
CHAPTER IV 
DEVELOPMENT OF GELATIN HYDROGEL PADS AS 

ANTIBACTERIAL WOUND DRESSINGS

4.1 Abstract

G ela tin  h y d r o g e l p a d s  w e r e  p rep ared  from  10 w t.-%  g e la tin  so lu tio n  
c o n ta in in g  2 .5  w t.-%  A g N 0 3  in 7 0  v o l.-%  a c e t ic  ac id  b y  a so lv e n t-c a s t in g  tech n iq u e . 
T h e  A g N 0 3 -c o n ta in in g  g e la tin  so lu t io n  w a s  a g e d  under a m ec h a n ic a l stirrin g  for  
v a r io u s  tim e  in terv a ls  to  a l lo w  for  th e  fo r m a tio n  o f  s ilv e r  n a n o p a rtic les  (n A g s ) . T h e  
fo rm a tio n  o f  n A g s  w a s  m o n ito re d  b y  a U V -V is  sp ec tro p h o to m eter . T h e m o r p h o lo g y  
and  s iz e  o f  n A g s  w e r e  ch a ra cter ized  by tr a n sm iss io n  e le c tr o n  m ic r o sc o p y  (T E M ). T o  
im p r o v e  the w a te r  r es is ta n ce  o f  th e  h y d r o g e ls , v a r io u s c o n te n ts  o f  g lu ta ra ld eh y d e  
(G T A ) w ere  ad d ed  to the A g N 0 3 -c o n ta in in g  g e la tin  s o lu t io n  to  c r o ss - lin k  the  
o b ta in e d  g e la tin  h y d r o g e ls . T h e se  h y d r o g e ls  w er e  tested  for th eir  w a ter  re ten tio n  and  
w e ig h t  lo s s  b e h a v io r , re lea se  ch a ra cter is tic  o f  th e  a s - lo a d e d  s ilv e r  and an tib acteria l 
a c t iv ity  ag a in st G ra m -n e g a tiv e  E s c h e r ic h ia  c o l i  and G r a m -p o s it iv e  S ta p h y lo c o c c u s  
a u re u s .  T h e  A g N C E -c o n ta in in g  g e la t in  so lu t io n  that had b e e n  ag ed  for 5 d sh o w ed  
th e  grea test n u m b er  o f  n A g s  fo rm ed . T h e  s iz e  o f  th ese  p a r tic le s , b ased  o n  th e T E M  
resu lt, w a s  10 -1 1  n m . W ith  an in c r e a se  in th e  G T A  c o n ten t u sed  to c r o s s - lin k  the  
h y d r o g e ls , the w a ter  reten tio n , th e  w e ig h t  lo s s  and th e c u m u la t iv e  a m o u n t o f  s ilv e r  
r e le a se d  w ere  fo u n d  to d e c r e a se . F in a lly , a ll o f  the n A g -lo a d e d  g e la tin  h y d r o g e ls  
c o u ld  in h ib it th e  g r o w th  o f  th e  te s te d  p a th o g e n s , w h ic h  c o n fir m e d  their  a p p lic a b ility  
as an tib acter ia l w o u n d  d ress in g s .

(Key-words: G e la tin  h y d ro g e ls ;  S ilv e r  n a n o p a rtic les;  A n tib a cter ia l a c t iv ity )

4.2 Introduction

The major problems of burn wound management and therapy are bacterial
infection and wound sepsis, which may, in the worst cases, lead to mortality in
patients. One approach for mitigating these problems is the use of antibacterial
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a g e n ts  (B u r k a to v sk a y a  e t  a i ,  2 0 0 6 ) . T h e  m o st  a c t iv e  o n e s  are s ilv e r -b a se d  m ater ia ls . 
M o y e r  e t al. ( 1 9 6 5 )  rep orted  that a 0 .5  % so lu tio n  o f  s ilv e r  n itrate ( A g N 0 3 ) w a s  th e  
lo w e s t  co n ce n tr a tio n  that rem a in ed  a c t iv e  a g a in st b a cter ia  in  v i tr o ,  an d  ap p eared  to  
h a v e  n o  to x ic  e f fe c t  o n  g r o w in g  ep id erm a l c e lls  in  v iv o .  S ilv e r  su lfa d ia z in e  ( i .e ., 
s ilv e r [ (4 -a m in o p h e n y l)s u lfo n y l] (p y r im id in -2 -y l)a z a n id e , C ioH gA gN ^iC ^S) h as b een  
c o n s id e r e d  a s  th e  g o ld  stan dard  in th e  treatm en t o f  b u m  w o u n d s  (C h o  L ee  e t a l . ,
2 0 0 5 ) .  T h e  a n tib acter ia l a c t iv ity  o f  s ilv e r -b a se d  m a ter ia ls  is  g e n e r a lly  attributed  to  
fou r  m e c h a n ism s . Ion ic  s i lv e r  b in d s to the b acteria l c e ll  m em b ran e (d a m a g in g  it 
a n d /o r  in ter fer in g  w ith  v a r io u s  recep to rs); in terferes w ith  b acteria l e le c tr o n  transport 
( im p e d in g  th e  p ro d u ctio n  o f  a d e n o sin e  tr ip h osp h a te , th e  c e l l ’s e n e r g y  “ cu rren cy ”); 
b in d s  to b a cter ia l D N A  (im p a ir in g  c e ll  r ep lica tio n ); and  c a u se s  th e  in tracellu lar  
fo rm a tio n  o f  in so lu b le  c o m p o u n d s  w ith  certa in  n u c le o t id e s , p ro te in s  an d /or  the  
a m in o  a c id  h is t id in e  (m a k in g  th em  u n a v a ila b le  as in trace llu lar  “b u ild in g  b lo c k s ”) 
(K la se n , 2 0 0 0 ;  H erm an s, 2 0 0 6 ;  A tiy e h  e t a i ,  2 0 0 7 , ).

R e c e n t  rep orts, h o w e v e r , h a v e  in d ica ted  that m a n y  s ilv e r -b a se d  c o m p o u n d s , 
i .e . ,  A g N C >3 and  s ilv e r  su lfa d ia z in e , p ro d u ce  to x ic ity  or o th er  a d v erse  e f fe c t s . T h e se  
d ra w b a ck s  are u su a lly  c a u se d  n o t b y  th e s ilv e r  io n s  b ut b y  the a sso c ia te d  a n io n s  su ch  
a s th e  n itrate and  the su lfa d ia z in e . A g N C >3 is  h y p o to n ic  and m a y  c a u se  ser io u s  
h y p o n a tr e m ia  and  h y p o c h lo r e m ia  (P o o n  and B urd , 2 0 0 4 ;  V la c h o u  e t a i ,  2 0 0 7 ) .  
M o r e o v e r , b o th  s ilv e r  c o m p o u n d s  c a u se  a gray  and  b la ck  d isc o lo r a tio n  (K la se n , 
2 0 0 0 ) .  T o  p r ev en t th e se  p r o b le m s , m u ch  atten tio n  h as b e e n  g iv e n  to  p u re a to m ic  or 
io n ic  s ilv er . S ilv e r  n a n o p a rtic le s  (n A g )  h a v e  rem ark ab ly  u n u su a l p h y s ic a l, c h e m ic a l  
and  b io lo g ic a l p rop erties , d u e  to  their large  su rfa ce  area to  v o lu m e  ratio  (L o p e z  e t a i ,  
2 0 0 5 ) .  T h e ir  sm a ll s iz e  a ls o  p ro v id es  greater p articu la te  m o b ility  and  tran sd erm al 
p en etra tio n  (S u z u k i e t a i ,  2 0 0 1  ; S h ah verd i e t a l .,  2 0 0 7 ) .

