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Antibody-based cell isolation using microfluidics finds widespread applications in disease
diagnostics and treatment monitoring at point of care (POC) for global health. However,
the lack of knowledge on underlying mechanisms of cell capture greatly limits their
developments. To address this, in this study, we developed a mathematical model using
a direct numerical simulation for the detachment of single leukocyte captured on a
functionalized surface in a rectangular microchannel under different flow conditions. The
captured leukocyte was modeled as a simple liquid drop and its deformation was tracked
using a level set method. The kinetic adhesion model was used to calculate the adhesion
force and analyze the detachment of single captured leukocyte. The results demonstrate
that the detachment of single captured leukocyte was dependent on both the magnitude
of flow rate and flow acceleration, while the latter provides more significant effects.
Pressure gradient was found to represent as another critical factor promoting leukocyte
detachment besides shear stress. Cytoplasmic viscosity plays a much more important role
in the deformation and detachment of captured leukocyte than cortex tension. Besides,
better deformability (represented as lower cytoplasmic viscosity) noteworthy accelerates
leukocyte detachment. The model presented here provides an enabling tool to clarify
the interaction of target cells with functional surface and could help for developing more
effective POC devices for global health.
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1. Introduction

To alleviate the severe situation of the global burden of diseases, antibody (Ab)-
based capture method to separate blood bioparticles using microfluidics has been
widely used to create point-of-care (POC) systems for disease diagnostics and treat-
ment monitoring, offering the potential of minimized device size and maximized cost
effectiveness. Accordingly, this method has been utilized to separate and enumerate
various blood bioparticles (as biomarkers) for different diseases, such as CD4+T-
cells and virus particles for HIV,! 3 circulating tumor cells for cancers.*> Although
significant advances have been made in different areas related to Ab-based capture
method such as finding of more specific Abs® and improved design of microfluidic
devices,” there still exists an unmet need for POC devices with improved cap-
ture efficiency and specificity. Therefore, there is an urgent need to understand the
underlying mechanism of Ab-based capture method using microfluidics.

Experimental studies have shown that there exists an optimal flow con-
dition for maximizing capture efficiency, which varies with the types of tar-
get bioparticles.®%89 Generally, flow condition determines the contact duration
between target bioparticles and Abs on a functionalized surface, which affects the
capture efficiency. After capture, the flow induced hydrodynamic forces (e.g., shear
stress, drag force, and lift force during washing process) still push captured biopar-
ticles and may separate them form Abs, indicating the dependence of capture effi-
ciency on the detachment of captured bioparticles. However, the detachment of
captured bioparticles has only been studied recently.! 12 Zhang et al.'® observed
the attachment and detachment of four types of cells on functional surfaces mod-
ified by three different reagents. Then, the detachment of captured cancer cells
was found to be affected by flow acceleration.!'’ More recently, a threshold for
shear stress to detach cancer cell was studied through microfluidic experiments.'?
Although these three studies developed statistical phenomenal models to fit their
experimental data, the physical mechanisms of the detachment behaviors of cap-
tured bioparticles are still unknown and urgently need to be studied.

As compared to experimental studies, mathematical modeling of Ab-based
bioparticles capture using microfluidics is favorable since it is easy-to-control and
cost effective.'®'* Various theoretical models have been developed. For instance,
several models (e.g., capsule model, 1517 118722) have been
developed to simulate the cell deformation.!* Some adhesion models (e.g., adhesion
kinetic model'®212% and stochastic simulation systems!%:17:22)
of adhesion bonds have been used to calculate adhesion force and simulate cell adhe-
sion kinetics. These theoretical models have provided insight into the behaviors of
cell deformation, adhesion, and rolling on functionalized surfaces. However, study
on the detachment of captured cells has not yet been systematically applied.

In the present study, we developed a mathematical model, integrating a level set
method to track leukocyte deformation, to study the detachment of single captured
leukocyte on a functionalized surface in a rectangular microchannel under different
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flow conditions. We focused on the leukocyte that is an important biomarker for
human immune system. Computational methods used were described in Sec. 2.
Effects of several factors (including flow rate, flow acceleration, and leukocyte prop-
erties) on the detachment of single captured leukocyte were studied and discussed
in Sec. 3.

