. Further when
thin specimen lamina travels along the chamber floor in ion-
diffusion region, cells experience sedimentation and weak
hydrodynamic lift forces and settles close to the chamber floor
‘c’. Meanwhile, ions diffuse from thin specimen lamina into the
main eluate flow stream, while non-ionic cells flows through
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Fig.7 Continuous dielectrophoretic field flow fractionation (DEP-FFF) microfluidic device (reproduced from ref. 76 with permission. Copyright©

2013 American Institute of Physics).

specimen lamina. After flowing to sufficient distance along the
chamber for diffusion, the specimen will be small enough to
carry out DEP separation. The flow then enters DEP separation
region, where AC voltage was supplied to microelectrodes on
chamber floor to impose DEP forces on cells. As they flow over
the microelectrodes, tumour cells are pulled towards chamber
floor by positive DEP forces, while PBMNs are repelled and
levitated by negative DEP forces due to their size differences.
Cells eventually move to heights at which the DEP, sedimenta-
tion and hydrodynamic lift forces balance ‘d’. Finally, as flow
enters the tumour cell skimming zone ‘e’, fluid is withdrawn
through a slot in the chamber floor at a rate gy, tumour cells
are thereby captured through the withdrawal slot, while PBMNs
flow over the slot and exit to waste with the main eluate (goy) ‘f’.
The crossover frequency (is the frequency where the DEP force
makes the transition from negative to a positive force and is
dependent on cell and medium conductivity and permittivity)
used for isolation was 130 kHz at an applied voltage of 4 V. The
device was tested with clinical samples: MDA-MB-45 cells with
pre-labelled fluorescent dyes spiked in PBMNs specimen, more
than 75% isolation efficiency was observed.

ApoStream™ device which has been commercialized,
consists of a gear pump, custom-made DEP signal generator,
conductivity meter and laser particle counter which are
computer controlled to enable dynamic feedback control and
monitoring.”® The sample injection and collection flow rates are
controlled by high precision syringe pumps. Mainly there are
three components in the fabricated device; (i) a flexible poly-
imide film sheet with electroplated copper and gold electrodes
which forms the floor, (ii) an acrylic sheet forms the ceiling and
(iif) a gasket forms side walls of flow channel (Fig. 8). The
sample is flowed through a rectangular port located in the
bottom of flow chamber at upstream end. Cancer cells are

89754 | RSC Adv., 2015, 5, 89745-89762

collected through another rectangular port located downstream
from sample inlet port. The sample is injected at a low flow rate
to ensure cells stay within the effective DEP field. When cells
come in contact with DEP field, the cancer cells were pulled
towards chamber floor and repel other cells as they traverse the
electrode. Cancer cells travelling close to chamber floor are
collected at collection port, while other blood cells traveling at
greater heights are carried beyond this port and exit the
chamber to waste container (Fig. 8). The captured cancer cells
are collected into a microcentrifuge tube. This device is capable
of separating tumour cells at lower frequency i.e. 45 to 65 kHz
with 40 kHz cross over frequency. Initially the optimization of
the device was carried out to prevent cell levitation, cell skim-
ming etc. It was also found that, the effect of DEP field decreases
beyond ~30 pm distance from bottom of the chamber,” for this
reason, flow rates were optimised in the region of ~30 um above
the chamber flow to prevent from cell levitation. Ovarian cancer
cells (SKOV-3) and breast cancer cells (MDA-MB-231) in
peripheral blood mononuclear cells (PBMCs) were used for the
study. Above the cross over frequency, separation of maximum
tumour cells due to increase in p-DEP were observed, only 3% of
normal blood cells were recovered. The average recovery rate of
tumour cells of SKOV-3 and MDA-MB-231 cell lines were ~75
and 72%, respectively. At lower spiking rates, the average
recovery rate was 68% (Table 1). Although, the efficiency was
less compared to other microfluidic devices, throughput was
much higher for this device (60 min to process 12 x 10° PBMCs
from 7.5 mL of blood samples).

Unlike vertical levitation based isolation Das et al.*® reported
a microfluidic device that consists of three planar electrodes for
manoeuvring the cells horizontally. Central electrode is tapered
at an angle of 9° with a width of 100 um at the inlet, 1.1 mm at
outlet spreading over 3 mm along the channel length. Two side

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 ApoStream™ microfluidic device (reproduced from ref. 78 with permission. Copyright© 2012 American Institute of physics).

