Chemical Engineering Science 97 (2013) 394-405

=~ CHEMICAL
ENGINEERING
SCIENCE

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

—

\!} CrossMark

Front tracking simulation of cell detachment dynamic
mechanism in microfluidics

Zheng Yuan Luo *", Shu Qi Wang¢, Long He *?, Tian Jian Lu®, Feng Xu™%* Bo Feng Bai *"*

@ State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi'an 710049, PR China

b Biomedical Engineering & Biomechanics Center, Xi'an Jiaotong University, Xi'an 710049, PR China

€ HST-Center for Biomedical Engineering, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, Boston, MA, 02139, USA
4 MOE Key Laboratory of Biomedical Information Engineering, School of Life Science and Technology, Xi'an Jiaotong University, Xi‘an 710049, PR China

HIGHLIGHTS

e A model based on front tracking method was developed for cell detachment dynamic mechanism.
e We obtained several interesting events of cell adhesion: bonding, detachment and rebonding.

e Viscosities of cytoplasm and nucleus significantly affect cell attachment and detachment.

o Effects of shear stress, confinement and membrane elasticity on cell detachment were studied.
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Selective capture of target cells from whole blood in microfluidic systems is essential for clinical
diagnosis and basic research (e.g., genomic and proteomic characterization). However, the efficiency of
capturing rare cells such as circulating tumor cells or stem cells via microfluidic systems is low. Although
studies have shown that increasing wall shear stress can reduce cell capture efficiency, the underlying
mechanisms are not yet clear. Here, we developed a theoretical model to understand how parameters
such as shear stress, cell properties and microchannel height affect cell detachment, which is a key factor
causing reduced cell capture efficiency. In this model, we used a front tracking method to track cell
deformation and calculate elastic force acting on cell membrane. We also employed adhesion dynamic
simulation to calculate the adhesion force between capturing agents (e.g., antibody) and target cells.
With these two methods, we simulated cell detachment under parabolic shear flows and investigated
effects of mechanical parameters (shear stress, viscosities of cytoplasm and nucleus, elastic properties of
cell membrane) and the ratio of cell radius to microchannel height on cell detachment. Cell detachment
rate increased exponentially with increasing wall shear stress. In addition, a higher viscosity of
intracellular fluid results in lower critical wall shear stress for cell detachment, dramatically reducing
cell detachment rate. Microchannel height did not significantly affect cell detachment, especially when
the ratio of cell radius to channel height is below 0.1. These results indicate the capability of the
developed theoretical model to improve the design of microfluidic systems and operation conditions to
reduce cell detachment, and thus improve cell capture efficiency.

© 2013 Elsevier Ltd. All rights reserved.
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adhesion in blood vessels, microchannels immobilized with anti-
body have been developed to capture and count cells, such as CD4

1. Introduction

Separation and enumeration of cellular components from blood
is essential for diagnosing and monitoring disease treatment
(Phillips et al., 1991; Smerage and Hayes, 2006). Inspired by cell
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+T cells for monitoring antiretroviral therapy in AIDS patients
(Cheng et al., 2007; Cheng et al., 2009), and circulating tumor cells
(CTCs) for early diagnosis in cancer patients (Nagrath et al., 2007;
Stott et al., 2010a, 2010b). In general, microfluidics-based cell
capture/quantification involves four main steps, i.e., immobiliza-
tion of specific antibodies onto the microchannel surface, injection
of whole blood into the microchannels to capture target cells,
removal of non-target cells by washing, and enumeration or
further characterization of the captured target cells. This testing
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protocol is simple and eliminates the need for peripheral equip-
ment such as flow cytometry (Huh et al., 2005), offering great
potential for point-of-care (POC) diagnostic applications. However,
the low capture efficiency of target cells with microfluidics
significantly limits its usage in clinical settings, especially for low
target cell concentrations such as rare CTCs in the presence of an
overwhelming number of other cellular components (e.g., red
blood cells).

Enduring efforts have been devoted to investigate the physical
mechanisms underlying the low cell capture efficiency of micro-
fluidic systems (Murthy et al., 2004; Sin et al., 2005; Plouffe et al.,
2008). It is revealed that the capture efficiency is significantly
reduced with increasing wall shear stress (e.g., due to increased
flow rate) using a Hele-Shaw device (Murthy et al., 2004; Cheng
et al,, 2007; Nagrath et al, 2007). Under the same wall shear
stress, the cell capture efficiency may vary among different cell
types (e.g., CD4+T cells and monocytes) (Cheng et al., 2007; Cheng
et al.,, 2009). Besides, channel height is also found to affect the cell
capture efficiency. It has been demonstrated that the capture
efficiency of PC3 prostate cancer cells decreases by ~25% when
the channel height of a herringbone-chip is increased from 50 pm
to 150 um (Stott et al., 2010a). During the process of cell capture
and separation with antibody-based microfluidics, the movement
of target cells in functionalized microchannels (Fig. 1a) includes
cell capture, cell rolling and cell detachment. To improve the
capture efficiency, operating conditions including flow rate and
channel height may be optimized to increase cell capture while
reducing cell detachment. Recent experiments and statistical
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Fig. 1. Illustration of problem statement. (a) Actual cell movement in functiona-
lized microchannel including cell capture (binding to antibody), cell rolling and cell
detachment (being washed away). (b) Simplified theoretical model of cell detach-
ment, where the deformable cell is considered as a compound drop surrounded by
an elastic membrane (cell membrane) with two fluid parts (cytoplasm and
nucleus). The cell initially adheres to the functionalized bottom surface with initial
contact area of Ip. (c) Schematic of selected parameters including deformation
parameters D, and 6., velocity of cell center (u. in X-axis direction and v, in Y-axis
direction) and transient adhesion area I.

fitting data demonstrated that the number of detached cells
increased exponentially with increasing shear stress (Decave
et al,, 2002; Zhang et al., 2008; Cheung et al., 2009), indicating
that cell detachment negatively affects capture efficiency. There-
fore, it is critical to understand the underlying physical mechan-
isms of cell detachment in microchannels.

