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Surface density profile of bioadhesive ligands greatly influences spreading and
migration of cells on substrates. A 1D peeling model is developed to predict the equi-
librium adhesion strength and peeling tension of a cell membrane, adhered on a sub-
strate with linearly increasing density of ligands. Cell membrane is modeled as a lin-
ear elastic shell subjected to a tensile force applied at the free extremity and adhesive
traction due to specific receptor-ligand interactions with the substrate. Membrane peel-
ing tension increased with gradient slope and reached an asymptotic limit independent
of gradient slope but proportional to receptor-ligand interaction energy. Peeling ten-
sion from substrates with negative gradient slope, at the rear edge of adhesion zone,
was considerably lower than the tension from substrates with positive gradient slope
at the leading edge, indicating that detachment is more likely to be initiated at the
rear edge. This prediction leads to a possible mechanism for experimentally observed
haptotactic locomotion of motile cells toward the direction of higher ligand density.
© 2009 American Institute of Chemical Engineers AIChE J, 55: 29662972, 2009
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Introduction

Cell-substrate interactions play a central role in regulation
of cellular functions such as adhesion, locomotion, growth,
proliferation, and differentiation.'™ These interactions typi-
cally occur between heterodimeric integrin receptors present
on the cell surface and ligands attached to the components
of extracellular matrix (ECM). Ligands are specific func-
tional domains of ECM proteins, such as fibronectin, lami-
nin, vitronectin, and collagen, with binding affinity toward
integrin receptors.”™ Cell adhesion responds to a wide range
of physical and chemical cues from the surrounding matrix.
Surface properties including surface energy, roughness, and
chemical structure can influence protein adsorption and mod-
ulate cell motility.”"'" This regulatory effect of substrate on
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cell motility has been used to design novel biomaterials with
the ability to guide cell migration, proliferation, morphogen-
esis, and to control cell-biomaterial interactions.'*!

Surface density of bioadhesive ligands has been shown to
greatly influence spreading and migration of cells on sub-
strates. In particular, substrates with gradient patterns of
ligand density are widely used for guiding cell migration on
biomaterials. Micropatterning techniques with UV radia-
tion,'*!> electrochemical reactions,'® plasma polymeriza-
tion,'”*!® microfluidic-based systems,'g’20 and photolithogra-
phyzl’22 have been used to produce surface-grafted gradient
of peptides and proteins on substrates. Studies have demon-
strated that cells preferentially move toward regions of
increasing adhesiveness.”>®

Despite extensive experimental studies, quantitative mod-
els to predict the equilibrium aspects of cell adhesion on
a substrate with gradient in ligand density are rare. Exist-
ing models describing thermodynamics of cell adhesion
are based on uniform distribution of surface ligands. Accord-
ingly, two major classes of deterministic models,
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thermodynamic and kinetic, for receptor-ligand mediated cell
adhesion have been developed. Equilibrium models predict
the strength of adhesion, interfacial contact area, and the
force necessary to disrupt adhesion to the substrate, as a
function of receptor and ligand properties and mechanics of
the cell.*” ' Kinetic models describe cell adhesion in terms
of the kinetics equations for the interactions between mem-
brane receptors and substrate ligands and the nonequilibrium
nucleation and growth processes.**”

Previously, we proposed a model to analyze the kinetics
of membrane adhesion on substrates with linearly increasing
density of immobilized ligands.** The model was able to
predict the time-dependent displacement of the adhesion
front in terms of receptor density, receptor mobility, and the
dynamics of receptor-ligand interaction between the cell
membrane and substrate. In this work, the focus is on the
equilibrium aspect of cell adhesion in response to a gradient
in ligand density on a solid substrate. Employing the meth-
odology developed by Evans and Dembo et al.*** a 1D
membrane peeling model is developed to predict the equilib-
rium adhesion strength and peeling tension of the cell mem-
brane with respect to a gradient in ligand density on a sub-
strate. The model includes the kinetics of noncovalent recep-
tor-ligand interactions and the effect of external stimuli on
deformation of the cell membrane. The objective is to under-
stand, using a peeling model, how the attachment strength of
the membrane to the substrate is regulated by the gradient in
ligand density.

