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Abstract 
Papid ly  cu rab le  hydrogels w e r e  p repared  through chemical 
c r o s s l i n k i n g  of g e l a t i n  wi th  poly(carboxy1ic  a c i d ) s  
includingpoly(L-glutamic acid) (PLGA),  hya luronic  acid ( H A ) ,  

and po ly (ac ry1 ic  a c i d )  (PAA) by use  of water -so luble  
carbodiimi.de (WSC). The e f fec ts  of t h e  n a t u r e  of added 
poly(carboxy1ic  a c i d ) s  on g e l a t i o n  of mixed g e l a t i n -  
poly(carboxy1ic a c i d )  aqueous s o l u t i o n s  and adhesion of t h e  
r e s u l t i n g  hydrogels t o  t h e  mouse s k i n  were eva lua ted .  The 
a d d i t i o n  of poly(carboxy1ic acid)s r e d u c e d t h e  g e l a t i o n t i m e  
of g e l a t i n  aqueous s o l u t i o n s  except  f o r  HA. Mixed 
gelatin-PLGA s o l u t i o n s  were cured more r a p i d l y  t h a n  o t h e r  
mixed s o l u t i o n s  and t h e  g e l a t i o n  t i m e  was  shor tened  wi th  t h e  
i n c r e a s i n g  PLGA molecular weight. The r e s u l t i n g  g e l a t i n -  
PLGA hydrogels exh ib i t ed  s t ronge r  adhesion t o t h e m o u s e  s k i n  
than  gelatin-HA and gelatin-PAA hydrogels.  The bonding 
s t r e n g t h  increasedwiththeincreaseinPLGAmolecularweight 
up t o  83,000 and thereafter decreased.The longer  g e l a t i o n  
t i m e  and lower adhesion of t h e  gelatin-PAA hydrogels t h a n  
t h e  gelatin-PLGA hydrogels seem t o  be due t o  poorer  
c o m p a t i b i l i t y  of g e l a t i n  wi th  PAAthan wi th  PLGA. The mixed 
gelatin-PLGA s o l u t i o n  underwent phase s e p a r a t i o n  when t h e  
concen t r a t ion  andmolecular weightof  PLGAbecamehigherthan 
a th re sho ld .  The i n s i g n i f i c a n t  or suppress ive  e f f e c t  of HA 
a d d i t i o n  might be a sc r ibed  t o t h e  HA-WSC r e a c t i o n  which w a s  
t h e  least e f f e c t i v e  i n  hydrogel formation. 
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INTRODUCTION 

Surgicaladhesiveshavebeenexploredaimingattissueadhesion, 
hemostasis, and sealing of a i r  and body f lu id  leaks (Refs. 1-15). 
However, adhesives currently available have several  disadvantages 
t o  be improved for  t he i r  c l in i ca l  use .  For example, t h e  cured so l id  
form of cyanoacrylate (CA) a f t e r  polymerization i s  much s t i f f e r  than 
t h e  normal s o f t  t i s s u e s  although t h e  strength of cured materials i s  
acceptably high fo ruseas  asurgicaladhesive.  Besides, theviscos i ty  
of CA i s  too low t o  r e s t r i c t  t h e  application t o  t h e  t a rge t  s i te  t o  
be adhered. Themostwidelyusedsurgicaladhesiveiscurrently f ib r in  
glue (Refs. 5 , 6 , 8 ) ,  b u t  t h i s  i s  low i n  mechanical strength and is  
associated w i t h  a r i s k  of v i r a l  infection t ransfer  because of i t s  
human blood origin.  Thus,  there i s  a great demand for  developing new 
biological adhesives applicable t o  pat ients  without abovementioned 
problems. 