A number of mathematical models have been developed to
simulate the cell adhesion process in microfluidic systems (Verdier
et al,, 2009; Bai et al.,, 2013a), including the adhesive dynamic
algorithm for shear threshold effect on cell adhesion and rolling
(Chang et al., 2000; King and Hammer, 2001a,b; Caputo et al.,
2007), the volume of fluid (VOF) method for cell deformation and
tether (Khismatullin and Truskey, 2004, 2005), and the immersed
boundary method for cell deformation and “stop-and-go” rolling
motion (Kan et al., 1999; Jadhav et al., 2005; Pappu and Bagchi,
2008; Pappu et al.,, 2008). However, these models focused mainly
on cell adhesion and deformation, although the understanding of
cell detachment is also important for cell adhesion based micro-
fluidics. An nano-to-micro scale adhesive dynamic algorithm by
King et al. and a boundary integral method by Cantat and Misbah
were developed to study dynamical unbinding of adhering vesicles
and tethered leukocytes under a shear flow (Cantat and Misbah,
1999; King et al., 2005). However, cell deformation was neglected
in the nano-to-micro scale adhesive dynamic algorithm by King
et al,, and the captured cells were assumed to be exposed to a
simple shear flow in the boundary integral method by Cantat and
Misbah. Besides, the underlying mechanisms for the effects of
several mechanical parameters on cell detachment in microchan-
nels are missing, e.g., shear stress, intracellular fluid viscosities,
elastic properties of cell membrane and the confinement (the ratio
of cell radius to microchannel height). There is still an unmet need
for an effective mathematical model to understand cell detach-
ment in microfluidic systems.

Here, we established a mathematical model to simulate cell
detachment behavior in microchannels. The prediction from the
mathematical model revealed that increasing wall shear stress
exponentially increased cell detachment, whereas increasing
intracellular fluid viscosity and channel height significantly
reduced cell detachment. The model presented in this study
provides insights to develop cell-based microfluidic devices for
POC testing.

2. Computational methods
2.1. Flow configuration

According to the movement of target cells in microfluidics
(Fig. 1a), we established a theoretical model (Fig. 1b) to study cell
detachment from a functionalized surface in a parabolic flow (the
typical flow pattern in microfluidics) between two parallel plates
with a distance H.. In this model, the deformable cell is considered
as a compound drop (cytoplasm and nucleus) surrounded by an
elastic membrane (cell membrane). The whole fluid system is
divided into three parts: a suspending fluid (plasma) and two
fluids in the cell (cytoplasm and nucleus), which all behave as
Newtonian fluid with density and dynamic viscosity of pg, uo, p1, #1
and pj, up, respectively. Deformable microvilli (ruffles on cell
membrane) are distributed uniformly over the cell membrane.
Adhesion bonds are only allowed to form between receptors on
microvilli tips and ligands functionalized on the channel bottom
surface. The cell initially adheres to the bottom surface with an
initial contact area of I.

Velocity and pressure are solved only over the computational
domain with length L. and height H.. The XY coordinate system is
set as: the main flow direction along the two plates is positive
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Table 1
Parameter values used in the present study.

Parameter Definition Range Reference Value used
R (pm) Cell radius 3.5~7 Geissmann et al. (2003) and Luo et al. (2011b) 6.5
Lc (pm) Channel length 10R
H¢ (pm) Channel height 3R~12R
k(sh) Shear rate 500~4000
po (kg/m?) Plasma density 1000
. . Khismatullin and Truskey (2004), Jadhav et al. (2005), Khismatullin and
#o (mPas) Plasma viscosity 0.8~12 Truskey (2005) and Pawar et al. (2008) 08
A,=p1lpo Density ratio 1.06~1.10 Geissmann et al. (2003) and Luo et al. (2011a,b) 1.08
Au=p1luo Viscosity ratio 1~16
Eh (uN/m) Membrane stiffness 25~3000 Jadhav et al. (2005), Pappu et al. (2008), 25~2500
N; (pm2) Ligand density (5~50) x 10° Bell (1978), Vonandrian et al. (1995) and Khismatullin and Truskey (2005) 1.0 x 10%
N, (um2) Receptor density (0.5~5) x 10° Bell (1978), Vonandrian et al. (1995) and Khismatullin and Truskey (2005) 1.0 x 10°
ko (m?/s) Unstressed forward rate 107! Chesla et al. (1998) and Khismatullin and Truskey (2005) 10"
ko (s1) Unstressed reverse rate 1.0 Chesla et al. (1998) and Khismatullin and Truskey (2005) 1.0
Ky (DN/umm) Bond spring constant 500~ 10000 EZDSS";I;O et al. (1988), Fritz et al. (1998) and Khismatullin and Truskey 5300
Transition spring Dembo et al. (1988), N'Dri et al. (2003) and Khismatullin and Truskey
kes (DN/pm) constant 48~950 (2005) 100
Kpnw (pN/pm) i’c')‘rfg?a"r‘lltlus spring 152~1340 Park et al. (2002) and Khismatullin and Truskey (2005) 210
Ty (pm) Microvillus radius 0.1 Bell (1978), Shao et al. (1998) and Khismatullin and Truskey (2005) 0.1
Unstressed microvillus
Imvo (pm) length 0.05~1.0 Bruehl et al. (1996) 0.5
Ipo (pm) Unstressed bond length 0.1 Fritz et al. (1998) and Khismatullin and Truskey (2005) 0.1
kpo (Nm/K) Boltzmann constant 14 x 102
T (K) Temperature 310.0

direction of the X-axis and the direction vertically pointing to the
upper plate is positive direction of the Y-axis. Under steady-state
conditions, the fluid velocity in the absence of cells is governed by
a parabolic profile for plane Poiseuille flows. The parameter values
used in this study are taken from our previous studies (Luo et al.,
2011a,b) and literatures, as listed in Table 1.

