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Fibrinogen is a rod shaped protein with the molecular weight of 34X 10\ and shows a unique sol-gel 
transition behavior. Dynamic process of the formation of fibrin gel was investigated by dynamic light 
scattering. Temporal evolution of the characteristic decay time distribution confirmed the stepwise gelation 
mechanism. The gel structure was analyzed by correlation functions of scattering light intensity. At the 
gelation point, the correlation function showed a power law behavior, and the fractal dimension of the 
network structure was about 1.4 which was deduced from the exponent of its power law behavior. 
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I. INTRODUCTION 
Fibrinogen is the structural protein, which forms 

fibrin blood clots, and plays an essential role in various 
pathological processes. The transformation of fibrinogen 
into fibrin gel is thought to involve a series of 
aggregation steps. The conversion from fibrinogen to 
fibrin is initiated by the specific cleavage by the serine 
protease, thrombin. The binding sites at central domain 
of fibrin interact with complementary sites on the end 
groups of two other fibrin molecules. The spontaneous 
association of fibrin monomers forms oligomers with 
staggered overlapping of chains. The resultant stranded 
protofibrils further aggregate laterally in the succeeding 
step to form fibers, and a three-dimensional network, 
which is responsible for the characteristic clotting or the 
fibrin gel, results in the further growth of network [I]. 
Dynamic process of the respective step from fibrinogen 
to fibrin gel has been studied from the rheological 
aspects [2,3] and light scattering and turbidity methods 
[4,5,6,22]. The structural information of the protofibrils 
and fibers has also been investigated by electron 
microscopy [7,8,9]. In order to clarify the gelling 
process, kinetic analyses were carried out extensively 
(9, 10). However, it is difficult to characterize the 
physicochemical properties of fibrin and/or protofibrils 
in the respective step during the time course of gelation, 
because the system is in the reaction process. From these 
viewpoints, we attempted to study the time evolution of 
dynamic light scattering to elucidate the dynamic 
process from fibrinogen to protofibril, the lateral 
aggregation of protofibril, and the formation of gel 
network by analyzing the temporal evolution of dynamic 
light scattering. The structure of fibrin gel network was 
also investigated. 

2. EXPERIMENTAL 
Bovine fibrinogen (clottability 97%) was obtained 

from Sigma-Aidrich Co., and was dissolved in a 
phosphate buffer solution with pH 7.4, which consists of 
Na2HP04, KH2P04, KCl, and NaCI. Concentration of the 
fibrinogen solution was adjusted to 0.22 g/100 ml. 
Purified bovine thrombin obtained from Mochida Co., 
Japan was also dissolved in the phosphate buffer 
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solution at the concentration of 10 NIH units/m!. Before 
mixing the fibrinogen and thrombin solutions, both of 
the sample solutions were incubated at 37°C for 15 
minutes. Just before the measurements, the solutions of 
fibrinogen and thrombin were mixed at a volume ratio of 
500: I, and this time of mixing was denoted as elapsed 
time t = 0 in the time course of gelation process. A low 
concentration of thrombin was used to ensure the 
measurement of the time evolution. For the light 
scattering measurement, the mixed solution was 
immediately put into a cylindrical cell with an optical 
path length of 6mm by passing it through a membrane 
filter of 0.2 ~m pore size. The preparation was carried 
out in a clean dry box in order to prevent contamination 
of impurities. 

Dynamic light scattering measurement was carried 
out using a homemade spectrometer and an ALV-5000 
multiple-tau digital correlator to obtain the correlation 
function of scattered light g<2l(-t) and the averaged 
scattered light intensity < I > simultaneously. The decay 
time distribution function G(•*) was obtained from 
g<2l(•) using CONTIN program. Light source was a He­
Ne laser with the wavelength A. = 632.8 nm and the 
details of apparatus was described elsewhere [ 11]. The 
measurements of g(2)(1:) in the time course of gelation 
were carried out at 3 7 oc and at the scattering angle 8 "' 
30°, and were obtained by the homodyne mode. 