A t i s s u e  adhesive is required t o  possess the  following 
properties for  i t s  u s e  i n  t h e  body. I t  should be l iquid before curing, 
so l id i fy  instant ly  onl iving tissues, andbondtothemin thepresence 
of water. I n  addition, appropriate f l ex ib i l i t y  and biodegradability 
a re  needed t o  t h e  so l id i f ied  glue. Biodegradable hydrogel i s  one 
candidate of adhesives, provided it meets t h e  above requirements. 
We found t h a t  addition of water-soluble carbOdiimi.de (WSC) t o  a 
gelat in  aqueous solution yielded a hydrogel ( R e f .  1 6 ) .  However, the 
gelation t i m e  was not as short  as t ha t  of conventional f i b r i n  glues. 
WSC i s  a coupling agent t o  effect ively form amide bond be tween  
carboxyl and amino groups a t  room temperature even i n  t h e  presence 
of water (Refs. 17 ,18) .  

Thus,  i n  t h i s  study, poly(carboxy1ic ac id)s  w e r e  added t o  
gelat in  solution i n  an attempt t o  shorten the gelation t i m e ,  because 
the i r  addition might promote gelation of gelat in  aqueous solution 
as a r e s u l t  of increased concentration of carboxyl groups. 
Poly(L-glutamic acid)  (PLGA),  hyaluronic acid (HA), andpoly(acry1ic 
acid)  (PAA) w e r e  used as poly(carboxy1ic acid)s .  The gelation t i m e  
of gelat in  aqueous solutions mixedwith these poly(carboxy1ic ac id ) s  
was determined toassess  thee f fec t  o f t h e  natureandmolecularweight 
of t h e s e  poly(carboxy1ic acid)s .  We measured a l so  bonding strength 
of the resul t ing hydrogels t o  t h e  mouse skin. 
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RESULTS AND DISCUSSION 

Gela t ion  of Mixed Aqueous So lu t ions  by WSC 

Figure  1 shows t h e  e f f e c t  of poly(carboxy1ic a c i d )  molecular 
weight on t h e  g e l a t i o n  t i m e  of mixed g e l a t i n  aqueous s o l u t i o n s  
comparedwiththatofthegelationaqueous s o l u t i o n a l o n e .  T h e g e l a t i n  
aqueous solutionwithoutanypoly(carboxy1ic acid) set  t o  a hydrogel 
approximately 25 sec a f t e r  WSC add i t ion .  Apparently, t h e  g e l a t i o n  
t i m e  of gelatin-PLGA s o l u t i o n s  was much s h o r t e r  t han  t h a t  of 
ge l a t in -=and  gelatin-PAA s o l u t i o n s  o v e r t h e  molecular weight range 
s tud ied .  The PLGA a d d i t i o n  t o  t h e  g e l a t i n  s o l u t i o n  reduced t h e  
g e l a t i o n  t i m e  t o  about 5 sec, which i s  comparable t o  t h e  g e l a t i o n  
t i m e  of t h e  convent iona l  f i b r i n  g lues  (Ref. 16). The g e l a t i o n  time 
of gelatin-PLGA solutionstendedtodecrease with  an  i n c r e a s e  inPLGA 
molecular weight,  probably because t h e i r  mutual entanglement 
i n c r e a s e d w i t h t h e  i n c r e a s i n g  PLGAmolecularweight. A t  least i n t h i s  
concen t r a t ion  range, t h e  compa t ib i l i t y  between PLGA and g e l a t i n  
molecules w a s  good. 

The g e l a t i o n  time of t h e  gelatin-PLGA s o l u t i o n  was in f luenced  
by t h e  PLGA concent ra t ion ;  g e l a t i o n  t i m e  was  shor tened  wi th  an  
i n c r e a s e  i n  t h e  PLGA concent ra t ion  up t o  5 w t %  b u t  i nc reased  aga in  
a t  t h e  PLGAconcentration o f 1 0  w t % .  This  prolonged ge la t ionobse rved  