Table 1 Cancer cell recovery from the ApoStream™ device

Number of spiked cancer Cancer cells collected % cancer Average %
cells after ApoStream™ cell recovery cancer cell recovery
SKOV3 cells 23 14 60.9 68.3
19 14 73.7
5 4 80.0
4 2 50.0
MDA-MB-231 cells 22 16 72.7
21 16 76.2
14 9 64.3

electrodes of 50 pm width at the same tapering angle were also
integrated. A continuous gap of 50 um between electrodes
maintain the flow of cells. Microchannels are covered with
a transparent material to monitor the flow of cells. The planar
design of electrode has an advantage that it won't block or act as
a barrier to cells, which also leads to usage of lower voltage and
enables to isolate cells. In presence of non-uniform electric field
the separation can be with continuous flow pattern in a device.
HeLa cells were used for real test where, tumour cells flow
through the central electrode in the frequency range of 100 to
400 kHz, but when the frequency reaches 500 kHz the cells
started moving towards the side electrodes. Finally, in the range
of 700 kHz to 1 MHz, maximum number of HeLa cells move
along the side electrodes, polystyrene beads flow only over
central electrode. This is also well matched with theoretical
results found through simulation.

This journal is © The Royal Society of Chemistry 2015

Guo et al.* reported circuit based microfluidic device which
consists of three reservoirs, two electrodes inserted in left and
right side of the device channels, one side branch channel
acting as a conducting electrode and sensing aperture (Fig. 9).
Working principle of this device is based on Coulter principle
i.e. bias-voltmeter was used for counting and enumerating
microparticles. Fluid containing particles block micro-scale
aperture during translocation due to the obstacle of particles,
thus, electric impedance of aperture increases which causes
increase in electrical current across the fluidic branch for effi-
cient sorting. By distinguishing dynamic change in bias pulse,
the particle size and translocation time can be analysed. Single
pulse corresponds to interaction of single particle, the higher
pulse amplitude implies larger particles. Due to larger size of
CTCs compared to RBCs, CTCs shows higher peak amplitude
compared to RBCs.
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Fig. 9 Circuit based microfluidic device. Inset: the real time image of
the device in comparison with 9 mm diameter dollar coin (reproduced
from ref. 81 with permission. Copyright© 2013 IEEE).

Another device called multi-orifice flow fractionation (MOFF)
has been introduced by Moon et al.,** in which micro-particles
were moved sideways due to hydrodynamic inertial force
created by a multi orifice structure. The extent of sideways
movement varies according to particle size and hence polymer
microspheres used of different size can be held at different
positions in a microchannel in the presence of DEP force. As
discussed before, the DEP method lacks in efficiency and
throughput at weak DEP force.** To overcome this, MOFF and
DEP techniques have been integrated in a single device
(Fig. 10A). The MOFF component is composed of one inlet,
a filter, a multi-orifice segment which contains 80 repeated
contraction channels and expansion chambers with overall
length of 36 mm, a fraction segment and two wide outlets. The
channel dimension of 6 mm in width and 30 mm in length was
adopted for DEP separation. The DEP electrodes were placed at
bottom of the channel with an interdigitated structure of 40 mm
in width. The blood cells and CTCs pass through MOFF, CTCs
with some residual blood cells were get separated (i.e. specific
ranges of Reynolds numbers for which the cells would be
concentrated were separated laterally according to their sizes in
the MOFF microchannel). It shows that RBCs recovered at
higher Re (i.e. Re. = 70) not at lower Re (i.e. Re. = 30), whereas
MCF-7 can be recovered at both low and high Re.. Around 93%
MCF-7 cells from blood sample were isolated. While cells were
in DEP region, where they experience dielectric force cells start
moving towards the electrodes. At 900 kHz frequency, only
MCF-7 cells were able to move towards electrodes and collected
at outlet 2, whereas other blood cells flow in main channel and
collected at outlet 3. MCF-7 cells were enriched 162 fold at flow
rate of 126 L min~ ', with ~95% separation efficiency to isolate
RBCs and WBCs, but the efficiency of isolating CTCs was
decreased to ~78% due to two fold fractionation of samples.