3. DATAANALYSIS 
The correlation functions of scattered light intensity 

g<2l('t) were analyzed by the inverse Laplace 
transformation program (constrained regularization 
program, CONTIN). The g<2l('t) has the following form 
related to the normalized electric field correlation 
function, g< 1l('t) as 

(l) 

where b is a machine constant relating to the coherence 
of detection. Generally, g(1J('t) is expressed by the 
distribution function G('t*) as a function of the 
characteristic decay time •* as 



574 Sol-Gel Transition and Gel Structure of Rod-Shaped Protein 

g(l\t) = S G(<*) exp (- 't I<*) d<* (2) 

where S G(<*) d<* = L That is, g0 l(<) is the Laplace 
transform of G( <*). 

At the gelation point, three dimensional network 
structure develops upto the macroscopic scale and the 
density (concentration) fluctuation becomes to have a 
self-similar nature. Therefore, the correlation function 
g<ll( <) does not have the characteristic time and shows a 
power law behavior as has been observed in various 
gelling systems [12, 13], 

(3) 

then, g<2l(<) is expressed as a sum of a cooperative 
diffusional mode relating to the entangled ( crossbridged) 
structure and a power law behavior, which was reported 
first by Martin et al. [ 14] as 

(4) 

Here A is an amplitude factor of the relative scattered 
intensity, and 'r and <' are the characteristic decay time 
of the fast (cooperative) mode and the lower cutoff time 
of the power law behavior, respectively. The exponent ~ 
relates to the fractal dimension. On the other hand 
g(2)(<) of the pregel solution is well described by th~ 
stretched exponential form as 

gl2l(<)-l ={A exp(-<hr) + (1- A) exp[-(<h,>PW. (5) 

Here<, is the characteristic decay time of the slow mode. 
Approaching the sol-gel transition point, correlation 
function g\2l(<) changes from the stretched exponential 
form to the power-law one with 13 decreasing to zero and 
<,diverging [14]. 

In consideration of the gelation of polymer system, 
the mass fractal of the developed cluster is expressed 
with the molecular weight M and its characteristic size R 
as M- R0 r, where Dr is the fractal dimension [15]. Such 
a scaling behavior has been discussed extensively in 
terms of the percolation model [16,17]. The electric field 
correlation function g0 l(<) is the time correlation 
function associated to the density fluctuation, 
< Pk(O)p_k(t)>. Here Pk(t) denotes the magnitude of 
concentration fluctuation having the wavelength of k at 
time t. Generally, the density-density correlation 
function of a fractal is expressed as the power law 
<p(O)p(r)>- r-<ct-Dp) [15]. In this analogy, gOl(<) could be 
shown as the fractal with the dimension of time being 
d= 1, and the fractal time set of detected photons is given 
as 

(6) 

where DP is a fractal dimension of scattered photons and 
is related to the structure of gelling cluster in the 
percolation theory for sol-gel transition [14,16]. The 
value of DP is sensitive to the degree of branching in a 
gel and correlates to a topological and structural nature 
of gel. At the gelation point, we obtain the relation from 
Eqs. 4 and 6 as, 
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Fig. l. Time evolution of the scattered light intensity 
ate= 30° for the fibrinogen-thrombin system. 

(7) 

In a typical rheological measurement at the gelation 
point, the storage modulus G' and loss modulus G" 
behave as a power law against the function of frequency 
[20], 

G'(ro)- G"(ro) ~ ro ". (8) 

The physical meaning of the exponent n and DP is 
equivalent, since the dynamical structure factor g<l)(<) 
corresponds to the (imaginary part of) complex 
dynamical longitudinal compliance [17]. The 
relationship between the exponent n and the fractal 
dimension Dr has been derived by Muthukumar [21] and 
Martin et al. [14] with taking into account the screening 
of excluded volume effect as 

n = d/(Dr+ 2) (9a) 

= d/(D/+ 2) = d(d+2-2Dr)12(d+2-Dr) (9b) 

where (9a) and (9b) correspond to the case with 
(unscreening) and without (screening) the excluded 
volume effect, respectively. The magnitude of n is 
significantly affected by the excluded volume effect. 

