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Abstract Detection of circulating tumor cells (CTCs)
shows strong promise for early cancer diagnosis, and cell-
deformation-based microfluidic CTC chips have been play-
ing an important role. For the design and optimization of
high-throughput CTC chips, the dynamic pressure drop in
the microfluidic chip during the CTC passing process is a
key parameter related to the device sensitivity and filter-
ing performance and has to be given very serious consid-
eration. Although insights have been provided by previ-
ous researches, there is still a lack of understanding of the
fundamental physics and complex interplay between vis-
cous tumor cell and the flow inside the microfluidic filter-
ing channel. In this paper, the process of the viscous cell
squeezing through a microchannel is modeled by solving
the governing equations of microscopic multiphase flows,
with the tumor cell modeled by a droplet model and the
immiscible cell-blood interface tracked by the volume-
of-fluid method. Detailed dynamics regarding the filtering
process is discussed, including the cell deformation, flow
characteristics, passing pressure characteristics as well as
the relationship between the pressure drop across the device
and the thin film formed in the filtration channel. Current
simulation shows a good agreement with analytic results,
and an analytical formula is proposed to predict the passing
pressure in the microchannel. Our study provides insights
into the fluid physics of a viscous cell passing through a
constricted microchannel, and the proposed formula can be
readily applied to the design and optimization of cell-defor-
mation-based microchannels for CTC detection.
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1 Introduction

As a leading cause of death worldwide, cancer is increas-
ingly a global health issue. Over 20% of deaths are caused
by cancer and over 8 million people die of cancer each year
throughout the world (Torre et al. 2015). The mortality rate
of cancer is mainly due to metastasis, which accounts for
90% of human death (Weigelt et al. 2005). Metastasis is
the spread of cancer from one organ to another. It occurs
when some cancer cells break away from the primary tumor
and travel through the blood system to form new tumors
at a distant site (Gupta and Massagué 2006). These cancer
cells, present in the blood stream and capable of metastasis,
are termed circulating tumor cells (CTCs). CTCs have been
increasingly recognized as a potential biomarker for early
cancer detection due to their key role in metastasis initiation
(Krebs et al. 2010). However, enrichment and investigation
of CTCs have been extremely difficult due to the extreme
rarity of CTCs in blood. Detecting and separating CTCs are
like finding the needle in a haystack, as they are at a con-
centration of 1 CTC in 1 ml blood, and the ratios of CTCs
to red blood cells (RBDs) and white blood cells (WBDs) are
~1/10° and ~1/107, respectively (Jin et al. 2014).

Various experimental methods for CTC detection and
separation have been proposed (Bonner et al. 1972; Di Carlo
2009; Ding et al. 2013; Fulwyler 1965; Gascoyne et al. 2009;
Huang et al. 2004; Melville et al. 1975; Miltenyi et al. 1990).
These methods can be categorized into two types: biochemi-
cal and biophysical. Biochemical CTC detection methods
are based on biomarkers and the affinity binding of the target
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cell and biochemical labels. A key challenge associated with
biochemical methods is that CTCs are inherently heteroge-
neous and do not universally express specific tumor markers
(Jin et al. 2014). CTCs may also escape from biochemi-
cal detection due to their loss of expression for the specific
adopted biochemical marker (e.g., epithelial cell adhesion
molecule, EpCAM, and cytokeratins, CK) during the cell
transition process (e.g., epithelial-to-mesenchymal transi-
tion, EMT; Allan and Keeney 2009; Polyak and Weinberg
2009). Besides, there is a possibility that other undesired
cells may also express similar biomarkers like the CTCs,
thus contaminating the CTCs enrichment and compromising
the separation accuracy (Sieuwerts et al. 2009). Moreover,
the biochemical labels such as fluorophore or microbeads
may lead to cytotoxicity, which can affect the cell function
and viability as well as the following biological study of
CTCs (Kumar and Bhardwaj 2008; Miinz et al. 2010; Warki-
ani et al. 2016).

The persistent challenges in biochemical methods encour-
age the research on biophysical methods, which demonstrate
the potential to address some of the problems in biochemical
methods (Cima et al. 2013). Instead of using biochemical
labels, biophysical methods sort CTCs based on intrinsic
physical characteristics of CTCs such as cell size, deform-
ability, and electrical polarizability. Since no labels are used
in the sorting process, these label-free methods eliminate
the cell-labeling process and thus require less manipulation
of the cells with a much simpler procedure (Gossett et al.
2010), meanwhile reducing the cost by the elimination of
biochemical labels such as microbeads and antigens (Liu
et al. 2013; Shelby et al. 2004; Whitesides 2006). Also, the
CTCs keep better original viability and function since they
are not altered by the biochemical markers such as antigens
or fluorophores (Jin et al. 2014). In addition, label-free meth-
ods are easily applicable to portable microfluidic devices
in which the volume of reagent is significantly reduced.
Since the pioneer work of separating cancer cells was based
on pore-type structures on a plastic tape (Seal 1964), bio-
physical label-free methods have received intensive inter-
est. These studies include microconfigured separators based
on cell size and deformation (Seal 1964), the deterministic
lateral displacement (DLD) method based on the hydrody-
namic properties of cells (Huang et al. 2004), inertial focus-
ing method based on the inertial effects (Bhagat et al. 2011),
the dielectrophoresis (DEP) method based on cell polariz-
ability properties (Gascoyne et al. 2009), and acoustopho-
resis based on cell acoustical properties (Ding et al. 2013;
Ren et al. 2015).

