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ABSTRACT

Understanding cell transport and adhesion dynamics under flow is important for many biotransport problems. We investigated the
influence of cell size, ligand coating density, micropost size, and intercellular collisions on circulating tumor cell adhesion and transport in
microfluidic devices. The cells were modeled as coarse-grained cell membranes and the adhesion was modeled as pairwise interacting poten-
tials, while the fluid was solved using the lattice Boltzmann method. The coupling between the cell and the fluid was achieved through
the immersed boundary method. The cell showed transient rolling adhesion in high shear regions and firm adhesion in low shear regions.
The adhesive force for rolling cells on a micropost was increasing before the cell reached the crest of the post and then decreasing afterward.
The adhesive strength for cells increases with ligand coating density. Cell trajectories in a microfluidic device with a shifted post design were
studied as well. At low concentrations, the majority of the cells follow streamlines closely. However, the intercellular collision and collision
from red blood cells impacted the cell trajectories. An L2 norm of jej was defined to characterize the difference between the cell trajectories
and the associated streamlines. It was shown that jejL2 increases with micropost sizes and cell concentrations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129787

I. INTRODUCTION

Cancer cells detached from the primary tumor and entering in
the circulation system are named circulating tumor cells (CTCs),
which can lead to metastasis that accounts for 90% of the deaths in
cancer patients.1–3 Thus, detecting CTCs at an earlier stage is
important for diagnostics. However, detecting CTCs is very chal-
lenging, as CTCs are rare, e.g., there are only a few CTCs in a 1 ml
blood sample that contains billions of blood cells. One of the
promising CTC detection techniques is to use microfluidic devices
where blood samples with CTCs can be loaded and detected suc-
cessfully. Based on the actuation mechanism, these microfluidic
devices can be grouped into two categories: active ones and passive
ones. Active microfluidic devices used external assistance such as
magnetic field,4–6 electric field,7,8 optical forces,9,10 and acoustic
fields11,12 to enrich CTCs. Among these methods, they either
require sophisticated cell preparations, complex microfluidic
designs, or external fields. On the other hand, passive devices

utilize the hydrodynamics and physical properties of CTCs such
as size, deformability, and specific binding between receptors
expressed on cell membrane and ligands coated on microfluidic
surfaces to separate CTCs from other cells.13–18 In general, many
microposts were fabricated on these passive microfluidic devices to
bend the streamlines in order to increase the contact frequencies
between CTCs and microposts. Passive microfluidic devices are also
label free and easy for fabrication and operation.19

One important performance indicator for microfluidic devices
is the CTC capture efficiency (η), defined as the percentage of the
captured cells over the total CTCs. Many factors influence the
capture efficiency, such as pressure gradient (dp=dx), micropost
size (D), shape, gap between microposts (l), CTC size (d), fluid vis-
cosity (ν), ligand coating density (c), ligand receptor adhesive
strength(K , [μN=m]), and cell membrane deformability (e.g., shear
modulus μ0). CTCs with a larger size and abundant expression of
adhesive molecules showed strong metastasis.20–22 The receptor
density on the cancer cell surface is related to the subtypes of
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cancers.23–25 Different micropost sizes, separation distances, and
layouts have been proposed to separate CTCs from blood samples.
Recently, microfluidic devices with a hyperuniform spatial design
showed potential in capture and differentiation of subpopulations
in CTCs.26 Meanwhile, theoretical analysis and numerical simula-
tions were performed to improve the design of the devices: e.g.,
numerical simulations were performed to minimize the biosensor
response time for a vascular microfluidic device under different
physiological shear rates.27 A unified theoretical framework was
proposed to infer the trajectories of particles in the whole device
on the basis of trajectories in the unit cell.28 The effect of post shift
distance and deformability of blood cells on cell trajectories were
also studied,29 showing that it is possible to separate cells through
label-free methods. In Ref. 30 it was shown that cells can be sepa-
rated based on their deformability through a combined diffuser and
semicylindrical obstacle design. Collision rates for rare cell capture
in periodic obstacle arrays were found to strongly depend on the
density of cell suspensions and micropost radius.31,32 Recent work
from Ref. 33 also demonstrated the capability of using holographic
screening to enumerate CTCs in a label-free and high-throughput
fashion.

