
CHAPTER V
y -R A Y  I N  S I T U  S Y N T H E S IS  O F  S I L V E R  N A N O P A R T I C L E S  IN  G E L A T IN  

H Y D R O G E L  W I T H  A N T IB A C T E R I A L  A C T I V I T I E S

5.1 A b s t r a c t

A n  a n tib a c te ria l w o u n d  d re ss in g  m a te ria l w a s  su c c e ss fu lly  sy n th e s iz e d  by  
60C o  y -ray  ir ra d ia tio n  o f  A g N 0 3 - lo ad ed  g e la tin  a q u e o u s  so lu tio n . V a rio u s  a m o u n ts  o f  
A g N 0 3  ( i .e ., a t 0 .2 5 , 1, 3, 5 and  10% , b a sed  on  th e  w e ig h t o f  g e la tin )  w ere  lo ad ed  in  
15%  (w /v )  g e la tin  so lu tio n s . T h ese  m ix tu re s  w e re  su b jec ted  to  y -ray  irra d ia tio n  at 
v a rio u s  d o se s  ra n g in g  fro m  2 0 -8 0  k G y  to  fo rm  n A g -c o n ta in in g  g e la tin  h y d ro g e ls . 
T h e  fo rm a tio n  o f  n A g  w a s  m o n ito re d  by  a U V -V is  sp e c tro p h o to m e te r . T h e  p h y sica l 
p ro p e rtie s  o f  th e se  h y d ro g e ls  in c lu d in g  th e ir  g e l frac tio n , sw e llin g  an d  w e ig h t loss 
b e h a v io rs  w e re  e v a lu a te d  as a  fu n c tio n  o f  ir ra d ia tio n  d o ses . W ith  an  in c rea se  in  the  
irra d ia tio n  d o se  to  sy n th e s iz e  th e  h y d ro g e ls , th e  gel fra c tio n  w a s  in c re a se d  w h ile  the  
w a te r  re te n tio n  an d  th e  w e ig h t lo ss  w e re  fo u n d  to  d ec rea se . T h e  p o te n tia l to  u se  n A g - 
c o n ta in in g  g e la tin  h y d ro g e ls  as w o u n d  d re ss in g s  w a s  a sse sse d  o n  in v e s tig a tio n  the  
re lea se  c h a ra c te r is tic  o f  th e  a s - lo a d e d  s ilv e r, b y  e v a lu a tio n  o f  th e  in d irec t 
c y to to x ic ity  u s in g  n o rm a l h u m a n  d e rm al f ib ro b la s ts  (N H D F ) as  w ell as its 
a n tib a c te r ia l a c tiv ity  a g a in s t S ta p h y lo co ccu s au reu s  an d  M eth ic illin -re s is ta n t  
S ta p h y lo co ccu s  au reu s. T h e  re su lts  sh o w ed  th a t a ll n A g -c o n ta in in g  g e la tin  h y d ro g e ls  
co u ld  in h ib it  th e  g ro w th  o f  th e  te s te d  p a th o g en s . W ith  an  in c re a se  in  A gN C >3 c o n te n t 
o r  c o n ta c t tim e , th e  a n tib a c te ria l a c tiv ity  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w as  
in c rea sed . T h ese  c o n firm e d  th e ir  a p p lic a b ility  as  a n tib a c te r ia l w o u n d  d re ss in g s  o f  the  
n A g -c o n ta in in g  g e la tin  h y d ro g e ls  sy n th e s iz e d  b y  y -ray  irrad ia tio n .

(K e y -w o rd s :  H y d ro g e l, G a m m a  ra d ia tio n ; a n tib a c te ria l w o u n d  d re ss in g ; s ilv e r 
n a n o p a rtic le s )
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5.2  I n t r o d u c t io n

R a p id  an d  p ro p e r  h e a lin g  w ith o u t in fe c tio n  is im p o rta n t in  th e  tre a tm e n t o f  
b u m s  (B ish a ra , S .A ., e t a l, 2 007 ). U s in g  th e  w o u n d  d re ss in g  w ith  a n tim ic ro b ia l 
a c tiv ity  is  im p o rta n t in  re d u c in g  th e  m ic ro b ia l a ro u n d  th e  w o u n d  su rface . O n ce  a 
w o u n d  b e c o m e s  in fec ted , h e a lin g  is d e lay ed  (P e rc iv a l, S .L ., e t a l, 2 0 0 5 ; B o a ten g , 
J .S ., e t a l, 2 0 0 7 ; Y a tes , C .C ., et a l, 2 0 0 7 ). G en e ra lly , an  e ffe c tiv e  w o u n d  d re ss in g  
sh o u ld  m a in ta in  a  m o is t en v iro n m e n t b y  a b so rb in g  th e  e x u d a te s  fro m  th e  w o u n d e d  
a rea , p ro v id e  a d e q u a te  g a seo u s  ex ch an g e , p e rm it w a te r  e v a p o ra tio n  a t a  ce rta in  ra te , 
p ro te c t th e  w o u n d  fro m  se co n d a ry  in fec tio n , an d  a lso  be  e la s tic , b io c o m p a tib le  w ith  
tis su e s  an d  b lo o d , n o n -to x ic  an d  n o n -an tig en ic  (พ น , P ., et a l, 1996; K o k ab i, M ., et 
a l, 2 0 0 7 ; B o a ten g , J .S ., e t a l, 2007 ; B o a ten g , J . s . ,  e t a l, 2 0 0 8 ; S in g h , J . s . ,  e t a l, 
2 0 0 8 ). B a se d  on  th e se  req u irem en ts , b io c o m p a tib le  p o ly m e ric  h y d ro g e l w ith  
a n tib a c te r ia l a c t iv i ty  is o n e  o f  the  m o s t p ro m is in g  m a te r ia ls  fo r  th e  b u m s  (B ab u , R ., 
e t a l, 2 0 0 6 ; Y u d a n o v a l ,  T .N ., and  R esh e to v , I.V ., 2 0 0 6 ; R a tta n a ru e n g s r ik u l, V ., et 
a l, 2 0 0 9 ).

T h e  m o s t e ffec tiv e  an tib ac te ria l a g en ts  u se d  in  b io m e d ic a l a p p lic a tio n s  are 
s ilv e r-b a se d  m a te ria ls . T h e  ap p lic a tio n  o f  s ilv e r-b a se d  c o m p o u n d  as an  a n tim ic ro b ia l 
ag en t h as  b e e n  w e ll re c o g n iz e d  (C o o p e r, R ., 2 0 0 4 ; P o o n , V .K .M ., an d  B u rd , A ., 
2 0 0 4 ; S in g h , M ., et a l, 2 0 0 8 ). T h is  is  g e n e ra lly  a ttr ib u te d  to  th e  an tim ic ro b ia l 
a c tiv itie s  o f  th e  re le a se d  s ilv e r  io n s  (C o o p e r, R ., 2 0 0 4 ; K u m a r, R ., e t a l, 2 0 0 5 ; 
B h a tta c h a ry a , R ., an d  M u k h e rje e , p ., 2 0 0 8 ; R u jita n a ro j, P ., e t al, 2 0 0 8 ; S in g h , M ., et 
a l, 2 0 0 8 ). P re se n tly , s ilv e r-b a se d  c o m p o u n d  can  b e  u se d  to  in h ib it th e  g ro w th  o f  a  
w id e  v a r ie ty  o f  m ic ro -o rg a n ism s  in c lu d in g  y east, fu n g i, v iru se s , an d  b a c te r ia  (B ab u , 
R ., e t a l, 2 0 0 6 ; K im , J .S ., e t a l, 2007 ; A b d E l-M o h d y , H .L ., an d  G h a n e m , ร ., 2 0 0 9 ); 
in  d iv e rs ity  o f  a p p lic a tio n s  e sp e c ia lly  in  b io m e d ic a l fie ld  (B ab u , R ., e t al, 2 0 0 6 ; 
R u jita n a ro j, P ., e t al, 2 0 0 8 ; R a tta n a ru e n g srik u l, V ., e t a l, 2 0 0 9 ).

T h e  m e c h a n ism  fo r th e  a n tib a c te ria l a c tio n  o f  s ilv e r-b a se d  m a te r ia ls  c an  b e  
o n e  o r m o re  o f  th e  fo llo w in g  p ro cesses . S ilv e r io n s  m ay  a tta ch  to  th e  b ac te ria l ce ll 
m e m b ra n e , d a m a g e  it a n d /o r  in te rfe re  v a rio u s  fu n c tio n s  su ch  as  p e rm e a b ility  an d  
re sp ira tio n . A d d itio n a lly , s ilv e r  ions m ay  en te r  th e  cell in  o rd e r  to  in te rac t w ith  
s tru c tu ra l p ro te in s  an d  p re fe ren tia lly  b in d  w ith  D N A  b a se s  le a d in g  to  d é n a tu ra tio n  o f
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D N A  an d  in h ib itio n  o f  rep lic a tio n . F u rth e rm o re , s ilv e r  io n s  m ay  in h ib it ad e n o s in e  
tr ip h o sp h a te  (A T P ) sy n th es is  b y  b in d in g  to  an  A T P  sy n th a se , f in a lly  le a d in g  to  ce ll 
d e a th  (B ish a ra , S .A ., e t a l, 2 0 0 7 ; S h riv a stav a , ร. e t a l, 2 0 0 7 ; R u jita n a ro j, P ., e t al, 
2 0 0 8 ; R a tta n a ru e n g sr ik u l, V ., et a l, 2 0 0 9 ). H o w ev er, th e  a n tib a c te r ia l p ro p e rty  o f  
s ilv e r-b a se d  c o m p o u n d  d e p e n d s  o n  th e ir  d im e n s io n s , w h e re  th e  sm a lle r  p a r tic le s  w ith  
a  la rg e r su rfa c e  to  v o lu m e  ra tio  p ro v id ed  a  g rea te r  a n tib a c te r ia l e f fe c t  (M ah ap a tra , 
ร .ร ., e t a l, 2 0 0 8 ). T h e re fo re , m u ch  a tte n tio n  h as  b een  p a id  to  th e  d e v e lo p m e n t o f  th e  
m e th o d  to  sy n th e s iz e  th e  s tab le  s ilv e r n a n o p a rtic le s  (n A g ) w ith  c o n tro lla b le  sh ap e , 
s ize , an d  s iz e  d is tr ib u tio n  in  th e  su itab le  m a tric e s  (R u jita n a ro j, P ., e t al, 2 0 0 8 ; 
R a tta n a ru e n g sr ik u l, V ., e t a l, 2009 ).

N u m e ro u s  ap p ro a c h e s  h av e  b een  u sed  to  sy n th e s iz e  th e  n A g . S o m e  o f  th e se  
a re  ch e m ic a l red u c tio n , (K im , J .S ., et a l, 2 0 0 7 ; R u jita n a ro j, P ., e t al, 2 0 0 8 ; 
R a tta n a ru e n g sr ik u l, V ., e t a l, 2 0 0 9 ) p h o to ch em ica l (L i, H .X ., e t a l, 2 0 0 0 ; S c ire , ร ., et 
a l, 2 0 0 9 ), m ic ro e m u ls io n  (Z h an g , พ . ,  e t a l, 2 0 0 6 ; Z h an g , พ . ,  e t a l, 2 0 0 7 ), m a g n e tro n  
sp u tte r in g  (C h a n d ra , R ., e t a l, 1999; C h en , Q ., e t a l, 2 0 0 8 ), e le c tro c h e m ic a l sy n th es is  
(S ta ro w ic z , M ., e t a l, 2006 ; Z h o u , M ., e t a l, 2 0 0 6 ), so n o c h e m ic a l m e th o d  (S o lo v iev , 
M . an d  G e d a n k e n , A ., 2 0 1 1 ), la se r  ab la tio n  (V e rm a , R .K ., e t a l, 2 0 1 0 ) , su p e rc ritic a l 
liq u id  (K a m ru p i, I.R ., e t a l, 2 0 1 0 ), e tc. H o w ev e r, m o s t o f  th e  ab o v e  m e th o d s  req u ire  
th e  u se  o f  h ig h  te m p e ra tu re  a n d /o r  h ig h  p re ssu re  m a n y  o rg a n ic  so lv e n ts  an d  to x ic  
re d u c in g  a g e n ts  like  D M S O  (M ah ap a tra , ร .ร ., e t a l, 2 0 0 8 ), fo rm a m id e  (S a rk a r, A ., et 
a l, 2 0 1 0 ), N ,N -d im e th y l fo rm a m id e  (R u jita n a ro j, P ., e t a l, 2 0 1 0 ), h y d ra z in e  (K im , 
J .S ., e t a l, 2 0 0 7 )  and  so d iu m  b o ro h y d rid e  (M a n e e ru n g , T ., e t a l, 2 0 0 8 ) , e tc . A ll th e se  
c h e m ic a ls  a re  h ig h ly  re a c tiv e  an d  p o se  p o te n tia l e n v iro n m e n ta l an d  b io lo g ic a l r isk s  
(H u an g , H ., an d  Y ang , X . 2 0 0 4 ; H eb e ish , A .A ., e t a l, 2 0 1 0 ).

