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Arterial thrombi consist mainly of platelets and fibrin, the biopolymer produced in the
final step of the coagulation cascade. Thrombus fragmentation may result in occlusion
of smaller distal vessels (embolization), a serious and often fatal event. The objective of
this study is to investigate the role of the fibrin polymer network on the resistance of a
clot to fragmentation under shear flow. For that purpose, a fibrin clot model represen-
tative of native clots is submitted to a shear flow that reproduces the pathophysiological
range of shear stress.

The adhesion force due to specific fibrin/fibrin interactions is determined from the
measurement of the shear stress producing 50% detachment of model particles of blood
platelets embedded in the clot. This force was found to be several orders higher than the
nonspecific colloidal forces between surfaces, which can, thus, be neglected. Influence
of the number of fibrin monolayers in the clot model on adhesion force is investigated.

Keywords: Bioadhesion; particle detachment; fibrin; shear; clot model; flow chamber

1. INTRODUCTION

The central event in the blood coagulation process is the thrombin-
catalyzed conversion of soluble fibrinogen into insoluble fibrin, i.e.,
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formation of fibrin monomers followed by non-covalent self-assembly
of monomeric fibrin units into a three-dimensional meshwork [1]. This
meshwork provides structural support for arterial thrombi (mainly
constituted of platelets and fibrin) and appears to be one of the major
factors that controls their stability [2].

Thrombus fragmentation may result in occlusion of smaller distal
vessels (embolization) producing ischemia, a serious and often fatal
event. In particular, it has been shown that a mural thrombus is the
main source of downstream cerebral microemboli in patients with
high-grade internal carotid artery stenosis [3]. An attracting hypoth-
esis is that the fragmentation of an arterial thrombus may be relat-
ed not only to the biochemical structure of the thrombus, but also to
physical properties of the blood flow such as the local shear stress
acting on the thrombus [4].

Therefore, the objective of this study was to investigate the role
of the fibrin polymer meshwork on the resistance of thrombi to
fragmentation under shear flow, with the use of a hydrodynamic
method [5].

2. METHODOLOGY

The experimental methodology is based on the association of a fibrin
clot model [6] and a controlled-shear flow chamber that reproduces
the pathophysiological range of shear stresses.

2.1. Fibrin Clot Model (Fig. 1)

The fibrin clot model consist of a predefined number of fibrin
molecular monolayers covalently bound to an amino-modified glass
plate, and of model particles of blood platelets (fibrin-coated amino-
modified latex beads, 2 pm diameter, Interfacial Dynamics Corpora-
tion, Portland, OR USA).

Amino-modified glass is first prepared by incubation of (3-amino-
propyl)diethoxymethylsilane (1% v/v in anhydrous toluene) with
glass under nitrogen [7]. After silanization, human fibrinogen is
coupled to the glass and to the amino-modified latex-beads by
means of polyglutaraldehyde chemistry [6]. The fibrinogen monolayer
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FIGURE | Fibrin clot model preparation. A-M Glass: Amino-modified glass, Gluta:
Glutaraldehyde, Fg: Fibrinogen. Fn: fibrin. Products are incubated with the surface, and
rinsed before next step.

covalently bound to the surfaces is transformed into a fibrin
monolayer by treatment with thrombin [8]. Additional layers can be
added to the initial one by experimental reproduction of the steps
of heterogeneous catalysis at the fibrin/blood interface; fibrinogen is
first incubated with the previous fibrin layer, and the bound fibri-
nogen 1s transformed into fibrin. Finally, the model particles of
platelets (fibrin monolayer coated amino-modified latex beads) are
allowed to settle under gravity on the fibrin surface.

2.2. Shear Stress Flow Chamber (Fig. 2)

The chamber is composed of a bottom glass plate onto which is
prepared the fibrin clot model and of an upper Plexiglas plate pierced
for the entry and the exit of fluid and for the injection of latex beads;
these plates are separated by a hollowed steel plate for channeling
the fluid flow (respective thickness: 4, 10 and 0.2 mm). All the plates
are held together with aluminium clamps. The rectangular flow chan-
nel (10mm width) follows a diverging-converging channel, in order
to ensure a uniform flow at the entrance.

The chamber is mounted on the stage of an inverted microscope
(NIKON Diaphot), coupled to a CCD camera with a video image-
processing system for visualization and counting of particles. The ob-
servation area is located far downstream of the rectangular channel
entry, in order to avoid entrance effects.
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FIGURE 2 Shear Stress Flow Chamber. A: Schematic view of the chamber (a: side
view, b: upper view of the hollowed steel plate) 1, upstream pressure tap; 2, downstream
pressure tap or particle-injection tap. B: Position on the stage of the inverted microscope.