As one of the label-free methods, the cell-deformation-
based method has advantages such as simple structure con-
figuration, low cost, and reliable operation performance
(McFaul et al. 2012; Mohamed et al. 2009), with which
various configuration structures are available including
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microscale confinement channel (Zhang et al. 2014c, 2015a),
membranes with pores (Lu et al. 2010; Zheng et al. 2007,
2011), weir structures in a microchannel (Brody et al. 1996;
Chen et al. 2008; Crowley and Pizziconi 2005; VanDelinder
and Groisman 2006), funnel structures (Guo et al. 2011), and
pillar structures (Jonsson et al. 2008; Mohamed et al. 2007).
The cell-deformation-based method shows good isolation
outcome with high preservation of cell viability for subse-
quent metastasis analysis and easy integration into lab-on-a-
chip devices. The separation efficiencies can be up to 95 and
96% for tumor cell capture and white blood cell clearance,
respectively (Ji et al. 2008; McFaul et al. 2012; Tang et al.
2014). Experimental methods have made notable contribu-
tions to the field of cell separation, while being tempered by
persistent difficulties in device manufacturing, prohibitive
cost of experimental systems, and complex operating of such
experiments.

To address the challenges in the experimental methods,
numerical simulation has been conducted to probe the funda-
mentals of such microfluidic devices (e.g., the characteristics
of the operating pressure which drives the cell-deformation-
based CTC separation system) to complement experiments
(Zhang et al. 2014a, b, 2015b). Various models such as the
micro-/nano-structural model (Boey et al. 1998; Freund
2014; Li et al. 2005) and the continuum model (Lim et al.
2006; Peng et al. 2013; Secomb and Hsu 1996) have been
proposed for cell modeling. The micro-/nano-models con-
sider the subcellular interactions and are often prohibitively
expensive when employed in the numerical simulation. For
continuum models, a solid shell (or cytoskeleton)-enclosed
viscous fluid model has been widely used to model the cell
behavior in the literature (Lim et al. 2006). For cells that
undergo large deformation, liquid droplet models have been
proposed. Although providing less insight at the subcellular
level, the liquid droplet model is simple and straightforward
for large cell-deformation problems which occur and domi-
nate during the CTC passing process (Zhang et al. 2014c,
2015a). Luo et al. (2014) used a continuum solid model
consisting of viscoelastic material to simulate the process
of a lung tumor cell entering a microconfinement based on
finite element method. The numerical simulation compared
well with experimental results and demonstrated a two-stage
cell entry process, which consists of a rapid jump into the
constriction and a following creeping aspiration stage with
increase in aspiration length caused by viscoelastic prop-
erties. Zhang et al. (2014c, 2015a) employed a continuum
liquid droplet model with identical viscosity to the ambient
blood plasma for cell modeling and numerically studied the
squeezing process of CTCs and WBCs entering a microfil-
tration channel based on finite volume method (FVM). The
squeezing pressure signatures of different cells at various
flow rates were obtained and characterized. The concept of
optimum velocity was also introduced, which is meaningful
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for the cellular behavior explanation during the filtration
process and provides valuable information for the design
and optimization of CTC microfilters. Aghaamoo et al.
(2015) investigated the cell-deformation-based tumor cell
separation within conical-shaped microfilters based on the
finite volume method. The tumor cell was modeled by the
continuum liquid droplet model, which is assigned identi-
cal viscosity with the ambient blood plasma. Although the
threshold pressure is slightly under predicted, their simula-
tion results such as cell deformation and pressure signatures
showed good agreement with experiments. Also discussed
are the effects of conical-shaped geometries on the threshold
pressure and cell deformation, which are useful for efficient
CTC separation devices.

Despite the successful applications of the continuum
models above, it is noteworthy that the high-viscosity prop-
erties of the CTCs are neglected in the numerical studies
employing the liquid droplet model. In the liquid droplet
model employed in these studies, the highly viscous cell is
oversimplified to a liquid droplet with identical viscosity to
that of the blood plasma. As a matter of fact, the viscosity
can play a significant role in the dynamics of the cell in such
microfluidic devices (Faivre et al. 2006; Nie et al. 2008;
Xiong and Zhang 2012), and thus, a model considering the
high viscosity of the cell is desired for better accuracy.

In this paper, we propose a continuum highly viscous
liquid droplet model (Zhang et al. 2015a) to investigate
the CTCs behavior during the microfiltration process. The
continuum liquid droplet model describes a two-phase flow
consisting of highly viscous Newtonian fluid. The interface
is tracked by using the volume-of-fluid (VOF) model, and
the surface tension is modeled by the continuum-surface-
force (CSF) method. The motion, deformation, and pressure
characteristics of the CTC passing through a microfilter are
studied and discussed in detail. Also discussed are the effects
of viscosity ratio on the cell behavior and microfiltration
process. Numerical results obtained from the highly viscous
droplet model are compared with analytic results regarding
the cell deformation as well as flow characteristics such as
velocity and pressure distributions. The dominating flow
characteristics are identified. A formula for pressure drop is
also proposed, which can be used for quick estimation and
characterization of the pressure during the filtration process
of such microfluidic devices.