2.2. Front tracking method

To simulate cell detachment in microchannels, we need an
appropriate method to compute the time-dependent flow field
and track cell deformation induced by the shear stress. Cell
deformation may increase the contact area between the captured
cell and functionalized channel surface during cell adhesion and
rolling (Dong et al., 1999; Jadhav et al., 2005; Khismatullin and
Truskey, 2005). Therefore, it is important to consider cell deforma-
tion during detachment. The adhesive dynamic algorithm (Chang
et al., 2000; King et al., 2005; Caputo et al., 2007) assumes the cell
as a rigid sphere and cannot capture the cell deformation. Several
multiphase flow simulation methods, e.g., the volume of fluid
method (VOF) (Khismatullin and Truskey, 2004, 2005) and level
set method (LS) (Luo et al., 2011a,b), consider cells as droplets
surrounded by interfaces with a constant surface tension, then the
effects of cell deformation can be easily included. However, the
elastic properties of cell membrane, which is hard to be included
in VOF and LS, contribute significantly to cell deformation in shear
flows (Eggleton and Popel, 1998; N'Dri et al., 2003). Accordingly,
we employed a front tracking method (FTM) to capture the
moving interface, which is capable to consider the elastic proper-
ties of cell membrane and track the cell deformation (Unverdi and
Tryggvason, 1992; Tryggvason et al, 2001) (Fig. 2a). In this
method, a single set of conservation equations is used to solve
the whole flow field (including both the intracellular and extra-
cellular fluid). The governing equations to describe the conserva-
tion of mass and momentum of the incompressible flow system
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Fig. 2. The basic principle of front tracking method. (a) The fluid (Eulerian grid) is
separated by the moving interface (Lagrangian grid). (b) Grid nodes (covered by a
sphere of radius 2h, surrounding the target grid node) contributing to the
computation of quantity transfer between Eulerian grid and Lagrangian grid.

are
Vau®x,t)=0 (1)
p(x,t) aug:, b + u(x, t)-vu(x, t)} =-Vp(x,t) + F(x,t)

+V-[ux, t)(Vux, t) + Vux, t))] )
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where x and u are vectors of the position and velocity, t and p are
the time and pressure, p and u are the fluid density and viscosity
whose values depend on x and ¢, and F is the source term of total
forces acting on cell membrane, i.e., elastic force f, due to cell
deformation and adhesion force f, due to adhesion bond
formation.

One key step in the front tracking method is to transfer
information between Eulerian grids and Lagrangian points, i.e.,
interpolation of fluid velocity onto cell membrane and distribution
of forces acting on cell membrane to fluid Eulerian grids. The delta
function was employed to realize the transfer, as

u(x’',t) = D(x—x")u(x, t) 3)

F(x,t)=D(x-X")F(X',t) = DX—X')(f (X', 1) + f (X', 1)) 4)

where X’ is the position vector of points on the cell membrane, and
D(x-x’) is a two-dimensional (2D) delta function, which is a
product of multiplying two one-dimensional (1D) delta functions
as

D@&-x") = 6(x—x")o(y-y") (5)

In the calculations, the 1D delta function is discretized as
(Unverdi and Tryggvason, 1992; Tryggvason et al., 2001)

S(x=X") = P (1 + cos <n<§’;:<'))) for |x=x'|<2h, o
0 for |x—x'| > 2h,

where h, is the Eulerian grid size. With this discrete delta function,
the quantity transfer between Eulerian grid and Lagrangian point
is performed over a sphere of radius equal to 2h, surrounding each
grid node (Fig. 2b).

With the velocity interpolated from the fluid velocity at
Eulerian grids, the position of cell membrane is advected as

dx’
dt

=ux',t) (7)

Subsequently, as the cell membrane is advected to a new
position, the fluid properties including density p(x,t) and viscosity
u(x,t) need to be updated. An indicator function I(x,t) with value
1 inside the cell and O outside the cell is defined and constructed
from the known position of the cell membrane. The fluid proper-
ties can thence be evaluated by

PR, t) = po + (p1—po)I(X, 1)
&, ) = pg + (1 —p)l(X, ) (8

To find the indicator function, the following Poisson equation
needs to be solved:

vi=v.G 9

where G(x,t) is the gradient field calculated by:

G =Y D@x-x"n®as® (10
[

Here, D is the discrete 2D delta function calculated by Egs. (8) and
(9) whilst Y, n” and As"” are the centroid, the unit normal vector
to the cell membrane and the length of discrete line segment on
the cell membrane, respectively. Details of the method can be
found in articles by Tryggvason and co-workers (Unverdi and
Tryggvason, 1992; Tryggvason et al., 2001).

2.3. Cell simulation

As previously mentioned, the cell was modeled as a viscous
liquid capsule surrounded by an elastic membrane (cell mem-
brane). When the nucleus is considered, a compound drop model
was employed (Kan et al., 1999; N'Dri et al., 2003; Khismatullin
and Truskey, 2004, 2005), where the cell including cytoplasm and
nucleus is surrounded by an elastic membrane (cell membrane),

with the nucleus occupying 44% of the cell volume
(Schmidschonbein et al., 1980; N'Dri et al., 2003). Extracellular
fluid induces cell deformation which in turn generates elastic force
fe on the cell membrane. The neo-Hookean model was introduced
to compute the elastic force, due to its simplicity and ability to
effectively capture the general characteristics of the cell (Jadhav
et al., 2005; Pappu and Bagchi, 2008). The strain energy function of
a 2D neo-Hookean membrane around a three-dimensional (3D)
cell is given by

£17°€2

W=Eh(6]2+€22+ 2] 2) (11)

where E and h are the shear modulus of elasticity and thickness of
the membrane; ; and &; are the principal stretch ratios. Then, the
tension T, on a 1D neo-Hookean membrane around a 2D cell can
be computed by using the equation introduced by Bagchi and co-
workers (Bagchi et al., 2005; Bagchi, 2007), as

Eh

Te= £3/2

(-1 (12)
where ¢ is the stretch ratio of a discrete line segment, ie.,
undeformed length divided by deformed length. Then, the elastic
force acting on any Lagrangian grid point on the membrane can be
obtained from the tensions in two adjacent line segments denoted
by iand j, as

fe=Teei-T,e; 13)

where e; and e; are the unit tangent vectors along the two line
segments.