D u rin g  th e  la s t fe w  d ecad es , th e  u se  o f  th e  g a m m a -ra d ia tio n -in d u c tio n  
te c h n iq u e  to  sy n th e s iz e  th e  n A g  h as  g a in ed  e x te n s iv e  a tten tio n . T h is  m e th o d  in v o lv es  
th e  re d u c tio n  o f  s ilv e r io n s  in  an  a q u e o u s  so lu tio n  by  h y d ra te d  e le c tro n s  and  
se c o n d a ry  ra d ic a ls  w h ic h  are  th e  p ro d u c ts  o f  w a te r  ra d io ly s is  (K rk lje s , A ., e t al,
2 0 0 7 ). N o t o n ly  th e  ra d ia tio n  te c h n iq u e  h a s  in d u c e d  th e  fo rm a tio n  o f  s ilv e r  io n s  
re d u c tio n  b u t a lso  th e  c ro ss - lin k in g  o f  p o ly m e r n e tw o rk  to  fo rm  h y d ro g e l s tru c tu re  
(R o s iak , J .M ., e t a l, 1999; B h a tta c h a ry a , A ., 2 0 0 0 ; C h m ie le w sk i, A .G ., e t al, 2 0 0 7 ; 
C a ta ld o , F. e t a l, 2 0 0 8 ). In  fac t, th e re  a re  a n u m b e r o f  m e th o d s  u se d  fo r fo rm a tio n  o f
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h y d ro g e ls , h o w e v e r  th e  ra d ia tio n  sy n th es is  se e m s  to  b e  th e  m o s t u se fu l fo r  m ed ica l 
p u rp o se s  (R o s ia k , J .M ., e t a l, 1999; B h a ttach a ry a , A ., 2 0 0 0 ). S in ce  th e  a s -irra d ia ted  
h y d ro g e ls  are  s te riliz ed , h ig h ly  p u rif ied , free  o f  m o n o m e rs , in itia to rs  an d  an y  o th e r 
a d d itiv e s  (R o s ia k , J .M ., et a l, 1995; B h a tta c h a ry a , A ., 2 0 0 0 ; C h m ie le w sk i, A .G ., e t 
al, 2 0 0 7 ; A b d E l-M o h d y , H .L ., and  G h an em , ร ., 2 0 0 9 ). T h e  v e rsa tile  a d v a n ta g e s  o f  
th is  m e th o d  a re  (1 ) th e  p ro cess  is s im p le , c le a n  an d  e a sy  to  co n tro l (2 ) c o n tro lla b le  
re d u c tio n  o f  s ilv e r  io n s  can  be  m a n ip u la te d  w ith o u t u s in g  re d u c in g  a g e n ts  (3 ) no  
w as te s , b y p ro d u c ts  an d  im p u ritie s  a re  in tro d u c e d  b e c a u se  th e  p ro c e ss  d o e s  n o t n eed  
to  u se  an y  c ro ss - lin k e rs  o r in itia to rs  (4) th e  m e th o d  p ro v id e s  s te r iliz e d  p ro d u c t w ith  
h ig h  d eg ree  o f  a ssu ra n c e  level (5 ) the  te c h n o lo g y  is e n v iro n m e n t f r ie n d ly  s in ce  it 
le a v e s  no  re s id u e  o r p o llu ta n t in  the  e n v iro n m e n t an d  (6 ) th e  m e ta l/p o ly m e r  
n a n o c o m p o s ite s  h y d ro g e ls  w ere  p rep a red  s im u lta n e o u s  in  a q u e o u s  so lu tio n  th ro u g h  
s in g le  s tep  (R o s iak , J .M ., e t a l, 1999; B h a tta c h a ry a , A ., 2 0 0 0 ).

In  th e  p re se n t c o n trib u tio n , w e d e sc r ib e  a v e rsa tile  an d  e ffe c tiv e  te c h n iq u e  
fo r th e  p re p a ra tio n  o f  th e  m e ta l/p o ly m e r n a n o c o m p o s ite s  h y d ro g e ls . G e la tin  as a  
m a tr ix  c o m p o n e n t is se lec ted  b ecau se  it is a  n a tu ra l h y d ro g e l- fo rm in g  b io p o ly m e r 
d e riv e d  fro m  h y d ro ly s is  o f  n a tiv e  c o llag en  (O lsen , D ., e t a l, 2 0 0 3 ; Y o u n g , ร ., e t a l
2 0 0 5 ). D u e  to  th e  u n iq u e  fu n c tio n a lity  o f  g e la tin , it h as  b e e n  u se d  in  a  w id e  v a rie ty  
o f  a p p lic a tio n s  in c lu d in g  in  p h a rm a c e u tica l an d  m e d ic a l f ie ld s  (O lse n , D ., e t a l, 
2 0 0 3 ; Y o u n g , ร ., e t a l  2 0 0 5 ; F. C a ta ld o , e t a l, 2 0 0 8 ; V lie rb e rg h e , S .V ., e t a l  2 0 0 8 ) as 
in g re d ie n ts  in  d ru g  fo rm u la tio n s  (N azza l, ร ., an d  W a n g , Y ., 2 0 0 1 ) , c a rr ie rs  fo r  
d e liv e ry  o f  d ru g s  (K o n ish i, M ., e t a l, 2 0 0 5 )  o r  o th e r  th e ra p e u tic  su b s ta n c e s  
(F u k u n a k a , Y ., e t a l, 2 0 0 2 ; H o ri, K ., et a l, 2 0 0 2 )  an d , e sp e c ia lly , as  w o u n d -d re s s in g  
m a te r ia ls  (R u jita n a ro j, P ., et al, 2 0 0 8 ; R a tta n a ru e n g sr ik u l, V ., e t a l, 2 0 0 9 ).

In  th e  p re se n t c o n trib u tio n , th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w e re  
fa b ric a ted  b y  g a m m a  irrad ia tio n  o f  A g N C ^ -lo ad ed  g e la tin  so lu tio n s . T h e  a im  o f  th e  
s tu d y  is to  in v e s tig a te  th e  p o ten tia l a p p lic a tio n  o f  th e  n A g -c o n ta in in g  g e la tin  
h y d ro g e ls  as  a n tib a c te ria l w o u n d  d re ss in g s . T h e  p h y s ic a l p ro p e rtie s  su c h  as gel 
frac tio n , sw e llin g  an d  w e ig h t lo ss  b e h a v io r  o f  th e  o b ta in e d  g e la tin  h y d ro g e ls  w e re  
e v a lu a te d  as  a  fu n c tio n  o f  irrad ia tio n  d o ses . T h e  re le a se  c h a ra c te r is tic  o f  a s-lo ad  
s ilv e r, th e  in d ire c t c y to to x ic ity  as  w ell as th e  a n tib a c te r ia l e v a lu a tio n  o f  s ilv e r  n A g - 
c o n ta in in g  g e la tin  h y d ro g e ls  w e re  in v es tig a ted .
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5 .3  E x p e r im e n ta l  D e ta ils

5.3.1 M a te ria ls
G e la tin  p o w d e r, ty p e  A  (o b ta in e d  fro m  p o rc in e  sk in ; 1 7 0 -1 9 0  B lo o m ) 

w as  p u rc h a se d  fro m  F lu k a  (S w itze rlan d ). A n a ly tic a l g ra d e  s i lv e r  n itra te  (AgNC>3 ; 
9 9 .9 9 8 %  p u rity )  w as  p u rch ased  fro m  F ish e r S c ie n tif ic  (U S A ). A ll o th e r  ch em ica ls  
u sed  w ere  o f  an a ly tic a l re a g e n t g rad e  an d  w e re  u sed  as  re c e iv e d  w ith o u t fu rth er 
p u rif ic a tio n .

5 .3 .2  P re p a ra tio n  o f  N e a t G e la tin  an d  n A g -c o n ta in in g  G e la tin  H y d ro g e ls  
G e la tin  p o w d e r  w a s  d isso lv e d  in  d is tille d  W ater to  o b ta in  15 w t%

so lu tio n , an d  w as s tirred  a t a  te m p e ra tu re  o f  4 0  ° c  fo r  1 h. A  m e te re d  w e ig h t o f  
A gN C >3 (0 -1 0 %  w t b ased  on  th e  w e ig h t o f  th e  g e la tin  p o w d e r)  w a s  th e n  a d d ed  in to  
th e  a s -p re p a red  g e la tin  so lu tio n . F u rth e r s tir r in g  w as  u se d  to  h o m o g e n iz e  th e  
so lu tio n . T h e  a s-p re p a red  g e la tin  co n ta in in g  s ilv e r  io n  so lu tio n  w a s  p o u re d  g en tly  
in to  h o t-se a le d  4 X 7,5 in ch  n y lo n  b ag  (35 g). T h e  sa m p le s  w e re  ir ra d ia te d  w ith  y -rays 
fro m  a  60C o  G am m ace ll ir ra d ia to r  a t T h a ila n d  In s titu te  o f  N u c le a r  at d o se  ra te s  o f  1 
k G y /h  a t ro o m  te m p e ra tu re . G a m m a  irra d ia tio n  w as p e rfo rm e d  a t th e  f ix e d  rad ia tio n  
d o se  o f  20 , 40 , 60  and  80 kG y.

5 .3 .3  M e a su re m e n t o f  G el F rac tio n , S w e llin g  a n d  W e ig h t L o ss  B e h a v io r  o f  
th e  N e a t an d  n A g -c o n ta in in g  G e la tin  H y d ro g e ls
T h e  n ea t and  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  o b ta in e d  b y  ir ra d ia tio n  

w e re  c u t in to  c irc u la r  d isc  w ith  d ia m e te r  o f  1.5 cm  an d  d r ie d  a t 50  ๐c  u n til reach ed  
c o n s ta n t w e ig h t. T h e  gel frac tio n  o f  th ese  h y d ro g e ls  w a s  e s tim a te d  b y  m e a su rin g  
th e ir  in so lu b le  p a r t a fte r  e x tra c tio n  in  d is tille d  w a te r  at th e  te m p e ra tu re  o f  5 0  ๐c  fo r 2 
h w ith  v io le n t sh a k in g  o f  100 rp m . T h e  in so lu b le  sp e c im e n s  w e re  th e n  d r ie d  a t 50 ๐c  
u n til re a c h e d  c o n s ta n t w e ig h t. T h e  gel frac tio n  o f  th e se  sp e c im e n s  w as  ca lcu la ted  
a c c o rd in g  to  th e  fo llo w in g  eq u a tio n :

G el f r a c tio n  (% ) =  ^ X 100 ( 1 )
M 1

w h e re  M e is  th e  w e ig h t o f  d ried  sp ec im en s  a f te r  e x tra c tio n  an d  Mj is  th e  in itia l w e ig h t 
o f  th e  sp ec im en s.
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T o  s tu d y  th e  sw e llin g  an d  w e ig h t lo ss  b e h a v io r , th e  p re -d r ie d  n ea t 
g e la tin  h y d ro g e ls  (c irc u la r  d isc ; d ia m e te r  o f  1.5 cm ) w e re  su b m e rg e d  in  d is tilled  
w a te r  (p H  6 .9 ), p h o sp h a te  b u ffe r  so lu tio n  (P B S ; p H  7 .4 ) a n d  s im u la te d  b o d y  flu id  
(S B F ; p H  7 .4 ) a t th e  p h y s io lo g ic a l te m p e ra tu re  o f  37  °c. P ro c e d u re s  fo r the  
p re p a ra tio n  o f  P B S  an d  S B F  a re  g iv en  in S u p p le m e n ta ry  d a ta . T h e  p e rc e n ta g e  o f  
sw e llin g  an d  w e ig h t lo ss  o f  th e se  sp e c im e n s  w e re  c a lc u la te d  a c c o rd in g  to  the  
fo llo w in g  e q u a tio n s :

S w e llin g  (% ) =  X 100 (2)
M 1

W eight lo ss  (% ) =  ~ M ‘') . X 100 (3)M 1
w h e re  M  is th e  w e ig h t o f  each  sw o lle n  sp e c im e n  a fte r  th e  e x c e ss  su rfa c e  w a te r  w as  
re m o v e d  w ith  f ilte r  p a p e r  at each  su b m e rs io n  tim e  p o in t, M d  is th e  w e ig h t o f  th e  
sp e c im e n  in  its  d ry  s ta te  a fte r  su b m e rs io n  in  th e  m e d iu m  a t e a c h  su b m e rs io n  tim e 
p o in t an d  Mi is th e  in itia l w e ig h t o f  th e  sp e c im e n  in  its  d ry  s ta te .

5 .3 .4  M e a su re m e n t o f  M o is tu re  R e te n tio n  C a p a b ility
T h e  m o is tu re  re te n tio n  c a p a b ility  o f  th e  g e la tin  h y d ro g e ls  w as 

m e a su re d  b y  u s in g  th e  sam e  m e th o d  o f  M in  W a n g  an d  c o w o rk e rs  (W an g , M ., e t a l
2 0 0 7 ). T h e  c irc u la r  d isc ; d ia m e te r  o f  4 cm  w ith  th ic k n e ss  o f  ~ 2 .5  m m  o f  th e  n e a t and  
n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w e re  p laced  o n  P T F E  p la te s , an d  th e n  h e a te d  in  an  
o v en  w ith  the  c o n tro lle d  te m p e ra tu re  o f  37 ๐c .  M o is tu re  re te n tio n  c a p a b ility  o f  th ese  
h y d ro g e l sp e c im e n s  w a s  m e a su re d  b y  th e  w a te r  lo s in g  ra te  an d  th e  ra tio  o f  w a te r 
h o ld in g  in  th e  h y d ro g e l sp ec im en s  (Rh), w h ic h  w a s  c a lc u la te d  as  fo llo w in g  eq u a tio n :

K  (% ) =  ^ x l 0 0  (4)M 0

w h e re  Mo is th e  in itia l w e ig h t o f  th e  h y d ro g e l sp e c im e n s  a n d  M , is  th e  w e ig h t o f  each  
sp e c im e n  a t d if fe re n t in te rv a ls  tim e  p o in t.

5 .3 .5  M e a su re m e n t o f  W a te r V a p o r  T ra n sm is s io n  R a te
W a te r  v a p o r p e rm e a b ility  o f  th e  h y d ro g e l sp e c im e n s  w as m easu red  

a c c o rd in g  to  th e  A S T M  E 9 6 -9 5  (1 9 9 5 ) w ith  so m e  m o d if ic a tio n s . D is tille d  w a te r  (7 .5  
m L ) w as ad d ed  in to  th e  g la ss  cu p  (in te rn a l d ia m e te r  o f  2 c m ) a n d  th e  c irc u la r  d isc; 
d ia m e te r  o f  2.3 cm  w ith  th ic k n e ss  o f  ~ 2 .5  m m  o f  th e  n e a t an d  n A g -c o n ta in in g  ge la tin
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h y d ro g e ls  w ere  c o v e re d  on  th e  o p en  a rea  o f  th e  cu p s . T h e  c u p s  w e re  in c u b a te d  at 25 
° c  an d  5 0 %  re la tiv e  h u m id ity . A fte r  w e ig h in g  th e  in itia l w e ig h t, th e  w e ig h t w as  
m e a su re d  ev e ry  2 h  u n til 12 h. W e ig h t lo ss  o f  th e  c u p s  w ith  tim e  w as  m e a su re d  an d  a 
lin ea r re g re ss io n  a n a ly s is  w as p e rfo rm e d  to  c a lc u la te  th e  s lo p e . W a te r  v ap o r 
tra n sm iss io n  ra te  (W V T R ; g /m 2/d )  o f  th e  h y d ro g e l sp e c im e n s  w as  c a lc u la ted  by  
d iv id in g  th e  s lo p e  b y  th e  o p en  a rea  o f  th e  cup .