2 Model description

The physical model of a cell squeezing through a micro-
filter is illustrated in Fig. 1. The microfilter consists of an
entrance chamber, an exit chamber, and a filtration channel.
The entrance and exit chambers are considered identical cyl-
inders with a cylinder radius (r,,) of 15 um. When blood
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Fig. 1 Viscous cell model and microfilter configuration: a viscous
cell, b microfilter

samples flow through the microfilter, the more deformable
normal blood cells will squeeze through the microfilter, but the
stiffer CTCs will be blocked by the system (Hur et al. 2011).
The critical diameter of the filtration channel is reported to
be within 5-12 pm for effective filtering of CTCs according
to different cell sorting methods (Zhang et al. 2014c). The
filtration channel adopted here is considered cylindrical with
aradius (r,) of 4 um.

For convenience, typical CTC properties that fall within
the reported range are employed in our model (Preetha et al.
2005). The CTC is modeled using a viscous droplet encap-
sulated by constant surface tension as shown in Fig. 1. The
elastic property of a cell is taken into account by using the
equivalent surface tension effect. For cervical cancer cells,
the effective surface tension value is set as 50 mN/m based
on previously published single cell deformability experiments
(Preetha et al. 2005; Zhang et al. 2014c, 2015a). The internal
cell structures (such as the DNA sequence, lipid layer, and
cytoskeleton) as well as the internal flow details (such as vor-
tex inside the cell) are neglected. The viscosity of the CTC is
considered to be ranging from 0.001 to 0.064 Pa-s (Lim et al.
2006; Preetha et al. 2005). The viscosity of the blood plasma
is set as a constant of 0.001 Pa-s (Leong et al. 2011; Marella
and Udaykumar 2004), and all the channel walls are assumed
to be non-wetting with a contact angle of 180°. Detailed filtra-
tion parameters and the CTC properties are listed in Table 1.

3 Theoretical background

In general, the flow in the microfilter is controlled by the con-
tinuity and momentum equations which are expressed as,

0 S
E(p)+V < (pu) =0
T N
%(pﬁ) + V- (puu) ==Vp+V - -(u(Vu+Vu ) +pg+F
(1)

where p is fluid density, u is the flow velocity, p is the
pressure, y is the dynamic viscosity, g is gravitational
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Table 1 Parameters of the cell and the microfilter

Parameters Settings
CTC radius r . (um) 8
Filtration channel radius r, (um)

Chamber radius 7, (um) 15
Filtration channel length L (um) 15
Chamber length L, (um) 30
Surface tension ¢ (mN/m) 50
Blood viscosity u; (Pa-s) 0.001
Cell viscosity p . (Pa-s) 0.001-0.064
Viscosity ratio 4 (e /uty) 1-64
Wall contact angle 6 180

v dp
—
)
F ch
>
i Lasp E
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Fig. 2 Initial stage of a cell squeezing into a microfilter

acceleration vector, and F represents the source term such
as the interfacial forces.

When a viscous cell is squeezed through the filtration
channel, the inlet pressure needed for the cell to pass through
the filter channel can be expressed as:

Pinlet = Psurface + Pviscous (2)
in which P ¢ .. is the pressure drop due to surface tension
and P, 1 the pressure drop due to viscous resistance in
the microfilter. For cylindrical filter channels, P, .. can be
evaluated by using the following Young-Laplace equation:

11
Ap=oc|—+—
r=o(5w) ®

where o is the surface tension, R, and R, are the principal
radii of the interface curvature, as shown in Fig. 2.

The viscous pressure drop P can be further
expressed as,

P viscous — P

viscous

vis_major + Pvis_minor (4)
in which P .o, 1S the viscous pressure drop in the filtering
channel, and P iy, 18 the pressure loss due to sudden con-
traction and expansion in the filtering chamber. The minor
pressure loss can be calculated by
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where p is the density, V is the local flow velocity, and K,
and K, are the pressure loss coefficients. K. and K, are set as
0.5 and 1, respectively, assuming that the filtering channel
is much smaller than the filtering chambers.

