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Abstract Understanding, manipulating and controlling
cellular adhesion processes can be critical in developing bio-
medical technologies. Adhesive mechanisms can be used to
the target, pattern and separate cells such as leukocytes from
whole blood for biomedical applications. The deformability
response of the cell directly affects the rolling and adhe-
sion behavior under viscous linear shear flow conditions. To
that end, the primary objective of the present study was to
investigate numerically the influence of capsule membrane’s
nonlinear material behavior (i.e. elastic-plastic to strain
hardening) on the rolling and adhesion behavior of represen-
tative artificial capsules. Specifically, spherical capsules with
radius of 3.75 pm were represented using an elastic mem-
brane governed by a Mooney—Rivlin strain energy functions.
The surfaces of the capsules were coated with P-selectin
glycoprotein-ligand-1 to initiate binding interaction with P-
selectin-coated planar surface with density of 150 jum™2
under linear shear flow varying from 100 to 400s~!. The
numerical model is based on the Immersed Boundary Method
for rolling of deformable capsule in shear flow coupled with
Monte Carlo simulation for receptor/ligand interaction mod-
eled using Bell model. The results reveal that the mechanical
properties of the capsule play an important role in the rolling
behavior and the binding kinetics between the capsule con-
tact surface and the substrate. The rolling behavior of the
strain hardening capsules is relatively smoother and slower
compared to the elastic-plastic capsules. The strain hardening
capsules exhibits higher contact area at any given shear rate
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compared to elastic-plastic capsules. The increase in con-
tact area leads to decrease in rolling velocity. The capsule
contact surface is not in complete contact with the substrate
because of thin lubrication film that is trapped between the
capsule and substrate. This creates a concave shape on the
bottom surface of the capsule that is referred to as a dimple.
In addition, the present study demonstrates that the average
total bond force from the capsules lifetime increases by 37 %
for the strain hardening capsules compared to elastic-plastic
capsules at shear rate of 400 s~ . Finally, the model demon-
strates the effect of finite membrane deformation on the
coupling between hydrodynamic and receptor/ligand inter-
action.

Keywords Adhesion mechanics - Capsule deformation -
Immersed boundary method - Monte Carlo simulation -
Leuko-polymersomes

1 Introduction

Adhesion mechanics plays an important role in many
processes involving artificial microcapsules and biological
cells. Artificial microcapsules have been used in many indus-
tries including the cosmetics (Magill 1990; Miyazawa et al.
2000) and food and pharmaceutical industry (Soda et al.
1989; Vallner et al. 1983; Nimmerfall and Rosenthaler 1986).
The main role or function of these artificial capsules is to
deliver their encapsulated content to targeted sites through
the binding interactions between the targeted surface and
the microcapsule (Devarajan and Jain 2015). Understanding,
manipulating and controlling adhesion (binding) processes
are crucial to developing strategies and technologies involv-
ing the usage of artificial microcapsules.
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Artificial microcapsules such as polymersomes with the
adhesion properties of leukocytes, which is referred to as
Leuko-polymersomes, were designed by Hammer et al.
(2008), Robbins et al. (2010). Polymersomes make an ideal
choice for drug delivery carriers because of their tunable
membrane properties as well as their ability to encapsulate
a broad range of drugs (Lee and Feijen 2012; Discher et al.
2002). Polymersomes are made using amphiphilic synthetic
block copolymers, whose mechanical properties are tuned
by varying the composition and molecular weight (Bermudez
etal. 2002; Lee and Feijen 2012). Hammer et al. (2008) were
able to demonstrate that Leuko-polymersomes can adhere
specifically to the substrate and measured adhesion at shear
rates of 130s~!. The researchers were able to coat up to
two different molecules on the surface of the polymersomes
(Hammer et al. 2008).

Polymersome was chosen to mimic the leukocyte because
leukocyte exhibits cellular adhesive behavior throughout
the vasculature system. The cellular adhesion is manifested
through the processes of leukocyte rolling to the sites of
inflammation. These biological processes typically involve
three main steps: (1) cells are captured from the blood stream
through bond formation between the cell and vessel wall; (2)
the cell is able to roll along the surface of the vessel wall by
forming bonds at the leading edge of the cell while breaking
bonds at the rear of the cell; and (3) the cell is able to tightly
adhere to the surface and transmigrate across the endothelium
(Lawrence and Springer 1991; Dong and Lei 2000; Dore et al.
1993).

The leukocyte rolling has been extensively studied in both
in vivo and in vitro settings (Alon and Ley 2008; Hyduk and
Cybulsky 2009; Norman et al. 1995; Smith et al. 2002; Petri
et al. 2008) where the influence of the binding kinetics of
receptor-ligand bond formation as well as wall shear rate has
been demonstrated to affect the rolling behavior of leukocyte.

Numerical models have provided significant insight into
the leukocyte rolling and binding. The first adhesion dynam-
ics (AD) model was developed by Hammer and Apte (1992).
AD was used to capture the binding kinetics interactions
between the leukocytes rolling on a selectin-coated hard sur-
face. In AD, the leukocyte was modeled as a rigid sphere
with rigid microvilli (Hammer and Apte 1992). The AD was
able to recreate the transient “stop and go” motion of the
leukocyte and calculate the translational velocity. The AD
model has been used to study the effects of different parame-
ters such as bond properties and the number of receptors on
microvillus tips among others. Caputo and Hammer (2005)
used AD to study the effect of microvillus deformability on
leukocyte adhesion and found that stiffer microvilli result in
faster rolling.

