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Abstract. Blood platelet adhesion is crucial for arterial thrombosis and
hemostasis. The attachment of platelets to the injuries takes place under the
action of high hydrodynamic forces and relies on the formation of breakable
ligand-receptor bonds between the cell and the adhesive substrate. In this work
we study how the geometrical effects may change the adhesive forces that stick
platelets to the wounds. The mathematical model shows that oblate cells with
high aspect ratio are more favourable for thrombus growth.

1 Introduction

Blood platelets play a key role in arterial and microvascular thrombosis, where the intensive
hemodynamic flows and near-wall viscous stresses hinder the clotting of blood plasma [1,
2]. Physiological functions of platelets rely on their ability to adhere to a wound (or to
a thrombus) and to withstand relatively mechanical stresses in the flowing blood [3]. In
biological systems the adhesion mechanisms are mainly based on key-lock interactions of
special protein molecules on the outer side their membranes with different adhesive substrates
(e.g. collagen fibers, von Willebrand factor and membrane receptors of other cells) [1, 5—
7]. The ligand-receptor bonds thus represent elastic bridges that emerge and dissociate with
different kinetics, depending on the mechanical actuation and the molecular interactions of
the involved proteins [8, 9]. A number of experimental techniques has been used to study
the adhesive forces between platelets, most of which rely on mechanical separation of the
adhering surfaces [10-12]. We concentrated our mind on geometric aspect of the problem.
E.g. in work [13] authors investigated the influence of the form on collision effects, this
required quite hard computational model. We tried to create a model which gives quantitative
results in easier way. In this study, we hypothesised that the shape of the cell may cause a
significant alteration of adhesive forces. We developed a mathematical model for the ligand-
receptor adhesion of a blood platelet with a solid wall, covered by adhesive ligands. The
model shows that the aspect ratio of the platelet is an important parameter, and that oblate
cells are able to withstand greater pulling forces.
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2 Materials and Methods

2.1 Mathematical Model

g

Unbound

@ 1:1 &1
v F
receptor\‘ ' Adhesive bonds ‘D
r=N
| |

Ligands
=Y

Figure 1. The scheme of the studied problem (left) and the illustration of the considered cases (right).
The dynamics of adhesion of oblate ellipsoidal cell is considered for cells of different aspect ratios. The
constant-velocity and constant-force regimes were studied.

We consider the biological adhesion of a platelet to a flat surface y = 0 evenly covered
with adhesive ligand molecules (Fig. 1). We assume that the platelet surface is also uniformly
covered with adhesion receptors. In addition, we may assume that only vertical bonds are
formed. Then, the problem can be treated in a cylindrical system of coordinates (7,¢,y). In
our model we consider the adhesion bonds to be springs with the equilibrium length A and
elasticity constant kg. The probability of bond formation is determined by the constants of
forward and backward reaction rates between adhesion receptors and ligands. The platelet
is approximated in this model by a rigid nondeformable ellipsoid of revolution. This is an
admissible approximation, because in the deactivated state the platelet hardness is provided
by the cytoskeleton [3], the platelet Young’s modulus in this state is approximately 170 pN -
um~2[4]. Considering values of forces below it is sufficient to use such simplification. We
consider the situation where the platelet moves only in vertical direction (normally to the
wall). Different aspect ratios of the cell were considered in the presented study (Fig. 1).

The dynamics of the system relies on the reversible process of formation and dissociation
of the adhesive bridges (or bonds) between the membrane receptors of the cell and the ad-
hesive substrate (presented by immobilized protein ligands, e.g. collagen or von Willebrand
factor [1]) on the wall. Since the number of adhesive receptors on the cell is typically very
high (10*-10°), we describe this process in terms of bond density n(r, r). The latter evolves in
time according to the kinetic equation [8, 9]:

UL = Ko, 1N, = Wy =) = K, 0,1, (1)
—ks(L(r, 1) — )?

Kon(r, ) = K° exp [%} ) )
— k)(L(r, 1) — 1)?

Kop(r.1) = K%, exp[(’“’ = )2(,{3(; -4 } 3)

where N, is the density of receptors, N; is the density of ligands, Kgﬁ and K9, are the con-
stants of reaction rates in the equilibrium state, L(r, ) is the bond length, kp is the Boltzmann
constant, 7 is the temperature, ko and k, are the spring constants, and the sign in the second
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exponent determines the type of the bonds. Due to the axial symmetry of the system, there is
no dependence on the azimuth angle ¢ in the equation. The bond length is given by

r2 1/2
L(r1) = h(t)—b(l - —2) +b, @)
a

where a and b are the ellipsoid semi-axes, £ is the shortest distance between the ellipsoid and
the surface at the initial time, 7 is the distance from the center of the system to the considered
point, and ¢ is the time.