H y d r o g e ls  are n e tw o r k s  o f  p o ly m e r  ch a in s that are w a te r -in so lu b le . S u ch  
in tern al n e tw o rk  stru ctu res m a y  resu lt from  p h y s ic a l or c h e m ic a l d o m a in s  that 
rem ain  in tact, d e sp ite  b e in g  su rrou n d ed  b y  w ater  m o le c u le s . A  n u m b er o f  sy n th e tic  
or natural p o ly m e r ic  m a ter ia ls  can  b e  fab rica ted  in to  h y d r o g e ls , ren d erin g  them  
d iv e r se  p ro p erties . A p p lic a t io n s  o f  h y d r o g e ls  in m e d ic in e  are, for e x a m p le , as  
carriers for su sta in e d  r e le a se  o f  d ru gs or o th er th era p eu tic  su b sta n c e s  and  m a tr ices  
for  rep a ir in g  a n d /o r  r eg e n era tin g  d e fe c te d  or lo st  t is su e s  (Y o u n g  e t a i ,  2 0 0 5 ;  S eren a
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and  C h akravarth y , 2 0 0 7 ) . M o reo v er , th e  u se  o f  h y d r o g e ls  as e ith er  p a s s iv e  or a c t iv e  
w o u n d  d r e ss in g s  h as in cre a se d  d ra m a tica lly  b e c a u se  th e y  o ffe r  m o is t  c o n d it io n s  
w h ic h  fa c il ita te  w o u n d  h ea lin g . A c t iv e  w o u n d  d r e ss in g s , w h ich  can  d e liv e r  d ru gs or  
oth er th era p eu tic  su b sta n c e s  to  the w o u n d  s ite , are b e c o m in g  v ery  p op u la r  (D ra y e  e t  
a l . , 1998 ; C h o i e t a l . ,  1 9 9 9 ; U lu b a y ra m , 2 0 0 1 ) . M u ch  a tten tio n  h as a ls o  b een  p aid  to  
th e  d e v e lo p m e n t o f  the ty p e  o f  w o u n d  d r e ss in g s  w ith  an tib acteria l a c t iv ity .

A m o n g  the v a r io u s  natural p o ly m e r ic  m a ter ia ls , g e la t in  is  a v a ila b le  in  
a b u n d a n ce  an d , th erefore , is  c o m p a r a tiv e ly  ch eap . It is  a  b io p o ly m e r  that is rea d ily  
o b ta in ed  b y  a co n tr o lle d  h y d r o ly s is  o f  c o l la g e n s , w h ic h  are th e  m o st  ab undant  
structural fib ro u s  in so lu b le  p ro te in s fo u n d  in  sk in , te n d o n s , c a r tila g e s , b o n es  and  
c o n n e c t iv e  t is su e s . Its c o m p o s it io n  and  b io lo g ic a l p ro p erties  are a lm o st  id en tica l to  
its  p recu rsors. G ela tin  h a s b e e n  w id e ly  u se d  in p h a rm a ceu tica l and m e d ic a l f ie ld s  as  
sea la n ts  for v a scu la r  p r o s th e se s , p la sm a  ex p a n d ers , in g r e d ie n ts  in  d ru g fo rm u la tio n s , 
carriers for  d e liv e r y  o f  d ru gs or o th er th era p eu tic  su b sta n c e s  (E in e r so n  e t a l .,  2 0 0 3 ;  
K o n ish i, 2 0 0 3 ;  K o n ish i, 2 0 0 5 )  and, e s p e c ia lly , as w o u n d -d r e ss in g  m a ter ia ls  (T ab ata, 
19 94 ; T ab ata  e t  a l . ,  1998 ; L ien  e t  a l . ,  2 0 0 8 ) . H o w e v e r , g e la tin , in  g en era l, e x h ib its  a 
p oo r  m e c h a n ic a l p rop erty  that is  to o  b rittle  w h en  fu l ly  d ried  or to o  so f t  w h en  fu lly  
w e t  and is  e a s i ly  so lu b le  in  a q u eo u s  m ed ia . T o  m it ig a te  th is , c r o s s - lin k in g  can  b e  
in trod u ced  (D r a y e  e t a l ,  19 98 ; M w a n g i e t  a l .,  2 0 0 4 ;  L ie n  e t  a l . ,  2 0 0 8 ) .

T h e  prep aration  o f  n A g -c o n ta in in g  g e la tin  h y d r o g e l p ad s to  b e  u sed  as  
an tib acter ia l w o u n d  d r e s s in g s  is , th erefo re , the p u rp o se  o f  th is  s tu d y . T h e  g e la tin  
h y d r o g e ls  w e r e  c h e m ic a lly  c r o ss - lin k e d  w ith  g lu ta ra ld eh y d e  to  im p r o v e  their  
m e c h a n ic a l in teg r ity  in  th e  w e t  state. T h e  g e la tin  h y d r o g e ls  c o n ta in in g  n A g  w er e  
th en  ch a ra cter ized  for th e ir  an tib acter ia l a c t iv ity  a g a in st  tw o  c o m m o n ly  stu d ied  
p a th o g e n s  -  G r a m -p o s it iv e  S ta p h y lo c o c c u s  a u re u s  an d  G ra m -n e g a tiv e  E s c h e r ic h ia  
c o l i  -  in ord er to  e lu c id a te  their  p o ten tia l for u se  as an tib acter ia l w o u n d  d ress in g s . 
C y to to x ic ity  o f  th e  o b ta in ed  g e la tin  h y d r o g e ls  w a s  e v a lu a te d  in v i t r o  b y  in cu b a tin g  
sa m p le s  for p ro lo n g ed  p e r io d s  in  the p r e se n c e  o f  su ita b le  target c e lls .

4.3 Experimental
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4 .3 .1  M a ter ia ls
G ela tin  p o w d e r  ( ty p e  A ; p o rc in e  sk in ; 1 7 0 -1 9 0  B lo o m )  w a s  p u rch ased  

from  F lu k a  (S w itz e r la n d ). S ilv e r  n itrate (AgNC>3 ; 9 9 .9 9 8  % p u rity ) w a s  p u rch ased  
from  F ish er  S c ie n t if ic  ( U S A ) . G la c ia l a ce tic  a c id  w a s  p u rch ased  fro m  M a llin ck rod t  
C h e m ic a ls  (U S A ) . S atu rated  g lu ta ra ld eh y d e  a q u e o u s  so lu tio n  ( 5 .6  M  or 5 0  % in  
w ater; u se d  as the c r o s s - lin k in g  a g en t)  w a s  p u rch ased  from  F lu k a (S w itz e r la n d ). A ll 
oth er c h e m ic a ls  w er e  o f  a n a ly tica l reagen t gra d e and u sed  w ith o u t further  
p u rifica tio n .

4 .3 .2  S a m p le  P rep aration
4 .3 .2 .1  P r e p a r a t io n  o f  n A g -C o n ta in in g  G e la tin  S o lu tio n

A g N 0 3  at 2 .5  %  b y  w e ig h t  o f  th e  dry g e la t in  p o w d e r  w a s  
d is s o lv e d  in  7 0  v o l.-%  a c e t ic  ac id  a q u e o u s  so lu tio n . G ela tin  p o w d e r  w a s  th en  ad d ed  
in to  the A g N Û 3 so lu t io n  and  th e c o n cen tra tio n  o f  g e la t in  in the so lu t io n  w a s  10 w t.-  
%. T h e  A g N 0 3 -c o n ta in in g  g e la t in  so lu t io n  w a s  th en  a g e d  at v a r io u s  t im e  in terva ls  to  
a llo w  th e  form a tio n  o f  n A g  w ith in  th e so lu tio n .