Model Development

Figure 1 represents geometry of the 1D peeling model con-
sidered in this work. The position along the cell membrane is
described by the arc-length coordinate r, as well as Cartesian
coordinates x and y. The membrane-substrate adhesion zone
represents a segment of the membrane, extending from r» = 0
to r = ry, where transmembrane receptors and complementary
immobilized surface ligands can specifically interact. The
membrane is modeled as a linear elastic shell subjected to
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Figure 1. Geometry of the 1D peeling model for cell
adhesion on a ligand gradient substrate.

The position along the membrane is defined by arc-length r
and Cartesian coordinates x and y. The density of surface
ligands increases linearly along the positive direction of x-
axis. The adhesion zone starts from r = ry and extends to
r = 0 along the membrane. The membrane slope at the edge
of adhesion zone (r = ry) is represented by the microscopic
contact angle 0,;.. At free end of the membrane, macroscopic
tension Ty, is applied at a specified angle 0.
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adhesive forces in the adhesion zone and macroscopic tension
Tmac, arising from any applied force on the membrane. Ty,
acts on the cell remote from the adhesion zone and at orienta-
tion determined by the macroscopic contact angle 0,,,.. The
membrane microscopic contact angle at the edge of adhesion
zone (i.e., at r = rg) is represented by 0,;c.

The surface density of ligands is assumed to linearly
increase along the x-axis, as follows:

L(x) = Lo + Px, (1

where L is a constant density at x = 0 and f is the slope of
gradient in ligand density. At steady-state, we can write a
balance between the density of ligands (L), receptors (R), and
ligand-receptor pairs (C) as follows:

keq L—C)(R—-C)—C =0, 2)

where k.q is the equilibrium affinity constant between ligands
and receptors, given by*’ the following:

keq = kiy exp[—xl® /2kgT]. 3)

Here, kgq is the equilibrium constant in the force-free
state, / is the bond extension beyond the force-free length, x
is the spring constant of a ligand-receptor bond, and kg7 is
thermal energy. Solution of Eq. 2 yields a quadratic expres-
sion for the equilibrium distribution of bonds between recep-
tors and ligands. The resultant adhesive traction acting along
receptor-ligand bonds, o, is assumed to be normal to the
membrane surface, where the magnitude of tensile force of
each bond is taken to be linearly proportional to bond exten-
sion. Thus, according to Evans,*®

- @)
lll'l
where [/, is the maximum possible extension before dissocia-
tion, and 7 is adhesion energy. In addition, we assume that the
bond distribution between ligands and receptors is continuous
throughout the adhesion zone. Thus, Eq. 4 can be written as
o(r = Zy(r)l/lﬁl), where (1) = 7,4C(r) and 7y,q is the stored
energy in a single ligand-receptor bond (note that y has units of
energy per unit length, y,4 is the adhesion energy of each
ligand-receptor bond, and C is the number of ligand-receptor
bonds per unit membrane length).

Considering the relative cell-substrate geometry, the cell
membrane can be divided into two regions for analysis: (a)
adhesion zone subjected to specific membrane-substrate
interactions (1o > r > 0) and (b) free macroscopic region
over which adhesion is negligible (r > rg). At equilibrium,
balancing the forces and moments in each region results in

V() =— dnjfr) ’ )
dz@ —V(r)p(r) = 0, (59)
) 1) p(r) = o(r) = 0, (50)

dr
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Table 1. Numerical Values Used for Dimensional
Parameters in the Model

Physiological
Parameter Definition Range Source
R Receptor density 10°-10'? cm 2 [35]
Ly Constant ligand density 10°-10"? cm™2 [37]
keq Receptor-ligand affinity 107 '°-10° cm? [35]
I Maximum bond extension 10-100 nm [29]
B Bending modulus 0.4-4x10712 erg [38]
Vad Energy of a single bond ~ 6-15x10" erg [39]
K Spring constant 10210 dyn em™ " [29]

where V, M, and T are the shear force, bending moment, and
tensile force in the membrane, respectively. p is local
curvature of the membrane defined by p = d0/dr, where 0(r)
is the local membrane angle relative to substrate. Inside
adhesion zone (i.e., ro > r > 0), this angle can be related to
bond extension / by’® the following:

dl do
Eftan9(1+lg). 6)