4 Numerical method

For this study, the viscous cancer cell and the blood plasma
establish a two-phase flow. The phases are treated as non-
interpenetrating continua, and the cell membrane is repre-
sented by the interface between the two phases. To track
the interface, various methods are available, including level
set (Osher and Sethian 1988), front tracking (Unverdi and
Tryggvason 1992), and volume-of-fluid (VOF) methods.
In this paper, the VOF model is employed as it conserves
mass well without having logic problems related to inter-
secting surfaces (Hirt and Nichols 1981). The VOF model
first introduces a volume fraction value, a;, for each cell of
the computational grid (the subscript k denotes the kth fluid
or phase). a; has different values depending on the different
grid cell conditions: When a grid cell is filled with the kth
fluid, a;, = 1; when a grid cell does not contain the kth fluid,
a, = 0; when a grid cell contains both fluids, i.e., when there
is an interface between the two phases, 0 < a; < L

The interface can be tracked by solving the continuity
equation of different phases. For the kth fluid, the equation
is given by

P R o
E(akpk) + V- (ppuy) = S + ; (ry, — i), (6)

where p, denotes the density of the kth fluid; ﬁk denotes the
velocity; S, denotes the mass source term which is zero in
this problem; 1, denotes the mass transfer from the /th
to the kth fluid, and r,; denotes the mass transfer from
the kth to the /th fluid. For this study, the fluid is incom-
pressible and there is no mass transfer between different
phases. Each fluid property (e.g., density and viscosity)
of the multiphase system is calculated by taking a volume
fraction average of all fluids in a grid cell. Interpolation
near the interface is achieved by employing the geometric
reconstruction scheme.

The surface tension that acts in the cell membrane is mod-
eled by the continuum-surface-force (CSF) method (Brack-
bill et al. 1992), which can accurately evaluate the surface
tension effects without imposing restrictions on modeling
the dynamic evolution of the cell-blood interface. In the
CSF method, the surface curvature is computed from the
local gradient of the interface normal vector n, which is
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defined as the gradient of the volume fraction of the kth
fluid, i.e., n = Va,. The local curvature is defined as the
divergence of the unit normal vector to the interface, i.e.,
k = V - . According to the divergence theorem, the inter-

n

facial force due to surface tension can be expressed as (Flu-
ent 2011)

a;pikVa; + apc;Va;

F interfacial = z Ojj 1
i<j E(Pi + Pj)

(N
where p is the fluid density and o; is the surface tension. This
interfacial force can be added to the momentum equation as
a source term.

Due to symmetry, 2-D axisymmetric analysis is
employed in the study. A grid-independent study is first
carried out in our study to ensure that the numerical solu-
tions do not depend on the mesh density. As a result of such
study, a fine uniform mesh throughout the computational
domain is used in our numerical simulation to study the
complex cell-channel-blood interactions in the CTC fil-
ter. The employment of the fine quadratic Cartesian mesh
ensures the accuracy of the flow field results by virtue of
its high precision and good convergence performance. The
mesh has 384,000 grid cells generated for the computa-
tional domain with 42,000 grid cells patched for the vis-
cous cell, as shown in Fig. 3.

Temporal terms of the governing equations are discre-
tized by the second-order implicit differencing scheme.
The momentum equation is discretized by the second-
order upwind scheme, and pressure is discretized by the
PRESTO method. The pressure—velocity coupling is cal-
culated by the SIMPLE algorithm. Boundary conditions
are set as follows: Velocity inlet at the entrance with the
velocity U is set as 0.02 m/s, nonslip boundary for the
microfilter walls, and pressure outlet at the exit. The ambi-
ent reference pressure is set as zero. Axisymmetric con-
dition is imposed on the centerline of the microfilter. A
multicore-based parallel processing is employed for com-
putational speedup, and it takes about 384 CPU hours for
each simulation case.

|Pressure
outlet
i IR

Velocity |
inlet
—_—

Axisymmetric

Fig. 3 Computation domain and mesh

5 Results and discussion
5.1 Pressure signature and cell viscosity

In cell-deformation-based CTC microfiltration devices, the
blood sample with highly viscous CTCs is driven by the
operating pressure (i.e., the inlet pressure) of the filtration
system. The pressure characteristics during squeezing of the
highly viscous cell play a key role in the normal operation of
the microfiltration system. In this section, pressure charac-
teristics of the CTC filtration process as well as the effects of
varied cell viscosities are discussed in great detail. The inlet
pressure variation with respect to time is hereby defined as
the “pressure signature,” which shows the important pres-
sure characteristics and is presented in Fig. 4.

The pressure signature for squeezing a low-viscosity cell
is compared with that for a high-viscosity cell as shown in
Fig. 4. To better understand the pressure signatures, the
deformed cell shape during the squeezing process is also
plotted. For the low-viscosity case in Fig. 4a, the pressure
profile is nearly antisymmetric due to an ideal surface ten-
sion dominant squeezing process. The surface-tension-
induced pressures are 13.8 and —12.3 kPa, respectively,
for entering (Fig. 4a-1I) and exit stages (Fig. 4a-1V). These
pressure values are very close to 12.5 kPa predicted from the
classical Young—Laplace theorem [Eq. (3)].

In comparison, for highly viscous case in Fig. 4b,
although one can see similar cell deformations and initial
pressure peaks caused by surface tension, the pressure sig-
nature during the passing stage (Fig. 4b-III) differs signifi-
cantly from that of the low-viscosity case in Fig. 4a-III. As
shown in Fig. 4b, the pressure increases to a very high level
when the viscous cell starts to fill up the filter. The passing
of the viscous cell through the channel generates a second
pressure peak with notable local fluctuations. It is interest-
ing to notice from the magnified figure of Fig. 4b-1II that a
lubrication film of the blood plasma is formed between the
highly viscous cell and channel wall, which is absent for the
case of low viscosity. The lubrication film is identified as
the main factor to the significant pressure increase during
the cell passing stage (Fig. 4b-11I).