2.4. Cell adhesion simulation

Since receptors clustered at microvilli (ruffles on cell mem-
brane) tips are responsible for cell adhesion (Vonandrian et al.,
1995), microvillus deformation also affects cell adhesion as indi-
cated by cell rolling research (Pawar et al., 2008). To introduce the
effects of microvillus deformation on cell detachment, we devel-
oped a new adhesion dynamic model (ADM) that is more realistic
compared to the microvillus-bond spring model used by Khisma-
tullin and Truskey (2004, 2005). The microvilli were modeled as
massless elastic cylinders, which distribute uniformly on the
smooth cell membrane and have adhesion molecules (receptors)
on their tips (Fig. 3a). Only receptors on microvilli tips have the
chance to interact with their counterparts (ligands) distributed
uniformly on the bottom functionalized channel surface. Besides,
adhesion bonds form between the microvillus tip and the bottom
surface, if and only if the separation distance between them does
not exceed the unstressed bond length .

Whilst the adhesion bonds behave as Hookean springs with
spring constant kp, the microvilli are taken as springs with spring
constant kp,, to account for their deformability. The microvillus
and bonds formed on its tip are assumed to be aligned in the same
direction (Khismatullin and Truskey, 2004). In the model used by
Khismatullin and co-workers (Khismatullin and Truskey, 2004,
2005), the microvillus spring and the adhesion bond spring were
integrated into one new spring (microvillus-bond spring) char-
acterized by an efficient spring constant ks=Kkpkp,/(kp+kmy),
Fig. 3b. However, as kj, and k;;,, may be different by two magnitude
levels (see Table 1), we do not use this microvillus-bond spring
method but treat the microvillus and bond separately (microvillus
and bond springs model in Fig. 3b).

Once the separation distance between the microvillus tip and
the functionalized bottom surface becomes less than or equal to
the unstressed bond length [, there forms a linkage between the
microvillus and the functionalized surface. Then, the bond density
Nj, and the total adhesion force f, acting on the microvillus may be
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Fig. 3. Illustration of cell adhesion model. (a) Microvilli are modeled as massless elastic cylinders distributed uniformly on the smooth cell membrane. Only receptors on
microvilli tips have the chance to interact with their counterparts (ligands) distributed uniformly on the bottom functionalized surface. (b) Microvillus and adhesion bond are
integrated into one spring (microvillus-bond spring) with an efficient spring constant in a previous model (Khismatullin and Truskey, 2004, 2005), whilst they are treated as
two separate springs in this article (present model). (c) Variation of equilibrium bond density and total adhesion force on single microvillus in different adhesion models
(calculated by using the method of Jin et al. (2007)), which indicates our adhesion model is more stable than the previous model.

calculated using a kinetic model developed by Dembo et al. (1988),
as

dN,

. = krNi=Np)(Nr—Ny)—k: Ny (14)
where N, and N; are separately receptor density on the microvillus
and ligand density on the functionalized surface, and k; and k; are
the forward and reverse reaction rate coefficients computed by

kes(lp—lpo)?
kf = kaeXp [_ & (zibg'!;p) ]

ky—kes)(1p—lpo)?
k; = krgexp {— (Ko=Kes s =p0)" ka)i li[ b0) } (15)
0

Here, kp and k. are the unstressed forward and reverse
reaction rate coefficients; k, is a transition spring constant of
adhesion bonds at the state changing from slip bonds to catch
bonds; Iy is the length of unstressed bond; ky, and T are the
Boltzmann constant and absolute temperature respectively. When
the deformable microvillus and adhesion bond are separately
considered as two springs, the bond length [, can be calculated by

_ iy (le=lnvo) + kplpo
b= et Ry 1o

where [,,0 and [,¢ are the lengths of unstressed microvillus and
bond; I, is the separation distance between the cell membrane
(microvillus base) and the functionalized surface. When linkage
forms between one microvillus and the functionalized surface, the
position of the microvillus base is stored as x,. Then I, can be
computed by

Iy = \/ (va_xb)2 +ymv2 17)

where X, and y.; characterize the new position of the
microvillus base.

Once the bond density on microvilli is obtained, the number n,
of adhesion bonds on every microvillus can be calculated as

1y = NpStip = NpaT'm? (18)

where 1,y and Sy, are the radius of the microvillus and the surface
area of the microvillus tip respectively. If n, becomes less than
unity, the linkage between the microvillus and the functionalized
surface is broken. If not, the adhesion force f, acting on the cell
membrane can be computed by

Sa=npkp(p~lpo)l (19)
where I (I, I,) is the unit vector directed from the microvillus base
to the functionalized surface, with

Iy = Xp —l:fmv)

y=2m 20)
X

The values of the parameters used in this article, see Table 1,
are based on the data of real leukocytes.

For a specific position of the microvillus base (a given l), the
equilibrium bond density Npg can be calculated, which varies only
with the separation distance I, other than the time. In order to
compare the two aforementioned models for microvillus deform-
ability, the equilibrium bond density and the resultant adhesion
force on one microvillus tip are computed (Fig. 3c) using the
method of Jin et al. (2007). The microvillus-bond spring model
predicts much sharper adhesion force (larger value over a smaller
range), which may induce numerical instability near the cell
membrane.