2.3. Flow Characteristics

A laminar unidirectional Poiseuille flow in the observation area is ob-
tained. Indeed, the theoretical relation between pressure drop (AP)
and flow rate (Q) for plane two-dimensional Poiseuille flows:

AP  12-Ax
W0 HT 0

where p is the dynamic viscosity, Ax the distance between the pres-
sure taps, and 4 and / the height and width of the flow channel, re-
spectively, was experimentally verified (Fig. 3). The relationship

Pressure drop ( Pa)

14000 - @ Runl
12000 // y =80.035x +51.794
10000

2000 - prd R2=0.9998

6000 —7 * Run?2

4000 / y = 80.391x + 28.472

2000 1

0 jreal R2=0.9996
0 50 100 150 200

Flow rate x Dynamic viscosity (ml. ¢P/mn)

FIGURE 3 Experimental relation between pressure drop and flow rate x dynamic
viscosity. Experimental relationship is linear, up to the greatest flow rates, demonstrating
the non-deformation of the flow chamber at high pressures. The slope of the curve gives
an effective value for 4 of 208.8 mm + 0.8% (specified value of 200 mm £ 5%).
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obtained is linear, up to the greatest flow rates, proving the non-
deformation of the flow chamber at high pressures. The slope of the
curve gives an effective value for & of 208.8 mm +0.8% (specified
value of 200 mm + 5%).

For this type of flow, the wall shear stress, 7., is uniform except in
a short entry zone the length of which is about 0.06(phQ/ul), where
p is the fluid density, and in areas | mm in width near the channel
side walls. Outside, 7, is given by:

6-u-Q
Tw = 5 7
Wl

(2)

The pathophysiological range of shear stresses (I to 60Pa) [9] is
obtained for flow rates between 4 and 240 ml/mn.

The channel height being large compared with the latex-bead size,
the bead size large compared with the surface rugosity of the fibrin
meshwork (about 2 nanometers from AFM investigations) and the
particulate Reynolds number negligible, the flow in the particle vicinity
is a creeping linear shear flow. The hydrodynamic force exerted on
a bead is parallel to the flow direction and is given by O’Neil [10]:

Fp=3200-r; 7, (3)

where r;, is the bead radius. This expression, determined for a single
sphere in contact with a plane wall in an infinite linear shear flow, is
valid for an array of beads that are adherent to the bottom plate of
a flow channel, if the bead radius is less than (1/15) of the gap thick-
ness [11] and if their separation distance is larger than 10 times the
bead radius [5].

2.4. Procedure for Particle Detachment Experiments

The bottom glass plate of the chamber is first coated with fibrin, then
the chamber is assembled, placed on the stage, and filled with buffer
(sodium phosphate 0.05M, pH = 7.4, NaCl 0.08 M, NaN; 0.01%).
Fibrin-coated latex beads (=10’ beads/ml) are slowly injected into
the flow chamber through a syringe valve, and are allowed to settle
under gravity, resulting in bead separation distances between 5 and
10 bead diameters. This separation distance was chosen to minimize
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artifacts caused by hydrodynamic interactions between particles, such
as shielding of the shear field [5]. The beads are then incubated with
the coated surface for 14 hours, and the flow rate is increased step by
step (a typical step is three minutes, see Section 3.2). At the end of
each step, the number of particles remaining at the glass surface, as a
function of shear stress applied, is counted by the means of phase-
contrast optical microscopy and image acquisition/treatment. When
the maximal flow rate is reached, flow is stopped and a last flush at
maximal flow rate is performed, in order to assess the role of transi-
tory effects.

The same procedure is applied to bare particles upon a bare glass
surface in order to evaluate the contribution of non-specific adhesion
forces (i.e., DLVO forces [13]) to the total adhesion.

3. RESULTS AND DISCUSSION

3.1. Fibrin Clot Model

The different steps of the fabrication of the fibrin clot model were
characterized with the use of monoclonal antibodies as described in
Ref. [8]. Briefly, the transformation of fibrinogen into fibrin mono-
mers is quantitatively measured by the decrease in reactivity of Y18,
an antibody that specifically recognizes the fibrinopeptide A of fibri-
nogen cleaved by thrombin (Fig. 4).

The formation of polymerized fibrin is proven by the increase
in reactivity of DDi2F7, a monoclonal that specifically recognizes
the D-dimers of fibrin produced by the self-assembly of two fibrin
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—e— Monolayer (2 hours)
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Y-18 Reactivity (%)

FIGURE 4 Relation between Y-18 reactivity and thrombin concentration. Relation
between Y-18 reactivity and thrombin concentration in two different systems: a
fibrinogen monolayer (thrombin incubation time: 2 hours), and a fibrinogen monolayer
bound to a fibrin monolayer (thrombin incubation time: 20 minutes).
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monomers. The ability of the fibrin meshwork to bind plasminogen
and its activator (+-PA) specifically, in a dose-dependent and sat-
urating manner, with a high affinity, indicates that fibrin thus pro-
duced is functionally representative of native clots.