The relationship between the maximum pressure (i.e.,
the maximum pressure drop in the channel) caused by
the thin film and cell-to-blood viscosity ratio is plotted
in Fig. 5. Note that the inlet pressure during a CTC pass-
ing event through a channel equals to the pressure drop
in the channel, since the ambient reference pressure is
set as zero as mentioned earlier. It is clear that the maxi-
mum pressure drop is affected by the cell viscosity sig-
nificantly. Firstly, the maximum pressure drop maintains
a lower value at very low-viscosity ratio (4 = 1). Then,
the maximum pressure drop rises to very high values with
the increased viscosity ratios (4 < 1 < 24). Next, there is a
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Fig. 4 Cell deformation with pressure history during the passing-
through process: a4 =1:1,b A = 4:1

sharp decrease in the maximum pressure drop as the cell
viscosity increases to larger values (24 < 1 < 40). As cell
viscosity further increases (4 > 40), the maximum pressure
drop slightly grows with the cell viscosity. In fact, the vari-
ation of pressure drop is closely related to the thin film.
The formation and topology of the film directly affect the
local flow field, which in turn determines the local shear
stress as well as the pressure drop. The pressure drop in
turn determines the squeezing pressure of the cell. There-
fore, the hydrodynamics of the thin film formed during the
cell squeezing process needs to be thoroughly analyzed
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Fig. 5 Maximum pressure drop at different viscosity ratios

and characterized due to its significant effects on the cell
squeezing pressure.

5.2 Hydrodynamics of the thin film formed
in microfiltration

To study the passing event of the highly viscous cell, the
thin-film lubrication squeezing process is modeled as an
annular two-phase concurrent flow (Brenner 2013) as
shown in Fig. 6. A coordinate system is defined for con-
venience of analysis. As shown in Fig. 6, the origin of the
coordinate system is set at the intersection of the channel
inlet and the axis of symmetry of the channel, with the
positive x-axis pointing toward the flow direction.
During the passing process, there is a concurrent flow
of viscous cell and blood plasma in the filter channel.
The deformed viscous cell occupies the inner part of the
filter channel when surrounded by an outer layer of the
thin film of blood plasma. In this study, the two parts are

Ay

- >

Blood plasma

Viscous Cell

Schemetic view of the filter channel cross-section

Fig. 6 Passing-through process and concurrent flow on the cross sec-
tion
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assumed to be radial-symmetric two-phase channel flow
due to their identical densities (Brenner 2013, as shown
in Fig. 6). Thus, the interface can be assumed to be cir-
cular with a radius of r; = ry, — e, where e is thickness of
the film between the interface and the channel wall. The
dynamic viscosities of the blood and cell are u; and p_,
respectively. The viscosity ratio is defined as A = p .y / -
The wall shear stress is denoted as z,.

For an annular two-phase concurrent flow, the velocity
distribution in the center part (cell) is expressed as,

®)

Ueen =

2pheen Teh

7, lz L2 ==+ (r—e? - 1)
C
The velocity distribution in the gap (blood plasma) can
be calculated by,

_ Tw rzh - r2
e 2pg Teh ©)

where r is the radial location in the filter channel, and 7, is
the wall shear stress. Specifically, as the viscosity ratio is
1, the flow in the filter channel becomes a classic channel
flow with parabolic profile. The wall shear stress z,, can be
determined based on the conservation of the volume flow
rate Q = OQgamber = Pitier» Where O gpamber = ﬁrzhamU is the
volume flow rate at the chamber inlet, and Qg is the vol-
ume flow rate at the filter channel which can be calculated
by velocity profile integration on the cross section

T Teh
Qﬁlter = / 2”r'/’lcelldr + / Zﬂr'ﬂfdr (10)
0 T

Finally, one can get r,, which can be expressed as

o 4,ufr§hamrchU
w 11
r3h+<%—1>r? b
Once the wall shear stress is determined in Eq. (11), one
can obtain the velocity distribution as well as the pressure
drop in the filter channel.

5.3 Cell viscosity effects on the thin film

As one can see in Eqgs. (8) and (11), the thin film is a key
factor for calculation of important flow properties (e.g.,
the velocity, shear rate, and shear stress distribution) in the
filter channel during the squeezing process. The topologies
of deformed cell and thin blood film at different viscosity
ratios are given in Fig. 7. Since cells are usually highly
viscous, this paper mainly focuses on highly viscous cases
(4> 4),1.e., the cell viscosity is at least a few times higher

Fig. 7 Lubrication film evolution during the passing-through pro-
cess:ail=41,bA=16:11,c A =24:1,d A =32:1,e A =40:1, f
A=48:1,g1=56:1,h 1 =64:1

than the blood plasma. These cases have low capillary
numbers Ca (Ca = ”TU‘, where u is the cell viscosity, U,
is the local velocity of the cell in the filter channel, and o
is the surface tension of the interface) within the range of
0.02-0.4.