In addition to AD, Tozeren and Ley (1992) modeled
the leukocyte as a rigid sphere with membrane folds and
other unspecified surface projections. They found that the
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leukocyte rolling was influenced by the bond length and
local cell stiffness near the bond. Other works, (Khismat-
ullin and Truskey 2005), modeled the leukocyte as a com-
pound viscoelastic drop with the receptor—ligand interaction
modeled using spring-peeling kinetic model. Khismatullin
and Truskey found that for a constant wall shear rate,
the cell-substrate contact area and shear force acting on
the cell increased as the chamber height decreased (Ley
2009).

More recently, leukocyte rolling and adhesive models also
included the deformability of the whole cell (Jadhav et al.
2005; Pappu et al. 2008; Pawar et al. 2008; Gupta et al. 2010).
These models represented the leukocytes as a microcapsule
filled with a Newtonian fluid enclosed by a thin hyperelastic
membrane. A neo-Hookean constitutive relations was used
to characterize the behavior of the hyperelastic cell mem-
brane, while the Hookean springs approach was used to
represent the receptor—ligand interaction of the microcapsule
with selectin-coated hard surfaces.

Rachik et al. (2006) conducted compression test on micro-
capsule and numerically modeled the experiment using
various constitutive relation such as neo-Hookean, Mooney—
Rivlin (MR), and Yeoh. The authors concluded that MR
constitutive equation accurately described the experimen-
tal results (Rachik et al. 2006). The microcapsule was
made of alginate cross-linked with human serum albu-
min using process developed by Edwards-Lévy and Lévy
(1999) and the microcapsule radii ranged from 1.55 to
1.42 mm.

From the above-mentioned studies (Alexeev et al. 2006;
Jadhav et al. 2005; Rachik et al. 2006), it became apparent
that the cell deformability plays a significant role in tethering,
rolling and more importantly the adhesive (binding) kinetics
of microcapsules/biological cells to targeted sites or surface
substrate. The primary objective of this work was to investi-
gate numerically the influence of cell membranes nonlinear
material behavior (i.e. elastic-plastic to strain hardening) on
the rolling and adhesion behavior of representative artificial
cells. The capsule’s hyperelastic membrane was modeled
using a Mooney—Rivlin constitutive law, which is most often
used to model the elastic response of a rubber-like material
Mooney (1940) and Rivlin (1948). Rubber is essentially a
cross-linked polymer, whose mechanical properties can be
influenced by the degree of cross-linking.

In the present work, the immersed boundary method
(IBM) with finite element method (FEM) using MR con-
stitutive law and Monte Carlo model for receptor ligand
interaction was used to study the influence of strain hard-
ening on capsule deformation, rolling, and binding kinetics.
The influence of nonlinear material property was analyzed
by varying I" value from zero to one in the MR strain energy
density function to span elastic-plastic to strain hardening
behavior.
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Fig. 1 Schematic of an artificial capsule coated with P-selectin
glycoprotein-ligand-1 (PSGL-1) rolling on an endothelium under shear
flow. The capsule deformation due to shear flow is represented in terms
of deformation index (L/H) where L and H are the length and height
of the deformed cell, respectively. The encapsulated and external fluid
viscosity is represented by u

2 Computational model

Figure 1 shows a segmented portion of the problem geome-
try under consideration with a deformable spherical capsule
binding to the bottom substrate under shear flow condition.
Here the rolling adhesion of an elastically deformable spher-
ical capsule, decorated with a rigid microvilli, is shown
binding onto a P-selectin-coated plane surface in a micro-
channel. The full computational domain includes both the top
and bottom parallel plates with a capsule subjected to a shear
flow condition. The computational model is developed by
combining: (1) the immersed boundary method to solve the
Navier-Stokes equation for the motion of an elastic capsule
near a plane in a linear shear flow (Eggleton and Popel 1998;
Jadhav et al. 2005); (2) the finite element method to solve
the constitutive equation for the MR membrane of the spher-
ical capsule; and (3) the Monte Carlo method for simulating
the formation and breakage of receptor—ligand bonds with
kinetic rate constants based on the Bell model (Bell 1978).

2.1 Immersed boundary method

Initially, the immersed boundary method (IBM) was devel-
oped to study the fluid dynamics of heart valves by Peskin
(1989). In the present work, the IBM has been adopted to
model a 3-D elastic capsule containing a Newtonian fluid,
where the motion of the fluid inside and outside of the elastic
capsule is governed by the following continuity (Eq. 1) and
Navier-Stokes (Eq. 2) equations:

V-ouix,t) =0 )
ou(x,r) 2
rrami —Vpx,t)+ uVouix,t)+F(x,t) 2)

which are discretized by finite differencing on a uniform
Cartesian grid; p and p are the density and viscosity of the
fluid inside and outside of the capsule membrane, respec-
tively; u(x,t) and p(x,t) are the velocity and pressure,
respectively, at fluid grid nodes x(x, y, z) at time 7. In addi-
tion, F(x, #) is the total force acting at each fluid grid nodes
and comprises of the forces exerted by the plane, elastic cap-
sule, and receptor—ligand bonds.

