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The type of gel and duration of polymerizat ion of fibrin are both determined by the te rminal  
values of the ionic strength (it) and pH, i r respec t ive  of when the p rocess  takes place. The 
main reac t ion  of fibrin polymerizat ion is slow in its course  and is independent of g and pH. 
These p a r a m e t e r s  affect the clotting time and determine the degree of polymerizat ion at 
which the products formed are capable of gelatinization, the final p rocess .  If the values of 
g and pH are low, the nearly" polymeriza t ion products  can r eac t  in this way. 

Specific inhibitors of fibrin polymeriza t ion - fibrinogen and the macromolecu la r  product  of its en- 
zymic hydrolys is  - are known to inhibit direct ly  only the ear ly  stage of the p rocess  [3]. 

In this investigation changes in ionic strength (it) and pH in the course  of polymerizat ion of fibrin un- 
til its completion by gelatinization (clotting) were studied. 

EXPERIMENTAL METHOD 

Fibrin monomer [2, 4] was used in the experiments. The methods were described previously [I]. The 
precise experimental conditions are given in the captions to the tables and figure. The values of ~ or pH 

were changed to allow modification of the type of gel formed. 
TABLE 1. Effect  of Increase  in Ionic 
Strength (g) during Sel f -Assembly of 
Fibrin on Gel Format ion 0.05M T r i s -  
HC1 buffer,  pH 7.65 + NaC1; #: initial 0o16, 
final 0.30 (addition of a fur ther  0.1 ml 
1.65 M NaCI in buffer to 0.9-ml final 
volume of mixture);  fibrin concentrat ion 
0.36 mg /ml .  With ~t = 0.16 clotting time 
equals 185 sec, E600nm of gel 0.115]. 
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High values of p or pH are favorable for the format ion of 
thin gels, low values favor the format ion of coarse  gels. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The resul t s  of increas ing the value of # f rom 0.16 to 
0.3 are  given in Table 1 for one of the experiments .  This  
change in g gives the same increase  in the duration of the 
clotting t ime and the same decrease  in turbidity of gel 
whether ca r r i ed  out short ly  before the end of the p rocess  or  
r ight  at its beginning. It was hitherto taken for granted that 
the lengthened clotting t ime of fibrin monomer  caused by an 
inc rease  in # was based on slower polymer iza t ion  [5]. It was 
there fore  expected that only slight delay of clotting would 
occur  in experiments  in which polymeriza t ion took place 
almost  to the end under favorable conditions of a lower ~ (salt 
was added after  a long delay) and that clotting would be great ly  
re ta rded  in the experiments  in which a high value of # acted as 
an unfavorable fac tor  throughout the p rocess .  In fact, the 
react ion ended at the same t ime. This resul t  shows that p has 
vir tually no effect on the velocity of the basic polymer iza t ion  
process .  A different explanation must  be sought for the well- 
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TABLE 2. Effect  of Dec rease  in Ionic Strength (~) in Se l f -Assembly  
of F ib r in  on Diffusion of Light  and Syneres i s  of Gels  (0.05 M T r i s -  
HC1 buffer ,  pH 7.65 + NaC1; ~: initial  0.32, final 0.16. F ibr in  con- 
een t ra t ion  before dilution 0.8 m g / m l ,  buffer dilution 0.33 m g / m l .  
Clotting t ime at ~ = 0.32 and f ibr in  concentra t ion 0.8 m g / m l  was 
410 sec,  in f ibr in  concentrat ion 0.33 m g / m l  it was 690 sec,  and at 
# = 0.16 and in f ibr in  concentra t ion 0.33 mg ml  it was 210 sec .  
Ini t ial  weight of all  gel s 2.45 g) 
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Fig. 1. S e l f - a s s e m b l y  of f ibr in  with 
constant  and changing values  of ~. 
Expe r imen ta l  conditions as in Table  2. 
Hor izon ta l  l ines:  cou r se  of po lymer i -  
zation. C) T ime  of c lot t ing in sample  
with constant  #.  Dots or  c r o s s e s  r e p -  
r e s e n t  t imes  of clot t ing a f t e r  dec rease  
in ~. Ar rows  indicate dilution of r e a c -  
tion mixture .  Absc i s sa ,  t ime  (in see);  
ordinate ,  #.  