Despite these efforts, the complex transport and adhesion phe-
nomena of CTCs in blood cell suspensions is currently not fully
understood, e.g., what is the adhesive behavior for cells in flow on
the microposts considering the difference in sizes and adhesive
molecule density? How do RBCs influence the CTC trajectories? In
the current work, several numerical CTC detection simulations
were performed to evaluate the binding behavior of CTCs under
the influence of different cell sizes and coating densities. The adhe-
sive forces and adhesion locations were characterized. Meanwhile,
the cellular trajectories in a microfluidic device with the shifted
design considering different micropost sizes, intercellular collisions,
and blood cell collisions were studied. The numerical results were
also compared with microfluidic experiments. The paper is
organized as follows. Section II gives a brief description on the
numerical methods. The details of the convergence study and
experimental methods are provided in the supplementary material.
Next, results of cell adhesion and trajectories under the influence of
different cell sizes, ligand densities, microfluidic designs, and cell
collisions are presented in Sec. III. The conclusion and future work
are given in the end.

II. METHODS

Modeling the CTC transport in microfluidics at the cellular
resolution is a challenging task. First, it is a multiphysics problem,
as the cell deformation will influence the flow and the flow will
deform the cell as well. Second, the cell membrane mechanics are
nonlinear and the cells will undergo large deformation. Finally, the
simulation is computationally expensive as thousands of surface
nodes will be needed to resolve a CTC deformation in detail, and
high performance computing is necessary as hundreds of blood
cells will be modeled. Previously, our group has successfully devel-
oped a massively parallel fluid solid coupling simulation software
to address these challenges.34 Specifically, the fluid flow with
complex geometry was solved by the lattice Boltzmann method
(LBM), chosen because of its efficient parallel performance,35,36 the

ability to model flows with complex geometries,37–40 and multi-
phase and compressible flows.41–43 In the lattice Boltzmann
method, the evolution of discretized density distribution fi along
the direction of microscale discretized velocity ci is as follows:

fi(xþ ciΔt, tþΔt)� fi(x, t)¼�1
τ

fi(x, t)� f eqi (x, t)
� �þFiΔt, (1)

where x and t are spatial and time variables, ci is the discretized
velocity vector, f eqi is the equilibrium distribution, τ is the dimen-
sionless relaxation parameter, and Fi is the term used for external
forces. The equilibrium distributionf eqi is given by

f eqi ¼ wiρ 1þ ci � u
c2s

þ (ci � u)2
2c4s

� u2

2c2s

� �
, (2)

where wi are the weight coefficients and cs is the speed of sound.
The density ρ and velocity u can be calculated as

ρ ¼
X

fi, ρu ¼
X

fici þ Δt
2
g , (3)

where g is the external force density vector (force per volume) that
is related to Fi as

Fi ¼ (1� 1
2τ

)wi
ci � u
c2s

þ ci � u
c4s

ci

� �
� g: (4)

See Ref. 44 for more details on force terms. The external force
includes the fluid solid interaction forces which will be discussed
later in cell models. A D3Q19 lattice structure was used to solve the
fluid flow.

Both blood cells and cancer cells were modeled as a thin
membrane using a coarse-grained molecular dynamics method,
where membrane stretching and bending were considered.39,45–48

The potential energy for a cell membrane is given by

U(Xi) ¼ Ustretch þ Ubending þ Uarea þ Uvolume, (5)

where the stretching energy Ustretch is used to represent the cyto-
skeleton’s resistance to deformation. The bending energy Ubending

represents the rigidity of the membrane bilayer imparted to the
cytoskeleton. The last two terms are the constraints for maintaining
a constant membrane surface area and cell volume. The stretching
potential is given by

Ustretch ¼
X

j[1���Ns

kBTlm
4p

3x2j � 2x3j
1� xj

þ kp
lj

 !
, (6)

where lm is the maximum bond length and the jth bond length
ratio is xj ¼ lj=lm. lm was set to be 2 times the equilibrium bond
length. Ns is the number of springs, p is the persistence length, kB
is the Boltzmann constant, T is the temperature, and kp is the
repulsive potential constant. Once p is specified, kp can be found
using the value of xj ¼ 0:5 at the equilibrium, where the net force
is zero. The parameters used in the coarse-grained membrane
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model can be related to membrane properties used in the contin-
uum model,47,49 e.g., the shear modulus, μ0, which is given by