4 .3 .2 .2  P r e p a r a t io n  o f  n A g -L o a d e d  G e la t in  H y d r o g e l  P a d s  
G lu ta ra ld eh y d e  a q u e o u s  s o lu t io n s  at v a r io u s  c o n cen tra tio n s

(0 .5 , 1, 3 , 5 , 7 and 9  p l/m l o f  g e la tin  so lu t io n )  w er e  m ix e d  w ith  an A g N Û 3- 
c o n ta in in g  g e la t in  s o lu t io n  that had  b e e n  a g ed  for  a proper t im e  in terva l under  
m e c h a n ic a l stirring for 3 0  m in . E a ch  o f  th e  re su lt in g  so lu t io n s  (6  m l)  w a s  th en  cast 
o n  a p o ly te tr a flu o r o e th y le n e  (P T F E ) m o ld  (sq u are  p ro jec tio n  w ith  5 .5  cm  X 5 .5  cm  
and 0 .5  c m  in  d ep th ), fo l lo w e d  b y  a ir -d ry in g  at r o o m  tem peratu re for  2 4  h to  a l lo w  
the so lid if ic a t io n . A fter  that, th e  g e la t in  h y d r o g e l p ad s w ere  k ep t in  an o v e n  at 120  

๐c  for 4  d in  ord er to c o m p le te  th e  c r o s s - lin k in g  rea c tio n  and to r e m o v e  a s  m u ch  th e  
resid u a l so lv e n t  from  th e  g e la tin  h y d r o g e ls  as p o s s ib le . T h e c r o ss - lin k e d  g e la tin  
h y d r o g e ls  w e r e  im m ersed  in  0 .4  % w /v  so d iu m  m e ta b isu lf ite  (บ น 2ร20ร) a q u eo u s  
so lu t io n  (V a n d erv o o r t, 2 0 0 4 )  for 2 4  h, w a sh e d  fou r t im e s  in  d is t ille d  w ater  and th en  
air-d ried  for ab ou t 2 4  h. T h e  th ic k n e ss  o f  the h y d r o g e l p ads in  th eir  dry state w a s  
ab ou t 1 5 0 -1 7 0  p m .
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4 .3 .3  C h a racter iza tio n
4 .3 .3 .1  F o r m a tio n  o f  n A g

T h e fo r m a tio n  o f  n A g  in  the A g N 0 3 -c o n ta in in g  g e la tin  
so lu t io n  that had b e e n  ag ed  for v a r io u s  t im e  in terv a ls  w a s  c o n fir m e d  b y  m o n ito r in g  
th e  a p p ea ra n ce  o f  th e  su rfa ce  p la sm o n  band  u s in g  a S h im a d zu  U V -2 5 5 0  U V -v is ib le  
sp e c tr o p h o to m e te r  (U V - v is ) .  T h e  s iz e  o f  th e  a s-fo rm ed  n A g  a lo n g  w ith  its  
d is tr ib u tio n  w a s  ch a ra cter ized  b y  a JE O L  J E M -2 1 0 0  tr a n sm iss io n  e lec tro n  
m ic r o s c o p e  (T E M ).

4 .3 .3 .2  W a ter  R e te n tio n  a n d  W e ig h t-L o ss  B e h a v io r
T h e n A g -lo a d e d  g e la tin  h y d r o g e l p ad s in  their  dry sta te  w er e  

cu t in to  c ircu lar  d is c s  (1 5  m m  in  d ia m eter) an d  w e ig h e d  in  ord er to a scerta in  the  
in itia l dry w e ig h t  (W j) .  A fter  that, th e  sp e c im e n s  w e r e  im m e r se d  in  5 0  m l o f  ea c h  o f  
th e  th ree  m e d ia  [ i .e .,  a ce ta te  b u ffer  so lu tio n  (p H  5 .5 )  at 3 2  °c, d is t ille d  w a ter  (pH
6 .5 )  at 3 7  ๐c  or s im u la te d  b o d y  flu id  (S B F )  b u ffer  so lu tio n  (p H  7 .4 )  at 3 7  °C ] for  
v a r io u s  t im e  in terv a ls . A fter  th e  su b m e rsio n , e a c h  sp e c im e n  w a s  b lo tted  w ith  a p ie c e  
o f  t is s u e  pap er to r e m o v e  th e e x c e s s  am ou n t o f  th e  m ed iu m  o n  its su r fa ce  and  then  
im m e d ia te ly  w e ig h e d  to  d eterm in e  the w e ig h t  o f  the sp e c im e n  in  its w e t , s w o lle n  
sta te  ( พร). T h e  s p e c im e n s  w er e  th en  dried  in  an  o v e n  until o f  a  c o n sta n t w e ig h t  to  
ob ta in  th e  dried  w e ig h t  {พ d). T h e  p ercen ta g es  o f  w a ter  reten tio n  and  w e ig h t  lo s s  w ere  
c a lc u la te d  as fo llo w s :

W ater  re ten tio n  (% ) =  W-‘ ~ . X 1 0 0 ,
w d

(1 )

and w e ig h t  lo s s  (% ) -  — — —  X 100 (2 )
w d

4 .3 .3 .3  N u m b e r -A v e r  a g e  M o le c u la r  W eig h t o f  C h a in  S e g m e n ts  
B e tw e e n  C r o s s - l in k in g  P o in ts  a n d  C r o s s - l in k  D e n s i ty  
T h e c r o s s - lin k  d e n s it ie s  o f  th e  n A g -lo a d e d  g e la tin  h y d ro g e l  

p ad s w e r e  d eterm in ed  b ased  o n  th e  data o b ta in ed  from  the w a ter  reten tio n  b eh a v io r  
o f  th e  s p e c im e n s  in  d is t ille d  w ater . T o  c a lc u la te  for the c r o s s - lin k  d e n s ity  v a lu e s , the  
n u m b er-a v era g e  m o le c u la r  w e ig h t  o f  the ch a in  se g m e n ts  b e tw e e n  c r o s s - lin k in g  
p o in ts , M c, w a s  th e  first to  be d e term in ed  from  th e  eq u ilib r iu m  w a ter  re ten tio n  v a lu e s
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w h ic h  had  b een  p erfo rm ed  in  d is t ille d  w a ter  at 37 °c, a c c o r d in g  to th e  F lo ry -R en h er  
eq u a tio n  (A p o s to lo v  e t  a l . , 2 0 0 0 ):

Mc = - P GV G 3 / [ ( ^ G /2 )  + ln (1 -u G) + uG] ,  (3 )

w h e r e  P a  is  the d e n s ity  o f  g e la t in  ( i .e ., 1 .35  g -cm '3 (B e r to ld o  e t a l ,  2 0 0 7 ) ) ,  V\ is  the  

m o la r  v o lu m e  o f  w a ter , X  is th e  F lo r y -H u g g in s  in teraction  p aram eter  b e tw e e n  w ater  

and g e la t in  ( i .e .,  0 .4 9  ±  0 .0 5  (A p o s to lo v  e t  a l ,  2 0 0 0 ) )  and Va is  th e  v o lu m e  fraction  
o f  g e la t in  in h y d r o g e l sp e c im e n s  in  their eq u ilib r iu m  s w o lle n  sta te , w h ic h  c o u ld  be  
c a lc u la te d  from  th e fo l lo w in g  eq u ation :

v G = W Qp w  I [ W p G - W 0 ( p G ~ P w ) ] ,  (4)
w h e r e  fVo is  th e  in itia l dry w e ig h t  o f  the s p e c im e n s , Pw  is  th e  d e n s ity  o f  w a ter  and พ  
is  th e  w e ig h t  o f  th e  s p e c im e n s  in  their  e q u ilib r iu m  s w o lle n  sta te  (a fter  th e  rem o v a l o f  
th e  e x c e s s  w a ter  o n  the su r fa ce  o f  the s p e c im e n s  b y t is su e  p ap ers). T h e  cro ss - lin k  
d e n s ity  (B ajp a i an d  S h arm a, 2 0 0 6 )  in term s o f  the n u m b er o f  e la s t ic a lly  e f fe c t iv e  
c h a in s  per un it v o lu m e  o f  th e  g e la tin  h y d r o g e l n etw ork , v e, c o u ld  th en  b e  ex p r e sse d  
as an  in v erse  fu n c tio n  o f  M c as fo llo w s :

Ve=pGNA/Mc, (5 )

w h e r e  N A is  the A v o g a d r o ’s n u m b er.
4 .3 .3 .4  P r e p a r a t io n  o f  M e d ia

•  A c e ta te  B u ffer
A c e ta te  b u ffer  w a s  c h o se n  to s im u la te  h u m an  sk in  pH  

c o n d it io n  o f  5 .5 . T o  prepare 1 0 0 0  m l o f  th e  a ce ta te  b u ffer  s o lu t io n , 15 0  g  o f  so d iu m  
a c e ta te  w a s  d is s o lv e d  in - 2 5 0  m l o f  d is t ille d  w ater . E x a c t ly  15 m l o f  g la c ia l a ce tic  
a c id  w a s  th en  ad d ed  v ery  s lo w ly  in to  the so d iu m  aceta te  a q u e o u s  so lu t io n . F in a lly , 
d is t il le d  w ater  w a s  ad d ed  in to  th e  so lu tio n  to  f i l l  the v o lu m e .