M o l e d m  wewt Moledm we- M o l d u  weight 
Figure 1 The effect of polyanion molecular weight on the WSC-mediated 
gelation t h e  of mixtures of gelatin and a polyanion (PLGA, EA and PAA) at 
polyanion concentrations of ( 0 ) O .  1, ( A ) O  .5, (0) 1, ( 0 ) 2 ,  (A) 5 and (m)  1 O w t % .  
T indicates the gelation time of gelatin in the absence of polyanions. 
(Gelatin;lOwt%, WSC;SOm.) 
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a t  t h e  PLGA concent ra t ion  of 1 0  w t %  may be explained i n  terms of 
compa t ib i l i t y  between g e l a t i n  and PLGA. Although no apparent 
macroscopic phase separa t ionwas  not iced  f o r t h e m i x e d s o l u t i o n m a d e  
from 1 0  w t %  g e l a t i n  and 1 0  w t %  PLGA, it seems t h a t  microscopic phase 
sepa ra t ion  has occured i n  t h i s  mixed so lu t ion ,  because h igher  
concent ra t ions  caused macroscopic phase sepa ra t ion  f o r  t h e  mixed 
g e l a t i n  and PLGA so lu t ions .  On t h e  cont ra ry ,  add i t ion  of t w o  o t h e r  
poly(carboxy1ic ac id ) shaddi f f erent in f luenceonge la t ionofge la t in  
so lu t ions .  Addition of PAA with a low molecular weight w a s  e f f e c t i v e  
i n  reducing t h e  ge l a t ion  t i m e ,  bu t  an inc rease  i n  g e l a t i o n  t i m e  was 
observedwhenthe PAAmolecularweightbecame higher.  Thisphenomenon 
a l s o  seems t o  be due t o  poor compat ib i l i ty  between g e l a t i n  and PAA 

molecules. I n  f a c t ,  whenthePAAconcentrationwas higher  than  1wt%, 

ge la t ion  w a s  no t  observed f o r  a l l  PAA samples because of macroscopic 
phase separa t ion .  Even i f  t h e  concent ra t ion  w a s  a s  low as 0.5 w t % ,  

g e l a t i o n  experimentcouldnotbeperformedforPAAwithhighmolecular 
weights, a s  phase separa t ion  took p lace .  For HA, i t s  add i t ion  had 
no s i g n i f i c a n t  e f f e c t  on ge la t ion .  Since t h e  so lu t ion  v i s c o s i t y  of 
HA with t h e  molecular weight of 2 ,000 ,000  was t o o  high t o  mix g e l a t i n  
and HA s o l u t i o n s  with a s t i r r i n g  bar  p r i o r  t o  WSC add i t ion ,  g e l a t i o n  
t i m e  could no t  be estimated by t h e  p re sen t  experimental  procedure. 
However, even if HAS with  lower molecular weights w e r e  used a t  t h e  
concent ra t ions  up t o  5 w t % ,  HA add i t ion  did not  a f f e c t  t h e  g e l a t i o n  
t i m e  of g e l a t i n  so lu t ions .  

Figure 2 shows t h e  e f f e c t  of WSC concent ra t ion  on t h e  g e l a t i o n  
of mixed g e l a t i n  and poly(carboxy1ic acid) aqueous so lu t ions .  The 
g e l a t i o n  t i m e  of g e l a t i n  so lu t ions  was compared a f t e r  mixing wi th  
PLGA, HA, or PAA having a s imilar  molecular weight. C lea r ly ,  t h e  
g e l a t i o n  t i m e  of mixed g e l a t i n  aqueous so lu t ions  decreased wi th  an 
inc rease  i n  WSC concent ra t ion ,  i r r e s p e c t i v e  of t h e  na tu re  of 
poly(carboxy1ic a c i d ) s u s e d .  Amongthem, PLGAmostremarkedlyreduced 
g e l a t i o n  t i m e  of t h e  g e l a t i n  so lu t ion .  In  o the r  words, PLGAwas  t h e  
most e f f e c t i v e  i n  reducing t h e  WSC concent ra t ion  necessary f o r t h e  
hydrogel formation. This d i f f e r e n t  e f f e c t s  of WSC concent ra t ion  on 
t h e  g e l a t i o n  of g e l a t i n  so lu t ions  mixed wi th  d i f f e r e n t  
poly(carboxy1ic acid)s  having a similar molecular weight and 
concent ra t ion  may be explained i n  terms of d i f f e r e n t  r e a c t i v i t i e s  
of WSC wi th  d i f f e r e n t  poly(carboxy1ic a c i d ) s .  By t h e  r e a c t i o n  wi th  
wSC, t h e  i s o t a c t i c  PLGA molecule w i l l  produce an in te rmedia te  which 
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is the most effective in amide formation with gelatin, while the 
polysaccharide HA will consume WSC, resulting in retardation of 
gelation, as seen in Figure 2. 