5 .3 .6  C h a ra c te riz a tio n  o f  n A g  F o rm a tio n
T h e  e x is te n c e  o f  th e  a s -fo rm e d  n A g  in  th e  n A g -c o n ta in in g  g e la tin  

h y d ro g e ls  w as c o n firm e d  by  m o n ito r in g  th e  su rfa c e  p la sm o n  a b so rp tio n  b an d  u s in g  a  
S h im a d z u  U V -2 5 5 0  U V -v is ib le  sp e c tro p h o to m e te r  (U S A ). E th a n o lic  e x tra c te d  o f  
th e  n A g -c o n ta in in g  g e la tin  h y d ro g e l w a s  u sed  to  e x a m in e  th e  n A g  in  th e  n A g - 
c o n ta in in g  g e la tin  h y d ro g e ls  by  a  JE O L  JE M -2 1 0 0  tra n sm is s io n  e le c tro n  m ic ro sc o p e  
(T E M ; Ja p a n ), an d  an  O x fo rd  2 0 0 0  e n e rg y  d isp e rs iv e  X -ra y  (E D X ; Jap an ) fac ility  o f  
a  P h illip s  P W  2 4 0 0  X -ray  f lu o re sc e n c e  sp e c tro sc o p e .

5 .3 .7  L o a d in g  C ap a c ity  an d  R e lea se  C h a ra c te ris tic  o f  A s - lo a d e d  S ilv e r
F ro m  th e  n A g -c o n ta in in g  G e la tin  H y d ro g e ls
P rio r  to  th e  re lea se  a ssa y , th e  ac tu a l a m o u n t o f  a s - lo a d e d  s ilv e r  in  the  

n A g -c o n ta in in g  g e la tin  h y d ro g e l sp e c im e n s  (c irc u la r  d isc ; 2 .8  cm  in d ia m e te r)  need  
to  be  d e te rm in ed . T h e  sp e c im e n s  w e re  d isso lv e d  in  50  m L  o f  5 0 %  n itr ic  ac id  (H N O 3) 
so lu tio n . A fte r  th a t, e a c h  o f  th e  so lu tio n s  w as q u a n tif ie d  fo r th e  a m o u n t o f  s ilv e r  b y  a 
V a ria n  S p e c trA A -3 0 0  a to m ic  a b so rp tio n  sp e c tro sc o p e  (A A S ; Ja p a n ). T h e  re su lts  
w ere  re p o rte d  as av e ra g e  v a lu e s  (ท =  3). T h e  re le a se  c h a ra c te r is t ic s  o f  a s - lo a d  s ilv e r 
fro m  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e l sp e c im e n s  (c irc u la r  d isc ; 2 .8  cm  in 
d iam e te r)  w as  a s se sse d  in 25 m L  o f  P B S  a s  th e  re le a s in g  m e d iu m  a t the  
p h y s io lo g ic a l te m p e ra tu re  o f  37  ๐บ. A t a  sp e c if ie d  im m e rs io n  p e r io d  ran g in g  
b e tw e e n  2 0  m in  to  1 0  d , th e  re le a s in g  m e d iu m  w a s  q u a n tif ie d  fo r th e  a m o u n t o f  th e  
re lea sed  s ilv e r, u s in g  A A S . A t each  tim e  p o in t, th e  m e a su re m e n ts  w e re  c a rr ie d  o u t in  
tr ip lic a te . T h e  o b ta in e d  d a ta  w e re  c a re fu lly  c a lc u la te d  to  o b ta in  th e  c u m u la tiv e  
a m o u n t o f  th e  re le a se d  silve r. T h e  c u m u la tiv e  re le a se  p ro f ile s  o f  s ilv e r  w ere  
e x p re sse d  b a sed  o n  e ith e r  th e  u n it w e ig h t o f  th e  sp e c im e n s  o r  th e  u n it w e ig h t o f  th e  
ac tua l a m o u n t o f  a s - lo a d e d  s ilv e r in  th e  sp ec im en s .
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5 .3 .8  A n tib a c te r ia l E v a lu a tio n
T h e  a n tib a c te ria l a c tiv ity  o f  th e  n e a t an d  n A g -c o n ta in in g  g e la tin  

h y d ro g e ls  w as  te s te d  a g a in s t a e ro b ic  b a c te r ia  c o m m o n ly  fo u n d  o n  b u m  w o u n d s: e .g ., 
S ta p h y lo co ccu s a u reu s  (G ra m -p o s itiv e ; A T C C  2 5 0 2 3 ) , an d  M eth ic illin -re s is ta n t  
S ta p h y lo co ccu s a u reu s  (M R S A : G ra m -p o s itiv e ; A T C C  2 0 6 4 5 ).

5 .3 .8 .1  D isc  D iffusion  T est M ethod.
T h e  a sse ssm e n t w as  c o n d u c te d  b a se d  o n  th e  d isc  d iffu s io n  

m e th o d  o f  th e  U S  C lin ic a l and  L a b o ra to ry  S ta n d a rd s  In s titu te  (C L S I). T h e  c irc u la r  
d iscs; d ia m e te r  o f  8 m m  w ith  th ic k n e ss  o f  2 .5 -3  m m  o f  th e  n e a t a n d  n A g -c o n ta in in g  
g e la tin  h y d ro g e ls  w e re  u sed  ag a in s t v a n c o m y c in  as  th e  c o n tro l a n tib a c te ria l d rug . 
E ach  o f  th e  sp e c im e n s  an d  th e  co n tro l d ru g s  w e re  p la c e d  o n  D ifc o ™  M u e lle r  H in to n  
ag a r in  a  P e tr i d ish , a n d  th en  in cu b a ted  a t 37  ๐c  fo r 2 4  h. I f  in h ib ito ry  co n c e n tra tio n s  
w ere  re a c h e d , th e re  w o u ld  b e  no  g ro w th  o f  th e  m ic ro b e s , w h ic h  co u ld  b e  seen  as 
c lea r  z o n e  a ro u n d  th e  d isc  sp ec im en s.

5 .3 .8 .2  D yn a m ic  S h akes F la sk  T est M eth od .
Q u a n tita tiv e  p ro c e d u re  fo r e v a lu a tio n  o f  th e  d eg ree  o f  

a n tib a c te ria l a c tiv ity  o f  th e  n ea t an d  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w a s  p ro v id e d  
acco rd in g  to  th e  A S T M  E  2149-01  (s ta n d a rd  te s t m e th o d  fo r  d e te rm in in g  th e  
a n tim ic ro b ia l a c tiv ity  o f  im m o b iliz ed  a n tim ic ro b ia l a g e n ts  u n d e r  d y n a m ic  co n ta c t 
c o n d itio n s ). T h is  te s t m e th o d  is d e s ig n e d  to  e v a lu a te  th e  re s is ta n c e  o f  n o n -le a c h in g  
an tim ic ro b ia l tre a te d  sp ec im en s  to  th e  g ro w th  o f  m ic ro b e s  u n d e r  d y n a m ic  co n ta c t 
co n d itio n s .

2 g o f  g e la tin  h y d ro g e ls  w ith  a n d  w ith o u t n A g  w e re  c u t in to  
sm all p ie c e s  an d  s te r iliz e d  by  a u to c la v e  a t 121 ๐c  fo r  15 m in  b e fo re  u sed . T h e  
sp ec im en s  w e re  su b je c te d  to  co n s ta n t a g ita tio n  in  a  c o n c e n tra te d  b a c te r ia l su sp e n s io n  
(105 C F U /m L , 50 m L ) at 37 ° c .  A t 0, 20, 40, 60 m in  2, a n d  3 h  c o n ta c t tim es , 1 m L  
o f  th e  su sp e n s io n  w a s  w ith d ra w n  an d  m ad e  se ria l d ilu tio n s  w ith  s te riliz e d  n o rm a l 
sa lin e  an d  sp ira l on  p la te s  (in  tr ip lic a te )  on  n u tr ie n t ag a r. T h e se  p a la te s  w e re  b ro u g h t 
in to  in c u b a to r  at 37 °c fo r 24 h. F in a lly , th e  c o lo n ie s  o n  a g a r  p la te  w ere  
p h o to g ra p h e d  an d  c o u n t to  ev a lu a te  th e  a n tib a c te r ia l a c tiv ity . T h e  n u m b e r  o f  v ia b le  
b a c te ria  p re se n t in  th e  su sp e n s io n  w as d e te rm in e d  an d  th e  p e rc e n ta g e  re d u c tio n  at 
sp ec ific  p e r io d  o f  c o n ta c t tim e  w as c a lc u la ted  b a se  o n  th e  fo llo w in g  fo n n u la :
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R e d u c tio n  (% ) =  x * (5)

w h e re  A  is  th e  n u m b e r  o f  b a c te ria  re c o v e re d  fro m  th e  in c u b a te d  tre a te d  te s t sp ec im en  
(th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls )  a f te r  37 ๐c  fo r 24  h an d  B is th e  n u m b e r o f  
b a c te ria  re c o v e re d  fro m  th e  in cu b a ted  u n tre a te d  c o n tro l sp e c im e n  (th e  n ea t g e la tin  
h y d ro g e ls  w ith o u t n A g ) a fte r  in c u b a tio n  a t 37  °c fo r 24  h.

5 .3 .9  In d ire c t C y to to x ic ity  E v a lu a tio n
T h e  in d ire c t c y to to x ic ity  e v a lu a tio n  o f  b o th  th e  n e a t an d  n A g - 

c o n ta in in g  g e la tin  h y d ro g e ls  w as c o n d u c te d  in  a d a p ta tio n  fro m  th e  IS O  10993-5 
stan d a rd  te s t m e th o d  in  a  9 6 -w e ll t is su e -c u ltu re  p o ly s ty re n e  p la te  (T O P S ; 
N u n c lo n T M , D e n m a rk )  u s in g  n o rm a l h u m a n  d e rm a l f ib ro b la s ts  (N H D F ; sev en th  
p a ssag e ) as  re fe ren ce . T h e  ce lls  w e re  c u ltu re d  in  D u lb e c c o ’s m o d if ie d  E a g le ’s 
m ed iu m  (D M E M ; In v itro g en  C o rp ., U S A ), su p p le m e n te d  by  10%  fe ta l b o v in e  se ru m  
(F B S ; In v itro g e n  C o rp ., U S A ), 1%  L -g lu ta m in e  (In v itro g e n  C o rp ., U S A ) an d  1% 
an tib io tic  an d  a n tim y c o tic  fo rm u la tio n  [c o n ta in in g  p e n ic illin  G  so d iu m , s tre p to m y c in  
su lfa te , an d  a m p h o te r ic in  B ( In v itro g e n  C o rp ., U S A )]. T h e  s te r iliz e d  sp ec im en s  
(a u to c la v e d  sm a ll p ie c e s  th a t w ere  c u t fro m  th e  h y d ro g e l s a m p le s  an d  th e n  d ried  in  
th e  o v en ) w e re  im m e rse d  in  se ru m -fre e  m e d iu m  (S F M ; c o n ta in in g  D M E M , 1%  L 
g lu tam in e , 1%  la c ta b u m in , and  1% a n tib io tic  an d  a n tim y c o tic  fo rm u la tio n )  fo r 24  h 
in  in c u b a to r  to  p ro d u c e  e x tra c tio n  m e d ia  c o n c e n tra tio n  o f  10 a n d  2 0  m g /m L . N H D F  
w ere  s e p a ra te ly  c u ltu re d  in  w e lls  o f  T C P S  a t 8 ,0 0 0  c e lls /w e ll in  se ru m -c o n ta in in g  
D M E M  fo r  24  h  to  a llo w  ce ll a tta c h m e n t. T h e  c e lls  w e re  th e n  s ta rv e d  w ith  S F M  fo r 
24  h. A fte r  th a t, th e  m e d iu m  w as re p la c e d  w ith  a n  e x tra c tio n  m e d iu m  an d  ce lls  w ere  
re - in c u b a ted  fo r 24  h . F in a lly , th e  v ia b ility  o f  th e  c e lls  c u ltu re d  b y  e a c h  o f  th e  
e x tra c tio n  m e d ia  w a s  d e te rm in e d  w ith  3 -(4 ,5 -d im e th y lth ia z o l-2 -y l) -2 ,5 -  
d ip h e n y lte tra z o liu m  b ro m id e  (M T T ) a ssa y , w ith  th e  v ia b il i ty  o f  th e  c e lls  c u ltu re d  b y  
fresh  S F M  b e in g  u se d  as  co n tro l.

T h e  M T T  a ssay  is b a se d  o n  th e  re d u c tio n  o f  th e  y e llo w  té tra z o liu m  
sa lt to  p u rp le  fo rm a z a n  c ry s ta ls  b y  d e h y d ro g e n a se  e n z y m e s  se c re te d  fro m  the  
m ito c h o n d ria  o f  m e ta b o lic a lly -a c tiv e  ce lls . T h e  a m o u n t o f  p u rp le  fo rm a z a n  c ry s ta ls  
fo rm ed  is p ro p o rtio n a l to  th e  n u m b e r o f  v ia b le  ce lls . F irs t, e a c h  c u ltu re  m e d iu m  w as 
a sp ira ted  an d  re p la c e d  w ith  25 p L /w e ll o f  M T T  so lu tio n  a t 5 m g /m L  fo r a  9 6 -w ell
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T C P S . S e c o n d ly , th e  p la te  w as  in cu b a ted  fo r 2 h  a t 3 7  ° c .  T h e  so lu tio n  w as th en  
a sp ira te d  an d  100 p L /w e ll o f  D M S O  w as  a d d ed  to  d is so lv e  th e  fo rm a z a n  c ry sta ls . 
F in a lly , a f te r  3 m in  o f  ro ta ry  ag ita tio n , th e  a b so rb a n c e  a t th e  w a v e le n g th  o f  570  nm  
re p re se n tin g  th e  v ia b ility  o f  th e  ce lls  w as  m e a su re d  u s in g  a  S p e c tra M a x  M 2 
m ic ro p la te  re a d e r  (M o le c u la r  D ev ice s , U S A ).