Optical based DEP (ODEP) with six sections of moving light-
bar screens at cell isolation zone has been developed by Huang
et al.* to isolate CTCs with higher viability. Two inlets separated
at 1.5 mm were designed for loading sterilized sucrose solution
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and mixture of cancer cells and leukocytes, respectively. The
device with two microchannels of 7 mm length, 0.5 mm width
and 50 mm height were intersected, the intersected area was
called CTC isolation zone (2.1 mm in length and 1.0 mm in
width). The moving light bars act as electrodes to isolate CTCs
from whole blood. To create ODEP forces photoconductive
material was used onto the light-bars. As shown in the Fig. 10B,
sections 1, 3 and 5 direct the sample to CTCs isolation zone by
creating ODEP forces, while sections 2, 4 and 6 to separate and
guide cancer cells to the cell free sucrose channel (the purpose
of sucrose solution is to maintain the osmotic condition which
helps the cells viable). Prostate cancer cells (PC-3) and human
oral cancer (OEC-M1) cell lines were used for isolation studies
where cell recovery rate for PC-3 and OEC-M1 were ~75 and
~66% whereas cell viability for PC-3 and OEC-M1 cells were ~94
and ~95% respectively.

Chen et al® have improved isolation efficiency in compar-
ison with the previous designs by adopting stepping electric
field which was possible due to the spiral electrode design. The
width of the electrodes and gap between them were 30 pm, the
radius of circular microelectrode curvature was 1 mm. A circular
electrode with diameter of 90 pm (lollipop shaped) was
employed as central electrode to collect cells. To increase
sample volume, open-top chamber made out of PDMS was
fabricated and bonded to a glass substrate. HeLa and MCF-7 cell
lines were spiked with RBCs to test the device. Before applying
electric field, samples were randomly distributed over the
surface, but as electric field comes in contact with cells, the cells
experiences p-DEP (voltage 8 V and frequency 1 MHz). The
electric field at adjacent electrodes were switched to generate
stepping electric field form outmost electrode to central elec-
trode, which was the driving force to concentrate the cells at the
centre. The magnitude of DEP force acting on MCF-7 was 5
times more than that of HeLa cells because of large size of MCF-
7 cells. The survival rate of RBCs after DEP force applied was
very less whereas the average survival rates of HeLa and MCF-7
was as high as ~82%. The cancer cells and RBCs concentration
was set to 500 cells mL ™" and 4 x 10° cells mL~". Around 80% of
both the cells were concentrated on central electrode.

Xing et al.®*® designed an interdigitated comb like structure
composed of 75 um thick single crystal-doped silicon wafer that
serves as both electrode and walls of active flow chamber. The
electrode digits (15 pairs) display a characteristic layout
featuring a set of alternatively arranged narrow (20 pm) and
wide (140 pm) segments along the digit length (~3 mm)
(Fig. 11A). Beneath each narrow segment lies a round lateral
opening (the ring) that is coaxially aligned with corresponding
rings in all other digits for the purpose of defining an orthog-
onal flow path. The rings are nearly identical in size and feature
a nominal diameter of 40 pm, which is large enough to allow
passage of most blood cells and CTCs (human colorectal-
carcinoma cells). Each digit containing 10 uniformly spaced
rings contributes to a total of 300 rings across the device.
Consequently, an input stream of cells gets divided equally into
10 parallel streams inside a large flow chamber (3 mm wide, 9
mm long) and exposed to an effective DEP force field through
coaxial ring electrodes. This facilitates the use of a high

This journal is © The Royal Society of Chemistry 2015
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(A) Microfluidic device using multi-orifice flow fractionation (MOFF) and DEP for cell isolation (reproduced from ref. 82 with permission.

Copyright® 2011 Royal Society of Chemistry). (B) Optical induced DEP (ODEP) device for cell isolation (reproduced from ref. 84 with permission.

Copyright© 2013 Royal Society of Chemistry).

cell-loading density (107 cells mL™"). The optimised frequency
used to isolate CTCs from lymphocytes was 100 KHz at flow rate
of 0.2 mL h™", above and below this frequency it was observed
that, very less isolation and removal of CTCs and lymphocytes
respectively. At this frequency the rare cells experienced p-DEP

force and separated from lymphocytes and collected at the
electrode. The CTCs recovery rate achieved was ~82% whereas
~90% of blood lymphocytes were also separated from sample
during the isolation simultaneously. Recovered viable cells were
up to 94% as seen in SEM images.
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(A) Microfluidic device for the isolation of human colorectal-carcinoma cancer cells (reproduced from ref. 86 with permission. Copy-

right© 2014 Elsevier B.V.). (B) 3D lateral dielectrophoretic device for cell isolation (reproduced from ref. 87 with permission. Copyright®© 2015

