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Abstract

A new and alternative method for calculating the strand diameter of fibrous gel networks from fluid permeation
data is developed and used to analyze and compare previous Darcy constant measurements of fibrin gels. The
calculated diameters from the various sets of experimental data using this method gives for a coarse fibrin clot a
strand diameter of approximately 1000 A and for a fine fibrin clot a strand diameter of 170 A. © 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Over the past years a number of papers con-
taining experimental data obtained by various
methods have been applied to the determination
of the general structural properties, principally
strand diameter, of fibrin gel networks. For exam-
ple, Roberts et al. [1], Carr and Hermans [2],
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Blombiéck et al. [3] and recently Thurston and
Henderson [4] have made measurements of the
strand diameter or pore size either by gel
permeation through the use of the Darcy con-
stant or by light scattering. A comparison of the
two methods in Blombick’s [3] extensive and in-
teresting paper leaves something to be desired
with respect to the diameters of the network
strands of fibrin gels formed under various condi-
tions that provide a broad range of strand sizes.
In light of the fact that the calculation of
strand diameters from permeation data, with the
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methods of Kuhn [5] and Emersleben [6] in Signer
[7], is based on empirical macroscopic models,
one wonders if a microscopic model and less
empirical theory might not produce a more realis-
tic method for the determination of network
parameters.

Within this context the following model and
theory, which is based on a microscopic collection
of fibers and an essentially non-empirical theory,
is developed as a method for calculating the di-
ameters of strands from network permeation data.

2. Model and theory

The model used in the following calculation is
an abstraction of a fibrous network where all
junctions have been removed to leave a uniformly
random angular distribution of cylindrical fibers
with assumed length much greater than their
diameter which approximates the network strands
and represents an average of all the strands.
Removing the junctions should not change the
friction coefficient. A group of fibers under a
force will undergo sedimentation such as in an
ultracentrifuge and have a sedimentation coeffi-
cient s and an infinite dilution coefficient s, if
concentration dependence is considered. With the
observation that fibers moving through a fluid
(sedimentation) is equivalent to a fluid flowing
through a group of fibers (permeation) one can
apply the theory and practice of sedimentation in
the ultracentrifuge to the analysis of permeation
data.

From Tanford [8], the velocity U of the fluid
flow under pressure P through a group of fibers
of area A4 and thickness /4 is

AP
U= , 1
T ey
where f, is the friction coefficient of the fibers.

One can define the number of fibers # in volume
V, each of which has a material (protein) density
p,, by equating the grams of material of concen-

tration ¢ in the total volume to the grams of
material in the fibers.

Ach

R 2
" 2mab?p, @

Approximating the cylindrical fibers with length
2a and diameter 2b as ellipsoids of revolution
and discarding the square root terms (= 1), the
relative friction coefficient for an ellipsoid of axial
ratio 9 =a /b, (see Perrin [9] as quoted by Tan-
ford [8)]), is given in Eq. (3). f; is the friction
coefficient of the ith fiber and f, is the friction
coefficient for the equivalent Stokes sphere of
radius r, in a fluid of viscosity m;.

f, 0¥/3
= 3
fo log,(20) 3
fo=06mn,r, 4
3
r, = Vab? Q)
and
fu=nf; (6)
Combining the above equations gives
b*Pp log,(20)
U= 3Chm > @)

which can be solved for b, the radius of an
average fiber. The log term will be later approxi-
mated; see below.

3chm,U
b= — b 8
5. Plog,Co) ®

Next, the quantity U/P which represents the
velocity of fluid flow per unit pressure is related
to the Darcy constant &, (Signer and Egli [7])
defined in Eq. (9), where, in the original variables
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Table 1

See Table I of Blombick [3]; Coarse gels at various concentrations (pH 7.4, . 0.16)

C D d(A) d(A)
g/ (cm® X 10%) (Blombick [3]) (This paper)
4.0 2.48 2230 1250
35 3.59 2480 1360
3.0 3.19 2090 1140
25 8.83 3090 1650
2.0 8.70 2630 1390
L5 12.39 2570 1360
0.5 106.83 3560 1990

Q is the volume of fluid flowing through a volume
of height L and cross-sectional area F under
pressure P in time ¢.

L
g = n,0

o= FPr ©)

A change of variables for convenience gives

hn,U
Dy=—p—» (10)
which is solved for U/P and substituted into the
previous equation for b [Eq. (8)] to give the
diameter d(= 2b) of a fiber.

3¢
d=2 ——2—~
p,log,.(20)

(11)

The concentration dependence can now be in-
troduced. From the practical application of sedi-
mentation velocity experiments where a relation
between s and an infinite dilution sedimentation
coefficient s, is defined one can as well define a

Table 2

similar relation between & and &, in an analo-
gous manner to account for the second order
concentration dependence of the fibers.

2, =21 +ck,) (12)

To approximate the log term and account for
the change in the axial ratio of the strands in the
network with volume fraction or concentration,
the above equation for the number of fibers n
[Eq. (2)] is combined with the fact that the net-
work can be modeled as a cubic lattice with three
fibers per cube and a volume of n/3 times the
volume of each cube (8a?).