4. RESULTS AND DISCUSSION 
Figure 1 shows the scattered light intensity < I > as a 

function of the elapsed time t. The scattered light 
intensity showed a very low value for t < 50 min. 
However, the intensity increased rapidly and enormously 
at 50 < t < 80 min, and then showed a leveling-off 
tendency. These behaviors can be separated into three 
steps: namely, (1) initial Jag and/or slow increase, (2) 
rapid increase, and (3) saturation behavior of intensity. It 
is noteworthy that the scattered light intensity showed 
oscillating and nonergodic behavior at the third step. 
Since the scattered light intensity corresponds to the 
molecular weight of independently dispersing particles, 
the increase of scattered light intensity is related to the 
growth of aggregating clusters until the gelation point. 
Overall behavior of the scattered light intensity against 
the elapsed time is similar to the previous works of 
fibrinogen solutions studied by light scattering [4] and 
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Fig. 2. Typical result of time evolution of the decay 
time distribution function G("t*). 

turbidity [9]. 
Figure 2 shows the time evolution of the decay time 

distribution function G(-r*). The G(-r*) of polymer 
solution reflects the molecular weight distribution of 
polymer and/or oligomer. Rigorously speaking, this is 
true only in a dilute limit, since there exists an effect of 
concentration dependence. However, in the present case 
the concentration of fibrinogen is quite low, and such a 
treatment can be applied upto the sol-gel transition point 
as mentioned above. At t = 5 min, G( -r*) showed a 
unimodal distribution in the short decay time region. 
G( -r*) of fibrinogen solution without thrombin is a:Jmost 
the same as that at t = 5 min, except for having a 
narrower distribution. With increasing the elapsed time, 
the distribution becomes broader and shifts to longer 
decay time. The behavior of G(-r*) at t < 50 min 
(corresponding to the first stage of <I> vs t in Fig.!) 
indicates that the molecular weight of fibrin oligomers 
became larger and formation of protofibrils proceeds. 
Effect of thrombin itself to G(-r*) can be neglected, 
because of the very low concentration of thrombin 
compared to fibrinogen and its low molecular weight. 
The distribution function changes its shape dramatically 
and qualitatively with the appearance of two other 
modes in the slower decay time region fort ~ 55 min. 
At t = 55 min the middle peak has larger intensity than 
the slowest one. The G(-r*) at t =50 min shows a slight 
shoulder in the tail region at -r* = 10 1~102 ms, and it 
corresponds to the middle peak of G(-r*) at t = 55 min. 
The fluctuation mode corresponding to such time region 
results from the fiber formation of protofibrils by the 
lateral aggregation of them. This picture is consistent 
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Fig. 3. Double-logarithmic plots of correlation 
function g<2l(-r) - 1 as a function of delay time -r. 
Numbers in the figure mean elapsed time, t (min). 
Solid curves were calculated by stretched exponential 
(Eq. 5) fort ~ 60 min and power Jaw (Eq. 4) fort ~ 
65 min . 

with the rapid increase of scattered light intensity (2nd 
step). At t = 65 min, the intensity of the middle and 
fastest modes decrease, but that of the slowest one 
increases very much. With the further increase of 
elapsed time, the intensity of the slowest mode again 
decreases relative to the middle and fastest modes (t =75 
and 80 min). 

After the formation of protofibril was fulfilled enough 
(- 50 min), the lateral aggregation of protofibrils occurs 
(55 min) and the formation of gel cluster follows (55 -
65 min). The slowest relaxation mode should relates to 
the fibrin gel clusters showing the very slow decay rate 
(-r* = 104

- 105 ms), and remains even in the subsequent 
elapsed time for t > 65 min. The decrease of intensity of 
the slowest mode of G(-r*) with increasing elapsed time 
at t > 65 min is due to the decrease of contrast in density 
profile by the further growth of network. However, such 
growth of network structure by the lateral aggregation 
results finally in the freezing of fluctuation and local 
network structure (appearance ofnonergodicity), and the 
correlation function becomes to exhibit a long time tail, 
after about t = 90 min (beginning of the 3rd step of <I> 
vs t in Fig. 1 ). In this time range, a remarkable decrease 
of coherence factor b ofEq. (1) is observed in agreement 
with the frozen inhomogeneity. At t = 500 min, the 
fastest mode became faster again. This fastest mode 
results from the cooperative diffusional motion of the 
network structure as observed for entangled and/or 
gelling polymer solutions. Because of the stiff nature of 
fibrin fibers, density fluctuation due to the cooperative 
diffusion of gel network is rather weak compared to the 
case of flexible polymer solutions. 

The lateral aggregation between protofibrils (t > 50 
min) results in the network formation and gelation. The 
longest relaxation mode appears at -r* =104 -105 ms at 
the elapsed timet= 55 min, and this mode grows up the 
most largest mode at t = 65 min. These behaviors 
clarified that the conversion of fibrinogen to protofibrils 
and the gelation proceed in a stepwise manner. 