In the IBM, the computational domain is composed of
an Eulerian Cartesian fluid grid nodes x(x,y,z) and a
Lagrangian triangular finite element grid X(X, Y, Z) that
tracks the capsule deformation and motion (Jadhav et al.
2005; Pawar et al. 2008). At the start of each time step #, the
forces that arise from the restoring forces due to the defor-
mation of elastic elements of the capsule and the adhesion
forces due to bond formation between the receptor—ligand
are computed. These forces are denoted as F(X, ¢), which
acts on the capsule surface. These forces are related to the
total fluid force F (x, ¢), which acts on the fluid nodes through
the following relation:

F(x.1)= > FX,1)- Dy(X —x) for X —x| <2h  (3)

The forces, F(X, t), are distributed from a point on a capsule
surface to the fluid grid nodes using an appropriately chosen
function Dj (X — x), which vanishes everywhere except at
the membrane, as shown in Eq. (4).

Dp(X —x) = 8p(X1 — x1)8p (X2 — x2)8p (X3 — x3) 4

where & is the uniform grid spacing and the 3-D discrete
§-function is expressed as:

1 .
5, (0) — | 70 (14cos(Z#)) forlz| <2h )
0 for |z| > 2h

The Navier-Stokes and continuity equations are first solved
to obtain the fluid velocity and pressure in the entire fluid
domain by first discretizing the fixed Eulerian grid, x(x, y, z).
Periodic boundary conditions are imposed on the velocity and
pressure, and fast Fourier transform method is implemented
to solve the flow equation (Peskin 1989; Jadhav et al. 2005;
Pawar et al. 2008). In addition, the no slip boundary condition
at the elastic capsule membrane surface and the stationary
plane are enforced by moving their respective nodes with the
local fluid velocity. The velocity of the capsule membrane,
U(X, t), is computed from the velocity at fluid gird node,
u(x, t), using the §-function, using the same approach used
for total force:

UX, 1) = Zu(x, t) - Dp(X —x) for | X — x| <2h (6)
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At the end of each time step, the position of the membrane
nodes and the plane are updated with the following relation,

Xitar = Xi + AtUpar(Xy) (7
2.2 Capsule membrane constitutive equation

The elastic membrane of the capsule is assumed to have a
stress-free shape initially, which is discretized into flat tri-
angular elements. The MR form of the strain energy density
function, which is assumed to be incompressible and initially
isotropic, describes the capsules membrane mechanics. This
strain energy function, W, is expressed as a function of only
the in-plane principal stretch ratios, A1 and Ay,

Eh o
W= ?[(A%+/\§+xlz,\22—3)
I3+ A2 +257 - 3)] ®)

where E is Youngs modulus for the elastic material, % is
the membrane thickness, and I" is a dimensionless constant.
When I' is equal to zero in Eq. (8), the strain energy function
for neo-Hookean membrane material is obtained. By using
the principal of virtual work, the relationship between the
nodal displacement and nodal forces are obtained. These in-
plane forces at the vertices of each flat triangular element are
computed using the finite difference procedure outlined in
Charrier et al. (1989) and Eggleton and Popel (1998).

2.3 Monte Carlo simulation for bond formation and
rupture

The binding kinetics of receptor-ligand interactions that
results in bond formation and/or rupture from the capsule
rolling on the selectin-coated surface is captured using the
Bell model (Bell 1978). According to the Bell model, the
forward and reverse rate constants for the receptor-ligand
interaction are given by:

ob|Ly — Lol (xpg — $ILy — Lpol)
kp=kY 2 9
=% eXP[ ksT )
xgF
b = &0 expl:kB—T:| (10)

where k and k9 are the forward and reverse rate constants
at the equilibrium distance Lyo; kpT is the thermal energy;
F is the force acting on the bond; o}, is the spring constant
in the bound state; and xg is the reactive compliance. The
reactive compliance is a parameter that has the units of length,
which determines the degree to which force facilitates bond
breakage. The force acting on the bond, F, is determined by:

F = o0p(Lp — Lpo) (1D
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The stochastic nature of the receptor-ligand interactions is
included in the Monte Carlo simulation. The probability that
a receptor will bind, Py, and that an existing bond rupture,
P,, are given by Hammer and Apte (1992) for a given time
interval, At,

Py =1 — exp(—kon At) (12)
P, =1 —exp(—k,At) (13)

where kon = kfAp(np —np). AL is the surface area on the
ligand-coated plane accessible to each receptor, and (n; —
np) is the density of unbound ligand. At a given time, the
probabilities of bond formation and rupture are compared to
two random numbers generated Pran) and Prap2, Which are
between 0 and 1. If Py is greater than Py, then the bond
has formed, whereas P, less than Py,,» dictates that the bond
has ruptured. A time step of 107 s was used to simulate the
capsule rolling for a period of 1s. In addition, the microvilli
are modeled as solid cylinders that does not deform under
force. Finally, it is important to note that the IBM does not
account for the roughness caused by the microvilli in the
simulation to capture the motion of an elastic capsule.

3 Results

Simulations of the rolling adhesion of capsule, decorated
with PSGL-1 molecules localized on the tips of solid
microvilli, over P-selectin-coated surface in a shear flow
using a 3-D computational model based on IBM are per-
formed. As a first step, the computational model is validated
by computing the rolling velocity for the model described by
Jadhav et al. (2005) with a membrane stiffness value of 0.3
dyn/cm. The computational model outlined in Jadhav et al.
(2005) uses a neo-Hookean membrane material, which is
characterized in the present model by using a MR membrane
material with the same membrane stiffness and with I” set to
zero. The Dembo model utilized by Jadhav et al. (2005) is
reinstructed in the present model to represent the receptor—
ligand interactions for the validation purposes only. Figure 2
represents the rolling velocity computed using the present
model compared with data presented in Jadhav et al. (2005).
The results vary by <5 % with the previously published data,
and the slight discrepancy is due to the stochastic nature of
the receptor-ligand interaction.