•  S im u la te d  B o d y  F lu id  B u ffer
S im u la te d  b o d y  flu id  b u ffer  h a s io n  c o n cen tra tio n s  

n ea r ly  eq u a l to  th o se  o f  h u m an  b lo o d  p la sm a  and is  b u ffered  at pH  7 .4 0 . T o  prepare  
1 0 0 0  m l o f  the s im u la te d  b o d y  flu id  b u ffer , 7 .9 9 6  g  o f  so d iu m  c h lo r id e  (N a C l)  w a s  
d is s o lv e d  in - 5 0 0  m l o f  d is t ille d  w ater. R e a g e n ts  ( i .e  0 .3 5 0  g  o f  so d iu m  h yd ro g en  
ca rb o n a te , 0 .2 2 4  g  o f  p o ta ss iu m  ch lo r id e , 0 .2 2 8  g  o f  d ip o ta ss iu m  h yd ro gen  
p h o sp h a te , 0 .3 0 5  g  o f  m a g n e s iu m  c h lo r id e , 4 0  m l o f  h y d r o c h lo r ic  a c id , 0 .2 7 8  g  o f
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c a lc iu m  c h lo r id e , 0 .0 7 1  g  o f  so d iu m  su lfa te , 6 .0 5 7  g  o f  tris 
(h y d r o x y m e th y l)a m in o m e th a n e  w er e  a d d ed  in to  p r e v io u s  so lu t io n  o n e  b y  o n e  after  
th e  form er rea g en t w a s  c o m p le te ly  d is s o lv e d . T h e  tem p era tu re  o f  th e  ob ta in ed  
so lu t io n  w a s  ad ju sted  at 3 6 .5  ° c  w ith  a w a ter  bath, and  pH  o f  th is  so lu t io n  w a s

ad ju sted  at pH  7 .4 0  b y  stirrin g  th e  so lu t io n  and  titratin g 1N -H C 1 so lu tio n . F in a lly , th e  
to ta l v o lu m e  o f  th e  so lu t io n  to 1 0 0 0  m l w a s  ad ju sted  b y  a d d in g  d is t ille d  w ater.

•  P h o s p h a te  B u ffe r  S a lin e
T o  prepare 1 0 0 0  m l o f  s to c k  o f  p h o sp h a te  b u ffer  

sa lin e , th e  r e a g en ts  ( i .e  8 g o f  so d iu m  c h lo r id e , 0 .2  g  p o ta ss iu m  c h lo r id e , 1 .44  g  o f  
d iso d iu m  h y d r o g e n  p h o sp h a te  and 0 .2 4  g  p o ta ss iu m  d ih y d r o g e n  p h o sp h a te ) w er e  
d is s o lv e d  in 8 0 0  m l o f  d is t ille d  w ater . T h e  p H  o f  th is  so lu t io n  w a s  ad ju sted  to 7 .4  
u s in g  h y d r o c h lo r ic  acid  and ad d ed  d is t ille d  w a ter  to  a fin a l v o lu m e  o f  1 0 0 0  m l.

4 .ร. ร. 5 n A g  R e le a s e  A s s a y
F irst, th e  actu al a m o u n t o f  n A g  in  th e  g e la tin  h y d r o g e ls  w a s  

d eterm in ed . S p e c if ic a l ly ,  th e  u n c r o ss - lin k e d  n A g -lo a d e d  g e la tin  p ad s in  their dry  
sta te  (cu t in to  c ircu lar  d isc  s p e c im e n s  o f  15 m m  in d ia m eter) w er e  d is s o lv e d  in 50  m l 
o f  ea c h  r e sp e c tiv e  m ed iu m  u n der m e c h a n ic a l stirring. T h e  actu al am o u n t o f  n A g  
w ith in  the h y d r o g e ls  w a s  th en  q u a n tified  b y  a V a ria n  S p e c tr A A -3 0 0  a to m ic  
ab so rp tio n  sp e c tr o sc o p e  ( A A S ) . In the r e le a se  a ssa y , d is c  s p e c im e n s  o f  the n A g -  
lo a d e d  g e la tin  h y d r o g e l p ad s in  their  d ry  sta te  w ere  p la c e d  in 5 0  m l o f  each  
r e sp e c tiv e  m e d iu m  for v a r io u s  t im e  in terv a ls  ( i .e . ,  1, 3 , 6 , 12 , 2 4 , 7 2 , 12 0  and 168 h). 
A t ea c h  t im e  p o in t , the m e d iu m  w a s  to ta lly  r e m o v e d  and  an  eq u a l am o u n t o f  the  
fresh  m ed iu m  w a s  rep la ced . T h e  am o u n t o f  the r e le a se d  n A g  in th e  w ith d raw n  
m e d iu m  ( i .e ., sa m p le  so lu t io n )  w a s  d e term in ed  b y  A A S .

4. ร. ร. 6  A n tib a c te r ia l  E v a lu a t io n
T h e U S  C lin ic a l an d  L aboratory  S tan dard s In stitu te  (C L S I)  

d is c  d if fu s io n  m e th o d  w a s  u se d  to  a s s e s s  th e  an tib acter ia l a c t iv ity  o f  th e  n A g -lo a d e d  
g e la t in  h y d r o g e l p ad s. T h e  n ea t h y d r o g e ls  w e r e  u sed  as th e  con tro l grou p . T h eir  
an tib acteria l a c t iv ity  w a s  te s te d  a g a in st G r a m -p o s it iv e  S ta p h y lo c o c c u s  a u re u s  (ร. 
a u r e u s ,  A T C C  2 5 0 2 3 )  and G ra m -n e g a tiv e  E s c h e r ic h ia  c o l i  (E. c o l i ,  A T C C  2 5 9 2 2 ) .  
V a n c o m y c in  and g e n ta m ic in  w e r e  u sed  as an tib acter ia l d ru g s  for ร. a u re u s  and E.
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c o l i ,  r e sp e c tiv e ly . T h e s p e c im e n s  (c ircu la r  d isc s  o f  15 m m  in d ia m eter) and  the d ru gs  
w e r e  p la ced  o n  D ifc o ™  M u e lle r -H in to n  agar in a Petri d ish  and th en  in cu b ated  at 3 7  
° c  for 18 h. F in a lly , th e  agar p la te  w a s  p h otogra p h ed  to e v a lu a te  th e  an tib acteria l 
a c t iv ity  o f  e a c h  sp e c im e n . I f  in h ib ito ry  c o n cen tra tio n s  w er e  reach ed , th ere  w o u ld  be  
n o  g ro w th  o f  th e  m ic r o b e s , w h ic h  c o u ld  b e seen  as c lea r  z o n e s  arou n d  the d isc  
sp e c im e n s .

4 .3 .3 .7  I n d ir e c t  C y to to x ic i ty  E v a lu a tio n
T h e in d irect c y to to x ic ity  e v a lu a tio n  o f  the n A g -lo a d e d  

g e la t in  h y d r o g e l p ad s w a s  c o n d u c te d  in  ad aptation  from  the IS O  1 0 9 9 3 -5  standard  
te st  m eth o d , u s in g  n orm al sk in  f ib ro b la sts  as re feren c e  c e lls . T h e  c e l l s  w ere  first 
cu ltu red  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 ; S ig m a -A ld r ic h , U S A ),  
su p p le m e n te d  w ith  10 % fe ta l b o v in e  seru m  (F B S ; B io c h r o m  A G , G erm a n y ), 1 % L - 
g lu ta m in e  (In v itr o g e n  C o rp ., U S A )  and  1 % an tib io tic  and a n tim y c o tic  form u la tio n  
[c o n ta in in g  p e n ic il lin  G  so d iu m , s tre p to m y cin  su lfa te , and a m p h o ter ic in  B  
(In v itr o g e n  C o rp ., U S A )] . T h e  cu ltu re m ed iu m  w a s  c h a n g ed  e v e r y  3 d and the  
cu ltu res  w e r e  m a in ta in ed  at 3 7  ° c  in a  h u m id if ie d  a tm o sp h ere  c o n ta in in g  5 % C O 2 .