m a r k e d  dependence of the clot t ing t ime  on ~ which has  r e p e a t e d -  
ly been obse rved  (more  rapid  clot t ing with a low value of #).  I t  
s e e m s  probable  that  the po lymer iza t ion  of f ibr in  (which can be 
r e g a r d e d  essen t ia l ly  as s e l f - a s sembly )  cons is t s  of two p r o c e s -  
ses :  1) a slow reac t ion  which can be cal led p r i m a r y  po lymer i -  
zation and 2) rap id  aggregat ion  c rea t ing  a gel. If  this is t rue ,  
the r equ i r ed  explanation is as follows: a low value of ~ enables  
the " e a r l i e r  ~ po lymer iza t ion  products  to take pa r t  in react ion,  and 
2) th is  leads to rap id  clotting, A dec rea se  in ionic s t rength 
leads  to the fo rmat ion  of c o a r s e  gels  instead of fine, because  of 
s t rengthening of in terac t ions  between the opposite e l ec t r i ca l  
cha rges  of the po lymer i zed  f ibr in  [1]. Poss ib ly  these s t rong 
e l ec t ros t a t i c  in te rac t ions  lead to the fo rmat ion  of coa r se  gels  
f rom the l e s s  complex "ea r ly"  products  of f ibr in  polymer iza t ion .  

The hypothesis  that with a low value of/z  the gel is f o rmed  
by " ea r l y "  r eac t ion  products  independent of # can be tes ted.  It  
can be concluded f rom this hypothesis  in the course  of po lymer i -  
zation at a high value of ~ a potent ial  s ta te  of p r e p a r e d n e s s  for  
gelat inizat ion mus t  a r i s e  long before  the end, and this m a y  be 
man i fes t ed  by a dec rea se  in ~. If  the "ea r ly"  products  of se l f -  
a s s e m b l y ,  fo rming  the gel, a re  a s soc ia t ed  through e l ec t ros t a t i c  
in te rac t ions ,  the stage of gelat inizat ion i tse l f  mus t  take place 
e x t r e m e l y  rapidly;  and if the r equ i r ed  degree  of p r e p a r e d n e s s  
ex is t s ,  dilution of the solution m u s t  give instantaneous clotting. 
This  m u s t  occur  if the t ime  chosen for  the t rans i t ion  to a low 

value of # is chosen to c o r r e s p o n d  to the t ime of clott ing of a mix tu re  with unchanged # ,  equal to that  ob- 
ta ined in the e x p e r i m e n t  by  dilution. 

These  hypotheses  were  conf i rmed  by the expe r imen t s .  This  appl ies  both to the clott ing t ime and to 
the turbidi ty  and s y n e r e s i s  of the resu l t ing  gels  - indices by which the coa r s e  gels  a r e  d is t inguished f rom 
fine (Fig. 1; Tab le  2). 

I t  was  impor tan t  to de te rmine  whether  changes  in pH gave the same effec ts  as  changes in p.  Rais ing  
the pH f rom 6.8 to 8.8 with an ionic s t rength of 0.13-0.14 lengthened the clot t ing t ime  of the f ibr in  m o n o m e r  
m o r e  than threefo ld  and switched the s e l f - a s s e m b l y  f r o m  coa r se  to fine s t ruc tu res ;  if this  i nc rease  in pH 
was c a r r i e d  out during s e l f - a s s e m b l y  the effect  obtained was s im i l a r  to that  of inc reas ing  # (Table 1). In 
the e x p e r i m e n t s  in which the pH was lowered f rom 8.8 to 6.8, potential  p r e p a r e d n e s s  for  clott ing was found 
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and it appeared at an ea r l i e r  stage of the p rocess ,  just  as in the exper iments  in which a change was made 
f rom high to low values of ~ (Fig. 1). On the basis  of these r e su l t s  the se l f - a s sembly  (polymerization) of 
f ibr in can thus be r ega rded  as a combination of two p roces se s :  p r i m a r y  polymer iza t ion  and te rmina l  ag- 
gregation.  In the exper iments  descr ibed  above these p r o c e s s e s  could be observed  separate ly .  Of course ,  
unlike p r i m a r y  polymerizat ion,  aggregat ion was highly dependent on both ~ and pH, and the m o re  favorable 
the medium for  the format ion of salt  br idges the sooner  it began. P r i m a r y  aggregation is evidently based 
on interact ion between nonionie groups of f ibr in molecules  and produces  s t ruc tu res  of the fine type, 
whereas  the t e rmina l  stage takes place chiefly through e lec t ros ta t ic  in teract ion and yields  coarse  s t ruc -  
tu res  [1]. Both s t ruc tura l  modifications probably always take place in f ibrin gels,  but the quantitative ra t io  
between them var ies .  At low values of P and pH p r i m a r y  polymer iza t ion  is sharply l imited and the r e l -  
ative proport ion of coarse  s t ruc tures  inc reases ,  while at higher  values it dec reases .  This  view provides  an 
explanation for the exis tence not only of typical  coarse  and fine gels, but also of var ious in termedia te  fo rms .  
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