μ0 ¼
ffiffiffi
3

p
kBT

4plmx0

x0
2(1� x0)

3 �
1

4(1� x0)
2 þ

1
4

� �
þ 3

ffiffiffi
3

p
kp

4l30
: (7)

where x0 ¼ l0=lm and l0 is the bond length at equilibrium.
Equation (7) holds assuming that the membrane surface area is
preserved during simulation, thus the contribution from Uarea can
be safely ignored. Interested readers can refer to Refs. 47 and 49 for
details.

The bending energy is defined as

Ubending ¼
X

j¼1���Ns

kb(1� cos(θj � θ0)), (8)

where kb is the bending constant and θj is the instantaneous angle
formed by the two outward surface norms of two adjacent triangu-
lar meshes that share the same edge j. θ0 is the corresponding equi-
librium angle.

Constraints for constant membrane surface area and cell
volume are imposed through area/volume dependent harmonic
potentials,

Uarea ¼ kg(A� A0)
2

2A0
þ

X
j¼1,...,Nt

kl(Aj � Aj0)
2

2Aj0
, (9)

Uvolume ¼ kv(V � V0)
2

2V0
, (10)

where kg and kl are the global and local area constraint constants,
Nt is the number of triangular surfaces, A and A0 are the instanta-
neous and spontaneous total surface area of the cell membrane,
respectivelyAj, Aj0 are the instantaneous and spontaneous surface
area for the jth triangle surface, respectively, kv is the volume con-
straint constant, and V and V0 are the instantaneous and the equi-
librium cell volume, respectively.

The two way coupling between the fluid and cell was modeled
by the immersed boundary method (IBM). IBM has been widely
used for studying blood flow in the heart,50,51 cell separation in
microfluidic flows,29,52 and esophageal transport.53 In IBM, an
Euler grid was used for fluid flow and a Lagrangian mesh was used
to model the cell deformation. The nonslip boundary conditions
and stress balance over the interface were imposed through an
interpolation function. Specifically, for an immersed solid with
position X, the velocity U(X, t) is interpolated from the local fluid
velocity u(x, t), while the solid force, F(X, t), calculated from
Eq. (5) is spread out into the local fluid grid points as a force
density g(x, t) used in Eq. (4),

U(X, t) ¼
ð
u(x, t)δ(x � X)dx, (11)

g(x, t) ¼
ð
F(X, t)δ(x � X)dX, (12)

where δ(x) is the delta function. In a typical numerical implemen-
tation in three dimensions, δ(x) is constructed as the product
of one-dimensional functions, i.e., δ(x) ¼ f(x)f(y)f(z) with f(r)
defined as

f(r) ¼
0 otherwise,
1
4

1þ cos
πr
2

	 
	 

, jrj � 2,

(
(13)

where r is the distance between solid particles and fluid nodes.
Different choices of the interpolation function influence the cou-
pling accuracy, the influence range of the solid particles on the
fluid, and the computational cost.54,55 More details on IBM can be
found in Refs. 56–58.

The computational model was verified extensively with our
previous publications including ellipsoid periodic rotation under
shear flow, RBC stretch testing, effective blood viscosity in small
tubes,34 and cancer cell translocation through a micropore.48 The
details of the implementation of the model and algorithm can be
found in Ref. 34. One limitation of the current model is that the
cytoplasm viscosity and blood plasma viscosity was treated the
same, which is different from the fact the cytoplasm is about 5
times more viscous than the blood plasma. It is possible but non-
trivial to track the internal and external fluid nodes through sophis-
ticated algorithms,59–63 which will be deferred as future work. In
the present work, two different types of numerical simulations were
performed. First, cell adhesion in flow on a single micropost was
characterized in a simple geometry, as cell adhesion happens
between the cell-wall interface, which is a small scale physics. The
simple geometry was created based on the widely used microfluidic
design with a diameter of 50 μm as shown in Fig. 1(a). Second, cell
trajectories in a microfluidic device with the shifted design were
studied considering the microcylinders’ sizes and collisions from
blood cells. A relatively larger fluid domain was required to study
the effect of micropost layout on cell trajectories. The shifted