Since the membrane is considered to be elastic, the fol-
lowing constitutive relationship holds between the bending
moment and curvature:

M(r) = B(p(r) = po); M

where p, is the reference curvature and B is bending modulus
of the membrane. Substitution of Eq. 7 into Eq. 5 results in the
following equation for free macroscopic region of the
membrane:
d’T
==, T2, ®)
a0 0

which can be solved in terms of macroscopic tension (Tpac)
and contact angle (0.0), as follows™:

T(r) = Tiac €0S(Omaec — 0(1)), 7> 1. (9a)

Accordingly, the shear force and membrane curvature in
the macroscopic region are given by the following:

V(r) = Tmac SIn(Omac — 0(r)),
2_ 2Tmac
B

r>ro, (9b)

(p(r)) 0(r)] +pg, r>ro. (9c)

[1 — cos(Omac —

To obtain the corresponding equilibrium equations in the
adhesion zone, we define the following nondimensional
quantities:

__T 7:i TZ”ﬂi 7:Tlﬁl V:w; M:Mlm
I’ I’ 2B’ 4B° 4B’ 4B
(10

Substitution of these quantities into Eqgs. 5 and 6 leads to
the following nonlinear differential equations for the local
membrane angle 0 and nondimensional tension T3¢

2968 DOI 10.1002/aic

0 _do -
F—4Tﬁ+4yl:07 ro>r>0, (11a)
dT 1d*0d0
R - = o > > llb
G agea 0 0=zrz0 (11b)
dl -do
——tan@|( 1 +1— | =0, ro>r>0. (11¢)
dr dr
The corresponding boundary conditions include:
(a) continuity condition at 7 = 7o = ro/l
0%) =0, ) = TG7). 120
V(rg) =V(rg), M(ry) =M(Fy),
(b) peeling condition at 77 = 7y
I(ro) = 1, (12b)
and (c) asymptotic membrane morphology as 7 — 0
1(0)=0, 0(0)=0 (12¢)

Solution of Egs. 9 and 11, along with the boundary condi-
tions (12a—c) determines the membrane configuration as well
as internal forces and moments along the membrane. These
equations are characterized by macroscopic contact angle
(0imac), adhesion length (79), and adhesion energy ((7)). The
solution depends on the values of 0(Fg) = Omic and T(7)
which are not known before. Hence, an iterative procedure,
similar to the method described by Dembo et al.** is used
for the numerical solution.

Results and Discussion

Using the proposed 1D peeling model, a numerical study
is performed in this section to examine how the slope of
ligand density gradient affects peeling tension. Table 1 rep-
resents the values of dimensional parameters used in the nu-
merical solution and their range of variation based on theo-
retical predictions or experimental measurements. The
dimensionless forms of the parameters in the model are
listed in Table 2. The dimensionless slope of ligand gradient,
represented by 0, is the major variable in the numerical solu-
tion. All calculations are performed with 60, = 90° and
results were qualitatively independent from the value of this
angle.

Figure 2a shows the dependence of peeling tension T pac
on the normalized gradient slope ¢ for different values of

Table 2. Dimensionless parameters

Symbol Expression Definition

o Plm/Lo Dimensionless slope of gradient in
ligand density

w keqLo Dimensionless ligand-receptor affinity

¢ Vadlm Lo/B Dimensionless adhesion energy of each
ligand-receptor bond

€ R/l Receptor density/constant ligand density

I C/Lg Bond density/constant ligand density

Vi Kl /2T Dimensionless spring constant
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Figure 2. (a) Variation of macroscopic peeling tension
(Tmac) with the slope of ligand density gradi-
ent (0) for different values of receptor-ligand
adhesion energy (¢) with parameter values of
¢ = 0.01, o = 0.01, ro = 200, and 6ac = 90°;
(b) Macroscopic peeling tension as a function
of gradient slope for different values of
receptor-ligand affinity (w) with parameter
values of ¢ = 0.01, ® = 0.1, y = 1, rp = 200,
and 0,5 = 90°.

