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S t ruc tu ra l -mechan ica l  s t rength and swelling of gels consis t ing of gelatin and po tass ium hyaluron-  
ate  (PHY) or po tass ium prot ine--chondroi t in-4-sul fa te  (PPCS) were  shown to depend on the ra t io  
between the components .  With low concentra t ions  of PHY and PPCS the min imum of s t r uc tu r a l -  
mechanica l  s t rength coincided with the max imum of swelling of the gels .  In zones of neut ra l i -  
zation of the posit ive e lec t r ic  cha rges  of gelatin by macropolyanions ,  high s t r u c t u r a l - m e c h a n i -  
cal  s t rength of the gels coincided with the min imum of swelling. In high concentra t ions  of PHY, 
s t r u c t u r a l - m e c h a n i c a l  s t rength and swelling of the gel became equal to the values c h a r a c t e r i s t i c  
of a gel consis t ing of gelatin only, but in high concen t ra t ion  of PPCS there  was an additional 
pa ra l l e l  i nc rea se  in this s t rength and in swelling of the gel. 
KEY WORDS: hyaluronate;  p r o t e i n -  chondroi t in-4-su l fa te ;  gelatin;  s t r u c t u r a l - m e c h a n i c a l  
s t rength  and swelling of gels.  

The par t ic ipat ion  of g lycosaminoglycans  and pro teogtycans  in the binding and t r a n s p o r t  of water  in con-  
nect ive t i s sue  is de te rmined  by the abil i ty of these  b iopo lymers  to dissolve without l imit  in water ,  thereby 
c rea t ing  complex s t r u c t u r e s  which function as osmot ic  ce l l s  and molecu la r  s ieves ,  and to in te rac t  with p ro-  
te ins  and low-molecu la r -we igh t  bases  [2, 4] .  

To study the molecu la r  mechan i sm of the binding and t r a n s p o r t  of wa te r  in connective t i s sue  the s t r u c -  
t u r a l -mechan i ca l  p rope r t i e s  and swell ing of gels consis t ing of po ta s s ium hyaluronate  (PHY) or po tass ium pro-  
t e i n -  chondro i t in -4-su l fa te  (PPCS) and gelatin, chosen as  a col lagen- l ike  protein,  were  invest igated.  

E X P E R I M E N T A L  M E T H O D  

The PHY was isolated f rom human umbi l ica l  co rds  [3] and PPCS f rom car t i laginous  r ings  of bovine 
t r achea  [4]. Gelatin was purif ied by Loeb ' s  method. Gels were  p repa red  by mixing gelat in solution with solu-  
t ions of PHY and PPCS in different  quanti tat ive propor t ions .  The s t r u c t u r a l - m e c h a n i c a l  s t rength  of the gels  
was m e a s u r e d  by the tangential ly  moving plate method, in which the plate i s  i m m e r s e d  in the gel until it sol idi-  
f ies  [5, 7]. The l imit ing s h e a r i n g ' s t r e s s  P,  cha rac t e r i z ing  the s t r u c t u r a l - m e c h a n i c a l  s t rength of the gel, c o r -  
r e s p o n d s  to the fo rce  F at which the plate shifts  through an a r e a  S cm 2, i .e. ,  P = F / d y n e s .  cm -2. The inves t i -  
gations were  c a r r i e d  out at 20-21~ af ter  the gel had stood for 24 h at 5~ The volume of the gels in all ex-  
pe r imen t s  was 25 ml.  Swelling was de te rmined  by i m m e r s i n g  p ieces  of the film of gel (10 • t0 ram), dr ied at 
4-5~ and then weighing them on a mic roba lanee  af ter  known t ime in terva ls  to es tab l i sh  equi l ibr ium. The vol-  
ume of water  absorbed  by the fi lm was e x p r e s s e d  as a pe rcen tage  of the inc rease  in weight of the f i lm re la t ive  
to  its dry  weight. Gels and f ihns  p r e p a r e d  f rom gelatin alone were  used as the control .  In all  expe r imen t s  the 
r eac t ions  of the gels  were  neut ra l .  
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Fig. 1. Graph showing relat ionship of P (1, 3) and swelling (2, 4) to 
concentrat ion of PHY (A) and PPCS (B). A) Gelatin concentrat ion 5%; B) 
gelatin concentrat ion 4~. F i rs t  points on ordinate show control  (pure 
gelatin of same concentrat ion as in experiment}. Resul ts  of analysis  
of PHY and PPCS respect ively:  ni trogen 2.8 and 5.0%, aminosugar  
38.3 and 28.0~, hexuronic acids 40.0 and 28.0~, sulfate 0.0 and 9.0%, 
sialic acids 0.0 and 1.0~. Ordinate.. left, swelling (in %), right,  P (in 
dynes �9 cm -2) ; abscissa ,  concentrat ion of PHY (A) and PPCS (B) 
(w/w, ~). 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