The difference between different types of ligands (or/and receptors) can be taken into

account by using different constants of reaction (i.d. different KS e K,?,,). Below in Fig. 2(a)
Ko

e N;. This means changing the
ff

we represent the force kinetic with different value of K., = =0
K? or Kgff (more in sec 3.1).

The force acting upon the platelet is computed also by integrating over all possible po-
sitions of bonds with account for the tension of bonds. Because we consider only vertical

bonds, the force has the only component in the y-direction given by:

a 2r a

Fu(t) = ko ffn(r, DIL(r, t) — Ardrde = 2k fn(r, HIL(r, 1) — A]rdr. 5)
0 0

0

In our model we investigate only vertical bonds, but on 2D case, thus we go to the polar
coordinate system. This leads to necessity to integrate over a circle thus we have the factor r
and integral over drdy in spite of nothing depends of ¢. So, it gives the factor 27 in the final
result. Hence in reality we have the 1D integral over » only.

In this study we modelled two different situations: pulling the platelet from the wall (i)
with a constant vertical velocity V, and (ii) by a constant external force F directed vertically,
Fig.1. These are typical setups for measuring interfacial forces by Surface Force Apparatus
[12]. For the constant velocity regime we measured the adhesive force F,, and the distance
between the platelet and the wall was explicitly time-dependent:

h(t) =hy+ V-t (6)

In the case of pulling by the externally applied force F, we also should take into account
the viscous hydrodynamic forces arising from the fluid motion around the platelet. Natu-
rally, the Reynolds number for a platelet-sized particle in a fluid with the viscosity of blood
plasma is of order of 0.1 and less. Therefore, in our model the hydrodynamic interaction is
characterized by a lubrication force [12, 14], given by the following formula

_ 67"7R§ﬂf% R a

— N = — N 7

h y of =7 (7
where R.g is the effective hydrodynamic radius, 7 is the dynamic viscosity, y is the distance
between the cell membrane and the wall. On assuming the over-dumped dynamics of the cell
at low Reynolds numbers, the equation for the motion of the platelet may be derived from the

previous expression:

dy(ty 1
di — 6rnR2,

[F = Fyp()] - y(0), ®)

where F is the external (pulling) force on the platelet and F), is the tension force of adhesive
bonds. The latter one is obtained by a summation over all attached (or active) bonds at each
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moment of time. Thus, we solve Eq.(1) for the bond density at a given moment of time,
compute the force of adhesion interaction with formula (5), and then use Eq. (8) to find the
platelet position in the next moment time.

Solving the kinetic equation can give quantitative information about influence of the cer-
tain aspect ratio on the adhesion process. Moreover, the influence of other parameters like
receptor density, bond constants, force or velocity can be investigated. The kinetics of the

adhesion process may also be derived from the mathematical model.

Table 1. Model parameters

Parameter Symbol Value Dimension
Initial distance ho 0.1 um
Length of relaxed bond Ao 0.1 pm
Bond formation rate K% 1077 um? - s71
Bond dissociation rate K. 10 s
Spring constant Ko 1073 N-m~!
Spring constant Ky 0.5-107 N-m™!
Thermal energy kyT 4,14 1077 J
Density of receptors N, 10* um=>
Density of ligands N, 10* um=>

2.2 Numerical Methods

To solve the differential equation we use the one stage Rosenbrock scheme with a complex
coefficient [15]. We controlled the accuracy using the recurrent Richardson method. We
consider the Cauchy problem

y = fy.n,

where y is the sought function and f(y, ) is the given function. For this problem, the CROS1

scheme has the form .
[1 - Ta'fy(ym tn)] w, = f(ym I, + 5),

Yn+1 = Yn + TRe(wy),

y(0) = yo, C))

(10)

(11)
1+i

where @ = 5* , and 7 is the time step. For each r the bond kinetics Eq. (1) is an ordinary
differential equation solvable with the numerical method Eqgs. (10) and (11). We ensure the
convergence of the numerical scheme by Richardson’s procedure, which is based on mesh
refinement [15]:

_ lgM
Riy=2N"ON ) = =R (12)
rP—1 lgr

where k is the index that determines the number of the mesh (0 is the initial mesh, 1 is the
mesh refined once, and so on), r is the factor of mesh refinement (in what fold the mesh is
refined in comparison with the previous one), Ry is an inaccuracy of the numerical solution,
yy is the numerical solution to the equation, y,y is the solution on a refined mesh, and p = 2
is the accuracy of the numerical scheme. Here p; represents the a posteriori accuracy of
the numerical scheme, calculated according to Eq.(12) with several different meshes. If py
converges to the theoretical value p = 2 upon increase of the mesh density, then the numerical
scheme works correctly.
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3 Results

3.1 Pulling with a constant velocity
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Figure 2. The adhesive force F, over time in the constant velocity case for different K,, (left) and
various aspect ratios of the platelet (right).