3.1 Capsule membrane deformability under static
loading

To gain further insight into the effect of the membrane
deformability on the rolling and binding kinetics of the
capsule, it was first necessary to examine and evaluate the
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Fig. 2 Average rolling velocity of a deformable spherical capsule as
a function of shear rate. The average rolling velocity was estimated
as a function of shear rate from the simulations using the IBM for a
spherical capsule with radius of 3.75 pm, membrane stiffness value Eh
of 0.3 dyn/cm, dimensionless parameter I = 0.0. This represents a neo-
Hookean membrane constitutive model. The average rolling velocity of
a deformable spherical capsule of same size and using same parameter
as simulated by Jadhav et al. (2005) (mean + SE; n=3-5)

behavior of the membrane itself under static loading condi-
tions. This evaluation of the membrane was carried out by
considering the classical problem of inflation of a thin spheri-
cal shell which initially has a stress-free shape (Green 1970).
Here the membrane was likened to a stress-free spherical
shell that was then inflated by gradually increasing the radius.
A finite element solver was used to compute the forces on
each elements of the shell. At the inflated state, the strain was
considered constant and the amount of forces exerted on each
element was also constant. From these results, stress—strain
curves was generated for the various values of the dimen-
sionless parameter, I". Here I" is varied from zero to one
with the parameter Eh held fixed at 0.3 dyn/cm. It is noticed
that as the value of I is increased, there is a strain harden-
ing effect in the stress response curves at large strain (see
Fig. 3). Initially, the modulus of elasticity for all three values
of I'" is within 7 % of each other for strains less than 0.1. At
larger strains (>0.1), the membrane stress increases in the
nonlinear regime as the parameter, I, increases. It should be
noted, however, that in the case of the neo-Hookean mem-
brane defined as I" equal to zero, there was minimal increase
in stress over prolonged increase in strain. This condition is
representative of a strain softening material.

3.2 Capsule membrane deformability under shear
loading

Next, simulations were performed for capsule rolling over a
P-selectin-coated surface in a shear flow using the parameter
values in Table 1. The capsule deformation was quantified
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Fig. 3 Stress—strain curve generated by gradually inflating the sphere
by increasing the radius and using the finite element solver that incorpo-
rated the Mooney—Rivlin strain energy function to compute the forces
on each elements of the shell, where Eh =0.3dyn/cm and I" = 0.0, 0.5,
and 1.0 at a given moment

as previously reported in the literature (Smith et al. 2002;
Jadhav et al. 2005), by the deformation index, L/H, where L
was the average length in the direction of the flow and H was
the height of the capsule.

In the present study, the deformation index, L/H, increases
with the shear rate for the capsule with the most compli-
ant membrane (I" = 0; see Fig. 4a). For capsules with
strain hardening membranes (i.e. I" values of 0.5 and 1.0),
the increase in deformation index with increasing shear rate
is less proclaimed (see Fig. 4a). The results indicate that
increase in the membrane stiffness produced decrease in
membrane deformability, L/H, across all shear rates. Fig-
ure 4b shows the corresponding capsule profile at shear rate
of 100 and 400 s~ !, respectively. There is a common flatten-
ing of the spherical capsule in the region proximate to the
plane for the entire range of shear rates considered. This is
evident for both shear rates shown in Fig. 4. At low shear rate
of 100s~!, an almost spherical capsule shape was maintained
for all three I” values. At the higher shear rate of 400 s~ L the
capsules exhibited an increasing deviation from the spherical
shape, with the capsule having the most compliant membrane
(I' = 0) displaying the largest deviation among the three val-
ues of I". At the higher values of I', the capsules exhibited
less elongation in the direction of the flow.

Figure 5 represents the average capsule—substrate contact
area as a function of the shear rate. The difference in contact
area among the various values of I is <15% for a given
shear rate. For high shear rate of 400 s~ the strain harden-
ing membrane had higher contact area than strain softening
membrane.
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Table 1 Numerical values of

. . . Parameter Definition Value References
parameter used in the simulation
(unless otherwise noted) R Capsule radius 3.75 pm Tandon and Diamond (1998)
Ly Length of microvillus 0.35um Shao et al. (1998)
Ny No. microvilli/capsule 252 Chen and Springer (1999)
Nrimv No. PSGL-1 mol/microvillus 50 Moore et al. (1991)
Ng P-selectin (receptor) site density 150 pm—2 Yago et al. (2004)
X Reactive compliance 0.03nm Caputo and Hammer (2005)
Lo Equilibrium bond length 0.1 pm Fritz et al. (1998)
K0 Unstressed off-rate 1s~! Mehta et al. (1998)
k(} Unstressed on rate 1s7! Mehta et al. (1998)
op Bond spring constant 1dyn/cm Dembo (1994)
Ots Transition state spring constant 0.99dyn/cm Dembo (1994)
Eh Membrane stiffness 0.3dyn/cm Jadhav et al. (2005)
r Membrane’s nonlinear stiffness 0-1.0
(dimensionless) parameter
r Shear rate 100-400s~! Jadhav et al. (2005)
I Fluid viscosity 0.8¢cp
P Fluid density 1 glcc
T Temperature 310K
a b
1.30 : H
- ' =00 S
_m- 2
1.25 H —y— R ‘.:
1.20 E
jasi
~
=
1.15 — 2
1.10 ] 8
1.05 ”

0 100 200 300 400 500
Shear rate (1/s)