If the PHY content in the gel was low, the value of P was much lower than that of pure gelatin and 
reached a minimum when the PHY concentrat ion was 0.2%, after which P began to r i se  just  as  rapidly to a 
maximum in PHY in a concentrat ion of 0.5-1%. An increase  in the PHY concentrat ion in the gel above 1% was 
accompanied by a decrease  in the value of P down to the value charac te r i s t i c  of a gel of gelatin only (Fig. 1A, 
curve 1). The volume of water absorbed by the gelatin film rose  sharply if PHY was present  in it, to reach  a 
maximum (3800%) if its concentrat ion was 0.2%, when a minimum of s t ruc tu ra l -mechan ica l  strength was ob- 
served.  An increase  in the concentration of this glycosaminoglycans led to an initially sharp, but later  gradual 
decrease  in swelling, down to a minimum (1200~) in the presence  of PHY in a concentrat ion of 0.9%, less  than 
the swelling of a gel consist ing of gelatin only. A subsequent increase  in the PHY concentrat ion led to an in- 
c r ease  in swelling of the gel up to the level of swelling of a gelatin gel (Fig. 1A, curve 2). 

The value of P of gel of gelatin and PPCS, with low concentrat ions of PPCS at f i rs t  did not differ f rom P 
for gelatin, but when the concentrat ion of the proteoglycan reached 2.2%, P reached a minimum. With an in- 
c r ease  in the PPCS concentration,  P rose  sharp ly  up to a limit, at which it remained  unchanged until a concen- 
t rat ion of 7.5~; higher concentrat ions of this proteoglycan in the gel led to a second increase  in its s t ruc tu ra l -  
mechanical  strength (Fig. 1B, curve 3). The swelling of the gelatin rose  sharply in the presence  of PPCS to 
reach  a maximum (5000~) when the concentrat ion of the biopolymer was at the level at which s t ruc tu ra l -  m e :  
chanical strength o f thege l  reached a minimum. An increase  in the PPCS concentrat ion caused a decrease  in 
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swelling of the gel to a minimum,  and when the concentra t ion of PPCS was between 5 and 10% the swelling r e -  
mained at the 200-500T level ,  i .e.,  much less  than the swelling of gelat in alone; this was followed by a second 
inc rease  in swelling, which was vi r tual ly  para l le l  to the inc rease  in P,  which was not obse rved  when a gel con- 
s is t ing of gelat in and PHY was used (Fig. 1B, curve  4). 

The s t r u c t u r a l - m e c h a n i c a l  s t rength  and swelling of gels composed  of gelatin and containing PHY or PPCS 
w e r e  thus interconnected and depended on the concentra t ion of the components .  In low concentra t ions  of PHY 
and PPCS (0.2 and 2 .2~ respec t ive ly )  coincidence of the min imum of s t r u c t u r a I - m e c h a n i c a I  s t rength with the 
max imum of swelling of the gels was evidently due to changes in the secondary  and qua te rnary  s t ruc tu re s  of 
the protein caused by the action of these  macropolyanions  on it and also by changes in the s t ruc tu r e s  of the 
osmot ic  cel ls  and molecu la r  s ieves  which PHY and PPSC fo rm in aqueous solutions,  under these  conditions, 
leading to an i nc r e a s e  in swelling and a d e c r e a s e  in s t rength of the gel. The i nc rea se  in s t r u c t u r a l - m e c h a n i c a l  
s t rength  of the gels  in h igher  concentra t ions  of PHY and PPCS was the r e su l t  of the fo rmat ion  of complexes  of 
gelat in with these  b iopo lymers .  The sl ight  swelling of the gels  in such cases  was due to some extent to the 
s t rength  of t he i r  s t ruc tu re .  In the zone of g rea t  s t r u c t u r a l - m e c h a n i c a l  s t rength and weak swelling of the gels 
the posi t ive  e lec t r i c  cha rges  of the gelat in we re  neut ra l ized  and the m a c r o m o l e c u l e s  of the complexes  became  
e lec t ronega t ive  to a va r i ed  degree  on account  of the carboxyl  groups of gelat in and also,  pe rhaps ,  the anionic 
group of PHY and PPCS not used up in combinat ion with the posi t ively  charged  groups  of this prote in .  The 
min imum of swelling and the coincident  m a x i m u m  of s t r u c t u r a l - m e c h a n i c a l  s t rength  of the gels  cannot  t h e r e -  
f o r e b e  r ega rded  as points  of equivalence of the pos i t ive  and negative cha rges  of the components .  F u r t h e r m o r e ,  
the min imum and m ax i m um  mentioned above occu r r ed  at h igher  concentra t ions  of PPCS than of PHY, r e g a r d -  
l e s s  of the fact  that  the num ber  of anionic groups of the f o r m e r  is much g r e a t e r  than of the la t t e r .  