T h e  n A g -lo a d e d  g e la tin  h y d r o g e ls  in their  dry sta te  w er e  first  
cu t in to  c ircu lar  d isc s  (1 5  m m  in  d ia m eter), w e ig h in g  ab out 0 .0 2  g  each . B e fo r e  
te st in g , the s p e c im e n s  w e r e  ea c h  s te r iliz e d  b y  7 0  v o l.-%  eth a n o l for 3 0  m in . 
E x tra ctio n  m e d ia  w ere  th en  p repared  b y  im m ersin g  th e  sp e c im e n s  in d iv id u a lly  in  
seru m -free  m e d iu m  (S F M ; c o n ta in in g  D M E M , 1 % L -g lu ta m in e , 1% la cta lb u m in , 
and  1 % a n tib io tic  and a n tim y c o tic  fo rm u la tio n ) at the ex tra c tio n  ratio o f  10 m g -m L '1 
in  w e l ls  o f  a 9 6 -w e ll  t issu e -c u ltu r e  p o ly s ty r e n e  p la te  (T C P S ; B io k o m  S y s te m s , 
P o la n d ) for 1, 3 and 7 d , r e sp e c tiv e ly . T h e  norm al sk in  fib ro b la sts  from  the cu ltu res  
w e r e  tr y p s in iz e d  [0 .2 5  % tryp sin  c o n ta in in g  Im M  E D T A  (In v itro g en  C orp ., U S A )] ,  
c o u n ted  b y  a h e m o c y to m e te r  (H a u sser  S c ie n t if ic , U S A ) , and se e d e d  at a d en s ity  o f  
a b o u t 1 0 ,0 0 0  c e l l s /w e l l  o n  T C P S  in se r u m -c o n ta in in g  D M E M  for 16 h  to a l lo w  c e ll  
attach m en t. T h e  c e lls  w er e  th en  sta rved  w ith  S F M  for 2 4  h. A fter  that, the m ed iu m  
w a s  rep la ced  w ith  an ex tr a c tio n  m ed iu m , and the c e l l s  w e r e  re -in cu b a ted  for 2 4  h. 
F in a lly , the v ia b il ity  o f  th e  c e l l s  cu ltu red  b y  ea ch  o f  th e  a s-p rep ared  ex tra c tio n  m ed ia  
w a s  d eterm in ed  b y  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 tr a z o liu m  b rom id e  
(M T T ) a ssa y . T h e  v ia b ility  o f  the c e l l s  cu ltu red  b y  fresh  S F M  w a s  u sed  as con tro l.
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T h e M T T  a ssa y  is  b ased  o n  th e  red u ctio n  o f  y e l lo w  
té tra zo liu m  sa lt to p u rp le  form aza n  cry sta ls  b y  d e h y d r o g e n a se  e n z y m e s  secre ted  
from  the m ito ch o n d r ia  o f  m e ta b o lic a lly  a c tiv e  c e l ls . T h e  am o u n t o f  the a s -fo r m e d  
p urple form aza n  cry sta ls  is  re la ted  to  th e  n u m b er o f  v ia b le  c e l l s  in  a linear m an n er. 
F irst, e a c h  cu ltu re m ed iu m  w a s  a sp irated  and rep la ced  w ith  2 5  g l /w e l l  o f  M T T  
so lu t io n  at 5 m g -m l'1 for a 9 6 -w e ll  T C P S . S e c o n d ly , th e  p la te  w a s  in cu b ated  for  3 h 
at 3 7  ° c .  T h e  so lu t io n  w a s  then  a sp irated , and 10 0  p l/w e ll  o f  D M S O  w a s  ad d ed  to  
d is s o lv e  th e  form aza n  cry sta ls . F in a lly , a fter  3 m in  o f  rotary a g ita tio n , the ab so rb a n ce  
at a w a v e le n g th  o f  5 5 0  nm  rep resen tin g  the v ia b ility  o f  the c e l ls  w a s  m easu red  b y  a 
S p ectra M a x  M 2 M icro p la te  R eader.

4 .3 .3 .8  M e c h a n ic a l P r o p e r ty  E v a lu a tio n
T h e n A g -lo a d e d  g e la tin  h y d r o g e l p ad s in th e ir  dry sta te  w e r e  

cu t in to  rectan gu lar  sh a p es  (5  m m  in  w id th  X 10 m m  in  len g th ). T h e  test sp e c im e n s  
w ere  first im m ersed  in  aceta te  b u ffer  so lu t io n  at 3 7  ° c  for 1 d. A fte r  the su b m e rsio n , 
the s p e c im e n s  w er e  b lo tted  w ith  a p ie c e  o f  t is su e  p ap er  and th en  ch a ra cter ized  b y  a 
L lo y d  L R X  u n iv ersa l te st in g  m a ch in e . T h e  load  c e ll ,  th e  c r o ssh e a d  sp e e d  and the  
g a u g e  le n g th  o f  the sp e c im e n s  w ere  5 0 0  N , 10 m m /m in  and 3 0  m m , r e sp e c tiv e ly .

4 .3 .3 .9  S ta t is t ic a l  A n a ly s is
D ata  w er e  p resen ted  as m e a n s  ±  standard errors o f  m e a n s  (ท 

=  3). A  o n e -w a y  A N O V A  w a s  u sed  to  co m p a re  th e m e a n s  o f  d iffe r e n t data se ts , and  
eq u a l v a r ia n c e s  a ssu m e d  u sin g  S c h e f f é ’s m eth o d . T h e  s ta tis tic a l s ig n if ic a n c e  w a s  
a c c e p te d  at a 0 .0 5  c o n f id e n c e  le v e l.

4 .4  R e s u lt s  a n d  D is c u ss io n

4 .4 .1  F orm a tion  o f  n A g  in  A g N C h -C o n ta in in g  G e la tin  S o lu t io n
In the p resen t stu d y , th e  g e la tin  s o lu t io n  in 7 0  v o l.-%  a c e tic  ac id  

so lu t io n  that co n ta in ed  A g N C >3 w a s  prepared . S ilv e r  n a n o p a rtic le s  (n A g s )  w ere  
su b se q u e n tly  fo rm ed  in  the A g N C L -co n ta in in g  g e la tin  so lu t io n  after it had b een  ag ed  
for v a r io u s  t im e  in terva ls . T h e  red u ctio n  o f  A g + in to  its m e ta llic  form  h as b e e n  
sh o w n  to  b e  a c c o m p lish e d  b y  a n u m b er o f  m e th o d s, i .e .,  c h e m ic a l red u ction ,
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irrad iation  w ith  y-ray  and  u ltra so n ica tio n  (W a n g  and  A sh er , 2 0 0 1 ;  Z h an g  e t  a l., 
2 0 0 1 ;  L u  e t  a l . ,  2 0 0 3 ) .  T h e  fo rm a tio n  o f  n A g  in  the A g N Û 3-c o n ta in in g  ge la tin  
so lu t io n  a fter it had b e e n  ag ed  for v a r io u s  tim e  in terv a ls  can  b e id en tifie d  s im p ly  b y  a 
c h a n g e  in  th e  c o lo r  o f  th e  s o lu t io n  and  b y a c h a n g e  in  the U V -v is ib le  ab so rp tio n  
sp ectru m  (s e e  la ter). S u ch  c h a n g e s  w e r e  n o t o b se r v e d  in th e  A g N C L /a ce tic  acid  
so lu t io n , n o  m atter h o w  lo n g  the so lu t io n  had b e e n  ag ed .

F igu re  1 sh o w s  th e ap p ea ran ce  o f  th e  n eat g e la t in  so lu t io n  and the  
A g N 0 3 -c o n ta in in g  g e la t in  so lu t io n  that had b e e n  ag ed  for v a r io u s  tim e  in terva ls. 
E v id e n tly , th e  c o lo r  o f  the n eat g e la t in  so lu t io n  w a s  lig h t y e l lo w . T h e p r e se n c e  o f  
A g N C b  in  th e  a c e t ic  a c id  so lu tio n  p rior  to the d is so lu t io n  o f  g e la tin  p o w d e r  ca u sed  
the resu lt in g  A g N C b -c o n ta in in g  g e la t in  so lu tio n  to  b e c o m e  s lig h t ly  darker y e l lo w  
(resu lt n o t sh o w n ). A fte r  the A g N 0 3 -c o n ta in in g  g e la t in  so lu t io n  had b een  a g e d  for 1 
d, the c o lo r  o f  the s o lu t io n  c h a n g e d  to lig h t b row n . E v id e n tly , the c o lo r  o f  the  
so lu t io n  b e c a m e  darker and  darker w ith  further in c r e a se  in  th e  a g in g  p er io d  to f in a lly  
b e c o m e  dark b row n  a fter  it had b e e n  a g e d  for 5 d. T h o u g h  n o t sh o w n , th e  c o lo r  o f  
the n eat g e la tin  so lu t io n  d id  n ot c h a n g e  n o  m atter h o w  lo n g  th e so lu tio n  had  b een  
aged .