Royal Society of Chemistry).
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Recently, very high throughput 3D lateral dielectrophoretic
(LDEP) microfluidic device has been introduced.”” The device
has ‘v’ shaped microchannel with high electric field gradient
that makes lateral DEP force normal to continuous flow
(Fig. 11B). Cells with different sizes, dielectric properties and
shapes show different LDEP velocities which resulted in the
isolation. The 6 cm long device was subjected for its efficiency
by using PC14PE6/AS2-GFP (AS2-GFP) lung cancer cells: the
recovery rate was 85% with enrichment factor of 10> at the flow
rate of 20 pL min ' with average frequency of 10 kHz. By
increasing the channel length to 13 cm throughput was about
24 mL h™" which is significantly high.

DEP technique exploits differences in both cellular
morphology and dielectric properties. It was assumed that, it
could achieve high isolation efficiency and purity compared to
size based isolation devices, however, when it comes to real
time application this technique provides slightly less efficiency
and purity due to limited dielectric difference between normal
cells and CTCs. Also, using complex electronic equipment
makes it less favourable. The flow rate and cell purity are in
trade-off, as the flow rate increases, the purity decreases and vice
versa. Furthermore, most of the reported on-chip DEP separa-
tion microfluidic devices require the use of a low conductivity
medium which also limits the cell viability after separation. The
cross over frequency is also an important factor in this method
where reducing this frequency for higher isolation efficiency is
challenging. For example, Shim et al.”® isolated CTCs with an
efficiency of 75% at a frequency of 130 kHz whereas Moon
et al.® fabricated a device which has an efficiency of ~90% at
a cross over frequency of 900 kHz. However, to overcome the
limitation of crossover frequency Gupta et al.’® developed
a device called ApoStream™, which isolates CTCs at a frequency
of ~45 kHz and is relatively less. Recently Cheng et al.®” were
able to isolate the CTCs at 10 kHz with the efficiency of ~80%
using 3D lateral based DEP device. Developing the integrated
microfluidic devices which can give high isolation separation
and purity at a time would be more favourable towards the
commercialization of such devices.

4. Pinched flow based isolation

Pinched flow based isolation of CTCs were achieved in
a microfluidic device which consists of a pinching region for
trapping rare cells just prior to channel outlet. The width in
pinching region is designed to be similar to the size of CTCs,
such that the centre of inertia of these larger cells align along
the axial centre of microchannel. Thus, at the outlet, all non-
tumour cells remain along the side walls of channel, while
larger CTCs are discharged along channel axial centre, allowing
centre outlet to collect rare cells whereas most of the non-
tumour cells are removed through side outlets. As shown in
Fig. 12A provides a clear idea of pinched flow technique where,
in pinched segment (a) particles align to one side of the wall
without consideration of size which can be made possible by
controlling flow rate. At broadened segment (b) particles were
separated according to their sizes by spreading flow profile at
the boundary of pinching segment which was due to laminar
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flow.* In pinched flow isolation method the width of the
pinching region is very essential feature as it varies with design
parameters of the device according to the need of isolation of
various sizes of CTCs.*

Bhagat et al.* have adopted this technique, which consists of
a single inlet, high aspect ratio rectangular microchannel
patterned with a contraction-expansion array. The widths of the
contraction and expansion regions were 20 and 60 um respec-
tively and their lengths were 100 um. The microchannel
consists of 75 subunits of contraction-expansion regions with
a total length of 1.5 cm (a pair of contraction and expansion
regions makes up one subunit). The outlet opens into a 300 um
wide section for enhanced visualization and is equally divided
into three 100 pm wide bifurcating arms; two side outlets and
a central outlet arm. The target cells are collected in centre
outlet while all other blood components are removed from side
outlets (Fig. 12B). The designed device utilizes shear modulated
inertial lift produced by viscous drag and inertial lift force,
which causes the cells to flow away from centre of channel
towards wall of the microchannel and the wall induced force is
generated as these particles move towards the wall. These two
opposing forces results in equilibrium of uniform flow of cells.
In other words, cells suspended in a fluid flowing through
a microchannel are typically subjected to both viscous drag and
inertial lift forces. The parabolic laminar velocity profile in
plane Poiseuille flow produces a shear-induced inertial lift
resulting in the particle migration away from the center of
channel towards the wall of microchannel. As particles migrate
closer to the walls, the asymmetric rotational force induced
around particles generates a wall-induced lift force driving
these particles away from the walls.®* This principle influences
the efficient separation of rare cells as the channel width will be
comparable to the sizes of CTCs. MCF-7 and MDA-MB-231 cell
lines were used for experiments wherein cell recovery rate was
found to be more than 80%, enrichment of 3.5 x 10° fold and
1.2 x 10" fold for red blood cells and peripheral blood leuco-
cytes (PBL), respectively, at a flow rate of ~10° cells min .