5 .3 .1 0  S ta tis tic a l A n a ly s is
D a ta  w e re  p re se n te d  as  m e a n s  ±  s ta n d a rd  e rro rs  o f  m ean s . S ta tis tica l 

a n a ly s is  w a s  c a rr ie d  o u t b y  th e  o n e -w a y  a n a ly s is  o f  v a r ia n c e  (o n e -w a y  A N O V A ) and  
S c h e f fe ’s p o s t  h o c  te s t in  S P S S  11.5 fo r  W in d o w s  so f tw a re  (S P S S ). T h e  sta tis tica l 
s ig n if ic a n c e  w a s  a c c e p ted  a t p  <  0 .05 .

5 .4  R e s u lts  a n d  D isc u ss io n

5.4.1 P re p a ra tio n  o f  N e a t an d  n A g -c o n ta in in g  G e la tin  H y d ro g e ls
W h en  a q u e o u s  so lu tio n  o f  g e la tin  c o n ta in in g  A g + io n s  is su b jec ted  to  

g a m m a  irra d ia tio n , th e  re a c tiv e  sp ec ie s  fro m  th e  ra d io ly s is  o f  w a te r  are  p ro d u ced . 
T h e se  sp e c ie s  a re  h y d ra te d  e lec tro n ; e'aq, h y d ro x y l ra d ic a ls ; O H ’, a n d  a  sm all a m o u n t 
o f  h y d ro g e n  a to m  (R o s ia k , J .M ., e t a l, 1999; K rk lje s , A ., e t a l, 2 0 0 7 ; V a rsh n ey , L.
2 0 0 7 )  as  sh o w n  in  e q u a tio n  6. T h en  th ey  m a y  a ttra c t A g + io n s  a n d  g e la tin  m o lecu le s  
in  o rd e r  to  re d u c e  A g + io n s  to  n eu tra l A g° a to m s  (C h e n , P ., e t al, 2 0 0 7 )  and  to  c ro ss 
lin k  g e la tin  (H a ra , M . 2 0 0 6 ), re sp e c tiv e ly  to  g e n e ra te  g e la t in -n A g  n a n o c o m p o s ite s .

T h e  ra d ia tio n -in d u c e d  re d u c tio n  o f  A g + io n s  c o u ld  b e  tak en  p lace  
d u rin g  th e  ir ra d ia tio n  o f  th e  aq u eo u s  so lu tio n  o f  g e la tin  c o n ta in in g  A g + ions. It has 
b een  re p o rte d  A g + io n s  a re  re d u c e d  by  h y d ra te d  e le c tro n s ; e 'aq; p ro d u c e d  fro m  w a te r  
ra d io ly s is , to  fo rm  th e  n e u tra l A g° a to m s  as a  p r im a ry  re d u c tio n  p ro d u c ts  (Z h u , Y ., 
e t a l, 1997; T e m g ire , M .K ., and  Jo sh i, ร .ร ., 2 0 0 4 ; K rk lje s , A ., e t a l, 2 0 0 7 ; C h en , p ., 
e t al, 2 0 0 7 ) (e q u a tio n  7). T h e n  th e se  n eu tra l A g° a to m s  u n d e rg o  fu r th e r  ag g re g a tio n  
to  p ro g re s s iv e ly  la rg e r  c lu s te rs  v ia  v a rio u s  g ro w th  p ro c e sse s  le a d in g  to  th e  fo rm a tio n  
o f  n A g  at la s t (X u , X ., e t a l, 1998; S h in , IT S ., e t a l, 2 0 0 4 ; C h e n , p .,  et al, 2 0 0 7 ) 
(e q u a tio n  8 -1 0 ). T h e  a s -fo rm e d  n a n o p a rtic le s  v ia  g a m m a  ir ra d ia tio n  a re  cap p ed  
w ith in  the  g e la tin  n e tw o rk . T h e  m e c h a n ism  o f  n A g  fo rm a tio n  b y  irrad ia tio n - 
re d u c tio n  p ro c e ss  can  be  w ritte n  as fo llow .
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h 20 ----------- ► O H ’, e 'a q ,  H \  H 20 2, H 2, H \  . . . (6)
A g + + c aq --------- ► A g ° (7)
A g °  + A g - --------- ► A g 2 + (8)

A g 2 + + A g ----------► A g 3 + (9)
— ►  — ►  Agn (a g g re g a tio n  to  fo rm  A g  n a n o p a rtic le s )  (10 )

T h e  ra d ia tio n -in d u c e d  c ro ss - lin k in g  o f  g e la tin  c h a in s  as  th e  fo llo w in g  
re a c tio n  ( lia , D ., e t a l, 2 0 0 0 )  is k n o w n  to  b e  g e n e ra lly  in itia te d  b y  h y d ro x y l rad ica ls  
(K o jim a , T ., e t al, 2 0 0 4 ). T h e  h y d ro x y l ra d ic a ls  can  a b s tra c t h y d ro g e n  a to m s fro m  
th e  g e la tin  c h a in s  an d  th u s  p ro d u ce  a c a rb o n -c e n te re d  rad ica l in  g e la tin  ch a in  (see  
e q u a tio n  11). F in a lly  c ro ss - lin k e d  g e la tin  h y d ro g e ls  a re  fo rm ed  b y  th e  reac tio n  o f  
ch a in  p ro p a g a tio n  o f  m a c ro ra d ic a ls  (see  e q u a tio n  12 an d  13).

O H ' +  G T  ------------►  G T ' +  H 20  (11)
GT* +  G T  ------------►  G T -G T ’ (12)
G T -G T ' +  ‘G T - G T ------------►  C ro ss - lin k e d  G T  h y d ro g e ls  (13 )

T h e  o b ta in e d  n ea t an d  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  sh o w  g o o d  
a p p e a ra n c e  w ith  th e  h y d ro g e ls  c h a ra c te r is tic s  o f  m o is tu re , so f tn e ss , e la s tic ity  an d  
p le a sa n t to  to u c h . It c a n  be  seen  th a t th e  n e a t g e la tin  h y d ro g e l sh o w s g o o d  
tra n sp a re n c y  w h ile  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  e x h ib it  s lig h tly  b ro w n  to  d a rk  
b ro w n  w ith  in c re a s in g  th e  a s -lo a d e d  s ilv e r  d u e  to  th e  p re se n c e  o f  n A g  (T h o m as , V ., 
e t a l, 2 0 0 7 ; R u jita n a ro j, P ., e t al, 2 0 0 8 ; R a tta n a ru e n g s r ik u l, V ., e t a l, 2 0 0 9 ). G a m m a  
ra d ia tio n  h a s  b een  re c o g n iz e d  as  o n e  o f  su ita b le  to o ls  fo r th e  fo rm a tio n  o f  
n A g /h y d ro g e l n a n o c o m p o s ite s  w ith in  s in g le  step . T h e se  h y d ro g e ls  th o se  w ere  
p re p a re d  b y  ir ra d ia tio n  te c h n iq u e  p o sse ss  s te riliz a tio n . T h e  ir ra d ia tio n  te c h n iq u e  is 
c lean  an d  e n v iro n m e n ta l fr ie n d ly  p ro c e ss  s in ce  no  n e c e s s ity  to  use an y  c ro ss - lin k e rs  
o r  re d u c in g  a g e n ts  p o ss ib ly  h a rm fu l and  d iff ic u lt to  re m o v e  an d  no  w aste  o r  
b y p ro d u c ts  a re  fo rm ed . T h is  m ak es  irra d ia tio n  te c h n iq u e  is th e  p ro m is in g  m e th o d  
u se fu l fo r m e d ic a l p u rp o se s .
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5 .4 .2  M e a su re m e n t o f  G el F rac tio n , S w e llin g  an d  W e ig h t L o ss  B e h a v io r o f  
N e a t an d  n A g -c o n ta in in g  G e la tin  H y d ro g e ls
5 .4 .2 .1  G e l F raction

I r ra d ia tio n  o f  AgNC>3 -lo ad ed  g e la tin  a q u e o u s  so lu tio n  re su lts  
in  s im u lta n e o u s  c ro ss - lin k in g  o f  g e la tin  to  fo rm  a  th re e -d im e n s io n a l p o ly m e r 
n e tw o rk , m e a n w h ile  s ilv e r  io n s  u n d e rg o  re d u c tio n  in to  A g° e v e n tu a lly  lead  to  th e  
fo rm a tio n  o f  n A g  tra p p e d  in s id e  th e  g e la tin  h y d ro g e ls .

0 -1 0 %  AgNC>3 -lo ad ed  g e la tin  a q u e o u s  so lu tio n s  th a t had  
b e e n  e x p o se d  to  g a m m a  irra d ia tio n  d o se s  o f  20 , 40 , 60  an d  80 k G y  w ere  ex trac ted  
w ith  w a te r  o f  50  ° c  fo r  2 h u n d e r v ig o ro u s  sh a k in g  to  e v a lu a te  th e  e ffec t o f  
irra d ia tio n  d o se  on  th e  gel frac tio n  o f  th e se  a s -p re p a red  h y d ro g e ls . T h e  gel frac tio n  
o f  th e  a s -p re p a re d  g e la tin  h y d ro g e ls  as  a  fu n c tio n  o f  ir ra d ia tio n  d o se  w e re  sh o w n  in 
F ig u re  5.1.

F o r an y  ty p es  o f  h y d ro g e ls , it w a s  o b se rv e d  th a t  gel frac tio n  
in c re a se d  w ith  in c re a s in g  ir ra d ia tio n  d o se . T h e  gel f ra c tio n  in c re a se s  ra p id ly  a t lo w  
d o se  an d  s lig h tly  in c re a se s  ab o v e  60  k G y . T h e  h ig h  gel f ra c tio n  o f  h y d ro g e ls  at h ig h  
ir ra d ia tio n  d o se  w a s  d u e  to  h ig h e r  d eg ree  o f  c ro ss - lin k in g  o f  p o ly m e r  n e tw o rk .

A t a  g iv en  ra d ia tio n  d o se , th e  g e l f ra c tio n  o f  th e  h y d ro g e ls  
d e c re a se d  w ith  an  in c rea se  in  th e  p e rc e n ta g e  o f  a s - lo a d e d  s ilv e r  io n s  th a t h ad  b een  
lo a d e d  in to  th e  g e la tin  so lu tio n s . T h a t w o u ld  re su lt fro m  th e  m e c h a n ism  o f  n A g  
fo rm a tio n  v ia  ir ra d ia tio n  sy n th esis . U p o n  y - ir ra d ia tio n , th e  w a te r  u n d e rg o es  
ra d io ly s is  to  g e n e ra te  h y d ra te d  e lec tro n s , w h ic h  re d u c e d  th e  A g +  io n s  to  fo rm  th e  
n A g . T h e  c ro ss - lin k in g  o f  g e la tin  is th e  fo llo w in g  re a c tio n  ( lia , D ., e t a l, 2 0 0 0 ). It 
w a s  re su lt fro m  th e  h y d ro x y l rad ica ls  fro m  th e  ra d io ly s is  o f  w a te r  re a c t e ff ic ien tly  
w ith  g e la tin  m o le c u le s  to  fo rm  g e la tin  n e tw o rk . A t a  g iv e n  ra d ia tio n  d o se , p a rtia l 
e n e rg y  th a t h ad  g iv en  to  th e  AgNC>3 - lo ad ed  g e la tin  a q u e o u s  so lu tio n  w a s  u sed  to  
reac t w ith  A g -  to  fo rm  A g°, th en  c ro ss - lin k in g  p ro c e ss  o f  g e la tin  w ill  s ta rt la te r w ith  
e x c e ss  en e rg y . T h e  m o re  A g + ions w e re  lo ad ed , th e  m o re  e n e rg y  w e re  u sed  to  red u ce  
A g + io n s  to  A g ° c o n se q u e n tly  th e  le ss  e n e rg y  re m a in e d  w e re  u se d  to  c ro ss-lin k  
p o ly m e r  n e tw o rk . T h e re fo re  in c re a s in g  a s-lo a d  s ilv e r  in  th e  g e la tin  so lu tio n  re su lted  
in  th e  lo w e rin g  o f  th e  gel frac tio n  o f  h y d ro g e ls .
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5 .4 .2 .2  S w e llin g  a n d  W eight L o ss  B eh a v io r
T h e  m e a su re m e n ts  fo r  th e  w a te r  sw e llin g  an d  th e  w e ig h t lo ss  

w e re  u se d  to  a sse ss  th e  e x te n t o f  th e  c ro ss - lin k in g  o f  n e a t g e la tin  h y d ro g e ls  th a t had  
b e e n  irrad ia ted  b y  th e  g a m m a  ray  w ith  v a r io u s  d o ses . T h re e  ty p e s  o f  aq u eo u s 
m e d iu m  w ere  u sed  fo r th e se  p u rp o se s : d is til le d  w a te r  (p H  6 .9 ), p h o sp h a te  b u ffe r  
so lu tio n ; P B S  (p H  7 .4 ), an d  s im u la ted  b o d y  flu id ; S B F  (p H  7 .4 ). T h e  re su lts  are  
g ra p h ic a lly  sh o w n  in F ig u re  5.2.

A t a  g iv en  ra d ia tio n  d o se , th e  w a te r  sw e llin g  o f  th e  n ea t 
g e la tin  h y d ro g e ls , in  any  ty p e  o f  the  m e d iu m , in c re a se d  w ith  th e  su b m e rs io n  tim e 
th en  b e c a m e  sa tu ra te d  w ith in  24  h an d  fin a lly  th ey  h a v e  u n d e rg o n e  a  se ries  o f  
d is in te g ra tio n  a f te r  th ey  h ad  b een  su b m erg ed  in th e  m e d iu m  fo r a b o u t 1-10 d. A t the  
sam e  tim e , it w as  o b se rv e d  th a t the  % sw e llin g , a t an y  g iv e n  tim e  p o in t, d ec reased  
w ith  an  in c rea se  in  th e  ra d ia tio n  d o se  u sed  to  sy n th e s iz e  th e  h y d ro g e ls . T h is  w as  due  
to  th e  h ig h e r  ir ra d ia tio n  d o se  ap p lied  to  th e  g e la tin  so lu tio n s , le ad in g  to  g re a te r  c ro ss 
lin k  d e n s ity  o f  th e  a s -p re p a red  g e la tin  h y d ro g e ls  a tta in e d  (S a v a s , H . a n d  G u v en , o . ,  
2 0 0 2 ).