2. Computational Methods
2.1. Leukocyte model and flow configuration

The detachment of single captured leukocyte was studied by employing the
parabolic flow (the typical flow pattern in microfluidics) in a rectangular microchan-
nel (Fig. 1). The captured leukocyte was considered as a simple liquid drop rounded
by a cortex with a constant tension 7. The drop model maintains certain rheolog-
ical properties of leukocytes in spite of its simplicity. The drop divides whole fluid
system to two parts, i.e. plasma around the leukocyte and cytoplasm in the leuko-
cyte, whose density and viscosity are pg, o and p1, 1, respectively. The leukocyte
is placed in the middle of computational domain and has an initial contact area
lp with bottom functionalized surface. The computational domain, with length L.
and height H., is labeled by solid line grid (Fig. 1(a)). The simulating flow system
is placed in an XY coordinate system where the main flow direction along the two
parallel flat plates is set as positive direction of X-axis and Y-axis points to upper
plate vertically.

2.2. Kinetic adhesion model

To calculate the total adhesion force, kinetic adhesion model developed by Dembo

124

et a was employed. The model considers single bond as a Hookean spring.
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Fig. 1. Illustration of problem statement: (a) the cell is modeled as a simple liquid drop with
constant cortex tension; the lattice area is computational domain with length L. and height H;
contact area of the cell is denoted by I (Ip denotes initial area) and (b) schematic illustration of
some parameters.
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Accordingly, adhesion force f;, (N) produced by single adhesion bond and the total
adhesion force Fy, (N) can be computed by

fb:U(lm_lmv_)\) Fb:Nbfba (1)

where o (N/m) is spring constant, [, (m) is the distance between leukocyte mem-
brane and functionalized surface, l,,, (m) is microvillus length (Fig. 2(a)), A (m)
is unstressed bond length, and N, (m~2) is bond density. According to reversible
chemical reaction theory,2®> N, is deduced from adhesion kinetic equation, which
controls the balance between formation and dissociation of adhesion bonds, as
follow?4:

ON,
8—tb = ky(Nio — No)(Nro — Np) — k. Ny, (2)

where Njp (m~2) is the initial ligand density on functionalized surface andN,.q (m~2)
is the initial receptor density on leukocyte membrane. k¢ (m?/s) and k,. (s=!) are
forward and reverse reaction rates that are calculated by?*

2 2
kf =k?exp<—at5(lm ;Iirjn—‘v—/\) ) k‘TZk‘gexp<(U_gt5> (;2; lmv_/\) )7
(3)

where k} (m?/s) and & (s~") are initial forward and reverse reaction rate, k is Boltz-
mann constant, 7' (K) is absolute temperature, and 45 (N/m) is spring constant of
adhesion bonds at transition state (the state of adhesion bonds changing from slip
bonds to catch bonds). Parameter values used in this theoretical model are shown
in Table 1.
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Fig. 2. Illustration of relationship between I, and l,,, and variation of total adhesion force Fj.
(a) Schematic illustration of bond length. Because only receptors on microvillus tips can interact
with ligands, the length of adhesion bond is Iy — lme. (b) Equilibrium bond density Npg and
total adhesion force Fj calculated from kinetic adhesion model vary as the function of l;. Total
adhesion force reaches the largest value when I, = 524 nm, and when [; > 550 nm and F} becomes
approximately zero.
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Table 1. Parameter values used in this article.

Parameter Definition Range References Value used
R (pm) Leukocyte radius 3.5-7 (20, 28] 6.5
Le (pm) Length of 50 [18, 20] 8R
computational
domain
H. (pm) Height of computational 10-100 (11,17,18,20,21,23] 4R, 6R, 8R
domain
po (kg/m3)  Plasma density 1000 [28] 1000
o (Pa-s) Plasma viscosity 0.0008-0.001 [16,17,22] 0.0008
Xp =pi1/po  Density ratio 1.06-1.10 [28] 1.0
Au = p1/po  Viscosity ratio 10-10000 (28] 75, 50, 20
T. (uN/m)  Cortical tension 20-35 (28] 20, 30, 35
Njp (m~2)  Initial ligand density (0.2-5.0)x 1015 [20, 31, 32] 2.5x1016
Nyo (m~2) Initial receptor density (0.02-5.0) x 1016 [20, 31, 32] 5.0x 10
kgo (m2/s)  Initial forward reaction 10— 18-10-10 [33] 1010
rate
kro (571) Initial reverse reaction 1075-10 [33] 10
rate
o (N/m) Spring constant 1072-1072 [33] 1.5x1072
ots (N/m)  Transition spring (5.0-9.5)x10~3 [33] 1.0x107%
constant
Imv (um) Unstressed microvillus 0.30-0.35 [16-18,20-22] 0.35
length
A(pm) Unstressed bond length 0.01-0.1 16-18,20-22 0.1
kE (N-m/K) Boltzmann constant 1.38x10723 [18,21] 1.38x10723
T (K) Temperature 310.0 (18, 21] 310.0