0 20 40 60 80 100 120 
WSC concentration (mM) 

The effect of WSC concentration on the WSC-mediated gelation time 
of mixtures from gelatin and a polyanion [PLGA(Mw=83,000;0, Mw=130,000;0), 
EA(MW=~OO,OOO;A) andPA?~(Mw=50,000;A,Mw=1500,000;0)]. Wdenotesthegelation 
time observed in the absence of polyanions. (Gelatin;lOwt%, polyanion;0.5wt%.) 

Figure 2 

Bonding Strength of Hydrogels to Skin 

Figure 3 shows the bonding strength of WSC-mediated 
gelatin-poly(carboxy1ic acid) hydrogels tomouse skins as a function 
of poly(carboxy1ic acid) concentration. As is seen, the bonding 
strength depeneded on the nature and molecular weight of 
poly(carboxy1ic acid)s. The bonding strength of gelatin-PLGA 
hydrogels tended to increase with an increase in PLGA concentration 
in contrast to that of gelatin-HA and gelatin-PAA hydrogels. In 
addition to the significant effect on reduction of the gelation time 
of gelatin aqueous solutions, PLGA was also much effective in 
increasing the bonding strength of hydrogels compared with HA and 
PAA. The bonding strength of gelatin-PLGAhydrogels was higher than 
that of the conventional fibrin glue (50 gf/cm2), depending on the 
PLGA concentration and molecular weight. When PLGA with a molecular 
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Figure 3 The effect of polyanion concentration on the bonding strength of 
WSC-mediated hydrogels prepared frommixtures of gelatin and a polyanion (PLGA, 
EA and PAA).  PLGA molecular weight: 12,800(0), 35,60O(A), 83,000(0) and 
130,000(0); EA molecular weight: lOO,OOO(O) and 800,00O(A); PAA molecular 
weight: 5,000(0), 50,00O(A), 150,000(0) and 450,000(0). (Gelatin;lOwt%, 
wsc ; 5 0 ~ .  ) 

weight  o f  83,000 w a s  used,  t h e  bonding s t r e n g t h  o f  gelatin-PLGA 
hydrogels  i n c r e a s e d  as t h e  PLGA c o n c e n t r a t i o n  became h i g h e r  up t o  
1 0  w t % .  The s o l u t i o n  m i x t u r e s  from a g e l a t i n  aqueous s o l u t i o n  o f  10 
w t %  and a PLGA aqueous s o l u t i o n  of  c o n c e n t r a t i o n s  less t h a n  1 0  w t %  

w e r e  a lways clear, i n d i c a t i n g  t h a t  t h e  c o m p a t i b i l i t y  between g e l a t i n  
and PLGAmolecules i n  t h i s  c o n c e n t r a t i o n  r a n g e  w a s  good, l e a d i n g  t o  
homogeneous mixing.  Phase  s e p a r a t i o n  o c c u r r i n g  a t  PLGA 
c o n c e n t r a t i o n s  h i g h e r  t h a n  1 0  w t %  may be c l o s e l y  related t o  t h e  
l e v e l l i n g  o f f  of  bonding s t r e n g t h .  C o n t r a r y  t o  PLGA, HA and PAA 

a d d i t i o n  had no e f f e c t  on or  d e c r e a s e d  t h e  bonding s t r e n g t h .  The 
decreased bonding s t r e n g t h  w a s  observed  w i t h  a n  i n c r e a s e  i n  t h e  
c o n c e n t r a t i o n  and m o l e c u l a r  weight  o f  t h e s e  p o l y ( c a r b o x y 1 i c  acid)s .  
T h i s  may be ascribed t o  poor  c o m p a t i b i l i t y  of  g e l a t i n  w i t h  PAA and 
HA molecules ,  as mentioned above. 