It is clear from Fig. 7a—c that the thin film of blood
plasma gradually becomes thicker with the increase in
cell viscosity. The film is located between the viscous
cell and channel wall near the filtration channel exit and
connects the passed and non-passed part of the cell. The
constricted neck of the cell near the channel exit is mainly
due to the increased cell viscosity, since the larger cell
viscosity contributes to the cell stretching and balances
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with the surface tension, as indicated by the capillary
number.

When the viscosity ratio increases further, the viscous
force contributes more to the stretching of the cell, and
hence, the gap extends into a thin film all through the fil-
ter channel, as shown in Fig. 7d—f. When the cell viscos-
ity increases to the highest values of current simulations,
the viscous cell is further stretched and the extended gap
between the channel wall and cell tends to develop into a
uniform film with constant thickness all across the filter
channel, as shown in Fig. 7g, h.

For all the passing-through process in Fig. 7a-h, the
capillary force pushes the cell to deform against the chan-
nel wall and expels the blood plasma from the thin film
into the bulk, while the viscous shear stress resists to the
cell deforming. Thus, the film thickness is determined
by the competition between the viscous shear stress and
capillary force, which can be represented by the capillary
number Ca. Due to the combined effects of viscosity and
surface tension, one can see a monotonic increase in the
thin-film thickness when the viscosity ratio increases, as
shown in Fig. 7a-h.

To quantitatively characterize the lubrication film,
Bretherton (1961) proposed a scaling law of the film
thickness e in the case of inviscid bubble, moving in a
circular tube with radius R

e/R « Ca*/? (12)

Hodges et al. (2004) analytically showed that Brether-
ton’s scaling law is also appropriate for viscous drops and
derived similar scaling law for viscous drops, which has
a coefficient weakly depending on the viscosity ratio and
the capillary number

e =¢/R=F(4 Ca)-Ca*> (13)
where € is the non-dimensional film thickness, and F is the
coefficient determined by viscosity ratio and capillary num-
ber. These theoretical researches have been validated by both
experiments (Schwartz et al. 1986) and numerical simula-
tions (Reinelt and Saffman 1985).

As the thin-film thickness is not uniform in the filtra-
tion channel, it is calculated by taking the average value
of the thin-film gap along the channel. The film thickness
is non-dimensionalized based on the channel radius. The
non-dimensional film thickness with respect to the non-
dimensional capillary number is plotted in Fig. 8, and one
can see the linear variation which consists with the theory.
The coefficient F in Eq. (17) can be obtained (F' = 0.4223)
by the linear fit of the simulation data. Once the coefficient
F is determined, Eq. (13) can quantitatively estimate the film
thickness, which is required in Egs. (8) and (11) for velocity
and pressure drop characterization.
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Fig. 8 Dimensionless film thickness between the viscous cell and
channel wall

5.4 Cell viscosity effects on the flow velocity
and pressure distribution

In this section, more detailed flow field properties regarding
the thin film are presented. Figure 9 shows the velocity pro-
files across the filter channel at different viscosity ratios and
different cross sections. Three cross sections located near the
entry, midsection, and exit of the filtration channel (located
atx =31 um, x = 37.5 pm, and x = 44 um, respectively) are
presented for comprehensive examination of the flow details
throughout the filtration channel. Analytical results are also
plotted in Fig. 9a for validation of the current simulation.

It is clear from Fig. 9a that, when the cell has identical
viscosity with the blood plasma, the velocity in the filter
channel is a parabolic profile that agrees well with analyti-
cal results. We notice that there are minor discrepancies
between the two and local perturbations of the velocity pro-
file near the interface. These perturbations are mainly due
to the interactions between the cell and blood plasma. Such
interactions are caused by the combined effects of surface
tension and viscosity ratio.

As viscosity increases, the velocity profile is still a para-
bolic shape as shown in Fig. 9b. However, there are larger
discrepancies between velocities at different cross sections.
Also noticed are the increased shear rate and local perturba-
tions near the interface and channel wall, due to increased
cell viscosity effects. These velocity discrepancies and per-
turbations near the wall and interface have significant effects
on the local pressure, since they can affect the local shear
rate as well as shear stress which relates directly to the pres-
sure drop in the filter channel.

As the local gap is enlarged and gets close to a thin-film
shape (Fig. 7c, d) due to the increase in cell viscosity, the
velocity profile in the channel begins to separate into two
distinct parts: The part near the channel wall corresponds to
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the annular film (as shown in Fig. 9c), and the other part near
the centerline corresponds to the viscous cell in the channel
center (as shown in Fig. 9d). In these cases of A ~ €71, as
indicated by Jensen et al. (Hodges et al. 2004), there exist
non-trivial interactions between the cell and ambient blood
plasma. Due to the non-negligible interactions, the velocity
discrepancies and perturbations near the wall are increased
with highly inconsistent shear rate compared to the case in
Fig. 9a. Those drastic perturbations of the velocity profile
can result in large oscillating shear stress, which in turn
leads to the large pressure and fluctuations.