FIG. 1. Two designs of the microfluidics for cancer cell detection. (a) A regular
design of microcylinders with their circular centers forming equilateral triangles.
(b) A shifted design of microcylinders. The circular view shows the zoom in
view. The red boxes show a representative unit for each device. (c) A represen-
tative unit of the microfluidic device with the regular design for the cell adhesion
study. (d) A representative unit of the microfluidic device with the shifted design
for the collective cell trajectory study. Blood cells are shown in red, and cancer
cells are shown in green.
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design consists of microcylinders with equal diameters but with a
shifted 50 μm distance every 3 columns of microcylinders in the
vertical direction, see Fig. 1(b). Because of the periodicity of the
devices, only a representative unit was created in the simulation for
each device, as shown in Figs. 1(c) and 1(d), respectively.

PC-3 cell (a prostate cancer) is a typical CTC cell line that
overexpresses EpCAM antigen on its surface and has been widely
used for CTC research. Anti-EpCAM antibodies were coated on
the micropost surface to study the cell adhesion and transport in
microfluidics. For the capture of other types of CTC cell line such
as SKBR3, anti-HER2 antibody can be used. Young’s modulus of
PC-3 is 1401+ 162N=m2,64 which can be related to Young’s
modulus for a 2D membrane model by multiplying the thickness
of the membrane (about 10 nm).65 The Poisson ratio ν of an
isotropic triangular mesh is 1=3,66 thus, the shear modulus
μ0 ¼ 3

8 E ¼ 5 μN=m, which is used to set the elasticity of the mem-
brane. The bending stiffness is set to be 35 kBT, where kB is the
Boltzmann constant and T is the room temperature (300 K).
The mechanical parameters for red blood cells can be found from
Ref. 34.

The adhesion between cells and microposts was modeled
using a Morse potential,

Umorse ¼ D0 e�2β(r�r0) � 2e�β(r�r0)
� �

, r , rc: (14)

where D0 is the energy scale, β controls the width of the potential,
r is the distance between particles on the cell membrane and the
particles on the micropost surface, r0 is the equilibrium distance,
and rc is the cutoff distance. The rolling-adhesive binding force for
a CTC cell with EpCAM and anti-EpCAM interaction was reported
to be 4.5 pN.67 Considering there are thousands of interactive pairs
on the cell membrane, the force magnitude would be estimated on
the order of femtonewtons. In our simulation, the maximum attrac-
tive force based on the Morse potential at the cut off distance was
set as 3.3 fN, which is consistent with the experimental data. It
should be pointed out that a different set of parameters should be
tuned for another type of CTCs or ligand receptor pairs.

For cell adhesion studies, a finer mesh with 10 242 nodes was
used in order to resolve the lubrication flow between the cell mem-
brane and the micropost surface. For cell trajectory studies, a coarse
mesh with 2562 nodes per cell was used, because only the center of

TABLE I. Simulation parameters used for the cancer cell adhesion and transport in
microfluidic devices.

Adhesion
dynamics

Trajectory
studies Comments

Fluid

Δx 4 × 10−7 m 5 × 10−7 m Lattice size
Δt 2.67 × 10−8 s 4.16 × 10−8 s Time step
Δm 6.4 × 10−17 kg 1.25 × 10−16 kg Mass
τ 1 1 Relaxation parameter

Cancer cells

Nodes 10 242 2562
μ0 5 μN/m 5 μN/m Shear modulus
kBT/p 0.157 pN 0.314 pN Stretching constant
kb/kBT 35 35 Bending stiffness

Red blood cells

Nodes 642
μ0 6 μN/m Shear modulus
kBT/p 1.43 pN Stretching constant
kb/kBT 56 Bending stiffness

Morse potential

D0 3 × 10−20 J 3 × 10−20 J Interaction energy
β 0.1 0.1
r0 4 × 10−7 m 4 × 10−7 m Equilibrium distance
rc 2 × 10−6 m 2 × 10−6 m Cutoff distance

FIG. 2. Cells showed preferred adhesive locations on the micropost surface where the shear stress is low. The fluid flow field (a) and shear rate distribution (b) in the sim-
ulation with a regular design. (c) Cancer cell adhesion on the microfluidic device with the regular design.
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mass information was needed. Convergence results showed that
2562 surface nodes can capture the cell deformation with a reason-
able accuracy, as shown in the supplementary material. The param-
eters used for the simulation were verified in our previous
publications34,48,68 and are listed in Table I.