The r e s u l t i n g  gelatin-PLGA h y d r o g e l s  w e r e  found t o  undergo 
t h e i r  c o h e s i v e  f a i l u r e  a t  t h e  adhes ion  b r e a k i n g  (data n o t  shown).  
On t h e  c o n t r a r y ,  t h e  s k i n  bonded w i t h  f i b r i n  g l u e  e x h i b i t e d  f a i l u r e  
a t  t h e  i n t e r f a c e  between t h e  g l u e  and t h e  s o f t  t i s s u e .  T h i s  a d h e s i o n  
f a i l u r e  d i f f e r e n c e  may b e  e x p l a i n e d  i n  terms o f  t h e  direct bonding 
of  gelat in-PLGAhydrogels  t o t h e  s o f t  t i s s u e .  Probably ,  some of  PLGA 
molecules  a c t i v a t e d w i t h  WSC have d i r e c t l y  r e a c t e d w i t h t h e  p r o t e i n s  
on t h e  t i s s u e  s u r f a c e ,  r e s u l t i n g  i n  c u r i n g  of  gelatin-PLGA mixed 
s o l u t i o n s  on t h e  uneven s o f t  t i s s u e .  A s  a r e s u l t ,  f i r m  a n c h o r i n g  
between t h e c u r e d  hydrogelandthetissuetookplace. O n t h e c o n t r a r y ,  
such  f i r m  a n c h o r i n g  may n o t  be formed f o r  t h e  f i b r i n  g l u e ,  s i n c e  t h i s  
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adhesive systemdoesnotcontainanymediatorthatpromotesthedirect 
bonding between the soft tissue and the cured hydrogel. As is ssen 
in Figure 3, the bonding strength of hydrogels prepared from PLGA 
with the highest molecular weight was lower than that of hydrogels 
from PLGA with lower molecular weights when the PLGAconcentration 
was 10 w t % .  This finding can be also explained in terms of PLGA 
compatibility with gelatin. 

EXPERIMENTAL PART 

The gelatin used was extracted form bovine bone by the 
alkaline-process (Mw=99,000,pI5.0,NittaGelatineCo.,Ltd.,Osaka, 
Japan). Sodium poly(L-glutamic acid) (PLGA, Mw=83,000) and other 
PLGAs were kindly supplied by Ajinomoto Co., Ltd., Tokyo, Japan and 
Professor T. Hayashi, Osaka prefectural University, respectively. 
Hyaluron~cac~d(KA,Mw=2,000,000)wassuppliedbyDenkiKagakuKogyo, 
Co. Ltd., Tokyo, Japan and HAS of varying molecular weights were 
prepared through acid hydrolysis of this HA. A water-soluble 
carbodiimide (WSC), l-ethy1-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride andpoly(acry1ic acid) (PAA) with different molecular 
weights wereobtained fromWako Purechemical Industries Ltd., Osaka, 
Japan. The fibrin glue used was BOLHEALQ, (Lot No. SDH2026) of The 
Chemo-Sero-Therapeutic Research Institute, Kumamoto, Japan. 

Phosphate-buffered saline solution (0.35 ml, pH 7.4) 
containing different amounts of WSC was added to 1 ml of mixtures 
fromgelatinandpoly(carboxy1ic acid) aqueous solutions atdifferent 
concentrations. The time period required for a magnetic stirring bar 
to stop stirring from the time of WSC addition was measured at 37 
OC and defined as the gelation time of the mixed solutions. Bonding 
study was performed using 100 p1 of mixtures from gelatin and 
poly(carboxy1ic acid) aqueous solutions and 35 p1 of WSC aqueous 
solution of different concentrations. The mixtures were applied to 
the dermal side of one mouse skin (1x2 cm2) , and the other mouse skin 
was lapped on it to have the bonding area of 1x1 cm2. After loading 
to 50  g/cm2 for 10 min at 25 'C, the bonding strength of hydrogels 
was measured by a tensile machine Autograph (Shimadzu Ltd., Kyoto, 
Japan) at 25 'C. Both the gelation and adhesion experiments were done 
6 times independently. 
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CONCLUSIONS 