There exists an equilibrium adhesion bond density Ny (m~2) for each I,. Ny
can be calculated by setting the time-dependent term in Eq. (2) as zero. Then, two

solutions?! (N7, N3) can be got as:

ky

<Nl0 + Npo + k:_) + <
f

Nio =

ky
Nio+ Npo + %,

f

2
) —4NioNro

2

(4)

The larger solution (N7) is not realistic because its value is larger than possible
number of available bonds (less than Ny and N,¢), which means Nyg = Na.
As shown by Jin et al.,?! a characteristic time (.) is used to determine whether

to consider variation of N, over time. t. can be computed by

tc — [kf(Nl - NbOm)}717

(5)

where Nyo,, is the maximum value of N, calculated from Eq. (4) when k. =
ko, ks = kgo. For parameter values used in this article, t. represents O(10~7) (s).
When shear rate is great as 10000 s~ 1, the characteristic flow time is only O(10~%)
(s) but much larger than t.. Accordingly, N} equals to Ny meaning that Fj, is only
the function of [ .

Then, variations of N, and Fy, as [, are represented in Fig. 2(b). Fj, reaches the
maximum when [, = 524nm. When [, > 550 nm, F} becomes approximately zero.
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Accordingly, in the following discussion, the specific cell membrane only contributes
to adhesion area [ when [, is lower than the critical value 550 nm (Fig. 1(b)).

2.3. Governing equations and boundary conditions

When employing level set method to capture leukocyte membrane, the conservation
of mass and momentum of incompressible flow system can be described by governing
equations as follow:

V-v=0
v o Vp V. [vav + Uz (VU)T] H(d))as (d))Vgi) 5s(¢)v¢
ot + V- (o) = p_x + poRe - Pz We poAd
oler _
E +v- V(b =0,

where v and p are dimensionless velocity vector and pressure field. Equation (6)
has been normalized by characteristic velocity, length, and time as U, (cen-
terline velocity of initial inlet flow), R, and R/Up. ¢ is the level set function
assumed to be the distance from the interface, k(¢) is surface curvature, d.(¢)
is delta function, p, = A, + (1 — A,)H:(¢) and p, = A, + (1 — X\,)Ho(¢), where
Ao = p1/pos Ay = p1/po, and H.(¢) are Heaviside functions.?® Nondimensional
parameters are Reynolds number Re = poUp R/ 19, Weber number We = poUZ R/ T,
Adhesion number Ad = poUZ/F,, which are respectively presenting the ratios of
the inertia force to the viscous force, the surface tension, and the adhesion force.

No-slip boundary condition is employed at the top and bottom planes and a
periodic boundary condition is employed in X-axis direction to reduce the size of
computational domain and time. Governing equations are solved by using a three-
stage RKCN four-step projection method.?%2” The details of numerical resolutions
can be found in our research.?®

Computational results are presented below based on dimensionless parameters
normalized by characteristic velocity Up, length R, and time R/Uy. For example, the
time t* = t/(R/Up), initial adhesion area [ = ly/ R, the change rate of adhesion area
(di/dt)* = d(l/R)/dt*, and flow acceleration a* = d(U;/Up)/dt*(Uy is centerline
velocity of inlet flow at any time). To track leukocyte deformation, deformation
index is defined as D* = (Lmax — Lmin)/(Lmax + Lmin), where Lyax and Ly, are
the maximum and minimum radius of the ellipsoidal leukocyte. Definitions of other
parameters are represented in Fig. 1(b).