ligand-receptor adhesion energy (¢). When ¢ is low, the
peeling tension increases with the slope of ligand gradient.
With increasing gradient slope, Tmae reaches an asymptotic
limit, independent of the slope of gradient but proportional
to adhesion energy ¢. The effect of receptor-ligand affinity,
presented by nondimensional parameter «, on membrane
peeling tension is shown in Figure 2b. The peeling tension is
proportional to ligand-receptor affinity at low slopes and
independent of the affinity at high-gradient slopes.

The dependence of peeling tension on ligand gradient, as
shown in Figures 2a, b, is controlled by variation in the rela-
tive number of ligands and receptors at the edge of adhesion
zone, thereby changing the adhesion strength. At low-gradi-
ent slopes (or equivalently low number of ligands within the
adhesion zone), virtually all ligands interact with transmem-
brane receptors. Under that condition, increasing ligand pop-
ulation by increasing gradient slope enhances the adhesion
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strength and formation of higher ligand-receptor bonds.
Above a certain value of gradient slope, the number of adhe-
sive ligands at the edge of adhesion zone is in excess of
membrane receptors; hence, the adhesion strength is not
appreciably affected by increasing J. The emergence of such
transition from ligand-limited to receptor-limited regime is
represented more clearly in Figure 3. According to this fig-
ure, there exists a limiting value for peeling tension which is
asymptotically approached by increasing the slope of ligand
gradient (0) or lowering the expression of cell surface
receptors (&).

The bond extension profiles at the boundary layer region
of the adhesion zone for different slopes of ligand gradient
are shown in Figure 4a. These profiles represent the extent
to which the ligand-receptor bonds are stretched which can
be related to the force that the membrane exerts on each
ligand-receptor bond (Eq. 4). After showing a damped oscil-
lation-like trajectory, membrane assumes an asymptotic hori-
zontal configuration. For membranes adhered on substrates
with large J, bond extension profile sharply approaches zero
with decreasing arc-length 7 and curves into a domain where
ligand-receptor bonds are compressed (I < 0). As described
by Dembo et al,» appearance of a compressive domain in
the bond extension profile is due to bending stiffness of the
membrane which overshoots the equilibrium separation. Fur-
thermore, according to Figure 4a, the marginal slope of
membrane profile at the edge of adhesion zone (i.e., Opic)
decreases with decreasing the ligand gradient slope. Conse-
quently, the compressive strain region commences at distan-
ces farther away from the free boundary at lower gradient
slopes, and higher number of ligand-receptor bonds is
stretched at the onset of detachment from the substrate.

Figure 4b shows the spatial variation of ligand-receptor
bond density (shown by dimensionless parameter p) along
the membrane for different values of gradient slope 6. When
¢ is low, bond density increases almost linearly toward the
edge of adhesion zone, concurrent with linear enhancement
of local ligand density. On substrates with high-ligand gradi-
ent (6 = 100), local density of surface ligands exceeds the
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Figure 3. Dependence of macroscopic peeling tension

(Tmac) on the number density of membrane

receptors.

Parameter values are ¢ = 0.1, ¢ = 0.01, y = 1, 7y = 200,

and 0, = 90°.
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Figure 4. Spatial variation of (a) membrane deflection
and (b) bond density along the adhesion
zone.

