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Various lab on a chip devices have been developed recently to detect and separate
circulating tumour cells (CTCs) for early stage cancer detection. Because CTCs are
extremely rare in the blood, next generation CTC microfilters aim at significant
in both efficiency and throughput.
deformability seem to be a promising direction. In present research, we study CTC passing

improvement CTC microfilters based on cell
event through a micro filtering channel with various 3D geometries. The pressure signatures
for different types of cells passing through different channels are characterized numerically.
Specifically, five kinds of cross-sections, circular, square, triangular and two kinds of
rectangular with aspect ratio of 2 and 5 are studied in this work. The total pressures for cell
passing through the channels are calculated and reveal different behaviour from what is
predicted by the static surface tension model. Among all five cross-sections studied, circular
cross-section features the highest critical pressure, and thus is most suitable for high
efficiency CTC separation. Square filtering channel provides the second largest critical
pressure, and triangular cross-section provides the least critical pressure among these three
cross-sections. All these three are better than rectangular channels with aspect ratio of 2 and
5. For rectangular channel, high aspect ratio channel may lead to cell splitting at high speed,
which will result in periodic pressure signature. Our findings will provide valuable
information for the design of next generation CTC microfilters.

Introduction

Cancer remains a major global health problem'. Besides being locally
invasive, cancer is known for its metastasizing capability. The
metastatic cancer cells in the circulatory system are called Circulating
Tumor Cells (CTCs). CTCs were first observed in the blood with
metastasis in 1869. With advances in tumor biology and analytical
technology, the unique seeding ability of CTCs was further

This journal is © The Royal Society of Chemistry 2013

demonstrated for many types of tumors such as breast carcinoma,
colon carcinoma, and malignant melanoma®. With multiple
physicochemical steps®, detached tumor cells could traverse the
microenvironment and reach the blood vessels. After intravasation,
CTCs could self-seed their tumors of origin or seed metastases in
remote organs’. Cancers are most likely operable and even curable if
detected early and, therefore, early cancer detection offers substantial
benefit to patients. Conventional methods for early cancer detection
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mainly rely on medical imaging techniques' such as CT, X-ray,
magnetic resonance imaging (MRI), thermal texture maps (TTM),
and positron emission tomography (PET)*. However, these
techniques are highly debatable in clinical practice for accurate
cancer detection at early stage due to the uncertainty of these
techniques by detecting abnormality instead of tumor as well as their
side effects °.

CTCs are shed by the solid tumor and found to be a potential
indicator for early tumor formation due to their presentation in the
peripheral blood of cancer patients prior to that of clinical
symptoms®. To detect CTCs, various methods have been developed®®

Microfluidic devices, for instance, CTC microfilters® ',

have
provided an easy, fast and accurate detection solution for non-
invasive cancer diagnosis and close-to-real-time monitoring of cancer
progression. Various cellular hallmarks can be employed for CTC
detection in a CTC microfluidic device, and one category of label
free CTC micro devices use cellular physical characteristics, such as
size, deformability, acoustic properties'' and dielectrophoretic
features'2. Among all these physical characteristics, CTC microfilters
based on cell deformability have the advantages of structural
simplicity' ', stable performance and low cost'”. For example, using
channels, weirs™, pillarsg, and membranes'>, deformation-based CTC
microfilters can auto-batch process blood purification or cancer cell
capturing'®. Most existing studies on deformation-based CTC
microfilters focus on experimental tests based on static surface
tension model. In order to achieve high capture efficiency, high
isolation purity and high system throughput'’, the CTC microfilters
need to be optimized for the best geometry, which cannot be done if
the complex cell/flow/channel interactions are not fully understood.
Numerical simulation can be a powerful tool for studying the cell
behaviour inside a filtering channel. For example, previous models
have explored the entry channel pressure influence'”" and entrance
time'®. However, to the best of our knowledge, the performance of
3D channel geometries on the deformation of CTC remains elusive in
the literature.

Various models are developed using either the micro/nanostructural
approach or the continuum approach. The former was developed to
investigate the contribution of the cell membrane and cytoskeleton to
the mechanical behaviours of suspended cells?®?. The latter treats
the cell as comprising materials with certain continuum material
properties®. Although providing less insight into the detailed
interactions at the subcellular level, the continuum approach is easier
and more straightforward to use in modelling the cell/fluid/channel
interaction if the effective mechanical response at the cell level is all
that is needed as in the case of filtering process. The continuum
approach can be categorized into liquid or solid models'” %°. By
considering the cell as a liquid droplet, the liquid model uses the
governing equations consisting of mass and momentum balance for
both the cell and the surrounding flow, and is generally considered to
perform better than solid models for large deformation problems’ '*.