Fig. 4 a Capsule deformation during rolling as a function of shear rate
using parameter listed in Table 1. The average length/height ratio (L/H)
was computed using the IBM simulation for a capsule rolling under
shear flow condition on a selectin-coated plane. The shear rate varied

Figure 6 depicts a snapshot of the contact area at a sin-
gle time step at shear rate of 100 and 400s~!, respectively.
Overlaid on the contact area is the contour of forces acting on
each node. The total force is due to the elastic restoring force
and receptor—ligand bond force. At the shear rate of 1005,
there is more contact between the rear of the capsule and the
substrate for a given membrane’s nonlinear stiffness (dimen-
sionless) parameter, I'. As the degree of strain hardening
increases (i.e. I" > 0), the total forces acting on the node
also increases, which is evident from changes in the color
map. The higher forces are concentrated on the rear of the
capsule for all values of the dimensionless parameter, 1.
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from 100 to 400 s~! for I” values of 0.0, 0.5 and 1.0 (mean + SE; n=5-
7) b The representative capsule shapes at shear rate of 100 and 400 s~!
are shown for fixed membrane stiffness value (Eh) of 0.3 dyn/cm with
varying I” values of 0.0, 0.5, and 1.0

At the shear rate of 400s~! and I' equal to zero, the
contact area between the capsule and substrate is mostly
circumferential with the middle region filled with the same
fluid that encompass the capsule. As the membrane become
more strain hardening (i.e. I > 0), greater contact area
is produced at the front of the capsule with the substrate.
In contrast, the strain hardening membrane produced more
contact in the center with the substrate compared to a neo-
Hookean membrane (i.e. I" = 0). Overall, the total forces
acting on the node increases with the increase in degree of
strain hardening. This was also observed at shear rate of
100s1.
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Fig. 5 Average capsule—substrate contact area as a function of the
shear rate was estimated from IBM simulations for a deformable cap-
sule rolling under shear flow conditions. The shear rates varied from
100 to 400 s~! for I'" values of 0.0, 0.5, and 1.0 (mean £ SE; n=5-7)
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Fig. 6 Contact area shapes at shear rate of 100 and 400 s~ are shown
for fixed membrane stiffness value (Eh) of 0.3 dyn/cm with varying I
value of 0.0, 0.5, and 1.0

Figure 7 shows the contact area shapes overlaid for shear
rate of 100 and 400 1/s with varying gamma values of 0.0,
0.5, and 1.0. The contact area only increased by <15 % as the
shear rate increased from 100 to 400 s~!; however, the foot-
print of the contact area is significantly higher for the shear
rate of 400s~! compared to 100s~!. The higher shear rate
caused the capsule to deform more, which lead to the capsule
having a higher footprint. The contact area of the capsules
at the specific shear rate of 400s~! with the various values
of I was overlaid and presented in Fig. 8. The neo-Hookean
membrane (i.e. I" = 0) has a bigger footprint compared to a

=05
-
Direction of motion

M Shear rate = 100 57! Shear rate = 400 s~!

Fig. 7 Contact area shapes are overlaid for shear rate of 100 and
400 s~ with varying I" value of 0.0, 0.5, and 1.0

BWr=o00

Br-=o05

Direction of motion

Fig. 8 Contact area shapes are overlaid for I value of 0.0, 0.5, and
1.0 at shear rate of 400 s~

Dimple

Substrate

Fig. 9 Schematic of the contact area shape from the side view repre-
senting the concave shape that forms underneath the capsule (not drawn
to scale)

strain hardening membrane; I" value of 1.0 has bigger foot-
print than I” value of 0.5, which has more contact area in the
center compared to the other values of I".

A concave shape forms on the underside of the capsule that
is not touching the substrate thus producing a dimple in the
capsule underbelly. The schematic of a dimple is represented
in Fig. 9. To illustrate that a dimple exists, a snapshot in
time is taken of a capsule with I" value of 0 at shear rate of
400s~! from multiple viewpoint and shown in Fig. 10. The
concave shape is present on the bottom surface of the capsule,
and there are ridges that appear underneath the capsule. The
concave shape is not perfectly smooth, but it is pronounced.
This shape is observed for all of the capsules, which are not
in complete contact with the substrate.
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Fig. 10 Formation of a dimple on the bottom of the capsule with I"
value of 0.0 at shear rate of 400 s~!. The snapshot of the same capsule,
but from two different viewpoints

To further understand the strain hardening effects on the
rolling behavior of the capsules, the instantaneous rolling
velocity, average rolling velocity, the bond life time, the total
bond force, and contact area shapes and sizes were analyzed.
Figure 11a shows the instantaneous rolling velocity of the
capsules as a function of the shear rate. The more compliant
capsule (I = 0.0) had more fluctuations in the instantaneous
rolling velocity, whereas the capsule with strain hardening
membrane (I" = 1.0) was relatively stable at shear rate of
400s~! (see Fig. 11a). At times, the instantaneous rolling
velocity resulted in negative values with respect to the direc-
tion of flow due to oscillations in forces caused by the elastic
response of the membrane. To analyze the rolling stability,
the variance defined as ZL+:1—X)2 is recorded for instan-
taneous velocity of the capsules with various values of I" as
a function of shear rate. The variance in velocity decreases
with increasing values of I" over the entire range of shear
rates examined (see Fig. 11b). This revealed relatively uni-
form rolling velocity for the strain hardening membrane
(I =1.0).