2.5. Numerical resolution and code
The cell detachment under shear flow in a microchannel

bounded by two parallel plates was simulated using the mathe-
matical model presented in previous sections. The undeformed
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cell was assumed to have a circular shape with initial contact area
lo=R (Cheung et al., 2009; Couzon et al., 2009) on the bottom
functionalized surface (Fig. 1b). The fluid in the microchannel was
assumed to be stationary initially. Non-slip boundary conditions
were applied to the surfaces of the two parallel plates. The
parabolic velocity profile of Eq. (1) was employed as the boundary
condition at the inlet.

The governing equations were normalized to be solved with
characteristic quantities, i.e., length R, velocity kR, time 1/k. A two-
step time-split scheme with second-order accuracy (Projection
method) was employed to solve the Navier-Stokes equations
(Egs. (4) and (5)) of unsteady incompressible flow. In this method,
the momentum equation (Eq. (5)) was split into a convection—
diffusion equation and a pressure Poisson equation (PPE), which
were used to solve the flow velocities and the pressure field,
respectively. The convection-diffusion equation was solved firstly
to calculate the intermediate velocities, which are not divergence-
free and used to update the PPE. The pressure field were computed
by solving the updated PPE and then used to correct the velocities
to make them divergence-free. The 2D numerical simulation of cell
detachment in microfluidics was carried out by our own incom-
pressible computational fluid dynamics (CFD) code.

The temporal accuracy was ensured to be second order by the
projection method for unsteady flow. The governing equations
were all spatially discretized using a second order difference
scheme (the standard central difference scheme). The Crank-
Nicholson semi-implicit technique was used to update the diffu-
sion term for stability, whilst the Adams-Bashforth method was
employed to update other terms including advection, pressure and
body force. The ADI (alternating direction implicit) scheme and
multi-grid techniques were employed to solve the PPE. The
cell membrane advection equation was solved using the
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Adams-Bashforth method. The fourth-order Runge-Kutta method
was used to solve the adhesion kinetics equation to obtain bond
density on each microvillus, with initial bond density set as the
aforementioned equilibrium bond density Npo.

3. Model validation and simulation results

To validate our numerical code with the front tracking method,
we simulated the deformation of an initially circular cell in linear
shear flow (Fig. 4a). The flow was bounded by two parallel moving
plates with separation distance H.. No-slip condition was imposed
at the upper and bottom plates, with the upper one moving in the
positive direction of X-axis and the bottom one in the opposite
direction at the same constant velocity. Periodic conditions were
imposed at the other boundaries in the X-axis direction. The cell
was initially placed in the middle of the computational domain
with length 10R and height 10R. The dimensionless stiffness of the
cell membrane was defined as G=pokR/Eh.

The tank-treading motion of the cell in linear shear flow is
captured by our model, as shown in Fig. 4. The cell deforms from
the initial circular shape to elliptical shape and maintains it as a
steady state, whilst the cell membrane is still rotating around
intracellular fluid driven by the shear force of the surrounding
fluid. This behavior was also observed for red blood cells in
previous experiments by Fischer et al. (1978). As the stiffness of
cell membrane is increased, the cell deformation decreases, i.e.,
decreasing of deformation index D and inclination angle 6 in
Fig. 4b and ¢, which is qualitatively consistent with previous
numerical simulation results (Eggleton and Popel, 1998;
Ramanujan and Pozrikidis, 1998; Breyiannis and Pozrikidis,
2000). Besides, we quantitatively compared the process of cell
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d
f.(ms) |2.62 2.34 2.43
-10.69% | 3.85%
7.(ms) 2.34 2.33
-0.43%
f,(ms) |2.48 2.34 2.35
-5.65% | 0.43%

Fig. 4. Validation of the computational fluid dynamics (CFD) code. (a) The deformation of an initially circular cell in linear shear flow is used to validate our CFD code. (b) and
(c) are deformation index D and inclination angle ¢ plotted as functions of time. The solid line denotes the present results and the square dots are taken from the literature
(Breyiannis and Pozrikidis, 2000). Results are shown for selected values of dimensionless stiffness of the cell membrane G, which match very well. (d) Resolution test for grid,
time step and channel length. The length 10R for computational domain, time step At,=2e-5 and mesh size 240 for channel height 6R are sufficient for tracking cell

deformation and detachment.
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deformation predicted by our model with numerical results
obtained by Breyiannis and Pozrikidis (Breyiannis and Pozrikidis,
2000) with boundary integral simulation for the Stokes flow. The
largest discrepancy of deformation index D between our results
and Breyiannis's was only 4.6% for all the range of G. This small
discrepancy is attributed to the fact that the model employed by
Breyiannis and Pozrikidis ignored inertia effects, as inertia may
affect cell deformation in shear flows (Sui et al., 2009; Bai et al.,
2013b). The simulation of cell detachment was performed using a
mesh density of 40 for one cell radius with time step At,=2e-5
and computational domain length L.= 10R. It has been established
that more dense meshes and smaller time steps contribute little
but consume much more computing resources and, with the
computational domain length fixed at L.=10R, the inlet and outlet
boundary conditions have small influence on cell detachment,
Fig. 4d.