III. RESULTS AND DISCUSSIONS

A. Cell adhesion locations on a micropost

A characteristic unit of the regular microfluidic device was
created, and 3 cells were initiated on the midplane in the y direc-
tion in the vicinity of the micropost. The fluid domain size the
in x, y, and z directions was 260� 40� 150 μm3. The cell
diameter was 12 μm discretized into 10 242 nodes. A body force of
1:34� 10�8 (in dimensionless LB units, the converted physical
acceleration was 1:34� 10�8Δx=Δt2=7.54 m=s2 ) in the positive z
direction was applied to drive the fluid flow, resulting in a fluid
with Reynold’s number Re ¼ 0:015 defined using the cell diameter
and the maximum fluid velocity. The fluid lattice size is 0.4 μm
with a relaxation parameter of τ ¼ 1 such that the viscosity is 1=6.
Nonslip boundary conditions were applied on the micropost walls
and walls in the y direction. Periodic boundary conditions were
applied on both x and z directions. Particles on the cell membrane

will interact with these walls once the cell is within the influencing
range of the Morse potential, as shown in Table I. The fluid flow
within the unit is shown in Fig. 2(a). Cancer cells showed preferred
adhesion locations on the surface of posts. The cells tend to settle
down on the micropost surface where the shear stress is low, as
indicated in the blue region in Fig. 2(b). These preferred adhesion
sites correspond to the front and rear stagnant points of the flow.
Simulation results showed that the front stagnant adhesion is not
stable due to the divergent flow field, whereas the rear stagnant
point is more stable because of the convergent flow field.
Microfluidic experimental results performed under the same order
of shear rates also confirmed that the cells prefer adhering to those
low shear stress regions, see Fig. 2(c). Figure 2(b) also shows the
varying shear rate on the cylinder surface, which will induce a tran-
sient rolling adhesion for cells. A cell rolling on the microposts was
also captured in microfluidic experiments, see Fig. 3(a). The cell
deformation profile agreed very well with numerical simulations,
see Fig. 3(b). The transient rolling adhesion on the high shear rate
and firm adhesion in the low shear rate is consistent with the con-
clusion shown in the cell adhesion state diagram69 and a recent the-
oretical analysis paper.70

B. Cell size and ligand coating density on cell adhesion
on a micropost

Cancer cell size is not uniform. Previous research showed that
large CTC cells correlated significantly with the prognosis of
cancer.20 To understand the size effect on cell adhesion, three
different cell diameters were considered here: 8 μm, 12 μm, and
16 μm, respectively. The ligand density was assumed to be the
same among all the cells. Other parameters were kept the same as
Sec. III A. All the cells showed similar deformation profile in the
flow, as shown in Fig. 4(a). The contact areas with the micropost
were calculated as [56.5, 116.4, 225.9] μm2 when cells reached the
crest of the cylinder where the shear rate was the highest. It showed
that the adhesive contact area was proportional to the square of the
cell diameter. The adhesive force for the whole cell was calculated
based on Eq. (14) by the summation of all the adhesive forces on

FIG. 3. Snapshots of cell rolling on a micropost: (a) experiments, (b) simulation.
The scale bar indicates 20 μm.