F o r th e  h y d ro g e ls  th a t  h ad  b een  su b m e rg e d  in  th e  d is tilled  
w a te r  fo r 24  h , th e  a m o u n ts  o f  th e  sw e llin g  w e re  fo u n d  to  d e c re a se  fro m  ab o u t 
2 8 6 0 %  at 2 0  k G y  irra d ia te d  to  ab o u t 1230%  a t 80  k G y  irra d ia te d . In  th e  P B S , such  
v a lu e s  d e c re a se d  fro m  a b o u t 1452%  at 20  k G y  irra d ia te d  to  a b o u t 8 2 2 %  at 80 kG y 
irra d ia te d . In  th e  S B F , th e  v a lu e s  d e c re a sed  fro m  ab o u t 1 4 9 0 %  a t 20  k G y  irrad ia ted  
to  a b o u t 7 7 9 %  a t 80  k G y  irrad ia ted . E v id e n tly , th e  a m o u n t o f  th e  w a te r  re ta in ed  in 
th e  h y d ro g e ls  a f te r  th ey  h ad  b een  su b m e rg e d  in  d is tille d  w a te r  w as  th e  h ig h es t.

O n  th e  o th e r h an d , th e  lo ss  in  th e  w e ig h t o f  th e  h y d ro g e ls , at 
an y  g iv e n  ra d ia tio n  d o se  an d  in  any  ty p e  o f  th e  m e d iu m , in c re a se d  w ith  th e  
su b m e rs io n  tim e  w ith in  10 h and  th en  b e c a m e  in c re a se  fu r th e r  a fte rw ard . 
S im u lta n e o u s ly , it w as  fo u n d  th a t, a t an y  g iv en  tim e  p o in t, th e  v a lu e s  d e c re a sed  w ith  
an  in c re a se  in  th e  ra d ia tio n  d ose . S p e c if ic a lly , fo r th e  h y d ro g e ls  th a t  had  been  
su b m e rg e d  in  th e  d is tille d  w a te r  fo r 24 h , th e  p e rc e n ta g e s  o f  th e  w e ig h t lo ss  
d e c re a sed  fro m  a b o u t 3 3 %  a t 20  k G y  irrad ia ted  to  ab o u t 17%  a t 80 k G y  irrad ia ted . In 
P B S , su ch  v a lu e s  d e c re a se d  fro m  ab o u t 3 1 %  at 20  k G y  irra d ia te d  to  a b o u t 13%  at 80 
k G y  irrad ia ted . In th e  S B F , th e  v a lu es  d e c re a se d  fro m  a b o u t 2 4 %  a t 20  k G y
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irra d ia te d  to  a b o u t 10%  at 80  k G y  irrad ia ted . E v id e n tly , th e  g re a te s t e x te n t o f  the  
w e ig h t lo ss  o f  th e  h y d ro g e ls  o ccu rred  w h en  th ey  w e re  su b m e rg e d  in  th e  d is tilled  
w ate r.

5 .4 .3  N u m b e r-a v e ra g e  M o le c u la r  W e ig h t o f  C h a in  S e g m e n ts  B e tw e e n
C ro ss - lin k in g  P o in ts  an d  C ro ss - lin k  D en s ity
T h e  w a te r  sw e llin g  d a ta  o f  th e  h y d ro g e ls  a f te r  h a v in g  b e e n  su b m erg ed  

in  d is tille d  w a te r  a t a m b ie n t te m p e ra tu re  fo r 1 d w e re  u se d  to  c a lc u la te  th e  n u m b er- 
a v e ra g e  m o le c u la r  w e ig h t o f  c h a in  seg m en ts  b e tw e e n  c ro ss - lin k in g  p o in ts  (M e) and  
th e  c ro ss - lin k  d e n s ity  (V e) o f  th e  a s -p re p a red  n A g -c o n ta in in g  g e la tin  h y d ro g e ls . T h e  
re su lts  o f  su ch  c a lc u la tio n s  a re  illu s tra ted  in  F ig u re  5 .3 . A p p a re n tly , an  in c re a se  in  
th e  irra d ia tio n  d o se  ca u se d  th e  M e  v a lu e s  o f  th e  n ea t g e la tin  h y d ro g e l to  d ec rea se  
fro m  a b o u t 16320  g /m o l a t 20  k G y  o f  i r ra d ia tio n  d o se  to  a b o u t 5 1 5 2  g /m o l at 80 k G y  
o f  ir ra d ia tio n  d o se . T h ese  c o rre sp o n d e d  to  a  m o n o to n o u s  in c re a se  in  its  V e v a lu es  
fro m  a b o u t 4 .98  X 1 0 19 # /c m 3 a t 20  k G y  o f  ir ra d ia tio n  d o se  to  ab o u t 15.88 X 1019 
# /c m 3 a t 80  k G y  o f  irra d ia tio n  d o se . R ecen tly , w e  a lso  sh o w e d  th a t  th e  V e  v a lu es  o f  
th e  n ea t g e la tin  h y d ro g e ls  th o se  had  b e e n  c h e m ic a lly  c ro ss - lin k e d  w ith  
g lu ta ra ld e h y d e  a q u e o u s  so lu tio n  (m ix ed  at v a r io u s  c o n c e n tra tio n s  o f  0 .5 , 1, 3, 5, 7 , 9 
p i p e r  m l o f  g e la tin  so lu tio n ) w ere  in c rease , w h ile  th e  M e  v a lu e s  w e re  d e c re a se  by  
in c re a s in g  in  th e  c o n c e n tra tio n  o f  g lu ta ra ld e h y d e  (R a tta n a ru e n g s r ik u l, V ., e t a l,
2 0 0 9 ). A p p a re n tly , th e  o b ta in e d  re su lts  ag re e d  w e ll w ith  th e se  p re v io u s  rep o rts , 
h o w e v e r  th e  c h e m ic a lly  c ro ss - lin k  p ro v id e s  g re a te r  d e g re e  o f  c ro ss - lin k in g  th an  
p h y s ic a lly  m e th o d .

T h e  in c re a s in g  in  th e  M e an d  th e  re d u c in g  in  th e  V e  v a lu e s  o f  th e  
n A g -c o n ta in in g  g e la tin  h y d ro g e ls  at an y  ir ra d ia tio n  d o se  w e re  o b se rv e d  w h en  
A gN C >3 w e re  lo a d e d  in  th e  g e la tin  h y d ro g e ls . S u ch  th e  v a lu e s  w e re  d e p e n d e n c e  on  
th e  c o n c e n tra tio n  o f  a s -lo a d e d  AgNC>3 . T h is  in d ic a te d  th a t th e  c ro ss - lin k  d e n s ity  o f  
th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  d e c re a sed  w ith  an  in c re a se  in  th e  a m o u n t o f  as- 
lo ad ed  AgNC>3 . B e c a u se  o f  th e  v a lu e  o f  e n e rg y  a b so rp tio n  o f  A g  w a s  h ig h e r  th an  th a t 
o f  g e la tin , th e re fo re  th e  re d u c tio n  o f  A g + io n s  by  h y d ra te d  e le c tro n  h ad  o cc u rre d  firs t 
th en  th e  c ro ss - lin k in g  o f  g e la tin  n e tw o rk  b y  h y d ro x y l ra d ic a l h as  b e e n  ta k e n  p lace  
la ter. H ig h e r  e n e rg y  w as c o n su m e d  at h ig h e r  c o n c e n tra tio n  o f  A gN C>3 lo a d e d  and  the  
less re m a in e d  e n e rg y  w a s  u sed  to  g en e ra te  th e  g e la tin  h y d ro g e ls . T h is  re su lt o f  lo w er
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c ro ss - lin k  d e n s ity  a t th e  h ig h e r  level o f  a s - lo a d e d  s ilv e r  a t an y  ir ra d ia tio n  doses 
co rre sp o n d s  to  th e  gel frac tio n  an d  th e  sw e llin g  a n d  w e ig h t lo s s  b e h a v io r  o f  th e  nA g - 
c o n ta in in g  g e la tin  h y d ro g e ls  at an y  irrad ia tio n  d ose .

5 .4 .4  M e a su re m e n t o f  M o is tu re  R e te n tio n  C a p a b ility  o f  N e a t an d  n A g -
c o n ta in in g  G e la tin  H y d ro g e ls
T h e  m o is tu re  re te n tio n  cap ac ity  is  o n e  o f  th e  im p o rta n t fac to rs  o f  

w o u n d  d re ss in g  to  m a in ta in  a  m o is t e n v iro n m e n t o v e r  th e  w o u n d  a rea . M o is tu re  
re te n tio n  c a p a c ity  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  th a t h a d  b e e n  ir ra d ia te d  at 60 
kG y  w as in v e s tig a te d  as a  fu n c tio n  o f  tim e  an d  is  c a lc u la te d  a s  th e  w a te r  lo s in g  ra te  
and  th e  ra tio  o f  w a te r  h o ld in g  in  th e  h y d ro g e ls .

A s sh o w n  in F ig u re  5.4 th e  w a te r  in s id e  all h y d ro g e ls  th a t h ad  been  
irra d ia te d  a t 60 k G y  te n d e d  to  g ra d u a lly  e v a p o ra te  c o n tin u o u s ly  o v e r  th e  tim e  w ith  
th e  w a te r  lo s in g  ra te  (s lo p e  o f  th e  g rap h ) in  th e  s im ila r  ra n g e  o f  7.1 X 10'2 to  7.7 X 
10"2 g /h  as  sh o w n  in  T ab le  5.1. T h e  w a te r  lo s in g  ra te  o f  n A g -lo a d e d  g e la tin  
h y d ro g e ls  th a t h ad  b e e n  irrad ia ted  a t 60 k G y  is s lig h tly  g re a te r  th a n  th e  n ea t g e la tin  
h y d ro g e l c o n se q u e n tly  th e  ra tio  o f  w a te r  h o ld in g  in  h y d ro g e l a t a n y  g iv en  tim e  p o in t 
is s lig h tly  sm a lle r  th a n  th e  n ea t g e la tin  h y d ro g e l. A ll h y d ro g e l sp e c im e n s  ta k e  abou t 
50 h to  lo se  m o st o f  th e ir  w a te r. F ig u re  5.4 sh o w s  th e  ra tio  o f  w a te r  h o ld in g  in  th e  
n ea t an d  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e l sp e c im e n s  a t v a r io u s  tim e  in te rv a ls . A t 
4 h. th e  ra tio  o f  w a te r  h o ld in g  in  the  n ea t g e la tin  h y d ro g e l sp e c im e n s  (Rh, 4h) w as
70.08 %  a n d  re d u c e d  to  58.94% an d  37.96% at 6 h  an d  10 h , re sp e c tiv e ly . T h e  va lue  
o f  Rh, 4h o f  1, 3, 5 a n d  10% n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w e re  68.74, 68.75, 
66.79 an d  59.04% re sp e c tiv e ly  an d  red u ced  to  52.16, 53.17, 53.86 an d  47.65% at 6 h. 
re sp e c tiv e ly  th en  th o se  v a lu e  o f  Rh, lOh o f  1, 3, 5 an d  10% n A g -c o n ta in in g  g e la tin  
h y d ro g e ls  w e re  re d u c e d  fu rth e r to  30.24, 32.88, 32.76 an d  27.83%, re sp ec tiv e ly . 
W an g , M . e t al. (2007) re p o rte d  th a t th e  P V P /C M C  b le n d  h y d ro g e ls  h av e  th e  s im ila r 
m o is tu re  re te n tio n  ca p a b ility  re g a rd le ss  w ith  th e ir  c ro s s - lin k in g  d e n s ity  and  
c o m p o s itio n  sin ce  th e  m o is tu re  re te n tio n  c a p a b ility  o f  all h y d ro g e ls  w a s  lin e a r w ith  
th e  w a te r  lo s in g  ra te  o f  5.0 X 10"4 g /m in , an d  th e  Rh, 4h v a lu e  w a s  ab o u t 69%. In h is 
a c c o u n t (W an g , M . e t a l., 2007), th e  c o m p a riso n  b e tw e e n  P V P /C M C  h y d ro g e l an d  a 
c o m m e rc ia l h y d ro g e l w o u n d  d re ss in g  w as p e rfo rm e d  u s in g  th e  P V P /C M C  h y d ro g e l 
a t a Fixed ra tio  o f  6:4 irrad ia ted  w ith  g a m m a  ray  o f  25 k G y  in  c o m p a r iso n  w ith  a
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co m m e rc ia l h y d ro g e l d re ss in g  m a in ly  c o n ta in in g  P V A  o b ta in e d  fro m  C h a n g c h u n  JA  
B io tech . C o . L td ., C h in a . T h e  re su lts  sh o w ed  th a t th e  tw o  k in d s  o f  d re ss in g s  had  
s im ila r  ra te  o f  lo s in g  w a te r , w h ich  w a s  ab o u t 5.0 X 10 4 g /m in . A n d  th e  Rh, 6h o f  the 
P V P /C M C  h y d ro g e l w as  54.5% w h ic h  w as c o m p a ra b le  to  th e  c o m m e rc ia l h y d ro g e l 
d re ss in g  o f  51.7%. A p p a re n tly , th e  n ea t an d  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  
th a t had  b een  irra d ia te d  a t 60 k G y  sh o w e d  th e  c lo se  v a lu e  to  th e  p re v io u s  rep o rts .

It is b e n e fic ia l to  u se  h y d ro g e l d re s s in g  to  m a in ta in  m o is t fo r w o u n d  
en v iro n m e n t. A  b a la n c e d  m o is t su rfa c e  fac ilita te s  th e  a c tio n  o f  g ro w th  fa c to rs  and  
cy to k in e s , th u s  p ro m o tin g  ce llu la r  g ro w th  an d  c o lla g e n  p ro life ra tio n  le a d in g  to  th e  
e s ta b lish m e n t o f  a  p ro v is io n a l w o u n d  m a trix  (B o a te n g , J .S ., e t a l, 2 0 0 7 ; B o a ten g , 
J .S ., e t a l, 2 0 0 8 ; O k an , D ., e t al, 2 0 0 7 ; O v in g to n , L .G ., 2 0 0 7 ).