In present research, we explore key parameters such as pressure

behaviour and velocity influence under various 3D geometries of a
CTC filtering channel. Cell fluid model is employed for proper
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treatment of the large deformation of cells ™ '®. The deformability of
CTC and inlet pressure is numerically simulated by Volume of Fluid
(VOF) algorithm®. We first study the behaviour of CTC and white
blood cells when they are pushed through a micrometre sized filtering
channel. These channels feature uniform lengthwise cross-section
with various cross-sectional shapes. The pressure signatures of cell
passing these filtering channels are described under constant flow
rate. Surface tension terms obtained in present paper are compared
with quasi-static Young-Laplace surface tension model for different
geometries. The discrepancies between our results and the Young-
Laplace model are interpreted via detailed cell deformation analysis.
These data and analyses will provide useful insight for future
development of high efficiency CTC microfilters.

Model Description

When the blood flows through a filtering channel in a
microfluidic chip, the more deformable normal blood cells can
simply flow or squeeze through but the stiffer CTCs will be
blocked. The critical channel diameter is reported to be within
5-12 pm for effective filtering of CTCs according to different
cell sorting methods'* ?°. In this study, we use a circular channel
with a diameter of 5 pm as baseline geometry. Fig.1 shows an
illustration of the circular channel design.

Entrance chamber

Exit chamber

Fig. 1 Mechanical model for cell passing a filtering channel.

Both CTCs and normal blood cells vary significantly in size and
deformability>’??. One consistent finding has been observed that
CTCs are typically larger and stiffer than normal blood cells
although malignant CTCs with increased metastatic potential
tend to have increased deformability’® *'. Considering the
extremely heterogeneous CTC population, deformability-based
microfilter is capable of targeting the largest possible subset of
CTC population compared with the conventional antibody
approach which targets only certain subpopulations of CTCs.
For convenience, typical cell properties that fall within the
reported range have been used in our model. For example, the
surface tension of a CTC' 3% ** and a white blood cell®’ is
considered to be 50x107 and 30x10°° N/m respectively. The cell
deformation is described using the fluid model of a droplet
bounded by surface tension. Note that, the red blood cells are
neglected in our model, since they are small and highly

This journal is © The Royal Society of Chemistry 2012
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deformable to pass any filtering channel within normal design
range.

Theoretical Background

The total inlet pressure P, during a cell passing through a channel is
mainly used to overcome two types of resistance, 1) viscous
resistance; 2) resistance caused by surface tension, which acts to
preserve the integrity of the cell surface:

Py = Pyis + Poyr (1)

Pressure drop due to viscosity (P,;s)

For pressure driven flow, the viscous resistance is caused by fluid
4

viscosity which can be summarized by the Hagen-Poiseuille law )
Pmajor = Rhyd X Qy (2)

where Pjor 1S the viscous pressure drop of the channel. Ry is the
hydraulic resistance. Qv is the volume flow rate. For different cross-
sections, the hydraulic resistance Ry is different.

Due to constriction from the inlet of the filtering channel and the
expansion from the exit of the filtering channel, minor pressure drop
Prinor €xits and can be calculated by the following equation,

v? v?
Prinor = Ke -+ Kg - (3)

Lab on a Chip

where V is the flow velocity in the filtering channel. K is
constriction coefficient and Ky is expansion coefficient. K. is
selected to be 0.5 and K =1 assuming the filtering channel is much
smaller than the outside chambers.

Pressure drop due to surface tension (Pg,,)

The surface tension-geometry relation can be treated using the
cortical shell-liquid core model. The model uses a quasi-static
Young-Laplace relation, which predicts a critical pressure needed for
a cell to be squeezed into a filtering channel as following,

Par = 20 (——— =) “)

Rchannel Reent
Here, o is the surface tension coefficient; R ame 1S the radius of a
circular filtering channel, and R is the radius of main cell body.