Figure 12 shows the effect of the I” on the average rolling
velocity of the capsules. At low shear rate of 100s~!, the
variance in the average rolling velocity is <20 % between
the three values of I" for the capsule. However, there was a
significant difference at higher shear rates among the various
values of I". The average rolling velocity for the capsule with
the strain hardening membrane (I” = 1.0) had lower rolling
velocity compared to the compliant membrane (I” = 0.0) at
high shear of 400 s~ by at least 12 %. On the other hand, the
average rolling velocity increased by at least 50 % from shear
rate of 100 to 400 s~! for all capsules with varying values of
I’ (see Fig. 12).

The average number of receptor-ligand bonds was recorded
as a function of shear rate for capsules with various degrees
of strain hardening behavior. The simulated results indicated
that the average number of bonds per capsule increased with
the shear rate for all three values of I as shown in Fig. 13a.
However, the increase in the average number of bonds with
shear rate was not pronounced for any of the capsules. Indeed,
the increase in average number of bonds was <25% for
all capsules when the shear rate was increased from 100 to
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Fig. 11 Effect of transition from strain softening to strain hardening on
the instantaneous velocity of the rolling capsules in shear flow. a The
instantaneous rolling velocity of the capsule at shear rate of 400s~!
was computed for I" values of 0.0 and 1.0 as membrane transitions
from strain softening to strain hardening, respectively. b The variance
in the instantaneous capsule rolling velocity was estimate at shear rates
varying from 100 to 400 s~ ! for dimensionless parameter (I") values of
0.0, 0.5, and 1.0 (mean & SE; n=5-7)

400s~! (see Fig. 13a). In addition, the total receptor—ligand
bond force experienced by the capsules at high shear rate of
400 s~ ! more than doubled compared to shear rate of 100 s~
for the capsules with I" of 0 and 0.5, respectively, as shown in
Fig. 13b). Additionally, there was <50 % difference among
the capsules experiencing total bond force at high shear rate
of 400 s—!, whereas there is a difference of 100 % at low shear
rate of 100s~! (Fig. 13b). The total bond force experienced
by the capsules increased as the value of I" increased for a
given shear rate. To understand the influence of the total bond
force on the receptor-ligand interaction kinetics, the average
lifetime of PSGL-1 bonds were estimated from the simula-
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Fig. 12 Effect of strain hardening on the average rolling velocity of
the capsules in shear flow. The average rolling velocity of capsule was
calculated at shear rates of 100 to 400s~! for I" values of 0.0, 0.5, and
1.0 (mean £ SE; n=5-7)

tions. The data indicated that the average bond lifetime was
0.35 £ 0.02 s for all of the capsules as shown in Fig. 14.

3.3 Capsule binding Kkinetics under shear flow

Next, simulations were performed to investigate the effect
of the unstressed reverse rate constant (off-rate) in the Bell
model on the rolling velocity and the number of bonds formed
in the lifetime of 1s. Figure 15 shows the average rolling
velocity for the off-rate constant k? of 1,5, and 10s~! with
the shear rate of 400s~!. Increasing the off-rate resulted in
shorter bond lifetime, thus leading to higher rolling velocity.
The increase in rolling velocity was more than 60 % for the
off-rate of 10s~! compared to 1 s~! for all values of I". The
rolling velocity is higher for less strain hardening membrane
and the difference among the various values of I" is <10 %.

Next, the average capsule—substrate contact area as a
function of the off-rate constant, k?, was analyzed and is
represented in Fig. 16. The contact area for the neo-Hookean
membrane (i.e. I' = 0.0) decreased by <10 % as the off-rate
constant increased from 1 to 5 s~!; however, the contact area
increased by <5 % as the off-rate constant increased from 5
to 10s~!. Similar trend was observed for the I” value of 0.5,
where the initial decrease was <5 % from off-rate constant
of 1 to 5s~1, but contact area increased by 17 % from off-
rate constant of 5 to 10s~!. On the other hand, the contact
area increased as the off-rate constant increased for the strain
hardening membrane (i.e. I" = 1.0). The rolling velocity of
the capsule was not impacted by the increase in the contact
area.
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Fig. 13 Average number of instantaneous receptor—ligand bonds and
the total bond force function of shear rate. a The average number of
instantaneous receptor—ligand bonds during capsule rolling on selectin-
coated plane was calculated at shear rates of 100 to 400s~! for
dimensionless parameter (1) values of 0.0 and 1.0. b The time-averaged
value of total receptor-ligand bond force acting on the capsule was cal-
culated at shear rates of 100 to 400s~! for dimensionless parameter
(I') values of 0.0, 0.5, and 1.0 (mean + SE; n=5-7)

To further analyze why the capsule with higher velocity
also had higher contact area, a snapshot of the contact area
shapes for the off-rate constant of 5 and 10s~! with fixed
shear rate of 400 s~! and with various values of I" was taken
and is presented in Fig. 17. There is more contact between
the front of the capsule and the substrate for off-rate constant,
k?, of 10 s~ for all values of I". The total forces acting on the
nodes were higher for k¥ of 5s~! compared to k¥ of 10s~!
for any given value of I" (see Fig. 17).

Figure 18 shows the number of bonds that were formed
in the lifetime of 1s as the values of the off-rate were varied.
The number of bonds that formed in the lifetime increased
by 650 % as k¥ increased from 1 to 10s~!. In addition, the
strain hardening membrane formed at least 7 % more bonds
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Fig. 14 Influence of strain hardening membrane and shear rate on bond
lifetime. The average bond lifetime during capsule rolling on selectin-
coated surface was calculated at shear rates of 100 to 400s~! for I”
values of 0.0, 0.5, and 1.0 (mean + SE; n =5-7)
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Fig. 15 Effect of unstressed reverse rate constant (off-rate) in the Bell
model on the average rolling velocity of the capsules at shear flow of
400s~!. The average rolling velocity of capsule was calculated at off-
rate of 1, 5, and 10s~! for I" values of 0.0, 0.5, and 1.0 (mean + SE;
n=3-5)

throughout the simulation compare to a neo-Hookean mem-
brane. Figure 19 shows that higher values of kinetic off-rate
caused the bond lifetime to decrease.