3. Results and Discussion
3.1. Validation of numerical method

To validate the numerical method used, first, we simulated the leukocyte deforma-
tion in linear shear flow without considering adhesion force and compared the sim-
ulation results with previous numerical results.??:3° We observed a good qualitative
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Fig. 3. The deformation and detachment of captured leukocyte at Re = 6.5, We = 138.7, A\, = 50,
and I = 0.875: (a) changes of D*, (dl/dt)*, 6;, and 0, as functions of dimensionless time t*;
(b) the shape of captured leukocyte changes as the time ¢t*; and (c¢) velocity vector of whole flow
field at different time ¢*.

agreement. The details of methodology validation are presented in our previous
research.?8

We analyzed the detachment of captured leukocyte (Fig. 3). After grid indepen-
dence test, the mesh with 321 x 241 elements is used for computational domain of
8R x 6R. Besides, leukocyte volume is tracked and changes less than —0.25% from
its initial volume. 6; and 6, are defined as Fig. 1(b) to track changes of adhesion
area. Since surrounding fluid pushes the leukocyte (Fig. 3(c)), 6; increases until the
grid element of adhesion area separates and 6, decreases until new grid element
of adhesion area forms. Thus, the change frequency of §; and 6, reflect separating
and forming rate of the front and back of adhered leukocyte membrane (defined
in Fig. 1(b) and abbreviated as FAM and BAM in latter discussion). Shown in
Fig. 3(a), the separating rate of FAM keeps almost unchanged, but the forming rate
of BAM decreases until it becomes approximately zero. It leads the change rate of
adhesion area (dl/dt)* decreases until leukocyte detachment reaches a steady state.
In parabolic velocity field, captured leukocyte would be elongated by surrounding
fluid'® and its front and back are elongated in the form of paraboloid and plane,2°
which is also represented by our results (Figs. 3(b) and 3(c)). Increasing rate of
deformation index D* (reflecting elongation of the leukocyte) is found to decrease
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(Fig. 3(a)). It probably results from the existence and development of a thin region
of high pressure between leukocyte membrane and functionalized surface, which
is observed in our simulation and in the paper of Liu et al.'® This high-pressure
region is also probably leading to the decrease of forming rate of BAM (Fig. 3(a)).
Besides, leukocyte inclination angle between L.« and X-axis is found to decrease
(Fig. 3(b)); it is identified by previous work.!® Under the cooperation of hydrody-
namic force provided by surrounding fluid and adhesion force provided by function-
alized surface, the leukocyte rolls and slides on functionalized surface, which was
also observed by Jin et al.?!

3.2. Effects of flow conditions

First, we performed simulation of the detachment of captured leukocyte with
different initial adhesion areas (Fig. 4(a)). We observed that the detachment
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Fig. 4. Detachment and deformation of single captured leukocyte under different flow conditions:
(a) adhesion area [* and its change rate (dl/dt)* vary as functions of t* when initial adhesion
area varies at Re = 6.5, We = 138.7, A, = 50; (b) deformation index and adhesion area (log —1)/lo
(normalized by its initial value lg) are functions of t* under different flow conditions when [} =
0.875, We = 138.7, A, = 50; and (c) velocity vector and dimensionless pressure (P/(poUZ)) contour
under different flow conditions when t* = 4.0.
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speed of leukocyte increases with decreasing adhesion area. When adhesion area
is larger, total adhesion force counteracting hydrodynamic forces turns stronger
because of the existence of more adhesion bonds. Increases of total adhesion
force decelerate leukocyte detachment. If initial adhesion area is too small (i.e.
I = 0.525,0.625,0.675), the leukocyte detaches so rapidly that it has separated
completely before its detachment reaches the steady state. Accordingly, the value
of 1§ is fixed at 0.875 in latter simulations to ensure the steady state of leukocyte
detachment, but [j is not fixed at 1.475 to save computing time.