This model is successfully used in micropipette aspiration
experiments to evaluate the surface tension of cells®. The model is
based on a near-static process, and has been widely used for CTC
microfilter design. Based on the Young-Laplace analysis, the critical
pressure for a non-circular channel is given by**,

Par = 0 cos(0) (2 — 2 )

Ap  Rceu

C, is the wet perimeter of cross-section; A4p is the area of cross-
section, and @ is the contact angle between the cell and fluid media
(180° for our model). In present study, we will compare our
numerical results to this Young-Laplace relation, and show its short-
comings for dynamic flow conditions and non-circular geometries.

Table 1 Designed geometries and their critical pressures for a CTC

. . . Key dimensions based . . .
Cross-section shapes of the Hydraulic resistances cant P. Critical pressure expression Critical Py
on a constant P,;
filtering channel Riya vis Py, value (kPa)
(pm)
20
Circular §r]Li4 a=2.50 20 cos(0) Ja — 27.5
A a cell
a
s 26.4n1, 457 4 co5(0) (5) — = 31.26
uare AnL— a=4. 0 CoS —) - .
! : a : ! at a Rcell
Triangul ¥ ’ 320 L ! 7.30 120 cos(8) /V3 20 34.95
riangular —nL— a=7. o cos a— .
& V3 Taa Reen
B=b/a=2,
31.49
b 12 a=3.4land b=6.82 1 1 2
Rectangle a a —————nL— 20cos(0) (—+-) —
& b 1-0.63(a/b) " @b s Gy R,
34.55
a=2.55,b=12.75
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A summary of the pressure calculations of a CTC microfilter with
various channel shapes is tabulated in Table 1. Five different cross-
sections are studied, circular, square, triangular and two rectangular
channels with aspect ratio of 2 and 5. For meaningful comparison of
these shapes, we fixed the value of P, at a constant using the
circular channel as a baseline, and calculated the dimensions of all
other shapes.

Numerical method

The transient simulation of a cell passing through a filtering channel
is performed using commercial software ANSYS Fluent. The
Volume of Fluid (VOF) method is employed to track the interface
between the cell and its surrounding medium. Explicit time stepping
scheme is used with the Courant number set within 0.5-5 to ensure
that the scheme is both stable and convergent. The cell-water
interface is reconstructed using the Geo-reconstruct scheme available
in Fluent. The channel walls are set as no-slip and stationary.

Inflation layers are used to achieve accurate resolution of the
boundary layer. The 3-D mesh is inflated along the wall regions of
the narrow channel where the cell is passing through. For the circular
channel, a 2-D axisymmetric model is employed, and the mesh is
inflated along the symmetry line as well as the walls of the narrow
channel. The total number of elements used for the 3-D simulation is
around 200,000, with nearly 5000 elements patched for the cell. Both
CTCs and white blood cells are assumed incompressible.

The VOF method*® is based on the fact that the two phases form an
impenetrable interface, which can be easily understood as the
membrane of a cell. The method is achieved through the volume
fraction of a primary phase (a), which varies between 0 and 1. An
example of how the primary-phase volume fraction varies near the
interface is illustrated schematically in Fig. 2.

Fig. 2 Values of the volume fraction for each of the phases and the
interface (a=1 in cell, 0=0 in water, 0<a<1, at interface)

The interface is tracked by solving the transport equation for the
primary-phase volume fraction. Assuming no mass transfer between
the two phases, the continuity equation can be written as,

da =
StV (aV)=0 (6)

Here V is the velocity vector. According to Eq (6), the substantial
derivative of the primary-phase volume fraction is zero so that the
interface-tracking is achieved through the velocity field at the
interface.

4 | Lab on a chip., 2014, 00, 1-8

The following momentum equation is solved for the whole
computational domain and the velocity filed is shared between the
two phases:
%(p?) +V-(pVV) = =Vp + V- [u(VW + VVT)] + pg + F
)
Where g is the gravitational acceleration vector and F is the source
term. In the two-phase flow, surface tension force contributes to the
source term. p and p are volume-fraction-averaged density and
viscosity, respectively. The material properties are determined by
considering the volume fraction of each phase in a control volume.
For the two phase flow, e.g., the volume-fraction-averaged density

can be given as follows:
p=apy+(1—ap; (3)

Here p, is the density of cell while p; is the density of water. Using
the divergence theorem, the surface tension force, i.e., the source
term added to the momentum equation, is given by,

2pkVa

Fopu=0
vol (p1+p2)

©)
Where o is the surface tension coefficient between cell and water, « is
the mean curvature of the interface in the control volume.