The dif ference between the action of PHY and PPCS on the s t ruc tu r a l -mechan i ca l  p rope r t i e s  and swelling 
of gels a r o s e  only in r e la t ive ly  high concentra t ions  of these  macropolyanions  (which differed for PHY and 
PPCS).  

In a gel composed  of gelatin and PHY with high concentra t ions  of PHY, because  of the dec r ea se  in f ree  
space  between the m a c r o m o l e c u l e s  of this g lycosaminoglycans  the gelatin molecules  we re  displaced,  i .e. ,  m i -  
c ros t r a t i f i ca t ion  of the gel occu r r e  d [1, 6], as exp re s sed  by the equality of P and swelling to the values ch a r ac -  
t e r i s t i c  of a gel consis t ing of gelat in only, for PHY i tse l f  does not fo rm gels [2]. In a gel of gelatin and PPCS 
with v e r y  high concentra t ions  of PPCS,  however ,  additional format ion  of two more  in t r icate  complexes  ~ook 
place,  as  shown by the inc rease  in s t r uc t u r a l -mechan i ca l  s t rength of those gels .  The inc rease  in swelling ob- 
s e rved  under these  c i r c u m s t a n c e s  was poss ib ly  due to the la rge  quantity of PPCS not incorpora ted  into the 
complexes  and mechanica l ly  t rapped in the s t ruc tu re  of the gel. In low concentra t ions  PHY affected the s t r u c -  
ture  and swelling of the gels more  s t rongly than PPCS,  since the molecular  weight of the f o r m e r  is g r e a t e r  
than the molecu la r  weight of the la t te r .  The p r e sence  of sulfate groups in PPCS,  together  with a re la t ive ly  
l a rge  quantity of covalently bound protein,  with a negat ive e lec t r ic  charge ,  the density of which was much 
g rea t e r  than in PHY, and other specia l  f ea tu res  dist inguishing this proteoglycan make a wider  var ie ty  of in ter -  
actions poss ib le  between PPCS and prote ins  [2, 8]. The second inc rease  in s t r uc tu r a l -mechan i ca l  s t rength of 
the  gel in high concentra t ions  of PPCS was evidently connected with this fact .  

The pr inc ip les  thus d i scovered  must  play an impor tant  ro le  in the p r o c e s s e s  of hydrat ion of connective 
t i ssue  and of water  t r a n s p o r t  in it: 

L I T E R A T U R E  C I T E D  

1. G . I .  Burdygina,  Zh. F: Moteneva,  O. K. ]3oiko, et al. ,  Kolloid. 7h.,  37, No. 1, 9 (1975). 
2. So M. Bychkov, Usp. Sovr.  Biol. ,  6_55, No. 3, 323 (1968). 
3. S . M .  Bychkov and M. F. Kolesnikova,  Biokhimiya,  No. 1, 204 (1969). 
4. S . M .  Bychkov and V. N, Khar lamova ,  t~iokhimiya, No. 4, 840 (1968). 
5. S. Ya. Vei ler  and P.  A. Rebinder ,  Dokl. Akad. Nauk SSSR, 49, 354 (1945). 
6. A . B .  Zezin and V. ]~. Rogacheva,  in: Advances in the Chemis t ry  and Phys ic s  of P o l y m e r s  [in Russian] ,  

Moscow (1973), p. 3. 
7. V . N .  Izmai lova  and P.  A. Rebinder ,  St ructur izat ion in Pro te in  Solutions [in Russian] ,  Moscow (1974). 
8. J . E .  Scott, Biochem. Soc. T r a n s . ,  1,  787 (1973). 

1512 