5 .4 .5  M e a su re m e n t o f  W a te r  V a p o r T ra n sm iss io n  R a te  (W V T R ) o f  N e a t 
an d  n A g -c o n ta in in g  G e la tin  H y d ro g e ls

N ea t an d  n A g -c o n ta in in g  g e la tin  h y d ro g e ls ; th ic k n e ss  o f  ~ 2 .5  m m  
w ere  m e a su re d  th e  w a te r  v a p o r tra n sm iss io n  ra te  a t c o n tro lle d  te m p e ra tu re  o f  25 °c 
an d  50  %  Rh. B ecau se  th e y  w ere  irra d ia te d  at th e  sam e  d o se  o f  60  k G y  so th e  W V T R  
o f  all sa m p le s  w as in  th e  sam e ra n g e  o f  2 8 3 5 -3 0 3 9  g /m 2/d  as  sh o w n  in  T ab le  5.1. It 
w as w ell k n o w n  th a t th e  W V T R  d e p en d ed  on  th ic k n e ss  o f  sp e c im e n s  h o w ev e r; th e  
h y d ro g e ls  sh o u ld  ta ilo r-m a d e  at th e  su itab le  th ic k n e ss  fo r a p p ro p r ia te  u se  w ith  any  
w o u n d  ty p es . L am k e , L .o .  e t al. (1 9 7 7 ) re p o rte d  th e  v a lu e  o f  th e  w a te r  e v ap o ra te  
fro m  a  n o rm a l sk in , a  f irs t d eg ree  b u m  an d  a th ird  d e g re e  b u m  is a b o u t 2 0 4 ± 1 2 , 
2 7 9 ± 2 6  an d  5 1 3 8 ± 2 0 2  g /m 2/day , re sp ec tiv e ly . T h e  e ffe c tu a l w o u n d  d re ss in g  sh o u ld  
m a in ta in  a  m o is t e n v iro n m e n t u p o n  a b so rp tio n  o f  th e  w o u n d  e x u d a te s  by  p re v e n tio n  
o f  th e  e x c e ss iv e  d e h y d ra tio n  as w e ll as a v o id in g  o f  th e  e x u d a te s  a c c u m u la tio n  
(B a la k rish n a n , B ., e t al. 2 0 0 5 ). It h a s  b een  re c o m m e n d e d  th a t a  ra te  o f  2 0 0 0 -2 5 0 0  
g /m 2/d ay  w o u ld  p ro v id e  ad e q u a te  level o f  m o is tu re  w ith o u t r isk in g  w o u n d  
d e h y d ra tio n  (Q u een , D ., e t al. 1987). W o u n d  d re s s in g s  a v a ila b le  in  m a rk e t su ch  as 
G e lip e rm s  (G e is tlic h  L td ., S w itz e r la n d )  and  V ig ilo n s  (B a rd  L td ., C ra w le y , U K ) w ere  
fo u n d  to  h a v e  a  W V T R  o f  9 0 0 9 ± 3 1 9  and  9 3 6 0 ± 3 4  g /m 2/d ay , re sp e c tiv e ly , an d  thus 
ac ts  as w a te r-fre e  su rfa c e  (พ น , P ., e t al. 1995). S u ch  h ig h  W V T R  w o u ld  lead  to  to ta l 
d eh y d ra tio n  o f  th e  w o u n d  su rface  e n a b lin g  th e  d re s s in g  ad h e re  to  th e  w o u n d . T h e  as- 
p rep a red  g e la tin  h y d ro g e ls  sh o w ed  a  v a lu e  c lo se  to  th e  ra n g e  a p p ro p ria te  to  m a in ta in
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a p ro p e r  f lu id  b a la n c e  o n  th e  w o u n d  bed . T h is  s lig h tly  h ig h e r  v a lu e  re su lts  from  
m ic ro p o ro u s  m o rp h o lo g y  in s id e  the  h y d ro g e ls . T h e re fo re  th e  g e la tin  h y d ro g e ls  co u ld  
be  a p p lie d  w ith  th e  h ig h  e x u d a te s  w o u n d  b ecau se  th e  e x u d a te s  c o u ld  b e  ab so rb e d  and  
e v a p o ra te d  th ro u g h  th e  h y d ro g e ls  e a s ily  in  o rd e r  to  p re v e n t th e  a c c u m u la tio n  o f  
w o u n d  e x u d a te s .

5 .4 .6  C h a ra c te riz a tio n  o f  n A g  in  th e  n A g -c o n ta in in g  G e la tin  H y d ro g e ls  
T h e  fo rm a tio n  o f  A g  n a n o p a rtic le s  w ith in  th e  g a m m a  irrad ia ted

g e la tin  h y d ro g e ls  co u ld  b e  a sse ssed  fro m  th e  p re se n c e  o f  th e  c h a ra c te r is tic  su rface  
P la sm o n  b an d  a t a ro u n d  4 1 0 ^ 4 3 0  n m  (L iu , F .K ., e t a l, 2 0 0 7 ; L iu , Y ., e t al, 2 0 0 9 ; 
R u jitan a ro j, P ., et al, 2 0 0 8 ; R a tta n a ru e n g srik u l, V ., e t a l, 2 0 0 9 )  in  th e  U V -v is  
ab so rp tio n  sp ec tru m . F ig u re  5.5 sh o w s  th e  U V -v is  a b so rp tio n  sp e c tra  o f  th e  n e a t and  
n A g -c o n ta in in g  g e la tin  h y d ro g e ls  ir ra d ia te d  at 60  k G y . T h e re  is  no  UV^-vis 
a b so rp tio n  o f  an y  k in d  o b se rv ed  fo r th e  n ea t g e la tin  h y d ro g e l b ase . U n til lo ad in g  
A gN C >3 in to  g e la tin  so lu tio n  and  ir ra d ia te d  w ith  th e  g a m m a  ray  th e n  the  h y d ro g e ls  
w ere  fo rm e d  to g e th e r  w ith  nA g  sy n th e s iz e d , so  th e  c h a ra c te r is tic  p e a k  o f  n A g  w as 
o b se rv ed . T h e  h ig h e r  in te n s ity  o f  th e  c h a ra c te r is tic  p e a k  o f  A g  n a n o p a r tic le s  w as 
o b ta in ed  w h en  in c rea se  th e  p e rc e n ta g e  o f  a s -lo a d e d  s ilv e r  in  th e  h y d ro g e ls  fro m  1  to  
10% . T h is  su g g e s ts  th e  fo rm a tio n  o f  n A g  w ith  h ig h e r  y ie ld s  (L iu , F .K ., e t a l, 2007 ). 
M o reo v e r, in c re a s in g  o f  A g -lo a d e d , fro m  1 to  10% , th e  c o rre sp o n d in g  m a x im u m  
w a v e le n g th  o f  th e  a b so rp tio n  sp e c tru m  w as sh ift fro m  4 6 0  to  4 2 0  n m . T h is  im p lie s  
th e  fo rm a tio n  o f  A g  n a n o p a rtic le s  w ith  sm a lle r  s iz e s  (L iu , F .K ., e t a l, 2 0 0 7 ).

T E M  s tu d ie s  (F ig u re  5 .6 ) co n firm ed  th a t  A g  n a n o p a r tic le s  a re  n o t 
a g g lo m e ra te d , w e ll-d isp e rse d  and  a lm o s t sp h e rica l in  sh a p e  w ith  p a r tic le s  s iz e  in  the  
ran g e  o f  3 -1 5  nm .

5 .4 .7  C h a ra c te riz a tio n  o f  A s-lo a d e d  S ilv e r R e le a se d  fro m  th e  n A g - 
c o n ta in in g  G e la tin  H y d ro g e ls
P rio r  to  in v e s tig a tin g  th e  re lea se  c h a ra c te r is t ic  o f  s ilv e r  fro m  th e  n A g - 

co n ta in in g  g e la tin  h y d ro g e ls  th a t had  b e e n  irra d ia te d  a t 60  k G y , th e  ac tu a l a m o u n t o f  
s ilv e r in th e se  sp e c im e n s  n eed ed  to  b e  d e te rm in ed . F o r  th is  p u rp o se , th e  sp ec im en s  
(i.e ., 0 .2 5 , 1, 3, 5, 10%  n A g -c o n ta in in g  g e la tin  h y d ro g e ls )  w e re  d isso lv e d  in  50  m L  
o f  5 0 %  n itr ic  a c id  (P IN O 3 ) so lu tio n . T h e  o b ta in e d  s i lv e r-c o n ta in in g  so lu tio n s  w ere  
th en  q u a n tif ie d  fo r th e  ac tu a l co n ten t o f  a s -lo a d e d  s ilv e r  (b y  m e a n s  o f  A A S ) to  be



1 0 6

6 5 .65  ±  2 .6 5 % , 6 2 .3 0  ±  1 .33% , 6 1 .0 6  ±  1 .17% , 6 1 .6 8  ±  0 .6 6 %  an d  6 1 .53  ±  1 .31%  
fo r th e  th e o re tic a l co n te n t o f  0 .2 5 , 1 , 3 ,5  an d  10%  n A g -c o n ta in in g  g e la tin  h y d ro g e ls , 
re sp ec tiv e ly . T h e se  v a lu e s  w e re  u sed  to  a rr iv e  at th e  c u m u la tiv e  re le a se  o f  s ilv e r 
fro m  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e l sp ec im en s.

T h e  re lea se  c h a ra c te r is tic  o f  A g  io n s  fro m  0 .2 5 , 1, 3, 5 an d  10%  n A g - 
co n ta in in g  g e la tin  h y d ro g e l sp e c im e n s  th a t h ad  b e e n  ir ra d ia te d  a t 60  k G y  w as 
in v es tig a ted  b y  th e  to ta l im m e rs io n  m e th o d  in P B S  a t th e  p h y s io lo g ic a l te m p e ra tu re  
o f  37 °c. T h e  c u m u la tiv e  a m o u n t o f  s ilv e r, e ith e r in  th e  fo rm  o f  A g  n a n o p a rtic le s  or 
re s id u a l free  io n s  (A g +), th a t w ere  re le a se d  fro m  th e se  m a te r ia ls  is re p o r te d  in  F ig u re
5.7 by  th e  w e ig h t o f  A g  re le a se d  d iv id e d  b y  th e  ac tu a l A g  co n te n t (% ) (see  F ig u re  
5 .7a), th e  w e ig h t o f  A g  io n s  re lea sed  ( in  m g ) d iv id ed  b y  th e  w e ig h t o f  th e  sp ec im en s  
(in  g) (see  F ig u re  5 .7 b ) an d  th e  a m o u n t o f  A g  io n s  re le a se d  (in  p p m ) d iv id ed  by  the  
w e ig h t o f  th e  sp e c im e n s  (in  g) (see  F ig u re  5 .7c) as  a  fu n c tio n  o f  th e  su b m e rs io n  tim e.

T h e  re lea se  p ro f ile s  o f  A g  io n s  fro m  th e se  g e la tin  h y d ro g e ls  co u ld  be 
d iv id e d  in to  2 s tag es: th e  in itia l ra th e r  rap id ly  re le a se  w ith in  th e  f irs t p e rio d  o f  
su b m e rs io n  an d  th e  q u ite  s lo w ly  re le a se  a fte rw ard s . E sp e c ia lly , fo r th e  h y d ro g e ls  
th a t w ere  p re p a re d  fro m  th e  g e la tin  so lu tio n s  c o n ta in in g  h ig h e r  A gN C >3 c o n te n t (i.e ., 
3, 5, and  10% ), th is  c h a ra c te r is tic  w as  d o m in an t. T h e  f irs t p e r io d  th a t th e  A g  ions 
re lea sed  ra p id ly  fro m  th e  3 ,5 ,  and  10%  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w as  6 h , 2 
h, an d  4 0  m in , re sp e c tiv e ly , w ith  the  v a lu e  o f - 3 8 .5 ,  - 4 9 .0 ,  an d  6 8 .9 % , re sp ec tiv e ly  
(see  F ig u re  5 .7 a  re p o rte d  as th e  p e rc e n ta g e  o f  th e  w e ig h t o f  A g  io n s  re le a se d  d iv id ed  
by  th e  ac tu a l w e ig h t o f  th e  A g  io n s  p re se n c e  in  th e  sp e c im e n s)  w h ile  th is  p e rio d  
co u ld  n o t be  se e n  c lea rly  in  th e  c u m u la tiv e  re lea se  p ro f ile s  o f  A g  fro m  th e  lo w er 
n A g -c o n ta in in g  g e la tin  h y d ro g e l sp e c im e n s  (i.e ., 0 .2 5 %  an d  1% ). T h e  m a x im u m  
a m o u n t o f  A g  io n s  re lea sed  fro m  th e  0 .2 5 , 1, 3, 5, an d  10%  n A g -c o n ta in in g  g e la tin  
h y d ro g e ls  o n  d a y  10 w ere  - 4 .8 ,  - 9 .7 ,  - 5 7 .3 ,  6 9 .3 , an d  - 9 0 .8 % , re sp e c tiv e ly . A s 
ex p ec ted , th e  m a x im u m  a m o u n t o f  A g  io n s  re lea sed  fro m  th e se  h y d ro g e ls  in c rea sed  
w ith  in c re a s in g  in itia l a m o u n t o f  n A g -c o n ta in in g  in  th e  g e la tin  so lu tio n s .

W h en  re p o rte d  e ith e r as th e  w e ig h t o f  A g  io n s  (in  m g ) o r th e  am o u n t 
o f  A g  ions (in  p p m ) re le a se d  p e r g ram  o f  sp e c im e n s , a  s im ila r  tre n d  o f  th e  re lea sed  
p ro file s  o f  A g  io n s  fro m  th e  c o rre sp o n d in g  h y d ro g e ls  w e re  a lso  o b se rv e d . T h e  v a lu es  
o f  A g  io n s  re le a se d  in  th e  in itia l p e rio d  fro m  th e  3 , 5 , an d  10%  n A g -c o n ta in in g
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g e la tin  h y d ro g e ls  a t 6 h, 2 h , and  40  m in , re sp e c tiv e ly , w e re  ~ 6 .2 , - 1 4 .4 ,  an d  38.5 
m g /g , re sp e c tiv e ly  (see  F ig u re  5 .7b  re p o rte d  as  th e  w e ig h t o f  A g  io n s  re leased  
d iv id e d  by  th e  w e ig h t o f  th e  sp ec im en s). T h e  to ta l a m o u n t o f  A g  io n s  re le a se d  from  
th e  0 .2 5 , 1, 3, 5, an d  10%  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  o n  d ay  10 w e re  - 0 .0 8 ,  
- 0 .6 ,  - 1 0 .2 ,  2 0 .4 , an d  - 5 0 .8  m g /g , re sp ec tiv e ly .