Next, we simulated cell detachment with membrane stiffness
Eh=250 pN/m and cytoplasm viscosity p;=2ug in a microchannel
flow of k=2000s"' and H.=6R. The snapshots of cell shape
predicted at different time points are presented in Fig. 5a. Induced
by the cooperation of hydrodynamic forces and adhesion forces,
the cell is elongated from the initial circular shape to a teardrop

a
2] t=0ms 0.5ms 1.0ms 1.5ms 2.0ms
X
=1
0 - T
4 6
x/R
b

shape, which has been observed in previous cell rolling experi-
ments (Dong et al., 1999; Zhang et al., 2008). Subsequently, whilst
the cell maintains the teardrop shape with no obvious further
deformation (constant D, in Fig. 5d) it gradually rotates following
the flow direction (decreasing 6. in Fig. 5d). In this process, the cell
membrane near the leading edge deviates from the initial curve
and is flattened (also observed in firm adhesion and cell rolling
researches (Jadhav et al., 2005; Khismatullin and Truskey, 2005))
due to the relatively high pressure region under the cell (Fig. 5b)
shown by our own results as well as previous studies (Liu and
Wang, 2004; Luo et al., 2011a). Shear stresses from the surround-
ing fluid generate translational drag force and rotating torque on
the cell. As a result, the teardrop-shaped cell is pulled forward and
the first linked microvillus (FLM) at the trailing edge is subjected
to the most powerful force and hence detaches first (Fig. 5¢). The
adhesion force and the induced resistance torque provided mainly
by the FLM balance the translational drag force and rotating
torque. Therefore, when the FLM is broken, the cell rapidly
accelerates to a higher velocity. Subsequently, the cell gradually
slows down as a result of the increasing adhesion force of the new
FLM at the trailing edge (Fig. 5e). Consequently, the cell is found to
detach in a “stop-and-go” motion style similar to that found for cell
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Fig. 5. Single cell detachment at control parameters of k=2000 s™!, Eh=250 uN/m, y1/uo=2, H.=6R. (a) Cell shape versus time. (b) Velocity vector and pressure field in the
microchannel when t=1 ms and t=2 ms. (c) Elastic force and adhesion force along the counterclockwise direction of cell membrane, ds being the arc length along cell
membrane. (d)Deformation parameters D, and 6. plotted as functions of time. (e) The velocity of cell center and transient adhesion area plotted as functions of time.
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rolling (Jadhav et al., 2005; Pappu and Bagchi, 2008; Pappu et al.,
2008). Nonetheless, the variability of cell transient velocity during
cell detachment observed in the present study is much smaller
than that during cell rolling (Fig. 5e).

Cell properties such as stiffness of cell membrane and viscosity
of intracellular fluid (cytoplasm and nucleus) have significant
effects on cell detachment, Fig. 6. Fig. 6b—c shows that decreasing
membrane stiffness reduces membrane tension and enhances cell
deformation, in accordance with existing numerical simulation
results for cell deformation under linear shear flow conditions
(Eggleton and Popel, 1998; Ramanujan and Pozrikidis, 1998). Cells
with stiffer (Eh=2500pN/m) or more flexible membrane
(Eh=25 puN/m) detach faster than those with moderate membrane
stiffness (Eh=250 uN/m), especially for relatively high wall shear
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stresses (e.g., 7= 1.6 Pa, Fig. 6a). Compared to cell membrane with
Eh=25 pN/m, the membrane with Eh=250 pN/m provides larger
pulling forces on the FLM, causing the bonds on the FLM near the
trailing edge to detach faster (Fig. 6¢). When the cell membrane
stiffness is increased from Eh=250 uN/m to Eh=2500 uN/m, the
stiffer membrane causes the cell to experience more rotating
torque due to less deformation and larger translational drag force.
Besides, a larger membrane stiffness (Eh=2500 uN/m) allows the
cell to maintain its original circular shape so that the cell
membrane near the leading edge is less flattened as described
before (Fig. 6b). Hence, increasing the cell membrane stiffness
(from Eh=250 pN/m to Eh=2500 pN/m) leads to increased bond
formation rate on the microvillus near the leading edge, and
slower cell detachment.
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Fig. 6. Effects of cell properties on cell detachment. (a), (b) and (c) present the effects of cell membrane stiffness and (d), (e) and (f) present the effects of cell nucleus and
intracellular fluid viscosity. (a) and (d) are the contact time plotted as a function of membrane stiffness Eh and intracellular fluid viscosity. (b) is the cell shape at t=2 ms and
(e) is the cell shape and velocity vector at t=2 ms. (c) and (f) show elastic force along the counterclockwise direction of cell membrane at t=2 ms.
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Under the same wall shear stress (rz,,=1.6 Pa), viscosities of
intracellular fluid (cytoplasm and nucleus) have more significant
effects on cell detachment than membrane stiffness (Fig. 6a and d).
The cell with a relatively high intracellular fluid viscosity (u2:u1:
uo=16:4:1) cannot be detached by the surrounding fluid and will
roll continuously. The cell with a nucleus deforms and elongates
significantly near the contact region (Fig. 6e) and then extends the
microvillus length to resist cell detachment. Such fact known as
cell tether is also observed in cell adhesion simulations and
experiments (N'Dri et al., 2003; Khismatullin and Truskey, 2005).
Hence, cells with nucleus are more difficult to be detached
(Fig. 6d). Higher cytoplasm viscosities (e.g., u1:u0=4:1) allow the
cell membrane to maintain a larger curvature, enabling the
microvillus near the leading edge to attach to the channel surface
easier as mentioned before. Besides, membrane tension increases
with increasing intracellular fluid viscosity, Fig. 6f. As higher
membrane tensions correspond to higher dissociation rates of
adhesion bonds at the trailing edge, increasing the intracellular
fluid viscosity reduces cell detachment speed, Fig. 6d.

Cell detachment is found to increase exponentially with
increasing wall shear stress (from r,=0.4 to 3.2Pa) with or
without flow acceleration, Fig. 7a. The cell cannot be detached
from the functionalized surface when the wall shear stress is as
low as 0.4 Pa. The flow with higher wall shear stress (e.g.,
w=3.2 Pa) in the same microchannel (H.=6R) induces greater
shear stress on cell membrane (Fig. 7d), which results in greater
pulling force on the FLM and much faster dissociation of bonds
near the trailing edge (Fig. 7b). However, whilst increasing the wall
shear stress leads to increased translational drag force and cell
deformation (Fig. 7c and d), there is no significant change of
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rotating torque on the cell. The bond formation rate of the
microvillus at the leading edge is therefore not affected signifi-
cantly by increased wall shear stress (Fig. 7b). As a result, cell
detachment increases with increasing wall shear stress.