When the thin film is already well established with a uni-
form thickness at higher viscosity ratios (Fig. 7e-h), one
can see well-established two distinct parts in the velocity
profile in Fig. 9e, f. Each part at different cross sections has
similar velocity distributions and lower shear rates, rather
than highly scattered velocity profiles with remarkable oscil-
lations (Fig. 9c, d). The decreased shear rates and velocity
discrepancies can result in a reduced pressure.

In addition, one can see the notable local velocity oscilla-
tions and extreme values at the interface as shown in Fig. 9.
These extreme values are mainly caused by the interac-
tions between the viscous cell and blood plasma in the film.
Although these local small peaks are innocuous to the global

velocity distribution, they can reduce the local shear rate
which directly affects the local shear stress and reduce it to
a small value. The reduced shear stress can in turn affect the
local pressure distribution in the filter channel.

Figure 10 gives the local pressure drop in the well-estab-
lished thin film and shows the effects of the local extreme
values on the pressure drop. As one can see in Fig. 10, the
average of pressure drop in the thin film basically coincides
with the values shown in Fig. 5. Notably, when approaching
to the interface, the pressure drop diminishes into a small
value. This implies a sharp decrease in shear stress near the
interface, which can be explained by the effects of aforemen-
tioned local extreme values near the interface, as shown in
Fig. 9. These characteristics provide us more details regard-
ing flow properties and pressure distributions in the micro-
filter and offer helps in the pressure signature estimation.

5.5 Estimation of the pressure drop

From the findings and discussions in Sect. 5.4, one can
assume that the pressure drop (also known as “pressure
differential”) in the filter channel is mainly dominated by
the thin film. Thus, only the annular thin film is considered
as the major contribution to the pressure drop in the filter
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Fig. 10 Pressure drop distributions in the thin film of different cell
viscosities

channel. We propose an analytical method to estimate the
pressure drop. The pressure drop expression is first derived
by just considering the balance of shear stress and pres-
sure in the filter channel. Then, the expression is adjusted
with a term to include the effects of cell viscosity and the
cell-blood interactions on pressure drop. The details of our
derivation are found in “Appendix.” Here, we obtain the
pressure drop estimation formula as follows,

., [1 +2.67 - Ca® * In(A/ 29)] - 872, LU

[1= (104223 Ca2/3y] - [1 + (i - 1) (1-0.4223- Ca2/3)4] A

ch

(14
where Ca is the capillary number, 4 is the viscosity ratio of
viscous cell to blood plasma, y; is the viscosity of ambient
blood plasma, L is the length of the filter channel, r,, is
the radius of the entrance and exit chamber, and r, is the
filter channel radius. Equation (14) directly relates the pres-
sure drop in the microfilter to the known system parameters
(e.g., capillary number, geometric dimensions, inlet flow
velocity, and viscosity ratio). Once the system parameters
are given, the pressure drop can be quickly estimated using
the proposed formula instead of running time-consuming
CFD simulations.

Figure 11 shows the comparison of the pressure drop
estimated from the proposed formula against predictions
from simulation. A good match between them can be found
in the high-cell-viscosity regions (4 > 4) in Fig. 11. Once
the pressure drop is quantitatively determined, the threshold
CTC passing pressure can be easily quantified by adding
the pressure drop to the ambient working pressure of the
CTC chip. Thus, the threshold passing pressure of the CTCs

@ Springer

40000 - i i
= Simulation data
—-—--Theoretical formula
30000
— | |
g [ [N — " ki
@ >
o \
2 20000 \
2 .
o . N
& ._§_~ . .
''''''''''' l‘"'—.’
n | |
10000 4
0 T T T T T T T T ) T ) J ' '

10 20 30 40 50 60 70
Viscosity ratio(A)

Fig. 11 Comparison of simulated and hypothetical results of the vis-
cous pressure drop

can be quickly obtained through the formula, which in turn
facilitates and accelerates the CTC chip design and optimi-
zation process.

The application ranges of the formula for estimation of
pressure drop during the squeezing process are summarized
in Table 2. For low viscosities, the squeezing process can be
fully characterized by Poiseuille and Young—Laplace equa-
tions. For highly viscous cells, the occupation stage [stage
(IID)] is dominated by the thin-film flow, and hence, the pres-
sure drop needs to be estimated by our proposed method.

With the proposed formula, the whole squeezing process
of high-viscous cells can be readily characterized. Due to
its simplicity, the formula is useful for quick estimation and
characterization of pressure signatures in cell-deformation-
based cell microfiltration devices. The quick pressure char-
acterization can in turn provide guidelines and speedup the
design and optimization of such CTC chips.