The curvature of the surface near the wall is adjusted by imposing the
so-called dynamic boundary condition and considering the effect of
static contact angle as follows:

n; = n,, cos(fy:) + n,sin(fy)

(10)

Where n,, is the unit vector normal to the wall, n, is a vector on the
wall and normal to the contact line, and 6y is the static contact angle.
In present study, the static contact angle is selected as 180° for phase
interaction.

Results and discussion

Pressure analysis

When a cell is passing through a filtering channel at a constant
speed, the pressure in the channel will first increase and then
decrease. The maximum pressure occurs when the cell is
entering into the filtering channel and the minimum pressure
occurs when the cell is exiting the channel. This maximum
pressure is therefore the critical pressure to ensure a successful
passing event of a cell. In practical CTC microfilters, the flow is
for successful CTC
separation, the operating pressure of the device needs to be kept

often driven by pressure. Therefore,
below the critical pressure of a CTC and above the critical
pressure of normal blood cells. As mentioned before, this inlet
pressure is used for balancing two types of resistances, and can
be decomposed into P, and Pj,,. In this section, we first verify
this concept by studying the influence of the flow velocity on
the inlet pressure P, for a circular channel. As can be seen from
Fig. 3, the inlet pressure P, for a CTC to pass through a circular
channel increases with increasing flow velocity. At the same
time, the P, also increases at the roughly the same speed with
match well with

increasing velocity. Simulation results

This journal is © The Royal Society of Chemistry 2012
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theoretical P, calculated from Eq. 2 and Eq. 3. It is therefore
evident that the increase in the inlet pressure at high flow rate is
mainly due to the viscous resistance in the channel, while the
Py, is relatively constant. Similar results can be obtained for
other geometry cross-sections. For comparison purpose, we
fixed the viscous pressure for all the following studies at 7.9 kPa
by fix the flow rate at 7 (nL/s) (unless otherwise noted).

140 - ©  Simulated Py
----- Theoretical Pt
120 - Theoretical Py;g &
& Simulated Pyig OF -
100, @ Pg,r by Young- Laplace method ',v/"
§ ’_// A
= 80 - G
? 60 o
3 OLT
& sl o7
il
4
20 -
1 1 1 1 1
0 14 28 42 56 70

Flow rate (nL/s)

Fig. 3 The effect of flow rate on pressure components when cancer
cell passes a circular channel.

40F &
N —o— Simulated critical pressure
\
\
30 F b
\
20 |

Pressure (kPa)

s
| 0. -

Microfilter radius (um)

Fig. 4 Microfilter size effect on the critical pressure.

We next investigate the influence of the filter hole size on the
critical pressure of CTC passing a circular channel. As can be
seen from Fig.4, the simulated critical pressure of CTC passing
through a circular channel decreases with the increasing
microfilter radius. According to the modelling of the filtering
process, a CTC fails to pass through the filter when the inlet
pressure is less than the corresponding critical pressure for a
given filter size. The shaded area in Fig. 4 provides conditions
that the CTC cannot pass through the filter.

Fig. 5 plots the pressure profiles of cells passing through different
filtering channels. As can be seen from Fig 5, at the same viscous

pressure Py, the filtering channel with circular cross-section requires

the highest inlet pressure P; for a CTC to pass through. Square
channel produces the second largest pressure followed by the

This journal is © The Royal Society of Chemistry 2014
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triangular filtering channel. All these three geometries are better than
rectangular filtering channels with =2 and 5. Since the higher inlet

pressure P: means the easier to separate a CTC form normal blood
cells, we can rank the channel performance according to the predicted
critical pressure: circular > square > triangular > rectangular (f=2) >
rectangular (B=5). Here, we introduce the concept of roundness of
geometry to assist our comparison:

4TA
Roundness = - £

Ap

()

Where Ap is the cross sectional area and Cyp is the perimeter of the
cross-section. Understandably, the roundness of a circular shape is 1
and the more deviation from the circular shape, the smaller roundness
value will be. The calculated roundness values of our studied cross-
sectional shapes are listed in Fig. 6, and plotted with the critical
pressures for CTC filtering obtained from simulations. As can be
seen from Fig 6, with the decrease in roundness, the pressure needed
to separate the cancer cell will also decrease. In Fig. 6, we also
plotted the critical pressures calculated from the classical quasi-static
Young-Laplace model (see the last column in Table 1), which
indicates a reverse trend, i.e., the critical pressure increases with
increasing roundness. Therefore, it is precarious to apply the classical
model for the design of CTC microfilters, since no dynamic effects
are considered in the model. For example, the main assumption for
the classical is that the cell can fully occupy the channel cross-section
area, while our simulation shows that the cells did not fill up the
entire channel cross section if there are sharp corners, which may
induce leakage flow through the channel from inlet to outlet. This
issue is discussed in greater detail in the next section.