Cell detachment is less affected by microchannel height, as
compared to flow condition and intracellular fluid viscosity. Cell
contact time increases (from t.=4.5ms to t.=6.0ms) with
increasing microchannel height (from H.=4R to H.=9R) for wall
shear stress 7,,=1.0 Pa and initial contact area [o=1.0R, Fig. 8a. The
captured cell narrows the fluid channel and disturbs the flow of
extracellular fluid, results in increased velocity gradient around
the cell and increased shear stress on the cell according to the
conservation of mass (Eq. (4)). The larger the ratio of cell radius to
channel height is, the faster the fluid flows through a narrower
fluid channel (Fig. 8d), leading to increased shear stress on the cell.
As the shear stress is increase, both the detaching speed of the
trailing edge (Fig. 8b) and the cell deformation increase (Fig. 8c).
However, if the ratio of cell radius to microchannel height does not
exceed 0.1, the presence of cell will not significantly affect the flow
field and hence the cell detachment. However, as the channel
height (H.) is increased from 9R to 12R, the contact time (t.)
decreases from 6.0 ms to 5.5 ms (Fig. 8a), which is attributed to the
process of establishing the steady-state flow. In this process, the
cell deforms more quickly (Fig. 6¢) and the trailing edge starts to
detach earlier (Fig. 8b) when the channel height is increased from
9R to 12R, because the flow velocity around the cell is greater in
the channel with a larger height to keep the wall shear stress
constant (Fig. 8d). In contrast, cell detachment may not be affected
by channel height under continuous flow conditions when the
ratio of cell radius to channel height is less than 0.1.

X-coordinate of Leading edge
7 4 ——— X-coordinate of Trailing edge
7.=0.8Pa |
llER=0.0 w0=0.4Pa
6 al*R=0.5
7w=1.2Pa
% alk*R=0.0 1
5 . s
rw0=0.4Pa
4l alk’R=0.2
0 5 10 15 20
t (ms)
7v=0.8Pa i
0.5 w=1.6Pa 4
-------- w=3.2Pa
~~
)
a
N’
=

0.0 0.2 0.4 0.6
ds

Fig. 7. Effects of flow condition on cell detachment. (a) Cell contact time plotted as a function of wall shear stress. (b) Positions of leading edge and trailing edge versus time.
(c) Deformation parameters D. and 6. versus time at selected values of wall shear stress. (d) presents the tangential stress T, acting on cell membrane along its
counterclockwise direction. (e) Cell shape at t=1 ms, with square dots representing points of ds=0.0 in (d).
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Fig. 8. Effects of channel height on cell detachment. (a) Contact time plotted as a function of channel height H.. (b) Positions of leading edge and trailing edge plotted as
functions of time at z,,=1.0 Pa. (c) Deformation parameters D, and ¢, versus time for selected values of channel height at z,,=1.0 Pa. (d) Profile of inlet velocity in

microchannel flow for selected values of channel height.

4. Discussion

In this study, a mathematical model integrating the front
tracking method with cell adhesion dynamic simulation has been
developed to investigate the mechanisms of cell detachment in
microfluidics. Effects of several mechanical parameters (e.g., shear
stress, viscosities of cytoplasm and nucleus, elastic properties of
cell membrane) and the confinement (ratio of cell radius to
microchannel height) on cell detachment were investigated. Dur-
ing cell detachment, the cell is deformed from circular shape to
teardrop shape by the surrounding flow and detached in “stop-
and-go” style (Fig. 5). Our findings are consistent with previous cell
rolling studies (Dong et al., 1999; Jadhav et al., 2005; Pappu and
Bagchi, 2008; Zhang et al., 2008). Through including inertia and
compound drop model, the presented model could be implemen-
ted for other theoretical applications, e.g., inertial focusing phe-
nomenon observed under laminar flow conditions in a
microdevices (Di Carlo et al., 2007) and lateral migration of cells
in microfluidics (Hur et al., 2011).

According to our simulation, the dissociation rate of bonds on
the microvillus at the trailing edge and the forming rate of new
bonds on the microvillus at the leading edge determine the total
number of adhesion bonds between the cell and channel surface,
thus controlling cell behaviors (i.e., cell rolling and cell detach-
ment). Increasing the wall shear stress increases the bond dis-
sociation rate. When the bond dissociation rate is equivalent to the
bond forming rate, the cell will keep rolling on the channel
surface. When the wall shear stress exceeds a critical value, the
bond dissociation rate becomes higher than the bond forming rate,
leading to cell detachment. Correspondingly, when the wall shear
stress exceeds the critical value, the cell detachment rate increases
exponentially (Fig. 7), which is consistent with previous experi-
mental studies (Zhang et al., 2008; Cheung et al., 2009). The

present study also identifies cell detachment as the critical reason
why the capture efficiency decreases greatly with increasing wall
shear stress (Cheng et al., 2007; Nagrath et al., 2007).

Cell properties, especially the viscosity of intracellular fluid
(including cytoplasm and nucleus), significantly affect cell detach-
ment under shear flow conditions. The cell detachment rate
doubles when the intracellular fluid viscosity is increased from
poipripo=2:1:1 to uz:uq:uo=38:4:1. On the other hand, increasing
the intracellular fluid viscosity increases the critical wall shear
stress for cell detachment. The critical wall shear stress for cells
with a higher intracellular fluid viscosity (ua:pq:u0=16:4:1) is
greater than 1.6 Pa (Fig. 6). In comparison, experimentally it was
revealed that the critical wall shear stress for cells ranges from 2 to
5 Pa (Couzon et al., 2009; Decave et al., 2002). The variation in the
numerically predicted critical wall shear stress and that experi-
mentally measured may be caused by the difference in cell
properties between our cell model and real cells. The effect of
wall shear stress on cell capture efficiency may vary, depending on
the cell types (Cheng et al., 2007, 2009), since different types of
cell may vary in cell properties such as intracellular fluid viscosity.