Figure 3 shows double-logarithmic plots of 
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correlation function g(2)( 1:) - l as a function of delay time 
1:. The g(2l('t) - 1 shows a characteristic decay behavior 
similar to the usual polymer solution with very broad 
decay time distribution for t:;;;60min. However for t;;:;9o 
min, g<2l('r) - l becomes to show a long time tail in the 
range of long delay time. In fact, a least squares fit to the 
stretched exponential formula (Eq. 5) shows a good 
agreement for t ::::;; 60 min, but shows systematic 
deviations for t;;:;65 min. On the other hand, the power 
law relation (Eq. 4) can be fitted well to the 
experimental data points for t "' 65 min. The existence of 
the characteristic delay time of slow mode, 1:,, means 
that the relaxation time of cluster is finite, i.e., the 
system is in the sol state. With increasing the elapsed 
time until t"' 60 min, the decay time of the slow mode 1:, 

increases from 1.03 to 442 ms. The exponent ~ of 
stretched exponential relation decreases from 0.87 to 
0.33. These tendencies are reasonable for the sol state, 
because ~ should decrease to 0 and t, should diverge at 
the gelation point. . 

The validity of power law around at t = 65 mm means 
that the decay behavior is independent of the time scale, 
i.e., the clusters which are composed of fibrin fibers 
become to have a self-similar structure in the large scale 
compared with the molecular size of fibrinogen. Since 
sol-gel transition point is defined as that at least one of 
the clusters of the crosslinking polymer grows and 
reaches the macroscopic size, the elapsed time oft = 65 
min can be notified as the formation of fibrin gel and the 
gelation point, and this is consistent with the results of 
the decay time distribution of Fig. 2. 

At the sol to gel transition point (t =65 min), we 
obtained the exponent of power law behavior as ~ = 
0.093 ± 0.004. The fractal dimension of the scattered 
photons is calculated from Eq. 7 as DP=0.91 and the 
fractal dimension evaluated as Df= 1.42 from Eq. 9a. In 
the present case that rigid fibrin fibers form fibrin gel 
network, then the excluded volume effect should not 
contribute. Percolation theory predicts Df = 512, which is 
substantially larger than the present value. Generally, DP 
(or n) for the gel constructed by flexible polymers are 
reported to be within 112 to 213, but these values are 
known to depend strongly on the cross-linking density of 
network and network structure. For linear polymer 
systems with screening of the excluded-volume effect, 
D is shown to be 112, and for polydisperse polymer 
s;stems is shown to be 2/3 according to the percolation 
theory. In fact, Shibayama and eo-workers reported for 
silica gel using the dynamic light scattering [19], and 
showed that D increases with increasing degree of 

p • 
branching. Winter et al. reported by the rheological 
measurements that the frequency dependence as 
described in Eq. 8 gave 0.5 < n < 0.7 for a polyurethanes 
system [20]. From the theoretical aspect, Muthukumar 
discussed the relation of n with the fractal dimension 
considering the excluded-volume effect [21]. These 
results indicate that the fractal dimension of the gelling 
system is not universal, but depends on the 
stoichiometry and network structure (excluded volume). 

The fractal dimension Df=l.42 evaluated for 
fibrinogen-thrombin system is rather close to the value 
for the case of deficiency of crosslinking and the 
structure of gel is inhomogeneous: that is, crosslinking 
does not occur homogeneously in the medium, but 

occurs locally with substantial spatial variation. 
Moreover, a small value of fractal dimension means that 
network is loose and anisotropic one. Branching occurs 
concentratedly at respective crosslinking point (or 
region), .but the number density of crosslinking should 
be low. These should be due to the fact that network 
consists of rigid fibrin fibers (lateral aggregates of 
protofibrils). Such a loose structure will_ result in high 
permeability of solvent through the fibnn gel and low 
osmotic pressure effect of the fibrin gel. 

Investigation of the macroscopic nature of fibrin gel 
in a test tube gives another characteristics of the fibrin 
gel. At t = 24 hours later, the gel in the tube shows 
syneresis by its own gravity effect, although such a 
behavior depends on the concentration of fibrinogen and 
thrombin. It means that the fibrin gel in this 
experimental condition is very weak in terms of 
macroscopic rigidity: that is, the binding strength of the 
gel might be very weak because of the sparse gel 
network. 
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