4 Discussion

In the present study, the deformation index (L/H) is signif-
icantly higher for capsules with a neo-Hookean membrane
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rate constant, k?, was estimated from IBM simulations for a deformable

capsule rolling under shear flow conditions. The shear rate of 400s~!
for I" value of 0.0, 0.5, and 1.0 (mean & SE; n=3-5)
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Fig. 17 Contact area shapes at off-rate constant of 5 and 10s~! are
shown for fixed membrane stiffness value (Eh) of 0.3 dyn/cm and shear
rate of 400 s~! with varying I” values of 0.0, 0.5, and 1.0

(i.e. I' = 0) athigher shear rate. These results agreed with the
reported deformation index (L/H) values for the leukocyte,
modeled as neo-Hookean membrane, where the deformation
(L/H) increased from 1.1 to 1.3 for increasing shear rates
from 100 to 400 s~ ! (Jadhav et al. 2005; Pappu et al. 2008). In
addition, the simulations performed in the current study also
revealed that for higher or increasing degree of strain hard-
ening (i.e. I' > 0), the capsules exhibited lower deformation
at a given shear rate. However, there is a higher variance in
deformation index for the capsules with the value of I" equal
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Fig. 19 Effect of unstressed reverse rate constant (off-rate) in the Bell
model on the average bond lifetime at shear flow of 400 s~!. The average
bond lifetime was calculated at off-rate of 1, 5, and 10s~! for I" values
of 0.0, 0.5, and 1.0 (mean =+ SE; n=3-5)

to zero compared with the other two values for I" (i.e. I" at
0.5, 1.0) at shear rate of 400s~!. This is due in part to the
higher hydrodynamic forces exerted on the capsules at shear
rate of 400 s~ ! causing the neo-Hookean capsule to elongate
more in the direction of flow as well as the stochastic nature
of the receptor-ligand interaction causing the bond lifetime
and the number of bonds formed to vary.

In the present study, it was observed that the capsule with
the higher second derivative of stress—strain (i.e. I" = 1.0)

rolled slowly and relatively more smoothly compared to the
other values of I". Jadhav et al. (2005) and Pappu et al.
(2008) studied the influence of membrane stiffness by vary-
ing Eh and reported that stiffer membrane deformed less
and rolled faster. In the current work, the membrane stiff-
ness, Eh, is fixed at 0.3 dyn/cm and the membranes nonlinear
stiffness parameter, I", was varied from zero to one. As the
I" value increased, the membrane deformed less and rolled
slower. The present results are in direct contrast with the
previously published results by Jadhav et al. (2005), who
increased the membrane stiffness, £/, and observed that the
more deformable capsules had more contact area and rolled
slowly compared to less deformable capsules that had less
contact area and rolled faster. This difference in results is due
to varying the I", which results in membrane having strain
hardening behavior and causes the capsule to deform less and
not elongate in the direction of the flow as the neo-Hookean
membrane (see Fig. 4b). In addition, capsules with the severe
strain hardening membrane had higher contact area and less
footprint, which led to them not rolling as fast as capsule
with less strain hardening membrane that had less contact
area and more footprint. The severe strain hardening mem-
brane (i.e. I = 1.0) had smaller dimple size compared to a
neo-Hookean membrane (i.e. I = 0.0), which is represented
by the empty space in Fig. 8. The most pronounced capsule
deformation was for the neo-Hookean (I” = 0) membrane at
a shear rate of 400 s~!. In addition, the neo-Hookean mem-
brane had less contact area but bigger footprint compared to
any other membrane at shear rate of 400s~!. Even though
the less deforming capsule rolled slower, it had higher con-
tact area compared to the faster rolling capsule. The similar
behavior was observed between the present study and Jad-
hav et al. (2005): that is higher contact area resulted in slower
rolling.

As the capsule makes contact with the substrate, a thin
lubrication fluid layer appears between the capsule and the
substrate wall. The lubrication layer is trapped in between
the capsule and substrate creating a concave shape on the
bottom surface of the capsule, which is called a dimple and
represented in Fig. 9.

Dimple formation has been observed for a deformable
droplet separated from a solid wall by a thin aqueous film
(Platikanov 1964; Connor and Horn 2003; Horn et al. 20006;
Zdravkov et al. 2006) and analyzed theoretically (Bart 1968;
Quan 2012). In addition, the dimple formation has been
simulated for interaction between two deformable particles
separated by thin liquid film (Dagastine et al. 2006; Jadhav
et al. 2007; Chan et al. 2011) and observed experimentally
(Zdravkov et al. 2006; Tufano et al. 2009). The contact sur-
face shape for a synthetic capsule such as polymersomes or
leukocyte has not been studied for dimple formation, but it
is observed for deformable particle interacting with a solid
surface separated by a thin liquid film.
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In the present study, the effect of dimple formation
on contact area was observed as the degree of membrane
strain hardening increased at high shear rate of 400s~!
(see Fig. 6). Thin lubrication fluid layer was observed to
push against the capsule from underneath causing it to
deform. The strain hardening membrane tends to resist the
deformation as shown in Fig. 4a, resulting in the mem-
brane being able to push against the thin fluid layer that is
underneath, thus increasing its surface contact with the sub-
strate. The size of the footprint and contact area increased
and further results in increase in the average number of
bonds.