A gelatin aqueous solution was cured by WSC addition in the 
presence of poly(carboxy1ic acid)s. The most effective 
poly(carboxy1ic acid) to reduce thegelation timewas PLGA. Themixed 
gelatin-PLGAsolutions settobiodegradable hydrogels by WSCaddition 
as rapidlyastheconventional fibringlue. Thehydrogels couldadhere 
more strongly to the mouse skin than the WSC-mediated gelatin-HA and 
gelatin-PAA hydrogels. The bonding strength of gelatin-PLGA 
hydrogels became maximum at the PLGA molecular weight of 83 , 000 .The 
different addition effects of poly(carboxy1ic acid)s were explained 
in terns of their compatibility with gelatin and their reactivity 
with WSC. It was concluded that the mixtures of gelatin with PLGA 
containing WSC was promising as a biological adhesive. 

REFERENCES 

(1) N.S.Braunwald, W.Gay, C.J.Tatooles, Surgery 59, 1024, (1966) 
(2) H.E.Koehnlein, G.Lemperle, Surgery 66, 377, (1969) 
(3)G.A.GrodeIK.L.Pavkov, R . D . F a l b I F e r t i l i t y a n d S t e r i l i t y 2 2 ,  552, 
(1971) 
(4) D.Guilmet, J.Bachet, B.Goudot, C.Laurian, F.Gogou, O.Bica1, 
M.Barbagelatta, J.Thorac.Cardiovasc. Surg. 77, 516, (1979) 
(5) O.Thetter, Thorac.Cardiovasc.Surgeon 29, 290, (1981) 
( 6 )  H.G.Borst, A.Haverich, G.walterbusch, W.Maatz, B.Messmer, 
J.Thorac.Cardiovasc.Surg. 84, 548, (1982) 
(7) T.Matsuda, T.Itoh, T.Yamaguchi, H.Iwata, K.Hayashi, S.Uemura, 
T.Ando, S.Adachi,N.Nakajima,Am.Soc. Artif. 1ntern.Organs 32,151, 
(1986) 
(8) O.J.Moy, C.A.Peimer, M.P.Koniuch, C.Howard, M.Zielezny, 
P.R.Katikaneni, J. Hand Surg. 13A, 273, (1988) 
(9)T.MatsudaIN.Nakajima, T.Itoh, T.Takakura,Trans. Am. Soc.Artif. 
Intern. Organ. 35, 381, (1989) 
(10)Y.-C.Tseng,S.-H.Hyon,Y.Ikada, Y.Shimidzu,K.Tamura, S.Hitomi, 
J. Applied Biomaterials 1, 111, (1990) 
(11) S.Fujino, N.Yamashita, A.Yamamoto, S.Asakura, H.Kato, A.Mori, 
J. Clin. Electron Microscopy 24, 321, (1991) 



177 

(lZ)H.Kobayashi, S.-H.Hyon,Y.Ikada, J.Biomed.Mater.Res. 25,1481, 

(13) F.Bellotto, R.G.Johnson, R.M.Weintraub, J.Foley, R.L.Thurer, 
Surgery Gynecology and Obsterics 174, 221, (1992) 
(14) R.Vanholder, A.Misotten, H.Roels, and G.Matton, Biomaterials 
14, 737, (1993) 
(15)J.M.Caballero-Gomez andJ.Ortega-Moreno, Acta. Obstet. Gynecol. 
Scand. 72, 210, (1993) 
(16) Y.Otani, Y.Tabata, Y.Ikada, J. Biomed. Mater. Res. 31, 157 
(1996) 
(17) H.G.Khorana, Chem. Rev. 53, 145, (1953) 
(18) N.Nakajima and Y.Ikada, Bioconjugate Chem. 6, 123, (1995) 

(1991) 