F igu re  2  sh o w s  a sp ec tr o p h o to m e tr ic a l e v id e n c e  for the fo rm a tio n  o f  
n A g . It h as b een  sh o w n  in  the literatu re that th e  form a tio n  o f  n A g  can  be o b se r v e d  
from  th e ap p ea ran ce  o f  th e  su rfa ce  p la sm o n  r e so n a n c e  a b so rp tio n  p eak  that cen ters  
around  4 1 6 -4 4 5  n m  in  the u v  sp ectru m , w ith  th e  p eak  p o s it io n  h y p o th e tic a lly  
d e c r e a s in g  w ith  a d e c r e a se  in  the s iz e  o f  th e  a s -fo r m e d  n A g  (A ra i e t  a l ,  2 0 0 1 ;  Y a n g  
e t  a l .,  2 0 0 3 ;  Frattin i e t a l . ,  2 0 0 5 ;  L e e  e t  a l . ,  2 0 0 5 ) . S u ch  a p eak  w a s  n ot o b se r v e d  in  
the U V  sp ectru m  o f  th e  A g N Û 3-c o n ta in in g  g e la tin  so lu t io n  that had  b een  a g e d  for  
o n ly  1 d. In crea sin g  the a g in g  p er io d  to  2  d resu lted  in  a n o t ic e a b le , but rather v a g u e , 
ch a n g e  to  th e  b a se lin e  o f  the sp ectru m . T h e  su rfa ce  p la sm o n  p ea k  cen ter in g  around  
4 3 0 -4 3 5  n m  w a s  c le a r ly  o b se r v e d  for  th e  A g N Û 3-c o n ta in in g  g e la t in  so lu tio n  that had  
b een  a g e d  for at lea st 4  d. E v id e n tly , b o th  the a b so rb a n ce  and the p o s it io n  o f  the  
su rfa ce  p la sm o n  p eak  in crea sed  w ith  an in crea se  in  th e  a g in g  p er io d , th e  resu lts  that 
r e sp e c t iv e ly  in d ica ted  th e in crea se  in  b o th  the n u m b er and th e s iz e  o f  the a s-fo rm ed  
n A g  w ith  an in crea se  in  the a g in g  p er io d  (Y a n g  e t  a l . ,  2 0 0 3 ; Jin  e t  a l .,  2 0 0 5 ;  L ee  et 
a l.,  2 0 0 5 ;  S o n  e t a l . ,  2 0 0 6 )
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F ig u re  3 sh o w s  rep resen ta tiv e  T E M  im a g e s  o f  th e  a s -fo r m e d  n A g  in  
the A g N 0 3 -c o n ta in in g  g e la tin  so lu t io n  that had  b een  a g ed  for  v a r io u s  t im e  in terva ls  
ra n g in g  from  4  to 7  d. B o th  th e n u m b er  and th e s iz e  o f  th e se  p a r tic le s  w e r e  a n a ly z e d  
b y  c o n s tr u c tin g  h isto g ra m s o f  th e  p articu la te  d ia m eters  a g a in st  the fr e q u e n c y , as 
sh o w n  a lo n g  s id e  e a c h  r e sp e c tiv e  T E M  im a g e . For the so lu t io n  that had b e e n  aged  
for 4  or 5 d, the s iz e  o f  the a s -fo r m e d  n A g  w a s  10 or 11 n m  on  a v era g e . A t th ese  
c o n d it io n s , th e  s iz e  d istr ib u tio n  w a s  q u ite  n arrow . For the s o lu t io n  that had  b een  aged  
for 6  or 7  d o n  the o th er hand , n A g  w ith  m u ch  larger d ia m eters  ( i .e .,  2 0  or 2 8  nm  on  
a v e r a g e )  and w id e r  s iz e  d istr ib u tio n  w ere  apparent. A g g r e g a t io n  o f  th e  g r o w in g  
p a rtic le s  that w e r e  in  c lo s e  p r o x im ity  to o n e  an oth er w a s  p o stu la ted  a s  th e  m ain  
reaso n  for su ch  o b serv a tio n s .

B a se d  o n  the resu lts  sh o w n  in F ig u res 1 to 3 , it is  o b v io u s  that the  
p r e se n c e  o f  g e la t in  in  th e  A g N C V a c e t ic  acid  s o lu t io n  w a s  th e  m a in  factor  r e sp o n s ib le  
for th e  fo rm a tio n  o f  n A g . E v e n  th o u gh  ab o u t h a lf  o f  th e  a m in o  ac id  r e s id u es  in  
g e la tin  m o le c u le s  c o n ta in  r e la t iv e ly  h y d ro p h o b ic  s id e  gro u p s ( i .e . ,  g ly c in e , a lan in e , 
p ro lin e  and  h y d r o x y p r o lin e , w h ic h  a ll a c c o u n te d  for ab ou t 54%  b ased  o n  the dry 
w e ig h t  o f  th e  p ro te in  (S o n g c h o tik u n p a n  e t  a l ,  2 0 0 8 )) , s o m e  a m in o  ac id  res id u es , 
su ch  a s  g lu ta m ic  a c id , asp artic  a c id  and a rg in in e  (w h ic h  all a c c o u n te d  for a b o u t 2 4  % 
b a sed  o n  the dry w e ig h t  o f  the p ro te in  (S o n g c h o tik u n p a n  e t  a l ,  2 0 0 8 ) ) ,  c o n ta in  eith er  
c a r b o x y lic  a c id  or neutral a m in o  grou p s that can  in teract w ith  the A g + c a tio n s  
d ir e c tly , w h ic h  m a y  lead  to  th e  c o m p le x a t io n  o f  A g + to su ch  grou p s (Z h a n g  e t a l ,  
2 0 0 1 ;  L u  e t  a l ,  2 0 0 3 ) .  In su b se q u e n t s tu d ie s , th e  A g N Û 3-c o n ta in in g  g e la tin  so lu tio n  
that had  b e e n  a g e d  for 5 d w a s  c h o s e n  for further fa b r ica tio n  in to  f i lm s  b y  s o lv e n t ­
c a s t in g  tech n iq u e .

4 .4 .2  C h a racter iza tio n  o f  n A g -L o a d e d  G ela tin  H y d r o g e l P ad s
4 .4 .2 .1  W a ter  R e te n tio n  a n d  W e ig h t L o ss  E v a lu a tio n

W ith o u t c r o s s - lin k in g , a s o lv e n t-c a s t  g e la tin  film  ca n  d is s o lv e  
e a s i ly  in  an a q u e o u s  m ed iu m . H ere , g lu ta ra ld eh y d e  (G T A ) w a s  u sed  a s  a cro ss-  
lin k in g  a g en t for m a k in g  n A g - lo a d e d  g e la tin  h y d r o g e l p ad s, s im p ly  b e c a u se  o f  its 
k n o w n  e f f ic ie n c y  as a c r o s s - lin k in g  a g en t for g e la tin  (Z h a n g  e t  a l ,  2 0 0 6 ;  
S o n g c h o tik u n p a n  e t a l ,  2 0 0 8 )  and, p articu larly , its in e x p e n s iv e n e s s . T h e
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m e a su r e m e n ts  fo r  th e  w a ter  re ten tio n  and th e  w e ig h t  lo s s  w e r e  u sed  to  a s s e s s  the  
e x te n t  o f  the c r o s s - lin k in g  o f  th e  g e la tin  h y d r o g e ls  that had  b e e n  treated  w ith  variou s  
c o n te n ts  o f  G T A . T h ree ty p e s  o f  th e  a q u e o u s  m e d iu m  w a s  u sed  for th e se  p u rposes: 
th e y  are a ce ta te  b u ffer  s o lu t io n  (p H  5 .5 ) , d is t i l le d  w ater  (p H  6 .5 ) , and S B F  b u ffer  
so lu t io n  (p H  7 .4 ) . T h e  resu lts  are g ra p h ica lly  sh o w n  in F ig u res  4 -6 .