FIG. 4. (a) Cell profile with different diameters d ¼ [8, 12, 16] μm when cells experienced largest shear stress at the crest of the micropost. (b) The cell adhesive force on
the microprost from initial contact (upwind stagnant point), rolling, and forming firm adhesion on the other side (downwind stagnant point) of the micropost. The left inset
shows the position where the cell experiences the largest drag. The right inset shows the cell position with firm adhesion. (c) The comparison of contact area and drag
force for cells with different sizes under flow. A line of slope 2 is shown for reference.
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the contact nodes and was shown in Fig. 4(b). The adhesive forces
increase as the cells roll to the crest of the cylinder, about [0.0132,
0.0285, 0.0432] pN, and then decrease as the cells roll down to the
other side of the cylinder, about [0.0080, 0.0115, 0.0152] pN for [8,
12, 16] μm cells, respectively. Because of the low Reynold’s number
(Re ¼ 0:015), the inertial effect was ignored, and the adhesive force
on the whole cell would be balanced with the drag force. Thus, the
cells experienced much larger drag forces at the crest of the cylin-
der and much lower drag on the stagnant point on the rear side of
the cylinder. This conclusion is also consistent with the shear rate
distribution shown in Fig. 2(b). The normalized adhesive contact
area and drag force for different cell sizes was shown in Fig. 4(c). A
line of slope of 2 was shown as well for comparison. It showed that,
for the same type of cells (e.g., same membrane shear modulus)
and the same flow conditions, both the drag force and adhesive
force were proportional to the square of cell sizes. Because of the
lower drag force for smaller cells, their residence time during
rolling on micropost was longer than bigger cells, e.g., the time
required for a 8 μm cell to reach the crest of the micropost from the
front stagnation point was 0.0054 s, while the time required for
16 μm cells was about 0.0025 s. The long residence time for smaller
cells also favors the adhesive bond formation. Thus, softer and
smaller cells have advantages of forming strong adhesion after initi-
ating the contact with the micropost surfaces.

The ligand density on the cancer cell surface is related to the
subtypes of cancers. For example, as cancer cells undergoing epi-
thelial–mesenchymal transition (EMT), cells will lose the expres-
sion of EpCAM and express more mesenchymal markers. As
shown in recent studies, the microfluidic device was developed to
track the dynamics of CTC phenotypes using nanoparticle-
mediated magnetic ranking to mimic the strength of the
antigen-antibody interaction.23–25 The different adhesive strength
was modeled by changing the ligand density on the wall surfaces.
Three different normalized ligand densities α ¼ [0:2, 0:5, 1:0] were
coated on the cylinder, where α ¼ 1 corresponds to about 6 adhe-
sion sites per square micrometer. When the coating density was
low, α ¼ 0:2, the contact area and adhesive strength were smaller,
which was not enough to establish a firm adhesion. Thus, the cell
was detached from the micropost under flow, see Fig. 5(a).
However, as the coating density increased to α ¼ 0:5 and 1, both
cells can develop firm adhesion on the microposts, as shown in

Figs. 5(b) and 5(c). The cell profiles are also shown in Fig. 5(d)
when the cells were experiencing the largest shear stress in flow
near the microposts. It was shown that the contact area changes
with the ligand coating density as well.

C. Micropost size and cell volume fraction effect on
cancer cell trajectories in a shifted microfluidic device

A cell has to initiate a contact with the micropost before it can
establish a firm adhesion. The contact opportunities highly depend
on the cell trajectory. Thus, the cell trajectory in the microfluidic
device with the shifted design was investigated. The domain size of
the simulation unit was 260� 25� 500 μm3 in the x, y, and z
directions, as shown in Fig. 6(a). The mesh size was 0.5 μm. 50
cancer cells with a diameter of 12 μm were randomly positioned in
microfluidic devices. A dimensionless body force of 1:34� 10�8

and periodic boundary conditions in x and z directions were
applied. The Reynold’s number Re ¼ 0:004. Other parameters are

FIG. 5. Cancer cell adhesion on micro-
posts with three different coating densi-
ties α ¼ [0:2, 0:5, 1:0]. The sequence
of cell rolling and adhesion on the
micropost with coating density (a)
α ¼ 0:2, (b) α ¼ 0:5, (c) α ¼ 1:0. (d)
The cell profile when it was past the
crest of the micropost boundary and
experienced the largest shear stress.