31,
0=1/2/ 70

Incorporating the concentration dependence of
the Darcy constant and the axial ratio depen-
dence on the volume fraction of the network gives
the final working equation for the diameter of an
average fiber.

(13)

See Table III of Blombick [3]; ionic strength (i) dependence (pH 7.4)

c " D d(A) d(A)
g/ (em® x 10%) (Blombiick [3]) (This paper)
0.15 10.92 1970 1070
0.19 6.48 1540 820
115 0.24 3.04 1060 565
0.28 0.93 590 310
0.33 031 330 180
0.38 0.26 280 170
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Table 3

Data from Roberts [1]; gels formed under various thrombin concentrations and degree of fibrin ligation (pH 7.5, p 0.15). Column 4

is a recalculation of his data using p, = 0.4 g/ml

c D d(A) d(A) d(A)
(g/1 (em® x 10%) (Roberts [1]) (Roberts [1]) (This paper)
p, =04
9.2 25 400 740 810
9.4 7.1 670 1260 1390
9.4 1.8 340 640 700
9.4 33 470 860 950
9.4 13 290 540 590

3¢a(1+ck,)

d=2
\/psloge( V 3’1TpS/C )

(14)

This equation can be rewritten in terms of the
volume fraction ¢, = cp, leaving a single empiri-
cal parameter, the second order network volume
fraction dependence p, k,, and should be used for

volume fractions of less than a few percent.

3. Results

As an application of the theory, two different
sources of permeation data for the fibrin gel will
be used to calculate the average strand diameter
in the network. The first example is an extensive
set of experimental data where fluid under hydro-
static pressure was forced through a fibrin gel
formed under varying fibrinogen, thrombin con-
centrations and ionic strength. Table 1 and Table
2 contain a partial reproduction of Blombiack’s [3]
Tables I and III where the diameter was denoted
as . The second source, Roberts [1], is the
determination of the Darcy constant with the
Birnboim transducer (Massa and Schrag [10])
where the dynamic mechanical properties of the
fibrin gel were determined in a closed end geome-
try configuration which resulted in the forcing of
fluid through the gel; Table 3.

The two parameters p, and k, used in the
calculations are

p,=0.4g/mland k, =200ml /g, (15)

where p, has been determined from the weight
fraction data (w, = 0.17) along with the approxi-
mate volume fraction (¢, =0.5) of fibers in the
fibrin films of Miiller [11] (Fig. 7), and Roska [12],
by writing out the ratio of the two quantities

Wy Ps
2 _Is, 16
¢ Py (16)

ps is just the density of the fibrin film, which is in
the range 1.0 <p,<1.38 (the dry weight density
of fibrinogen). Choosing p,= 1.1 g/ml, then

) 0.17
p, = pf?j =115 =04g/ml (17)

The parameter k, is an average value of the
sedimentation coefficient concentration depen-
dence, 1-3 dl /g, for elongated molecules [13].

4. Discussion

In general, the diameters of the fibers maintain
the same basic trends as originally determined
using the method in Signer [7] and Roberts [1].
For example the strand diameters for coarse clots
(Table 1) are still reasonably constant with con-
centration and the large value for the diameter at
¢ =0.5 g/I remains. However, the magnitude of
the strand diameters is significantly different and
in general agreement for coarse gels with the
average value of 800-1800 A determined by
Weisel [14] and Baradet [15] from electron micro-
graphs. Part of this difference is due to the dif-
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ferent values for the strand protein density used
in the two sets of data relative to the value used
in the method of this paper. An example of this is
given in Table 3 where the data of Roberts [1] is
recalculated using his original application of the
method of Signer and Egli [7] with p, = 0.4 g/ml.
The value for the strand protein density used in
Blombiack’s [3] calculations is less where as the
value used in Roberts [1] is greater than the value
of p, =0.4 g/ml used here.

One particularly interesting determination of
the diameter is the value in Table 2 at p = 0.38
which should be close to the minimum possible
diameter obtainable (170 A). Using the electron
density data of Rao [16] for crystals of proteolyti-
cally modified fibrinogen one can approximate
these 170 A diameter strands by constructing a
210 % 190 A cell containing 16 (4 X 4) fibrinogen
molecules. With a molecular weight of 330000
this gives a value for the strand density of p, = 0.5
g/ml, which should represent an upper bound of
the density for strands in fibrinogen clots.

5. Nomenclature

= Velocity of water/buffer through the

network

= Area of the network

= Pressure

Friction coefficient of n fibers

= Friction coefficient of the ith fiber

= Friction coefficient of the equivalent

Stokes sphere

Thickness of the network

= Number of strands/fibers in the net-
work

= Density of protein in a strand /fiber

= Concentration: g/1 or mg/ml

= Ellipsoid major axis

Ellipsoid minor axis

= Average fiber diameter (=2b)

= Ellipsoid axial ratio

Radius of equivalent Stokes sphere

Darcy constant

Viscosity of water /buffer

Ionic strength

o TR OO S T N
Il | Il

2 Qs
('

=
I

k, = Concentration dependence constant
¢, = Volume fraction

w, = Weight fraction

p; = Density of protein in a fibrin film
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