Channel height does not significantly affect cell detachment
compared to wall shear stress and intracellular fluid viscosity,
especially at low ratios (below 0.1) of cell radius to channel height
(Fig. 8). The shear forces acting on the cell have no significant
change at low ratios of cell radius to channel height (below 0.1)
(Couzon et al., 2009). However, we cannot conclude channel
height has little effect on cell capture efficiency, because cell
separation is a multicellular process in real microfluidics and cells
collide with each other frequently. For example, a smaller channel
height provides more opportunity for cell to interact with channel
surfaces, which can potentially increase cell adhesion.

Although our mathematical model reflected most important
features of cell detachment, it still needs to be further developed.
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The kinetic characteristic of adhesion bond plays an important role
in adhesion forces, which may lead to different cell detachment
rates. As cell separation is a multicellular process in real micro-
fluidics and cells collide with each other frequently, the actual
multicellular capture and separation from whole blood using
microfluidic devices, the collisions and interactions between cells
may increase cell detachment, which needs to be introduced into
the mathematical model. The 2D model with circular cells actually
simulated cylindrical cells in 3D flow. This limitation may lead to
the difference between our simulation and the previous numerical
study for the effects of channel height on cell deformation
(Khismatullin and Truskey, 2004). Another limitation of our
simulation is that the viscosity ratio of intracellular fluid to
extracellular fluid was 16, which in reality can be more than 100
(Khismatullin and Truskey, 2004, 2005). The numerical instability
of the Newtonian model limits the viscosity ratio of intracellular
fluid to extracellular fluid at a low value, which is around unit in
previous model (Cantat and Misbah, 1999; King et al., 2005) and is
16 in our model. Therefore, we suggest further developing numer-
ical models to reveal the effects of the intracellular fluid viscosity
on cell deformation, attachment and detachment in microfluidics.
Besides, further development of mathematical models should
include the effect of cell viscoelasticity (Khismatullin and
Truskey, 2004, 2005), as cells change their mechanical properties,
e.g., the intracellular fluid viscosity, as a response to extracellular
mechanical stimuli (Tsai et al., 1993), e.g., shear stresses from
shear flows.

Selective capture of target cells from whole blood is essential
for basic researches and clinical diagnosis, such as capturing
specific cell type for characterizations, separating and counting
cells for disease diagnosis. The movement of cells from the main-
stream to the functionalized surface is one of the major issues of
cell capture, especially for capturing rare cells such as circulating
tumor cells or stem cells. However, cell detachment is another
critical factor to capture all target cells, when capture-based
methods are used to separate and enumerate specific cells for
disease diagnosis. To understand the physical mechanisms under-
lying cell detachment behaviors, we developed a mathematical
model based on the front tracking method, which can be easily
improved for other theoretical applications including the move-
ment of cells from the mainstream to the surface. The effects of
cell mechanical properties and the wall shear stress on cell
detachment may partially interpret that the capture efficiency is
significantly affected by the wall shear stress and cell type. This
model and new insights from this study could be helpful for
further design of capture-based microfluidics for biological appli-
cations, e.g., the optimization of the channel structure and flow
condition.

5. Conclusion

We developed a mathematical model to study cell detachment
in microchannels. Our numerical results indicate that cell detach-
ment is strongly dependent on the hydrodynamic flow field. Our
major findings include: (1) the cell presents a tear-drop shape
during cell detachment and exhibits a “stop-and-go” motion style;
(2) cell detachment is strongly associated with the viscosity of
intracellular fluid; (3) the cell detachment rate increases exponen-
tially with increasing wall shear stress due to rapid bond dissocia-
tion at the trailing edge and insignificant change of bond
formation rate at the leading edge; (4) the channel height does
not affect cell detachment unless the ratio of cell radius to channel
height exceeds 0.1. Our results indicate that our theoretical model
is of value for understanding the parameters that can affect cell

capture efficiency in microfluidic devices, which is essential to the
design of microfluidics-based POC devices.

Nomenclature

H, Channel height as illustrated in Fig. 1, m

lo Initial contact length as illustrated in Fig. 1, m
L¢ Channel length as illustrated in Fig. 1, m

R Cell radius, m

k Bulk shear rate of channel flow, 1/s

b Vector of position at Eulerian grid

u Vector of velocity at Eulerian grid

t Time, s

p Pressure, Pa

Je Vector of elastic force on cell membrane

fa Vector of adhesion force on cell membrane

x Vector of position at Lagrangian grid

he Eulerian grid size, m

I Indicator function in Eq. (9)

E Elastic modulus of cell membrane, Pa

h Thickness of cell membrane, m

Ipo, Ip Length of unstressed and stressed adhesion bond, m

lmvo, Imy Length of unstressed and stressed microvillus, m

kp, ks Spring constant of adhesion bond and microvillus, N/m
Kes Transition spring constant of adhesion bond

Ny, N;, N;Density of adhesion bond, receptor and ligand

k. kr Forward and reverse reaction rate coefficients of
adhesion bond

kpo Boltzmann constant

T Absolute temperature

np Number of adhesion bond

G dimensionless stiffness of cell membrane, G=puokR/Eh

D, 0 Deformation index and inclination angle as illustrated in
Fig. 4a

D, 6. Deformation index and inclination angle as illustrated in
Fig. 1c

te Cell contact time, s

Greek letters

po» p1, p2 Density of surrounding fluid, cytoplasma and nucleus,

kg/m?

1o, i1, p2 Viscosity of surrounding fluid, cytoplasma and nucleus,
Pa-s

£1, &2 Principal stretch ratios of cell membrane

Tw Wall shear stress, Pa
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