W h en  rep o rted  as th e  a m o u n t o f  A g  io n s  ( in  p p m ) re le a se d  p e r g ram  
o f  sp ec im en s , a t th e  f irs t s tag e  o f  A g  io n s  re le a se d  fro m  th e  3, 5, a n d  10%  n A g - 
c o n ta in in g  g e la tin  h y d ro g e ls  a t 6 h, 2 h , an d  40  m in , re sp e c tiv e ly , th e  cu m u la tiv e  
a m o u n ts  o f  s ilv e r  re lea sed  in  to  th e  m e d ia  w e re  - 2 4 8 .2 ,  - 5 7 6 .1 ,  - 1 5 4 0 .6  p p m /g , 
re sp e c tiv e ly  (se e  F ig u re  5 .7c  re p o rte d  as  th e  a m o u n t o f  A g  io n s  re le a se d  (in  p p m ) 
d iv id ed  by  th e  w e ig h t o f  th e  sp ec im en s). A n d  th e se  a m o u n ts  fin a lly  in c re a se d  to  be  
- 3 .2 ,  - 2 4 .0 ,  4 0 7 .6 , -8 1 4 .5 ,  an d  -2 0 3 0 .7  p p m /g  fo r th e  0 .2 5 , 1, 3, 5, an d  10%  n A g - 
c o n ta in in g  g e la tin  h y d ro g e ls  o n  d ay  10.

T h e  re lea se  k in e tic s  o f  A g + fro m  a  c a rr ie r  Can b e  ch a ra c te riz e d  
a c c o rd in g  to  th e  fo llo w in g  e q u a tio n s  (P e p p a s  &  K h a re , 1993; R itg e r  &  P ep p as, 
1987):

^ -  =  k tn fo r - ^ -  < 0 .6  (14)

w h e re  M t is  th e  c u m u la tiv e  a m o u n t o f  th e  A g + re le a se d  a t a n  a rb itra ry  tim e  t, Moo is 
th e  c u m u la tiv e  a m o u n t o f  th e  A g + re le a se d  a t an  in f in ite  tim e , ท is a n  e x p o n e n t 
c h a ra c te r iz in g  th e  m e c h a n ism  w ith  w h ic h  th e  re lea se  k in e tic s  c a n  b e  d e sc rib e d , an d  k 
is  th e  re lea se  ra te  o f  th e  A g + th a t in c o rp o ra te  th e  p h y s ic a l c h a ra c te r  o f  th e  re lea s in g  
sy stem .

T h e  c a se  fo r n o rm a l F ick ian  d iffu s io n  is  c h a ra c te r iz e d  b y  th e  v a lu e  o f  
ท b e in g  0 .5  an d  C a se  II d iffu s io n  is b y  th e  v a lu e  o f  ท b e in g  1.0, w h ile  th e  case  fo r 
n o n -F ic k ia n  o r  a n o m a lo u s  d iffu s io n  is c h a ra c te r iz e d  b y  th e  v a lu e  o f  ท b e in g  b e tw e e n  
0.5 an  d 1.0 (P e p p a s  & K h are , 1993; R itg e r  &  P e p p a s , 1987). In  c a se  o f  th e  F ick ian  
d iffu s io n  (i.e ., ท =  0 .5 ), a  s tra ig h t line  is e x p e c te d  w h e n  th e  frac tio n a l cu m u la tiv e  
a m o u n t o f  A g + re le a se d  (i.e ., M t/Moo) is  p lo tte d  as a  fu n c tio n  o f  t0 5 (F ig . 5 .8a). T h e  
re su lts  fro m  th e  a n a ly se s  (i.e ., v a lu e s  o f  p a ra m e te rs  k  an d  th e  r2, w h ic h  s ig n ifie s  th e  
g o o d n ess  o f  th e  fits) are  su m m a riz e d  in T a b le  5 .3 . B a se d  o n  th e  F ick ian  d iffu s io n  
m ec h a n ism , th e  v a lu e s  o f  th e  ra te  p a ra m e te r  ‘k ’ fo r all o f  th e  n A g -lo a d e d  g e la tin
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h y d ro g e ls  w e re  in c re a se  w ith  in c re a s in g  in  th e  a s - lo a d e d  s i lv e r  in  g e la tin  h y d ro g e l. In 
c a se  o f  th e  n o n -F ic k ia n  d iffu s io n , th e  d iffu s io n  e x p o n e n t ‘ท’ an d  th e  ra te  p a ram e te r 
‘k ’ c an  be  o b ta in e d  fro m  th e  v a lu e s  o f  th e  s lo p e  an d  th e  in te rc e p t o f  th e  p lo t o f  
ln (M t/Moo) v e rsu s  ln (t)(F ig . 5 .8 b ) and  th e  re su lts  o f  su c h  a n a ly se s  a re  a lso  
su m m a riz e d  in  T a b le  5 .3 . A s ex p ec ted , w ith  in c re a s in g  in  th e  a s - lo a d e d  s ilv e r in 
g e la tin  h y d ro g e l, th e  v a lu e  o f  ‘k ’ w a s  fo u n d  to  in c re a se  an d  th e  v a lu e  a re  s im ila r  to  
th e  case  o f  F ic k ia n  d iffu s io n  ty p e  o f  re le a se  m e c h a n ism  a t a  g iv en  a s -lo a d e d  A g  
co n ten t.

5 .4 .8  A n tib a c te r ia l E v a lu a tio n  o f  n A g -c o n ta in in g  G e la tin  H y d ro g e ls
T h e  p o te n tia l u se  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  as  fu n c tio n a l 

w o u n d  d re ss in g s  w a s  a sse ssed  by  o b se rv in g  th e ir  a n tib a c te r ia l and  b ac te ric id a l 
a c tiv ity  b a sed  o n  th e  d isc  d iffu s io n  m e th o d  an d  th e  d y n a m ic  sh ak es  flask  te s t 
m e th o d , re sp e c tiv e ly  a g a in s t th e  m o d e l b ac te ria : S ta p h y lo co ccu s  au reu s  a n d  M RSA.

5 .4 .8 .1  D isc  D iffu sion  M e th o d
D isc  d iffu s io n  m e th o d  w as u se d  to  e v a lu a te  th e  an tib ac te ria l 

a c tiv ity  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  a g a in s i S ta p h y lo co ccu s  au reu s  and  
M RSA  b y  m e a su rin g  th e  in h ib itio n  zo n e  len g th . T h e  a c tiv ity  o f  th e  n e a t g e la tin  
h y d ro g e ls  an d  th e  d ru g  p e lle ts  o f  v a n c o m y c in  a g a in s t th e se  b a c te r ia  w e re  u sed  as a 
c o n tro l. T h e  le n g th  o f  in h ib itio n  z o n e  a ro u n d  sp e c im e n s  re v e a ls  d eg re e  o f  sen s ib ility  
o f  th e  m ic ro o rg a n ism . T h e  s tra in s  su sc e p tib le  to  a n tib io tic s  e x h ib it  la rg e r in h ib itio n  
z o n e  len g th , w h e re a s  re s is ta n t s tra in s  e x h ib it sm a lle r  o n e  (R u p a re lia , J .P ., et. a l, 
2 0 0 8 ; R u jita n a ro j, P ., e t al, 2 0 0 8 ; R a tta n a ru e n g sr ik u l, V ., e t a l, 2009 ).

T ab le  5.3 su m m a riz e s  th e  a v e ra g e  le n g th s  o f  th e  in h ib itio n  
z o n e s  (m easu red  fro m  th e  ed g e  o f  th e  sa m p le s  to  th e  e d g e  o f  th e  c lea r  z o n e s )  fo r all 
o f  th e  sa m p le s  in v e s tig a te d  w ith  th e  zo n e  o f  in h ib itio n  o f  v a n c o m y c in  d isc  (p o sitiv e  
c o n tro l)  a g a in s t S ta p h y lo co ccu s  a u reu s  an d  M RSA  w a s  9 .6  a n d  7 .4  m m .

A fte r  24  h o f  in c u b a tio n  a t 37  ๐c ,  n u tr ie n t a g a r p la tes  
c o n ta in in g  an y  ty p e s  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  sp e c im e n s  (8  m m  in 
d ia m e te r  o f  c irc u la r  d isc  w ith  th ic k n e ss  a b o u t —2.5-3  m m  w e re  cu t fro m  th e  as- 
irra d ia te d  h y d ro g e ls  sh e e t)  e x h ib ite d  a  la rg e r  z o n e  o f  in h ib itio n  in  th e  ra n g e  o f  ~ 3 .1 -
3 .7  m m  d ia m e te r  a g a in s t S ta p h y lo co ccu s a u reu s o v e r  a g a in s t to  the M RSA  w h ich  
th e ir  in h ib itio n  z o n e s  w ere  in  th e  ran g e  o f  ~ 2 .4 -3 .2  m m . O n  th e  o th e r  h an d , such
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z o n e s  w e re  d isc e rn ib le  fo r  th e  d ru g  p e lle ts  a b o u t 9 .5 9  m m  a g a in s t S ta p h y lo co ccu s  
a u reu s  an d  7 .37  m m  a g a in s t M R S A . B u t, no  in h ib itio n  z o n e  a g a in s t b o th  ty p es  o f  
b a c te r ia  w as  o b se rv e d  fo r th e  n u tr ie n t a g a r p la te s  c o n ta in in g  n e g a tiv e  co n tro l o f  neat 
g e la tin  h y d ro g e l sp e c im e n s . T h e  in h ib itio n  o f  b ac te ria l g ro w th  a ro u n d  th e  sp ec im en s 
is d u e  to  th e  re le a se  o f  d iffu s ib le  in h ib ito ry  c o m p o u n d s  from  n A g -c o n ta in in g  ge la tin  
h y d ro g e ls  in to  th e  su rro u n d in g  m ed iu m  (C o o p e r, R ., 2 0 0 4 ; K u m a r, R ., e t a l, 2005 ; 
B h a tta c h a ry a , R ., an d  M u k h e rjee , p .,  2 0 0 8 ; R u jita n a ro j, P ., e t al, 2 0 0 8 ; S in g h , M ., et 
al, 2 0 0 8 ).

C le a r  tre n d s  o f  a n tib a c te r ia l a c tiv ity  o f  d iffe ren t 
c o n c e n tra tio n s  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  th a t h ad  b e e n  irrad ia ted  at 
v a r io u s  d o se s  c o u ld  n o t be  seen  fro m  th e  o b se rv a tio n  c lea r  z o n e  resu lts . B ecau se  
m an y  fac to rs  - s u c h  as th e  c o n c e n tra tio n  o f  A g -lo a d e d , irra d ia tio n  d o es  th a t u sed  for 
sy n th e s iz e  th e  h y d ro g e ls , th e  p h y s ic a l p ro p e rtie s  o f  a s -p re p a red  h y d ro g e ls  an d  those  
o f  th e  a s -sy n th e s iz e d  A g  n a n o p a r t ic le s -  h av e ' an  e ffe c t on  th e  d iffu s ib le  o f  A g  ions 
fro m  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  th ro u g h  th e ir  b u lk  h y d ro g e ls  in to  the  
b a c te r iu m -in fe s te d  a g a r  p la te s . It sh o u ld  b e  n o te d  th a t sw e llin g  an d  w e ig h t loss 
p ro p e rtie s  an d  gel fra c tio n s  o f  th e  a s -p re p a red  n A g -c o n ta in in g  g e la tin  h y d ro g e ls , size 
o f  a s -sy n th e s iz e d  A g  n a n o p a rtic le s  h as  d e p e n d e d  on  th e  c o n c e n tra tio n  o f  nA g- 
c o n ta in in g  in  th e  g e la tin  so lu tio n  an d  th e  irra d ia tio n  d o se  u se d  fo r sy n th e s iz e  the  
n A g -c o n ta in in g  g e la tin  h y d ro g e ls . T h e re fo re , q u a n tita tiv e  m e th o d  fo r a n tib ac te ria l 
e v a lu a tio n  w as d o n e  b y  D y n am ic  sh a k e s  f la sk  te s t  m eth o d .

5 .4 .8 .2  D yn am ic  S h akes F la sk  T est M eth o d
S in ce  th e re  a re  m a n y  fa c to rs  a ffec t th e  o b se rv e d  c le a r  zone  

a ro u n d  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  sp e c im e n s , so  an  ap p ro p ria te  
e x p e rim e n t o f  b a c te r ic id a l a c tiv ity  o f  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  w e re  ca rried  
o u t v ia  th e  d y n a m ic  sh a k e  flask  te s t m e th o d  a c c o rd in g  to  th e  A S T M  E 2 1 4 9 -0 1 . T h is 
q u a n tita tiv e  m e th o d  p ro v id e s  th e  n u m b e r o f  v ia b le  m ic ro o rg a n ism s  in  th e  su sp en s io n  
an d  th e  p e rc e n t re d u c tio n  a fte r  tre a te d  w ith  a n tim ic ro b ia ls  ag en t.

T h e  w e ig h e d  n e a t an d  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  tha t 
h ad  b e e n  irra d ia te d  a t 60  k G y  a re  sh ak e  in  a  50  m l o f  10s C F U /m L  c o n cen tra ted  
e ith e r  S ta p h y lo co ccu s au reu s  o r  M e th ic illin -re s is ta n t S ta p h y lo co ccu s  aureus  
(M R S A ) su sp e n s io n  fo r d iffe re n t c o n ta c t t im e s  (i.e ., 0 , 2 0 , 4 0 , 60  m in  2, an d  3 h) at
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37 °c. A t sp ec if ic  c o n ta c t tim es, 1 m L  o f  th e  su sp e n s io n  w a s  w ith d ra w n  an d  m ade 
seria l d ilu tio n s  w ith  s te riliz e d  n o rm a l sa lin e  an d  sp ira l o n  p la te s  (in  tr ip lic a te )  on  
n u tr ie n t agar. A fte r  24  h  o f  in c u b a tio n  at 37  °c, p la te s  w e re  o b se rv e d  fo r b ac te ria l 
c o lo n y  fo rm a tio n  an d  c a lc u la ted  th e  p e rcen t red u c tio n .

T ab le  5 .4  an d  T ab le  5.5 (F ig u re  5 .9 ) d e m o n s tra te  e ffe c ts  o f  
A g  n a n o p a rtic le s  c o n te n t an d  c o n ta c t tim es  o n  th e  b a c te r ic id a l e ff ic a cy  o f  nA g- 
c o n ta in in g  g e la tin  h y d ro g e ls  th a t h ad  b e e n  irra d ia te d  a t 60  k G y  ag a in st 
S ta p h y lo co ccu s a u reu s  an d  M eth ic illin -res is ta n t S ta p h y lo co ccu s a u reu s  (M R S A ), 
re sp e c tiv e ly .