40000 . A /\— White blood cell
30000 22|Pa \
20000 Flow time (s) 0.001
©
e.’ 0
v Ty 8T
g 10000 PoRroang
3 | IF Er i
@ J {
4 X |
o LAY
L 2y ! Circular
10 —&— Triangular
« f ‘ —CO— Square
-10000 7 N LA - Rectangular p=2
B¢ | ——Rectangular =5
‘20000 1 1 1 1 J
0 0.0002 0.0004 0.0006 0.0008 0.001

Flow time (s)

Fig. 5 Pressure signatures of CTC and white blood cells when they
are passing through various 3D cross-sections at a constant flow rate.
The y-axis is the inlet pressure measured P; in the simulation. White
blood cells produce a negligible pressure drop which is magnified in
the inset.
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Fig. 6 The relation between the critical pressures and the channel
cross-section roundness — comparison between theory and simulation.

The effects of cell deformation

As can be seen in Fig. 7, the CTC deforms significantly when
entering a filtering channel due to the channel constriction.

Fig. 7 Typical deformation of a CTC when entering a circular
filtering channel. The channel is made invisible to aid the cell
visualization.

Fig. 8 compares the deformation of a CTC and a white blood cell
when they are inside a circular filtering channel. We can see that the
CTC can fully fill the channel while the white blood cell shares the
channel with the surrounding fluid. Another observation is that, the
front and rear parts of the cancel cell that are outside the channel is
nearly spherical in shape, while the white blood cell shows a more
streamlined shape.

We can analyse the deformation using capillary number®’ (Ca). Ca
number has been used to study biology cells'®, which is defined as
Ca = uV /a. 1t is the ratio of viscous force and surface tension force.
The Ca number for a white blood cell in the studied case is
approximately 1, which means that the surface tension force is
comparable to the viscous force®. At the same velocity, Ca number
for a CTC is about 6x107, meaning that surface tension force governs
the cancer cell deformation, which can explain why the cancer cell
maintains a spherical shape easily and can fill the entire channel.

6 | Lab on a chip., 2014, 00, 1-8
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a) Cancer cell profile when passing through the channel

u
W

b) White blood cell profile when passing through the channel

Fig. 8 Deformation of a cancer cell and a white blood cell when they
are passing through a filtering channel.

The whole process of pressure change during cell passing through a
circular filtering channel is demonstrated in Fig. 9. In stager a, canner
cell has not reached the filtering channel yet, and the pressure is
nearly constant. The cell deformation is negligible at stage a.

(f)

40000 - (b) \
,/4 I
30000 {
20000
©
Q
o 10000
5 &—
(7]
7]
o
a 0 !
-10000 w\ |
. A -
0 0.2 04 06
Flow time (ms)

Fig. 9 Pressure-deformation relation of a cancer cell. Stages are, a)
initial state, b) maximum pressure begins, ¢) maximum pressure
finishes, d) pressure balanced and equals to background pressure, ¢)
minimum pressure begins, f) minimum pressure stage finished, g)
rear part bouncing.

After initial deformation, the cell goes through very quick
deformation to the critical pressure at stage b. The front part deforms
into a near half spherical convex. With continuous pushing from fluid
flow, this convex front will be finally squeezed into the channel.
Between stage b and stage c, pressure maintains at the high level,

This journal is © The Royal Society of Chemistry 2012
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when the cancer cell goes through huge deformation to pass through
the channel from 16um sphere a to 5 um cylinder- like shape. After
stage c, cell begins to come out of the filtering channel on the other
side. As soon as the front part of the cell moves out of the channel, its
radius of curvature starts to increase. Meanwhile, the back part of the
cell keeps shrinking to produce smaller and smaller radius of
curvature. Therefore, the net surface tension resistance force of the
cell starts to decrease. At a point d, both ends of the cell are equal in
size and the net surface tension force reduces to zero, and in turn, the
inlet pressure shown in the figure reaches the pure viscous pressure
level. After this tipping point, the net surface force changes its
direction and actually pulls the cell out of the channel, which causes
the decrease in the fluid pressure.