Firstly we investigated the dependence of the adhesive force on the binding kinetics
(Fig. 2(a)). We altered the equilibrium constant for the binding-dissociation reactions
Keq = K3,/K .. When K.y becomes smaller, the force F), decreases as well.

We studied the dependence of the simulation results on the shape of a platelet Fig.2(b).
The semi-axes were chosen in the following manner. For the reference, we took the aspect
ratio2 : 1 (a = 1.5 yum and b = 0.75 pm) which is a typical value for human blood platelets.
We altered the aspect ratio, keeping the platelet volume (7.07 um? ) constant. The velocity
of the platelet motion in these calculations was set to 0.4 um - s~'. As the ratio of semi-axes
a : b increases, the adhesive force also increases, which is a consequence of the larger area
on which the bonds may be formed. Thus, for the aspect ratio 3 : 1, the force of adhesion
appears to be more than twice that for 1 : 1.

Other way to increase the force is to increase the receptors density. Increasing the number
of receptor density and the flattening a platelet can work together in increasing the ability of
adhesion. We suppose that these mechanisms have important role both in vivo. The increase
of the receptor density and the flattening of the platelet can work together enhancing the
adhesion. But they have different impact on the number of bonds. Fig.3(a) shows how the
number of bonds depends on the aspect ratio, here the density of receptors is 10*um=2. The
next picture (Fig.3(b)) represents how the kinetics depends on different numbers of receptors
for a given aspect ratio 2 : 1. We can see that the number of bonds can significantly change if
the receptor density is altered by the order of amplitude or more. The alteration of the aspect
ratio also leads to a fast change of the amount of bonds. Therefore, flattening of the shape is
a an efficient way to attain strong adhesion, especially when the receptor density is already
very high and/or can not be increased easily. We also note that the aspect ratio governs
the distribution of the bonds over the platelet membrane (Fig.3(c)) and, consequently, the
distribution of the mechanical tension arising from the bonds.

3.2 Pulling by a constant force

The width of the minimum gap between the platelet and the plane has the form depicted in
Fig.4 at the constant force F = 200 pN. At the semi-axes ratio 3 : 1 the larger number of
bonds are generated than at the semi-axes ratio 1 : 1. Therefore, a spherical cell (1 : 1) is
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Figure 3. (a) Number of bonds N over time in the constant velocity case for different aspect ratio. (b)
Number of bonds N over time in the constant velocity case for different receptor densities &,. (c) Bond
density n over the distance from the center of the cell r.
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Figure 4. Width of the minimum gap between the platelet and plane over time, F = 200 pN.

not able to form the required amount of bonds which gives sufficient value of force to stay
the platelet near the wall. The spherical cell is detached from the surface, being pulled by
the external force to the bulk of the fluid, Fig 4. As the semi-axes ratio increases, the shape
of the cell becomes more plate-like, and the effective area of the platelet is larger and, as a
consequence, a larger number of bonds is formed, hence if the F}, is high enough, it balances
the external force F, and the platelet rests on the wall, Fig 4. Shape is thus an important
factor for platelet adhesiveness, which may have important implications for the mechanics
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and rheology of platelet thrombi. Oblate spheroidal shape favours the bond formation, so
that platelets with high aspect ratio can withstand greater pulling forces.

3.3 Discussion

The results provide a numerical basis for the interpretation of measurements of biological ad-
hesion forces, depending on the cell’s shape, as well as the density of cell adhesive molecules.
‘We considered the adhesive kinetics based on Bell’s law of bond dissociation [7]. However,
in several cases a more complex behavior has been observed [17].

For further studies it is instructive to consider the vVWF and GP1b with the dynamics of
catch- and slip-bonds observed in atomic force microscopy [16] and flow chamber experi-
ments [17]. Another possible improvement of the model is to simulate the platelet motion
under hydrodynamic flows, typical for flow chamber experiments and studies in vivo. In this
case the interplay between hydrodynamic forces, cell-cell collisions and bonds kinetics may
lead to complex dynamics of cells and their aggregates. Finally, since platelets have several
adhesive receptors, activated by force or chemical agonists, it would be interesting to simu-
late temporal dynamics of adherent cells after their activation. In this case, the elasticity of
platelets also undergoes dramatic changes followed by to the cytoskeleton restructuring.
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