A t an y  c o n ta c t tim es, it w a s  o b se rv e d  th a t  b o th  p e rcen tag e  
re d u c tio n  o f  S ta p h y lo co ccu s au reu s  an d  M e th ic illin -re s is ta n t S ta p h y lo co ccu s  aureus  
(M R S A ) in c re a se d  w ith  in c re a s in g  th e  co n ten t o f  A g  on  th e  n A g -c o n ta in in g  g e la tin  
h y d ro g e ls . H o w ev e r, it w as  in te re s tin g  to  n o te  th a t th e  o p tim u m  c o n ta c t tim e  to  reach  
9 9 %  re d u c tio n  o f  e ith e r  S ta p h y lo co ccu s au reu s  o r M eth ic illin -res is ta n t  
S ta p h y lo co ccu s a u reu s  (M R S A ) fo r  all n A g -lo a d e d  g e la tin  h y d ro g e ls  w as  d iffe ren t. 
F o r 0 .2 5 %  n A g -lo a d e d  g e la tin  h y d ro g e l irra d ia te d  a t 60  k G y , it w a s  o b se rv e d  th a t the  
c o n ta c t tim e  o f  2 h  w a s  su ffic ie n t to  o b ta in  9 9 %  re d u c tio n  fo r  S ta p h y lo co ccu s  aureus  
w h e re a s  m o re  th a n  3 h  b u t le ss  th a n  24  h w as sa tis fa c to ry  to  re a c h  9 9 %  re d u c tio n  o f  
th e  M e th ic illin -re s is ta n t S ta p h y lo co ccu s au reu s  (M R S A ). H o w e v e r  w ith  in c rea s in g  
in  th e  n A g  c o n te n t in  th e  g e la tin  h y d ro g e ls , th e  su ff ic ie n t tim e  u se d  to  reach  9 9%  
re d u c tio n  o f  v ia b le  b a c te ria l w a s  fo u n d  to  d ec rea se . A p p a re n tly , the antibacterial 
efficiency o f  nA g-loaded gelatin hydrogel against M e th ic illin -re s is ta n t S ta p h y lo co ccu s  
au reu s  w as low er than that against S ta p h y lo co ccu s au reu s, m ost likely b e c a u se  M R S A  
w as re s is ta n t to  a  n u m b e r  o f  d iffe re n t a n tib io tic s , th u s  it w as  h a rd e r  to  tre a t th a n  n on - 
re s is ta n t b ac te ria .

5 .4 .9  In d ire c t C y to to x ic ity  E v a lu a tio n  o f  N e a t a n d  n A g -c o n ta in in g  G e la tin  
H y d ro g e ls
T h e  p o te n tia l u se  o f  th e  n A g -c o n ta in in g  g e la tin  h y d ro g e ls  as 

a n tib a c te ria l w o u n d  d re s s in g s  w as fu rth e r a sse sse d  by  in v e s tig a tin g  th e  c y to to x ic ity  
o f  th e se  m a te r ia ls , u s in g  n o rm al h u m a n  d e rm al f ib ro b la s ts  (N H D F ) as  re fe ren ce . T he 
c y to to x ic ity  w a s  e v a lu a te d  in d ire c tly  b y  c u ltu r in g  N H D F  w ith  e x tra c tio n  m ed ia  
(p re p a red  at th e  e x tra c tio n  ra tio  o f  10 and  20  m g -m L '1) o f  th e  h y d ro g e l sp e c im e n s  in
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comparison with those that had been cultured with the fresh culture medium. The 
results are shown in Figure 5.10 for a given extraction ratio, the viabilities of NHDF 
for all of the nAg-containing gelatin hydrogel specimens were lower than that of the 
neat materials. The greater ratio of extraction media decreased the viabilities of the 
cells for all of the hydrogel specimens. Evidently, the cells that had been cultured 
with the extraction media from either the neat or the nAg-containing at any content 
that less than 3% in gelatin hydrogel specimens, at any given extraction ratio, 
exhibited the viability that was greater than 80% as compared to those of the cells 
that had been cultured with the fresh culture medium. The obtained results indicated 
that these materials released no substances in the levels that were harmful to the 
cells. On the other hand, the viabilities of cells that had been cultured with the 3% 
and 5% nAg-containing gelatin hydrogel specimens at any concentration of 
extraction ratio were lower than 80% with respect to that of the cells that had been 
cultured with the fresh culture medium. That means they are toxic toward skin cells.

5.5 Conclusion

Gelatin hydrogels containing Ag nanoparticles (AgNC>3 as a precursor at 
0.25-10% base on the weight of gelatin powder) successfully prepared as 
antibacterial wound dressings by gamma irradiation. Irradiation of aqueous solution 
of gelatin containing Ag+ ions resulted in the simultaneous cross-linking of gelatin; 
meanwhile Ag+ ions undergo reduction, aggregation to form Ag nanoparticles within 
gelatin hydrogels. Eventually lead to the formation of gelatin-Ag nanocomposites. 
The formation of nAg was confirmed not only by the change in the color of the 
obtained hydrogels, but also by the observation of the surface Plasmon peak in the 
u v  spectrum at around 420-460 nm. The gel fraction of nAg-containing gelatin 
hydrogels was higher when lower content of AgNC>3 were loaded and irradiated at 
higher doses were applied. The water retention and the weight loss of the neat gelatin 
hydrogels in three types of medium (i.e., distilled water, simulated body fluid; SBF 
and phosphate buffer solution; PBS) at any given immersion times decreased with 
increasing the irradiation dose. Both values were the highest when these hydrogels 
were submerged in the distilled water. Based on the water retention data in distilled
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water, the cross-link density of the hydrogels was determined and it was found to 
increase with an increase in the dose used to irradiate the hydrogels and/or a decrease 
in the amount of AgNC>3 loaded into the gelatin solution. The total cumulative 
amount of silver released from the hydrogels was found to increase with an increase 
in the AgNC>3 content. The potential for use of the cross-linked nAg-containing 
gelatin hydrogels as wound dressings was assessed by antibacterial activity against 
Gram-positive Staphylococcus aureus and MRSA and indirect cytotoxicity against 
normal skin fibroblasts. The results showed that the hydrogels were effective against 
the two pathogens. The lower content of nAg-containing gelatin hydrogels needs 
longer time to achieve the 99% reduction of the initial amount of bacteria. These 
hydrogels appeared to be non toxic against the tested cells only in case of the low 
AgNC>3-loaded hydrogels (i.e., 0.25-1% Ag-loaded). Appropriate low content of 
nAg-containing gelatin hydrogels (i.e., 0.25-1%) could be used to be the effective 
antibacterial wound dressings with desirable properties.
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Irradiation dose (kGy)

Figure 5.1 Gel fraction of neat gelatin and nAg-loaded gelatin hydrogels at various 
irradiation doses after having been extracted with 50 ๐c  of distilled water at the

violent shaking of 100 rpm (ท=3).
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(a)

(b)

(c)

Figure 5.2 Degree of swelling and weight loss of neat gelatin hydrogel specimens at 
various irradiation doses after submersion in (a) distilled water (pH 6.9), (b) 

simulated body fluid; SBF (pH 7.4) and (c) phosphate buffer solution; PBS (pH 7.4)
as a function of time.
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Figure 5.3 Number-average molecular weight of chain segments between cross- 
linking points (A) and cross-link density (B) of nAg-loaded gelatin hydrogels as a

function of irradiation dose.



125

Figure 5.4 Ratio of water holding in the nAg-loaded gelatin hydrogel specimens 
that had been irradiated at 60 kGy as a function of time.
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Figure 5.5 UV-vis absorption spectra of the base gelatin hydrogels and the Ag- 
loaded gelatin hydrogels that had been irradiated at 60 kGy at various contents of

Ag-loaded.
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Figure 5.6 Selected TEM images of nAg distributed in gelatin hydrogels (a) 3% . 
nAg-loaded gelatin hydrogels after having been irradiated at 40 kGy, (b) 5% nAg- . 

loaded gelatin hydrogels after having been irradiated at 40 kGy, (c) 10% nAg-loaded 
gelatin hydrogels after having been irradiated at 40 kGy.
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Figure 5.7 Cumulative release profiles of Ag from 0.25, 1, 3, 5, and 10% Ag-loaded 
gelatin hydrogels after having been irradiated at 60 kGy, reported as (A) the 

percentages of the released weights of Ag divided by the actual weights of Ag in the 
specimens and (B) the ratio of the released weights of Ag divided by the actual 

weights of the specimens (mg/g), and (C) the amount of the released Ag divided by 
the actual weights of the specimens (ppm/g) in the releasing medium of phosphate 

buffer solution (PBS) at the physiological temperature of 37 °c {ท = 3).
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Figure 5.8 Fitting curves of the release kinetics of Ag+ from nAg-loaded 
gelatin hydrogels irradiated with gamma ray at 60 kGy based on (a) Fickian 
diffusion type of release mechanism and (b) non-Fickian diffusion type of

release mechanism.
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Figure 5.9 Percent reduction of (a) Staphylococcus aureus and (b) methicillin- 
resistant Staphylococcus aureus after incubation with nAg-loaded gelatin 

hydrogel as a function of time.
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Figure 5.10 Viabilities of normal human dermal fibroblasts (NHDF) that were 
cultured for 24 h with extraction media concentration of 10 mg/ml and 20 mg/ml 

from neat and Ag-loaded gelatin hydrogels after having been irradiated at 60 kGy in 
comparison with viability of the cells that were cultured with fresh culture medium

พ ุ - 3).
*p < 0.05 compared with control at a given extraction media concentration.
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Table 5.1 Water losing rate, Rh, 4h and Water vapor transmission of 60 kGy- 
irradiated nAg-loaded gelatin hydrogels

Hydrogel irradiated at 60 kGy 
(thickness ~2.5 mm)

water losing rate Rh, 4 h  ( % )(g/h)

Water vapor 
transmission rate 

(g/m2/d)
Neat gelatin hydrogels 6.9x10"2 70.08 ± 0.97 2927

1% nAg-loaded gelatin hydrogels 7.3x1 O'2 68.74 ±2.43 2835
3% nAg-loaded gelatin hydrogels 7.5X10'2 68.75 ± 1.21 2946
5% nAg-loaded gelatin hydrogels 7.5x10‘2 66.79 ± 1.51 2981
10% nAg-loaded gelatin hydrogels 7.7X10'2 59.04 ±2.59 3039
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Table 5.2 Analyses on the release kinetics of Ag+ from nAg-loaded gelatin 
hydrogels (ท = 3)

Based on the Fickian Based on the non-Fickian

Type of sample diffusion type of release 
mechanism

diffusion type of release 
mechanism

k (ร-" ') ท k (ร-") ท r2
0.25% nAg-loaded 
gelatin hydrogels 0.0827 0.5 0.974 0.0781 0.5387 0.9753

1 % nAg-loaded 
gelatin hydrogels 0.1860 0.5 0.9176 0.1088 0.7537 0.9728

3% nAg-loaded 
gelatin hydrogels 0.3082 0.5 0.9969 0.3098 0.492 0.9968

5% nAg-loaded 
gelatin hydrogels 0.6342 0.5 0.9585 0.6635 0.6409 0.9898
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Table 5.3 Average zone lengths of the inhibition zones (measured from the edge of 
samples to the edge of the clear zones)

Irradiation Inhibition zone length (mm)
dose methicillin-resistant StaphylococcusStaphylococcus aureus(kGy) aureus (MRSA)

1% nAg 3% nAg 5% nAg 10% nAg 1 % nAg 3% nAg 5% nAg 10% nAg
20 : 3.3±0.1 3.3±0.2 3.3±0.1 3.1±0.1 2.8±0.1 2.7±0.1 3.1±0.2 2.7±0.2
40 . 3.6±0.2 3.4±0.2 3.3±0.1 3.3±0.1 2.8±0.1 2.5±0.1 3.1±0.1 2.6±0.1
60 . 3.3±0.1 3.7±0.1 3.5±0.1 3.2±0.1 2.8±0.2 2.5±0.1 2.5±0.1 2.7±0.1
80 ; 3.1±0.1 3.6±0.2 3.6±0.1 3.5±0.2 2.8±0.1 2.6±0.1 2.4±0.3 3 2±0.1

Note: the -radius of specimen was 4 mm and the radius/the zone of inhibition of 
vancomycin disc (positive control) against Staphylococcus aureus and MRSA was 
3/9.59 and 3/7.37 mm. No inhibition zone length around the neat gelatin hydrogels 
(negative control) against both Staphylococcus aureus and MRSA was observed.
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Table 5.4 Percent reduction of Staphylococcus aureus after incubation with nAg- 
loaded gelatin hydrogel as a function of time

Staphylococcus aureus % Reduction
Contact time 0 20 min 40 min 1 h 2 h 3 h 6 h

Neat gelatin hydrogels 0 19.12
0.25% nAg loaded- 
gelatin hydrogels 0 88.58

1% nAg loaded-gelatin 
hydrogels 0 96.04

3% nAg loaded- 
gelatin hydrogels 0 98.03

5% nAg loaded- 
gelatin hydrogels 0 99.69

20.39 20.23 20.80 20.96 22.32

92.21 95.25 99.35 99.96 99.96

96.96 98.72 99.96 99.96 99.96

99.16 99.96 99.96 99.96 99.96

99 96 99.96 99.96 99.96 99.96
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Table 5.5 Percent reduction of methicillin-resistant Staphylococcus aureus after 
incubated with nAg-loaded gelatin hydrogel as a function of time

methicillin-resistant 
Staphylococcus aureus % Reduction

Contact time (min) 20 min 40 min 1 h 2 h 3 h 6 h
Neat gelatin hydrogels 15.17 22.82 25.38 27.90 32.47 36.76

0.25% nAg loaded-gelatin 
hydrogels 32.36 54.62 77.07 93.62 98.38 99.93

1% nAg loaded-gelatin 
hydrogels 30.77 50.25 85.95 99.17 99.93 99.93

3% nAg loaded- gelatin 
hydrogels 37.67 78.80 95.52 99.93 99.93 99.93

5% nAg loaded- gelatin 
hydrogels 72.85 98.44 99.93 99.93 99.93 99.93
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