FIG. 6. Steady state streamlines and simulation snapshots for the shifted
design with a simulation domain size of 260� 25� 500 μm3 in x, y, z direc-
tions. The diameter of microposts shown here is 50 μm. (a) The streamlines at
the steady state without any cells in the shifted microfluidic device. Simulation
snapshots for three different cases: (b) Only 50 cancer cells without any blood
cells. (c) Mixture of cancer cells and blood cells with a volume fraction of 5%.
(d) Mixture of cancer cells and blood cells with a volume fraction of 10%. The
cancer cells are shown in green, and the blood cells are shown in red.
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shown in the second column in Table I. The effects of micropost
diameter and cell volume fraction (volume ratio of both blood cells
and cancer cells to the whole volume of blood sample) on cell tra-
jectories were characterized. Three different cylinder radii [45, 50,
55] μm and two different cell volume fractions (5% and 10%) were
considered separately in the simulation. The simulation domain
and some snapshots are shown in Fig. 6. Streamlines were used to
characterize the flow field. However, because of the cells, the
streamlines were unsteady. Thus, only the streamlines for
the steady state fluid without considering any cells are shown in

Fig. 6(a). It shows the laminar flow pattern in the device can be
divided into different layers where the streamlines within each layer
were colored by red and blue alternatively.

The center of mass of the cells in the microfluidic device with
a radius of 50 μm for the cylinder were recorded and plotted in
Fig. 7(a). The same cell position was also analyzed based on the
particle tracking technique for the microfluidic experimental
images and plotted as different markers in Fig. 7(a) as a compari-
son. It showed that numerical cell trajectories were very similar to
experimental data. The cell trajectory resembles the streamlines of
the flow. Thus, the cell trajectories were also compared with the
streamlines of the flow at steady state without considering any cells,
see Fig. 7(b). The streamlines were seeded based on the initial posi-
tions of the cells. The cell trajectories followed closely with the
steady state streamlines in the microfluidic device. As expected,
when the cell size was smaller than the gap between microposts
and the cell concentration was low, the influence of cell deforma-
tion on fluid flow was negligible. Thus, most of the cells stayed
within the same layer where they started, as shown by the separated
layers formed by red and blue lines in Fig. 6(a). However, the inter-
cellular collision did impact the trajectory of the cells. The

FIG. 7. (a) Comparison of the cell trajectories between simulation (blue lines)
and experiments (various red markers). (b) Comparison of the cell trajectories
from simulation (blue lines) to the steady state streamlines (red doted lines)
from the microfluidic device without considering cells.

FIG. 8. The influence of intercellular collision on cell trajectories. Four represen-
tative cell trajectories [(a)–(d)] were plotted in the figure as dark dotted lines,
while the streamlines were plotted in red solid lines. The snapshot was taken
when the collision occurred between the target cell (blue) and its neighbor cells.

FIG. 9. The histogram for jejL2 for 50 cancer cells in microfluidics with different radii of the microposts. (a) R ¼ 45 μm, (b) R ¼ 50 μm, (c) R ¼ 55 μm.
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collision led to further deviations from the initial streamlines. In
particular, when the cell position was close to the separation
boundary between the two layers, the cell motion may migrate
from one layer to another layer of the flow, depending on which
side the collision came from. Figure 8 shows four representative
cases where the cell trajectory was changed from one layer to
another due to the collision from neighboring cells. The position
of the target cell (color in blue) and other flowing cells (color in
green) at the moment of the collision were shown in Fig. 8, where
the red solid line was the streamline based on the initial position
of the target cell and the dark dotted line was the actual path line
of the cell. Depending on the relative collision direction, the
target cell may bounce upward [Figs. 8(a) and 8(d)] or downward
[Figs. 8(b) and 8(c)].

To quantify the difference between the cell trajectory and the
corresponding streamline, a normalized L2 norm is used to quan-
tify the deviation from the streamline,

jejL2 ¼
Ð
e2dtÐ
dt

� �1=2

, (15)

where e is the drifting difference between the cell trajectory and the
streamline in the x direction which is perpendicular to the flow
direction in z, which characterizes the deviation induced by cell
deformation, intercellular collision, and the effect from cylinder
size and layout. The normalized histogram of jejL2 for all the cancer
cells for different micropost sizes are shown in Fig. 9. The drift
distances for 50 cancer cells, reported in a mean + standard devia-
tion, were [32:1+ 9:3, 36:9+ 14:8, 41:5+ 13:8] μm for microfl-
uidic devices with a cylindrical radius of [45, 50, 55] μm,
respectively. The distribution of jejL2 shifted toward higher values
when the cylinder diameter increased, as shown Figs. 9(a)–9(c).
The increase of jejL2 mainly comes from the size effect of cylinders,
e.g., when a cell is migrated from one layer to another layer, the
distance jejL2 is increased, which is clearly indicated by the discrep-
ancy between streamline and cell trajectory in Fig. 8.