3.2. Detachment Experiments

In order to validate the experimental technique, we first studied the
time dependence of the detachment of bare beads in contact with a
bare glass surface under a constant flow rate. The evolution of the
number of particles remaining in the observation area (expressed as
the percentage of the initial number of particies) as a function of time
of application of a constant flow rate is plotted in Figure 5. It can
be seen that the number of particles remaining at the glass surface
stays unchanged after a step of three minutes. Subsequently, the fur-
ther detachment experiments are performed with flow rate steps of
three minutes.

After each experiment, results obtained were checked as follows:
the number of particles remaining in both half observation areas at
each flow rate step were plotted as a function of the number of par-
ticles remaining in the whole observation area (see Fig. 6). In the
ideal case (no variability of bead radius, perfect contact area....), the
curve obtained should be the first bisecting line. However, the
bead size is distributed (coefficient of variation of diameter: 6.1%)
and the number of particles initially present in the area is finite
(40 to 200). Therefore, results were eliminated in some cases when
the deviation from the bisecting line was greater than 20%.

N/NO (%)
DOA O
S 3 3

=

15 20

. 10
Time (mn)

FIGURE 5 Relation between number of bare latex particles remaining at bare glass
surface in the observation area (expressed as percent of initial number of particles) and
time. Flow rate is increased step-by-step: 7= 0, Q0= 1ml/mn; T=10, ¢=4.5ml/mn:
T=15 Q=8mlmn.
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FIGURE 6 Number of particles remaining in both half observation areas versus
number of particles remaining in the whole observation area. Initial number of fibrin-
coated beads in contact with a fibrin monolayer: 54.

To evaluate the specific adhesion force due to fibrin/fibrin inter-
actions, detachment experiments were carried out for three different
systems: bare latex beads in contact with bare glass, fibrin-coated
beads in contact with a fibrin monolayer and fibrin-coated beads in
contact with a fibrin bilayer. The results are presented in Figure 7.

Firstly, we can observe that the evolution of bead detachment
when specific fibrin/fibrin interactions take place is significantly differ-
ent, compared with the case where only non-specific DLVO forces
exist. In the latter case, there is no shear-rate threshold below which
the flow cannot overcome adhesion forces. The non-specific DLVO
interaction is, therefore, very weak (similar results were obtained with
fibrin-coated beads upon a bare glass surface: data not shown).

Secondly, the adhesion force appears to be drastically increased in
the presence of the fibrin meshwork. Moreover, a shear rate thresh-
old is evidenced: about 1Pa for the interaction fibrin-coated beads/
fibrin monolayer, and about 10Pa for the interaction fibrin-coated
beads/fibrin bilayer, which corresponds to a drag force Fj,~ 32pN,
and F;,~ 320 pN, respectively. In addition, at the end of the experi-
ment, 20% to 40% of the initial coated beads remain attached to the
ground of the chamber, whereas more than 99% of the bare beads
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FIGURE 7 Number of particles remaining in the observation area (expressed as
percent of initial number of particles) versus wall shear stress. [J: detachment of bare
particles from bare glass (n=9); o detachment of fibrin-coated particles from fibrin
monolayer (n=2); A: detachment of fibrin-coated particles from fibrin bilayer (n=4).
Results are displayed as mean & SD of # experiments conduced either in quadruplicates
or in quintuplicates, except for the detachment of bare particles from bare glass where
independent experiments where conduced with one single sample. (‘By independent
experiments, we mean experiments performed with fibrin surfaces prepared indepen-
dently. The term “"quadruplicates™ is slightly different than in the current meaning. Four
samples (fibrin-coated glass and beads) prepared simultaneously are submitted inde-
pendently to the detachment experiments.)

are detached. The last flush at maximal flow rate has no further
influence, showing the negligible action of transitory effects.

Adhesion of fibrin-coated beads is further enhanced in the pres-
ence of a fibrin bilayer compared with a fibrin monolayer: a shear
stress of 50 Pa is sufficient to obtain the detachment of 50% of beads
in the monolayer system, while such a shear stress is able to remove
less than 20% of beads in the bilayer system. The effect of the bi-
layer can be explained as follows. Firstly, the structure of the upper
fibrin layer is probably closer to the physiologic structure in the bi-
layer system, thus allowing a better exposure of the polymerization
sites. Secondly, the contact area is probably enhanced, due to the
greater thickness of the fibrin bilayer [12].

4. CONCLUSION AND PERSPECTIVES

Promising results concerning the adhesion forces due to specific
fibrin/fibrin interactions were obtained. The effect of biochemical
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conditions of fibrin formation on adhesion force have to be further
investigated. In particular, the effect of plasmin, the main physio-
logical fibrinolytic enzyme, that digests the fibrin network, may pro-
duce an important decrease of the adhesion force.

A force and torque balance, taking into account the role of visco-
elasticity of fibrin/fibrin bonds, has to be performed in order to ob-
tain quantitative information about the adhesive contribution of
the fibrin polymer. In addition, the results have also to be compared
with the pathophysiological shear stress values, in order to improve
the knowledge on the mechanisms of arterial thrombo-embolism.
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