The value of I' of the capsule has a strong influ-
ence on the dimple size, contact area, rolling velocity, and
binding kinetics of the capsule. To increase the rolling
velocity of the capsule, it is important that the membrane
is elastic-plastic (i.e. I" = 0.0). This allows the capsule
to elongate in the direction of flow, thus decreasing the
bond lifetime (see Fig. 14) compared to the strain hard-
ening membrane. The results show that the increase in
bond lifetime hinders the ability of the capsule to role
faster.

It was computed that the rolling velocity increases as
the kinetic off-rate increases, which was also observed by
Krasik and Hammer (2004). One expects the capsule’s con-
tact area to decrease as the rolling velocity increased, which
was only observed for the neo-Hookean membrane. The
strain hardening membrane had more contact area as the
rolling velocity increased with increasing off-rate constant.
To address this anomaly, the contact surface area was ana-
lyzed and it was noticed that as the capsule started to roll
faster, the front of the capsule had more surface in con-
tact with the substrate. The strain hardening membrane had
more contact area in the front of the capsule, resulting in
it having a higher contact area. This allows the capsule
to easily break up bonds in the rear and move forward.
The strain hardening membrane rolls relatively slower and
formed more bonds in the 1s simulation compared to the
less strain hardening membrane or neo-Hookean membrane.
The further increase in the rolling velocity of the capsule
was hindered by the amount of bonds that the capsule
formed.

The rolling velocity was also influenced by the capsule
membrane where the less strain hardening membrane allows
the capsule to elongate in the direction of flow resulting
in easier break up of the formed bonds in the rear of the
capsule. The strain hardening membrane decreased the defor-
mation index of the capsule for a given shear rate, but the
most pronounced difference in the deformation index among
the various membrane occurs at shear rate of 200s~! and
above. Additionally, the increasing kinetic off-rate for the
Bell model did decrease the bond lifetime allowing the cap-
sule to roll faster.
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5 Conclusion

The immersed boundary method (IBM) was implemented to
simulate the rolling of a deformable artificial capsule, whose
membrane was modeled using the MR strain energy func-
tion, on a selectin-coated surface due to shear flow. The MR
model was developed to characterize the behavior of elas-
tomers, whose mechanical behavior varies based on degree
of cross-linking. In the present work, the capsule’s membrane
was characterized as strain hardening (/") with degree of
strain hardening increasing as I" increased and neo-Hookean
I =0).

The findings of the present work were: (1) the deformation
index (L/H) decreased as the I” increased for a given shear
rate; (2) the contact area between the capsule and substrate
increased with the shear rate with the most contact area at the
shear rate of 400 s~! for increasing value of I"; (3) the shape
of the contact area and amount of footprint were influenced
by the degree of the membranes’ strain hardening with the
neo-Hookean membrane having higher footprint compared
to strain hardening membranes; (4) the rolling of the capsules
became relatively smoother and slower as I" increased; (5)
the average number of bonds for a capsule was equivalent
for all three values of I" at a given shear rate; (6) the total
receptor-ligand bond force increased with increasing values
of I'; (7) the bond lifetime did not change drastically with
increasing shear rate and also with increasing I” value; and
(8) the increasing kinetic off-rate resulted in capsule rolling
faster and forming more bonds in a lifetime.

This work analyzed the contact area shape for a deformable
membrane rolling on a selectin-coated surface due to shear
flow. The slow rolling capsule at shear rate of 100s~! had
most of the contact area located at the rear, while at shear rate
of 400s~!, the contact area was evenly spread out. The fast
rolling capsule with higher kinetic off-rate had the contact
area located on the front of the capsule. As the capsule makes
contact with the substrate, a thin lubrication fluid film appears
between the capsule and substrate causing the capsule not
to be in complete contact with the substrate and produced
a dimple. This behavior has been observed and studied by
researchers for a deformable droplet separated from a solid
wall by a thin aqueous film (Platikanov 1964; Connor and
Horn 2003; Horn et al. 2006; Zdravkov et al. 2006; Bart 1968;
Quan 2012). In addition, the present work reveals that the
capsule membrane’s nonlinear material can highly influence
the deformation, but there was less pronounced difference
for the rolling and adhesion due to strain hardening. In the
work by Jadhav et al. (2005) and Pawar et al. (2008), the
higher membrane stiffness, Eh, increased the rolling veloc-
ity and decreased the deformation. In the present study, the
deformation was decreased by increasing the degree of strain
hardening, which is achieved through increasing the value of
I" with fixed membrane stiftness, Eh.
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Increasing the value of I" did not have a significant
influence on the bond lifetime. Strain hardening capsule’s
membranes had increased contact area at high shear rate
of 400s~!, but it had appreciably less deformation com-
pared to a neo-Hookean membrane. Finally, in the present
work the membrane deformation, contact shape, and rolling
velocity were influenced by the I, strain hardening variable.
However, the kinetic off-rate did provided more substantial
influence on the rolling velocity and bond lifetime.

The formation of dimple on the capsule can be ana-
lyzed experimentally. This can be accomplished by using an
inverted microscope in conjunction with a microfluidic chan-
nel coated with ligands, where a deformable capsule coated
with receptors is under shear flow, to observe the dimple for-
mation. If the dimple was present, the contact surface shape
would not be in complete contact with the substrate.
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