After the cell moves out entirely form the filtering channel, we notice
that the rear part of the cell may go through a rebound process
forming a slight concave at stage g. This should be due to fluid
inertia. The concave-shaped deformation is more obvious at higher
velocity.

Stage (a)

Stage (b)

Stage (d)

Stage (e)

Stage(g)

Fig. 10 Streamline of CTC passing microfilter at different stages.

The streamlines inside the microfilter induced by a cell
passing through at different stages are shown in Fig 10. Due to
the blockage of cell, the flow has to increase its speed in the
small gap between the cell and the wall. A pressure difference
is generated across the cell which drags the cell into the filter.
The cell follows wunderlying fluid streamlines in the

This journal is © The Royal Society of Chemistry 2014
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microfilter, and recovers its spherical shape by the surface
tension effect after passing through the microfilter.

We also compared the deformation of cells in several non-circular
channels as shown in Fig. 11. One major difference is that cell could
not fully fill the channel as it does in the circular channel case.
Therefore, the use of Young-Laplace equation in Table 1 will
definitely involve errors.

Front view Locally magnified slice
1pm
1pm
b .
lpm
c -
2um
d L 1

Fig. 11 Cell deformation for 3D filtering channel at the critical
pressure point, a) triangular case; b) square case; c) rectangular case
with f=2; d) rectangular case with B=5.

As can be seen that at the entrance of triangular filtering
channel, the centre part is occupied by the cancer cell, and the
corners near three vertexes are filled by the surrounding fluids.
The same situation happens for all other 3D geometries. We can
also see that if the aspect ratio of the rectangular channel
increases, the fluids will occupy more space inside the filtering
channel. Another interesting observation for a large aspect ratio
channel is that cells can split into smaller parts as illustrated in

Lab chip, 2014, 00, 1-8 | 7
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Fig. 12. Cell splitting is a nonlinear phenomenon® for droplet
model. It has a strong correlation with channel geometry and
flow velocity. Detached daughter cells are reported in a similar
droplet dispenser device. For theoretical study, the splitting
phenomenon was reported to have relation with Ca number and
shear stress*®*!,

80000

60000 — ‘//\
\ 4

Pressure oscillation due to cell split

. TQDO

40000

Pressure (Pa)

20000

V s
O v

0 0.05 0.10 0.15
Flow time (ms)

o

Fig. 12 Pressure oscillation due to cell split for high aspect ratio
channel (B=5). Inlet velocity is selected as 0.05 (m/s).

In present study, cell splitting for circular, triangular, square and
rectangular with =2 are not observed under the studied parameters.
However, for the higher aspect ratio rectangular channel with =5,
the CTC splits at the outlet. The ruptured daughter cells will merge,
and keep splitting and merging until they both pass through the hole.
The cell merging results from the lack of cell membrane in our
droplet model. The cell split is due to the surface-tension-driven
Rayleigh-Plateau instability”? with main source of perturbation
coming from the anisotropic elongation of the cell body at the exit of
the rectangular channel®. Lowering the fluid speed will prevent the
cell from splitting, which agrees with a previous numerical study™.

Conclusions

CTC passing event through a 3D micro filtering channel is
studied in this work. The pressure signatures for different types
of cells passing through different channels are characterized
numerically. The effect of 3D channel geometry on the total
pressure for cell passing through the channels is examined.
Among the five cross-sections studied, circular cross-section
features the highest critical pressure, and thus is most suitable
for high efficiency CTC separation. As the cross-section
deviates from a round shape, the pressure needed to separate the
cancer cell decreases with decreasing roundness of the cross-
section. Between the two equilateral polygon cross-sections, the
square filtering channel provides a larger critical pressure than
that of the triangular channel. The rectangular channels provide
the least critical pressures among all the different cross-sections

8 | Lab on a chip., 2014, 00, 1-8
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studied. High aspect ratio rectangular channel may lead to cell
splitting at a high speed, which will result in periodic pressure
signature. Our findings will aid in the design of next generation
CTC microfilters by offering insight into the role that 3D
channel geometry plays in deformation-based CTC separation.

This journal is © The Royal Society of Chemistry 2012
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