We also studied the changes of adhesion area and deformation index under dif-
ferent flow conditions (Fig. 4(b)). Shear stress has been considered the most impor-
tant factor in leukocyte detachment.!? According to our results, we observed that
leukocyte detachment at constant velocity conditions (CVCs) speeds up, as veloc-
ity value Uy increases (which enlarges shear rate, Fig. 4(c)). It identifies that the
increase of shear stress (proportional to shear rate) accelerates leukocyte detach-
ment. However, we also found pressure gradient is another nonignorable factor of
leukocyte detachment, which even has more significant influences than shear stress.
In Fig. 4(b), as flow acceleration increasing at flow acceleration conditions (FACs),
the leukocyte deforms and separates much more speedily. Even if the velocity Uy
during the whole separating process at FAC (i.e. Re = 6.5,a* = 0.1,0.2) keeps
smaller than that at CVC (i.e. Re = 13,a* = 0.0), the detachment and deforma-
tion of the leukocyte are strengthened much more significantly in the former case.
Accordingly, shear rate keeps smaller at FAC than that at CVC, but pressure gra-
dient keeps larger which results in much stronger fluid drag force in main-stream
direction (it reinforces separation of FAM). In addition, the increase of flow accel-
eration enlarges gradient magnitude of the high-pressure region beneath the back
of captured leukocyte (Fig. 4(c)). It decelerates the forming of BAM, even pos-
sibly induces BAM to detach instead. Besides, the high-pressure region probably
increases lift force on the leukocyte to accelerate leukocyte leaving.

3.3. Effects of cortex tension and cytoplasmic viscosity

According to our previous research,?® leukocyte deformability is determined by We
and A, (representing roles of cortex tension and cytoplasmic viscosity). Figure 5
illustrates their effects on detachment and deformation of captured leukocyte. We
observed that A, has more significant influence on leukocyte deformability than
We (Fig. 5(a)). Cytoplasmic fluidity (the ability to flow) increases with increasing
Ay, implying that leukocyte rigidity is considerably strengthened with increasing
cytoplasmic viscosity. Small change of We (from 208.0 to 118.9) almost applies no
effect on leukocyte deformation when A\, = 50,75 (Fig. 5(a)). Shown in Fig. 5(a),
the increase of deformability (i.e. A, decreases from 75 to 20) accelerates leukocyte
detachment. It performs more remarkably before leukocyte detachment reaches the
steady state. The main reason is probably that larger deformation induces the
leukocyte to get closer to the region of higher shear rate (Fig. 5(b)). Besides,
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Fig. 5. Effects of leukocyte properties including cortex tension and viscosity ratio: (a) changes of
D* and adhesion area (lop —1)/lp are presented, when I = 0.875 and Re = 6.5, with different
leukocyte properties and (b) changes of leukocyte shape.

favorable deformability (i.e. A, = 50,20) is conductive to leukocyte creep caus-
ing much higher separating rate of FAM. However, we observed that small A, (i.e.
A = 20) extends the leukocyte separation time (Fig. 5(a)). Under this condition,
the leukocyte undergoes significant deformation near the contact region, where
leukocyte membrane is stretched just like a tremendous microvilli to prevent the
leukocyte separating (Fig. 5(b)). We also found, when cytoplasmic viscosity is small
(i.e. Ay = 20), separating rate increases with increasing cortex tension before and
during the steady state of leukocyte detachment (Fig. 5(a)). Cortex tension applied
on adhered leukocyte membrane points away from the functionalized surface thus
exacerbates the departure of adhered membrane. On the other hand, greater cor-
tex tension leads to smaller deformation near the contact region, and weakens the
contribution of the specific extended leukocyte membrane on preventing leukocyte
detachment.

4. Conclusions

In this article, a mathematical model integrating a level set method with adhesion
kinetic model was developed to simulate the detachment of single captured leuko-
cyte on functionalized surface. We considered three factors including flow velocity,
cell properties (i.e., cortex tension, cytoplasmic viscosity), and flow acceleration.
A steady state of separating rate was observed in leukocyte detachment. A higher
flow velocity can accelerate leukocyte detachment at CVCs, but the separating
rate increases more significantly under FACs. Comparing leukocyte detachment
under CVCs and that under FACs, pressure gradients were found to affect leuko-
cyte detachment much more significantly than the shear stress. In addition, smaller
cytoplasmic viscosity (i.e. A, = 50, 20) induces the leukocyte to deform more easily
and separate more speedily, but the separation time of captured leukocyte extends



Direct Numerical Stmulation of Detachment of Single Captured Leukocyte 283

if A, is too small as 20. Compared to cytoplasmic viscosity, cortex tension provides
much less influence on leukocyte detachment, and its effects can be observed only
when A, is small as 20. These findings are very helpful for controlling leukocyte
detachment behaviors in microfluidics and improving capture efficiency of function-
alized microchannels to create Ab-based POC systems for global health.
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