To study the collision effect of red blood cells (RBCs) on cancer
cell trajectories, two different numbers of RBCs were added to simu-
lations for microfluidics with a cylindrical radius of 50 μm: one sim-
ulation with 459 RBCs, another one with 1736 RBCs, see Figs. 6(c)
and 6(d). Together with 50 cancer cells, the total cell volume

fractions were about 5% and 10%, respectively. When RBCs were
introduced, the cancer cell showed enhanced drift displacement. The
average drift distance was increased from 36:9+ 14:8 μm without
RBCs to 40:0+ 28:2 μm for 5% cell volume fraction to 56+
43:1 μm for 10% cell volume fraction, as shown in Fig. 10. Without
RBCs, the collision between cancer cells contributed to the drifting
distance jej, as shown in Fig. 8. When RBCs were added, cancer cells
not only collided with other cancer cells but also RBCs; thus, the
drifting distances increased further. Previous results71–74 for deform-
able particles flowing in straight channels suggested that the
enhanced diffusivity (D) of particles under shear follows D ¼ f _γr2fi
where f is the local volume fraction of the particles, _γ is the shear
rate, r is the particle radius, fi is a coefficient that depends on the
Capillary number. Our results clearly showed that the cell drift is
increased with cell concentration.

D. Cell adhesion distribution in a shifted microfluidic
device

Cell adhesion is influenced by the random collisions between
cells and the micropost surface. The spatial distribution of adhered
cells on the micropost from simulations with three different radii is

FIG. 10. The histogram for jejL2 for 50
cancer cells in microfluidics with differ-
ent cell volume fractions. (a) 5% cell
volume fraction, (b) 10% cell volume
fraction.

FIG. 11. The distribution of adhered cells on microposts from simulations for dif-
ferent radii (a) R ¼ 45 μm, (b) R ¼ 50 μm, (c) R ¼ 55 μm, and from microflui-
dic experiments with R ¼ 50 μm (d). The adhered cells are colored in green,
while the free flowing cells are colored in red. The direction of the flow is along
the positive z axis.
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shown in Figs. 11(a)–11(c). The adhesion distribution in experi-
ments for 50 μm microposts is also shown in Fig. 11(d), where the
green dots indicate the adhered PC-3 cells. To quantify the cell
adhesion sites on the micropost surface, an azimuthal angle θ mea-
sured counterclockwise from the flow direction (along the positive
z direction) to the cell adhesion location was analyzed and plotted,
as shown in Fig. 12. The angles from both the simulation data and
experimental data were measured by ImageJ software.75 Statistical
results showed that the most frequent angles were around π radians
or 180�, which is exactly the front stagnant point on the micropost.
The percentage of angles around 180� were [77.8%, 71.4%, 28.6%]
for a radius of [45, 50, 55] μm, respectively. The angles obtained
from experiments also showed the same pattern, with about 57.1%
of the angles close to 180�. The adhesion pattern is also consistent
with the results from the regular design shown in Sec. III A.

IV. CONCLUSIONS

This paper used a coupled fluid solid interaction model to
study cancer cell transport and adhesion in microfluidic devices.
The cell size and ligand density effect on cell adhesion on cylinder
surfaces were characterized. The cells showed transient rolling
adhesion in the high shear region and preferred firm adhesion in
the low shear region. The adhesive force for rolling cells increased
before the cell reached the crest of the cylinder and then decreased
afterward. The adhesive strength with cells increased with coating
density. The cell trajectories were also studied in the microfluidic
device with a shifted design. At low concentrations, the majority of

the cells follow streamlines closely. However, the intercellular colli-
sion and collision from RBCs will impact some of the cell trajecto-
ries. An L2 norm of jejL2 was defined to characterize the difference
between the cell trajectories and the steady state streamlines gener-
ated with the initial cell position. It showed that jejL2 increases with
cylinder sizes and cell concentrations. In the future, the cancer cell
capture efficiency at high cell concentrations, nonuniform postlay-
out, and posts with different shapes will be investigated.

SUPPLEMENTARY MATERIAL

See the supplementary material for the convergence study of
the numerical methods and experimental methods.
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