A t a g iv e n  G T A  c o n te n t, th e  w a ter  re ten tio n  o f  th e  h y d r o g e ls , 
in  a n y  ty p e  o f  th e  m ed iu m , in cre a se d  w ith  an in itia l in crea se  in the su b m e r s io n  tim e  
and  F inally b e c a m e  saturated  w ith  the m e d iu m  after th ey  h ad  b e e n  su b m e r g e d  in the  
m e d iu m  for ab o u t 1-3 d. A t th e  sa m e tim e , it w a s  o b se r v e d  that th e  a m o u n t o f  the  
reta in ed  w a ter , at an y  g iv e n  t im e  p o in t, d e c r e a se d  w ith  an in crea se  in  the G T A  
c o n te n t u sed  to  c r o ss - lin k  th e  h y d r o g e ls . F or th e  h y d r o g e ls  that had b e e n  su b m erg ed  
in  th e  aceta te  b u ffer  for 7  d, th e  a m o u n ts  o f  th e  reta in ed  w a ter  w er e  fo u n d  to  d ecrea se  
from  a b o u t 8 6 6  %  at 0 .5  p l/m l o f  G T A  to satu rate at ab out 251  % at 7 and  9  p l/m l o f  

G T A . In d is t ille d  w ater , su ch  v a lu e s  d e c r e a se d  from  ab o u t 1 1 3 7  % at 0 .5  p l/m l o f  

G T A  to  ab ou t 2 5 7  % at 9  p l/m l o f  G T A . In th e S B F  b u ffer , th e  v a lu e s  d ecrea sed  

from  a b o u t 9 9 7  % at 0 .5  p l/m l o f  G T A  to a b o u t 2 3 7  % at 9  p l/m l o f  G T A . E v id e n tly , 
th e  a m o u n t o f  th e  w ater  reta in ed  in  the h y d r o g e ls  a fter th e y  had b e e n  su b m e rg ed  in  
d is t ille d  w a ter  w a s  the greatest.

O n th e  o th er  hand, th e  lo s s  in  the w e ig h t  o f  th e  h y d r o g e ls , at 
an y  g iv e n  G T A  c o n ten t and in an y  typ e  o f  th e  m ed iu m , in cr e a se d  w ith  an in itia l 
in c r e a se  in  th e  su b m e r sio n  t im e  an d , in m o st  c a s e s , f in a lly  b e c a m e  co n sta n t a fter th ey  
had  b e e n  su b m e rg ed  in the m e d iu m  for a b o u t 1-3 d. S im u lta n e o u s ly , it w a s  fou n d  
that, at an y  g iv e n  tim e  p o in t, th e  v a lu e s  d e c r e a se d  w ith  an  in crea se  in  the G T A  
c o n ten t. S p e c if ic a l ly , for the h y d r o g e ls  that had  b e e n  su b m e rg ed  in  th e  a ce ta te  b u ffer  
for 7 d , th e  p e r c e n ta g e s  o f  th e  w e ig h t  lo s s  d e c r e a se d  from  ab o u t 40 %  at 0 .5  p l/m l o f  

G T A  to  ab ou t 9 %  at 9  p l/m l o f  G T A . In d is t i l le d  w ater, su c h  v a lu e s  d e c r e a se d  from  

ab o u t 3 7  % at 0 .5  p l/m l o f  G T A  to  ab ou t 11 % at 9  (il/m l o f  G T A . In the S B F  b u ffer , 
th e  v a lu e s  d e c r e a se d  from  a b o u t 4 9  % at 0 .5  p l/m l o f  G T A  to  ab ou t 16 % at 9  p l/m l 
o f  G T A . E v id e n tly , the g rea test ex te n t o f  th e  lo s s  in  the w e ig h t  o f  th e  h y d r o g e ls  
o ccu rred  w h en  th e y  w er e  su b m e r g e d  in  S B F  m e d iu m .
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T h e d e c r e a se  in  b o th  th e w ater  re ten tio n  and th e w e ig h t  lo s s  
o f  th e  h y d r o g e ls  w ith  an in c r e a se  in  th e  G T A  c o n ten t w a s  d u e o b v io u s ly  to the  
in c r e a se  in  th e  e x te n t  o f  c r o s s - lin k in g , as G T A  m o le c u le s  reacted  w ith  th e  free am in o  
gro u p s o f  ly s in e  (a c c o u n te d  for ab ou t 3 .4  %  b a sed  o n  th e  dry w e ig h t  o f  the p rotein  
(S o n g c h o tik u n p a n  e t a i ,  2 0 0 8 ) )  an d /or  a rg in in e  (a c c o u n te d  for ab ou t 7 .4  % b ased  on  
th e  dry w e ig h t  o f  the p ro te in  (S o n g c h o tik u n p a n  e t  a l . ,  2 0 0 8 ) )  to  form  a n etw ork  
w ith in  the g e la tin  structure. E v e n  th o u g h  a  h ig h  w a ter  re ten tio n  o f  a h y d r o g e l w o u n d  
d r e ss in g  is n e c e ssa r y  to k eep  th e  w o u n d s  in  a m o is t  c o n d it io n , w h ic h  is  k n ow n  to 
p r o m o te  the h e a lin g  o f  the w o u n d s , the G T A  c o n ten t u sed  to  c r o ss - lin k  th e h y d ro g e ls  
c o u ld  n ot b e  to o  lo w  to je o p a r d iz e  th e  p h y s ic a l in teg r ity  o f  the h y d r o g e ls  ( i .e ., 
b e c a u se  o f  th e  w e ig h t  lo s s  c o u ld  b e to o  h ig h )  durin g th eir  ad m in istra tio n  on  the  
w o u n d s .

4 .4 .2 .2  N u m b e r -A v e r a g e  M o le c u la r  W eig h t o f  C h a in  S e g m e n ts
B e tw e e n  C r o s s - l in k in g  P o in ts  a n d  C r o s s - l in k  D e n s i ty
T h e w a ter  reten tio n  d ata  o f  the h y d r o g e ls  a fter  h a v in g  b een  

su b m e rg ed  in  d is t ille d  w ater  for  5 d w e r e  u se d  to  c a lc u la te  the n u m b er-av erag e  
m o le c u la r  w e ig h t  o f  ch a in  se g m e n ts  b e tw e e n  c r o s s - lin k in g  p o in ts  (M c) and  the c r o ss ­
lin k  d e n s ity  (F e) o f  th e  c r o s s - lin k e d  n A g -lo a d e d  g e la tin  h y d ro g e l p ad s. T h e  resu lts o f  
su c h  c a lc u la t io n s  are su m m a r iz e d  in  T a b le  1. A p p a r en tly , an in crea se  in  the G T A  
c o n te n t u sed  to  c r o ss - lin k  th e  h y d r o g e ls  c a u se d  th e  M c v a lu e s  to  d ecr e a se  from  about 
2 1 9 0  g /m o l at 0 .5  p l/m l o f  G T A  to  ab o u t 3 6 0  g /m o l at 9  p l/m l o f  G T A . T h ese  

c o rr esp o n d ed  to  a m o n o to n o u s  in crea se  in  th e  v e v a lu e s  from  about 3 .0  X 1020 # /c m 3 
at 0 .5  p l/m l o f  G T A  to ab ou t 1 7 .7  X 1020 # /c m 3 at 9  p l/m l o f  G T A .