Pinched flow based cell isolation depends on physical
properties of the cells such as the dimensions of cells and
device used. The major advantage of this technique is that the
cells undergo less stress in comparison to the dielectrophoretic
technique and hence would result in higher cell viability and
purity, which is very ideal for further cellular studies. However,
it requires higher processing time and could often lead to cell
clogging at the pinching region. Bhagat et al®® fabricated
a device which showed 80% efficiency with relatively high flow
rate of ~10° cells min . However, further studies are required
to address above mentioned limitations.

5. Acoustophoretic based isolation

This technique is based on the generation of ultrasonic reso-
nances in microfluidic channels. Acoustic waves are used to
manipulate the cells at micro-level for decades. Lenshof et al.**
reported the use of acoustic forces for the efficient sorting and
enumeration of CTCs by means of acoustophoresis, where the
differing acousto-physical properties of circulating tumour cells

This journal is © The Royal Society of Chemistry 2015
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Fig. 12 (A) Illustration of pinched flow based isolation of CTCs (reproduced from ref. 88 with permission. Copyright© 2004 American Chemical
Society). (B) Pinched flow separation of CTCs using shear force (reproduced from ref. 90 with permission. Copyright© 2011 Royal Society of

Chemistry).

are explored as the basis for separation from other peripheral
blood cells.”® Recently Destgeer et al® comprehensively
reviewed recent developments in the use of surface acoustic
waves based manipulation of microparticles. Cell size, cell mass
density and cell compressibility are the three properties which
influences the acoustic force on the cells. If any of these prop-
erties changes between two different cell types then it is
possible to isolate the cells acoustophoretically. For a given
volume, flow rate and a given acoustic field strength, the chip
can selectively transfer the subset of cells having the highest
acoustophoretic mobility to the central outlet.

Augustsson et al.®® developed noncontact, label free acous-
tophoretic method for the separation of CTCs. The device was
fabricated in such a way that the produced ultrasound vibra-
tions will affect the separation of CTCs from blood cells, also the
width of the microfluidic channel was chosen in such a way that
the ultrasonic vibrations produce two acoustic pressure nodes
across the width of the channel and an additional single
acoustic pressure node in the vertical direction so that the
acoustic force deflects the cells flowing through the channel
(Fig. 13A). The average frequency used for the generation of
ultrasounds at first channel was 4.97 MHz at voltage 8.5 V and at
the second channel where the cell separation takes place the
frequency was set to 2 MHz, which is due to the single acoustic
pressure node at the centre of the channel. In this study DU145,
PC3 and LNCaP cells were fixed with paraformaldehyde,
recovery rate was ~95% with purity of ~96%, whereas for non-
fixed, viable cells, cell recovery rate was 72.5 to 93.9% with
purity of 79.6 to 99.7%. The same group reported single inlet

This journal is © The Royal Society of Chemistry 2015

and two outlet acoustophoretic device to isolate the prostate
cancer cells (DU145) and they have successfully separated the
CTCs with the efficiency of ~87% at a flow rate of 100 pL

min1.%
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Fig. 13 (A) Isolation of CTCs in the presence of ultrasonic vibrations
produced outside the device (reproduced from ref. 95 with permis-
sion. Copyright® 2012 American Chemical Society). (B) taSSAW based
device for the separation of rare tumour cells (reproduced from ref. 97
with permission. Copyright© 2014 PNAS).
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Further to increase the cell purity and viability, tilted angle
standing surface acoustic waves (taSSAW) has been utilized.”’
The working principle of this technique is shown in the Fig. 13B.
The pressure created by acoustic waves are induced at a partic-
ular angle to fluid direction flow instead of parallel to each other
which experiences both acoustic force and laminar drag force.
The difference between these two forces gives position and
movement of particles along the pressure nodal lines, which
produces higher separation at certain angle at the flow direction.
The time taken for the movement of particles at a distance
perpendicular to flow is few times higher than the produced
acoustic wavelength, which depends on channel design. The
taSSAW technique requires longer channels for a better separa-
tion which increases sensitivity of isolation. The method uses
several pressure nodes in the device for efficient separation.