Profiles are presented for different ligand gradient slopes.
Parameter values are ¢ = 0.1, ¢ = 10, ® = 0.1, y = 10,
7o = 200, and O = 90°.

receptor density within the adhesion zone and hence, adhe-
sion switches to a receptor-limited regime and bond density
reaches a limiting value equal to that of membrane receptor.
In Figure 4b, all density profiles abruptly decrease at a nar-
row boundary layer region close to 7 = 7, due to the higher
detachment rate of highly stretched marginal bonds (Eq. 3).
The peeling model, as depicted in Figure 1, describes the
relative membrane-substrate configuration at the leading
edge of an attached cell. To apply this model to the rear
edge of the cell, a substrate with negative slope of ligand
gradient should be considered. Figure 5 shows the variation
of tension along the membrane adhered on substrates with
negative and positive gradient slopes, as well as a substrate
with uniform ligand density (6 = 0). Tension at the edge of
adhesion zone (T(ry)) can be related to the peeling tension
according to Eq. 9a. Comparison of the membrane tension
values demonstrates that the required peeling tension from
substrates with negative slope of ligand gradient, at the rear
edge of adhesion zone, is considerably lower than the macro-
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Figure 5. Spatial variation of membrane peeling ten-
sion adhered on substrates with linearly
increasing (6 = 0.01), decreasing (6 = —0.01),
and constant (6 = 0) ligand density.

Parameter values are ¢ = 0.1, ¢ = 10, o = 1, y = 1,
7o = 200, and O, = 90°.

scopic peeling tension from substrates with positive slope of
gradient, at the leading edge.

The difference between the required peeling tension at the
leading and rear edges of the contact zone provides a driving
force for locomotion of motile cells (in the early stages) on
ligand gradient substrates. Locomotion can be regarded as a
result of two kinetic mechanisms: spreading and peeling,
both of which are controlled by the rate of interaction
between the membrane and substrate. The higher ligand den-
sity at the edge of adhesion zone in the cell front promotes
membrane spreading. The rear edge of adhesion zone, which
is subjected to a negative slope of ligand gradient, requires a
lower tension to detach from the substrate compared with
that at the front edge. The asymmetry induced in cell

lacomation

ont
peeling spreading

Figure 6. Schematic representation of cell locomotion
on a ligand gradient substrate.

Dashed line shows cell configuration before the effect of
gradient. Increasing ligand density promotes spreading at
the front edge of adhesion zone with lower peeling tension
at the rear edge which increases the likelihood of rear
detachment. Locomotion takes place toward the direction of
increasing ligand density by rear detachment and concurrent
front spreading.
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configuration by spreading of the front edge increases ten-
sion in the membrane, which initiates detachment of highly
stretched ligand-receptor bonds at the rear edge of adhesion
zone. This effect should be considered along with other pro-
posed mechanisms for rear detachment, such as polarized
endocytic trafficking of receptors, contractive force of the
cytoskeleton actin filaments, nonuniform thickness of the ad-
hesion zone arising from the diffusion of glycocalyx pro-
teins, focal contact formation of receptors, hydrodynamic
pressure gradient across the cell membrane.***" The contri-
bution of contractile force to rear detachment can be
included in the proposed model by defining the ligand-recep-
tor equilibrium affinity by keq = kO, exp[—(kl* + Fy)/2ksT],
where F' is contractile force and 7y is the characteristic length
of the binding cleft. Simultaneous rear detachment and front
spreading of cell membrane in the adhesion zone induces
spontaneous motion of the cell toward the direction of higher
ligand density (Figure 6).

Conclusions

We have developed a continuum model to predict the
peeling tension of an adherent cell on a solid substrate with
a gradient in density of bioadhesive ligands. The ligand den-
sity is assumed to increase linearly in a certain direction.
The most important prediction of the model is the depend-
ence of peeling tension on the gradient slope and length of
adhesion zone. The model predicts that peeling tension
increases with gradient slope upto a critical slope above
which the adhesion strength is insensitive to ligand gradient.
Furthermore, the profile of the membrane in the vicinity of
adhesion zone changes significantly with ligand gradient. For
substrates with higher gradients, fewer ligand-receptor bonds
are stretched at the onset of detachment from the substrate.
The model predicts a lower peeling tension and larger num-
ber of highly stretched ligand-receptor bonds at the rear
edge of the adhesion zone compared with that at the front
edge. This indicates that the rupture of ligand-receptor bonds
and consequently peeling of the membrane are more likely
to be initiated at the rear edge of the adhesion zone.
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