In fact, besides CTC microfiltration devices, this for-
mula can be applied to various microfluidic devices
involving microscale capillary flows with highly viscous
drops in microconfinements. For example, the microscale
capillary flows are dominant in microchannel reactors with
very-high-surface-to-volume ratios to intensify mass/heat
transfer rates (Qian and Lawal 2006). Microchannels are
also widely used in fuel combustion technology (Lin and
Tavlarides 2009), physicochemical reaction processing and
analysis (e.g., polymerase chain reaction (PCR); Walsh
et al. 2006), and microfuel cells (Angeli and Gavriilidis
2008). By conducting numerical simulation and applying
the proposed formula, one can have detailed understand-
ing of the characteristics, such as flow field characters,
mass or heat transfer, and the pressure drop, of microscale
capillary flows in microconfinements and provide useful
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Table 2 Squeezing stages and pressure characters

Low-viscosity ratio (1 ~ 1)

High-viscosity ratio (4 > 10)

Pressure domination

Pressure drop calculation

Pressure domination Pressure drop calculation

@ Entry Poiseuille flow 8uLQ/ ﬂri_‘h

an Squeezing-in Surface tension o (1/R, +1/Ry)
(110) Cell occupation Poiseuille flow 8theer LQ/ 71
av) Squeezing-out Surface tension o(1/R, +1/R,)
V) Exit Poiseuille flow 8upLQ/mrd,

Poiseuille flow 8uLQ/ ﬂr?h
o(1/R, +1/R,)

Proposed formula (Eq. 18)

Surface tension
Thin-film flow

Surface tension o(1/R, +1/R,)

Poiseuille flow 8usLQ/nrd,

guidelines to the design and optimization of such mul-
tiphase microdevices.

6 Conclusions

In this study, the behavior of circulating tumor cell dur-
ing the microfiltration process is numerically investigated
by using single droplet model encapsulated by a mem-
brane with surface tension. The interface is tracked by
VOF method and surface tension modeled by CSF model.
Cell motion, deformation, and pressure signatures are dis-
cussed in great detail in this study. Also discussed are the
effects of viscosity ratio on the microfiltration process.
Our numerical results and analysis provide insights into
the physics behind the filtering process and provide useful
guidance to the design and optimization of such devices
as well. Important conclusions are drawn from the study:

Firstly, the current simulation based on highly vis-
cous droplet model shows a good agreement with ana-
lytic results regarding the cell deformation as well as flow
characteristics such as velocity distributions and pressure
signatures. Secondly, cell viscosity is shown to have sig-
nificant effects on the deformability-based CTC separation
process. CTCs with very high viscosity lead to a thin-film-
dominated flow in the filtration channel during the squeez-
ing process. The thin film formed between the viscous cell
and channel wall dominates the flow characteristics such
as shear stress and pressure distribution in the filtration
channel. Thirdly, a theoretical formula is proposed to esti-
mate the pressure drop for highly viscous CTC separation
process. The proposed formula is useful for quick estima-
tion and characterization of the pressure signatures during
the microfiltration process.

Appendix: derivation of pressure drop estimating
formula

For calculation of the pressure drop in the filter channel,
the balance of the fluids in the filter channel is expressed as

F,—F,=PxA=2nrylzt, (15)
in which F; and F are the forces imposed on the cross sec-
tions of filter channel inlet and outlet, respectively; A is the
effective area where the main pressure drop is imposed.
According to the pressure distribution in the filter channel,
the pressure is mainly imposed on the annular film which has
the area A = ﬂ(rgh - rl.z). Based on Eq. (15) and the hydrody-
namic theory of the thin film Eq. (11), the theoretical pres-
sure is expressed as
Supr:  r: LU

cham’ ch
2 2 4 1 4
(rch _ri) ’ (rch+ (; - 1>ri>

To consider the effects of deformation resistance and the
interactions on the interface, a correction term P’ needs to
be added to the theoretical value

P theoretical —

16)

P = Ptheorelical + P, (17)

P’ is the correction term expressed as P’ = K - Py .o eticals
in which K is a coefficient determined by viscosity ratio and
film thickness. Considering the contribution of both shear
stress and the cell resistance to deformation, the annular
film and viscosity are the major factors affecting the vis-
cous pressure. We propose that the coefficient adheres to
the simple form,

K=K )=k-£-f(d) (18)

In which k is a constant, € is the non-dimensional film
thickness, and f(A) is a function of viscosity ratio. Consider-
ing the variable combined effects introduced by different vis-
cosity ratio values, f(4)is assigned the form f(4) = In(4/A),
where A is the viscosity ratio and A, corresponds to the case
when viscous resistance balances with carrier—drop interac-
tions, and pressure drop reaches the minimum level, with
the A, value (4, = 36) being obtained from simulation data.
Based on Eq. (13), one can get the non-dimensional thin-film
thickness expressed as

£ =e/ry = 04223 Ca*/? (19)
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By applying least-square method to the simulation data, one
can get the optimum value of k = 6.32. Thus, the formula
for viscous pressure correction term is finally expressed as

P''=2.67-Ca*’In(4/ ) - Pireoretical (20)
Then, the pressure drop is expressed as

P =[1+2.67-Ca®>In(A/ )] - Peoretical 1)
With Egs. (16) and (21) can be rewritten as,

b [142.67 - Ca?/3In(A/Ay)] - 8ﬂfr§hamr§hLU
= 22
N R o) ) B

Based on the definition of r; = r,, — e and the film thick-
ness e = 0.4223 - Ca*/3 - r,, [from Eq. (19)], Eq. (22) has
the final form as,

[1+2.67 - Ca®* In(4/ 4p)] - 82, LU
[1-(1-04223- Ca2/3p] - [1 + (i - 1) (1-04223 - Ca2/3)4] A

P=

ch

(23)
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