The acoustic radiation force, generated from pressure
distribution within microfluidic channel, pushes suspended
particles towards pressure nodal or anti-nodal lines in taSSAW
field, depending on the cell size and density. Through
a numerically optimised device, separation of 2 uym and 10 pm
beads was studied with efficiency as high as ~99%, at flow
velocity of ~1.5 mm s~ ' and 19.5 MHz working frequency. The
performance of the device was tested by separating MCF-7
breast cells from normal leucocytes using an optimized
design, guided by numerical simulation, with an angle of
inclination of 15°. MCF cells of size ~20 pum have been
successfully separated from ~12 pm leucocytes by this method.
The recovery rate and purity achieved using this device is ~71
and ~84% respectively.

It is worth mentioning that the acoustophoretic based device
for isolation of CTCs have not been explored to a great extent.
Generally cells present in the region of acoustic wave will expe-
rience a radiation force. The direction of the movement depends
on their inherent physical properties, such as the density, speed
of sound along with properties of the surrounding medium.
Utilization of precise device at a controlled ultrasound frequency
helps to isolate tumour cells more efficiently. The theory behind
the effect of ultrasound waves inside the microchannel for the
isolation of CTCs is still at its infant stage. Augustsson et al.*®
introduced a device which isolates CTCs with an efficiency of
~95% at an ultrasound frequency of 4.9 MHz and voltage of 8.5
V. Further to increase the viability of cells, tilted angle standing
acoustic waves has been used by Ding et al.®” where isolation
efficiency was ~71% at an angle of inclination 15° and an
ultrasound frequency of 19.5 MHz whereas purity was found to
be as high as ~84%. Note that, ultrasound frequency is an
important parameter to get high separation efficiency. Though
the use of ultrasound waves were known decades back, the
complete integration of this technique along with other tech-
niques is yet to happen, to efficiently isolate the cells with effi-
ciencies as high as in other methods discussed above.

6. Conclusion and future prospects

CTCs have been clinically studied for diagnosis and prognosis of
cancer which is known as liquid biopsy and also play an
important role in metastasis. It is well accepted that CTCs
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present very low in number at blood stream and upon isolating
and subjecting to molecular assay, very important diagnostic
information can be extracted. Microfluidic technology on the
other hand has been extensively explored in biomedical appli-
cations including isolation of CTCs due to its several advantages
over macroscale separation techniques like in CellSearch®.
Numerous papers have reported in this field of isolation and
detection of CTCs in a microfluidic format as lab-on-a-chip kind
of devices.

The existing detection and isolation techniques of CTCs are
broadly classified as nucleic acid, physical property and anti-
body based methods. Nucleic acid based methods can only
determine positivity of a sample ie. the existence of tumour
cells and it does not allow for the direct enumeration and
morphological studies of the tumour cells. Physical property
based methods are being studied extensively as they give several
advantages such as easy sample preparation, cost effective
devices and very high capturing efficiencies. Finally, antibody
based methods were also been studied for isolation of rare
tumour cells, but the disadvantage is that these methods are
laborious and very expensive to perform. In this review we have
summarised design perspective of microfluidic devices for label
free isolation, detection of CTCs (i.e. use of physical properties
of devices and biological cells for effective isolation of CTCs
based on size differences, dielectrophoresis, pinched flow and
acoustic methods).

Moreover, such devices can be cheaply fabricated due to the
non-usage of expensive antibodies, reusability potential and
hence such devices provides researchers to detect unidentified
biological markers which can give breakthrough results in
future. The standard protocol for efficient isolation, enumera-
tion and characterization of CTCs is still missing. Coming up
with a standard operating procedure (SOP) for this study is
necessary as the design and strategy of isolation varies drasti-
cally from device to device. Only few devices are commercialised
to date such as CellSearch®, ApoStream™, ISET® and Screen-
cell®. Still, there is a huge scope for the commercialisation of
a cheap microfluidic based devices for the isolation of rare cells
which we expect are coming soon. In particular new 3D printing
technology of transparent polymers with submicron resolution
open enormous potential to produce microfluidic devices with
complex structure very cheaply and we expect this technology
will take an important role in development of new devices with
advanced performances in near future.
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