4 .4 .2 .3  R e le a s e  C h a r a c te r is t ic s  o f  S ilv e r
Prior to  in v e s t ig a t in g  th e  r e le a se  ch a ra c ter is tic s  o f  s ilv e r  from  

th e  n A g -lo a d e d  g e la tin  h y d r o g e l p a d s , the a c tu a l am ou n t o f  s ilv e r  (e ith e r  in  the form  
o f  th e  free A g + c a t io n s  or th e  a s-fo r m e d  n A g )  in th e se  h y d r o g e ls  n e e d e d  to be  
d eterm in ed . F or th is  p u rp o se , th e  u n c r o ss - lin k e d  h y d r o g e ls  that w er e  p rep ared  from  
th e  g e la tin  s o lu t io n  co n ta in in g  2 .5  w t.-%  A g N 0 3 that had b e e n  a g e d  for  5 d w ere  
in v e s t ig a te d  for  th e  a m o u n t o f  s ilv e r  in e a c h  o f  the three m ed ia . A t 2 .5  w t.-%  o f  
A g N 0 3 in  the g e la t in  so lu t io n , th e  th eo re tica l c o n ten t o f  th e  a s - lo a d e d  s ilv e r  in the
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h y d r o g e ls  sh o u ld  be 1 5 .4 9  m g /g  o f  the h y d r o g e ls  ( in  th eir  dry sta te ). S in c e  5 0  m l o f  
e a c h  m e d iu m  w o u ld  b e u se d  to  d is s o lv e  th e  h y d r o g e ls , th e  th eo retica l a m o u n t o f  the  
a s - lo a d e d  s ilv e r  that c o u ld  b e  p resen t in  th e  m ed iu m  so lu t io n  w o u ld  b e  3 0 9 .7 6  p p m /g  
o f  th e  h y d r o g e ls . E x p e r im e n ta lly , th e  actu a l a m o u n ts  o f  s ilv e r  lo a d ed  in th e  
h y d r o g e ls  as d eterm in ed  b y  m ea n s o f  A A S  in  the aceta te  b u ffer , d is t ille d  w ater  and  
th e  S B F  b u ffer  w er e  3 0 8 .9  ±  1.5 , 3 0 7 .3  ±  2 .0  and 3 0 4 .5  ±  0 .6  p p m /g  o f  the  

h y d r o g e ls , r e sp e c t iv e ly  (ท =  3 ) . T h e se  a cc o u n te d  for 9 9 .7  ±  0 .5 , 9 9 .2  ±  0 .7  and 9 8 .3  ±  
0 .2  % o f  th e  in it ia l, th e o r e tic a l con ten t o f  th e  a s-lo a d e d  s ilv er , r e sp e c tiv e ly .

F ig u re  7 illu stra tes  th e  c u m u la tiv e  a m o u n ts o f  s ilv e r , e ith er  in  
th e  form  o f  n A g  or resid u a l free io n s  ( A g +), w h ic h  w er e  re lea sed  p er  gram  o f  th e  
n A g -lo a d e d  g e la t in  h y d r o g e l p ad s that had  b een  c r o ss - lin k e d  w ith  v a r y in g  a m o u n ts  
o f  G T A  in  e a c h  o f  the th ree  m ed ia  a s  a fu n c tio n  o f  the su b m e rsio n  tim e . In th e  
a ce ta te  b u ffer  and  d is t ille d  w ater , the r e le a se  o f  s ilv e r  from  the h y d r o g e ls  c o u ld  be  
d iv id e d  in to  tw o  sta ges: th e  in itia l rapid re le a se  w ith in  th e first 2 4  h o f  su b m e rsio n  
and  th e s lo w  r e le a se  for th e  su b m e rsio n  t im e s  greater than  2 4  h. in th e  S B F  b u ffer  on  
th e  o th er h an d , th e  re le a se  o f  s ilv e r  occu rred  m ore g ra d u a lly  o v er  th e  first 7 d p er io d , 
after  w h ic h  it o ccu rred  m u ch  m ore  s lo w ly . In creasin g  the G T A  c o n ten t u sed  to c r o s s ­
lin k  the h y d r o g e ls  g e n e r a lly  resu lted  in  th e  o b serv ed  d ec r e a se  in  th e  cu m u la tiv e  
a m o u n ts  o f  s i lv e r  re lea sed  in to  the m ed ia . T h is  corre la ted  w e ll w ith  th e  o b serv ed  
d e c r e a se  in  b o th  th e s w e l l in g  and the w e ig h t  lo s s  o f  th e  h y d r o g e ls  w ith  an  in crea se  in  
th e  G T A  co n te n t. S p e c if ic a l ly , at 2 4  h, th e  c u m u la tiv e  am o u n ts o f  s ilv e r  re lea sed  in  
to  th e  m e d ia  w e r e  in th e  ra n g es  o f  2 2 8 .6 -2 6 6 .8  p p m /g  o f  th e  h y d r o g e ls  in  the aceta te  
b u ffer , 1 8 1 .3 -2 4 5 .8  p p m /g  o f  the h y d r o g e ls  in d is t ille d  w a ter  and 7 3 .2 - 1 3 6 .5  p p m /g  
o f  th e  h y d r o g e ls  in  the S B F  b u ffer. T h e se  a m o u n ts  f in a lly  in crea sed  to  2 8 1 .5 -3 0 5 .6  
p p m /g  o f  th e  h y d r o g e ls  in  th e  aceta te  b u ffer , 2 5 0 .9 -3 0 2 .0  p p m /g  o f  th e  h y d r o g e ls  in  
d is t ille d  w a ter  and  2 4 8 .0 -3 0 7 .9  p p m /g  o f  th e  h y d r o g e ls  in the S B F  b u ffer  at the  
lo n g e s t  su b m e r sio n  t im e  in v e s tig a te d  (2 6 4  h).

C o m p a r a tiv e ly  a m o n g  the th ree  m ed ia , th e  cu m u la tiv e  
a m o u n ts  o f  s i lv e r  r e lea sed  from  the h y d r o g e ls  w er e  grea test in  the a ce ta te  b u ffer , 
fo llo w e d  b y  th o se  in d is t ille d  w ater and th e S B F  b u ffer , r e sp e c tiv e ly . T h e lik e ly  
rea so n  for su c h  o b se r v a tio n  c o u ld  b e d u e  to the d if fe r e n c e  in th e  p roton ation  
b eh a v io r  o f  g e la t in  in th e se  m ed ia . In the p resen t w o rk , ty p e -A  g e la tin  w a s  u sed . T h e
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iso e le c tr ic  p o in t  -  the p H  at w h ic h  a m o le c u le  carr ies n o  net e le c tr ic a l ch arg e  -  o f  
th is  ty p e  o f  g e la tin  is  a b o u t 7 -9 . B e lo w  th is  p o in t, g e la t in  carr ies a n et p o s it iv e  
ch arg e . A s  a resu lt, th e  rep u ls io n  b e tw e e n  the p o s it iv e  ch a rg es  o f  th e  p roton ated  
g e la tin  m o le c u le s  and A g + sh o u ld  b e th e  m a in  co n tr ib u tin g  factor  for  th e  grea test  
c u m u la t iv e  a m o u n ts  o f  s ilv e r  re lea sed  from  th e h y d r o g e ls  w h e n  th e y  w e r e  su b m erg ed  
in  the aceta te  bu ffer.

4 .4 .2 .4  A n tib a c te r ia l  A c t iv i t y
H ere, ร. a u re u s  and  E. c o l i  w er e  u sed  as th e  m o d e l b acteria  to  

e x a m in e  th e an tib acter ia l a c t iv it ie s  o f  th e  c r o ss - lin k e d  n A g -lo a d e d  g e la t in  h y d ro g e l 
p ad s. T h e  c r o ss - lin k e d  g e la tin  h y d ro g e l p ad s and  th e drug p e lle ts  w er e  u sed  as  
con tro l. T a b le  2 sh o w s  th e  p h o to g ra p h ic  im a g e s  o f  th e  b a c te r iu m -in fe s te d  agar p la tes  
w h ic h  had  b e e n  c o v e r e d  w ith  the n eat and  th e n A g -lo a d e d  h y d r o g e ls  and the drug  
p e lle ts . T a b le  3 su m m a r iz e s  the a v era g e  len g th s  o f  th e  in h ib itio n  z o n e s  (m easu red  
from  the e d g e  o f  th e  sa m p le s  to the e d g e  o f  the c lea r  z o n e s )  for a ll o f  the sa m p le s  
in v e s t ig a te d . B a sed  on  th e  resu lts  sh o w n  in  b oth  ta b le s , n o  in h ib it io n  z o n e  ag a in st  
b o th  ty p e s  o f  b acteria  w a s  o b serv ed  for th e  n eat, c r o s s - lin k e d  h y d r o g e ls . O n  the o th er  
h an d , su ch  z o n e s  w er e  d isc e r n ib le  for th e  n A g -lo a d e d  h y d r o g e ls  an d  for th e  drug  
p e lle ts . T h e  in h ib itio n  z o n e  len g th s for  th e  n A g -lo a d e d  h y d r o g e ls  that had b een  

c r o ss - lin k e d  w ith  0 .5  and  1 p l/m l o f  G T A  a g a in st b o th  ty p e s  o f  b a c ter ia  w ere  grea test  
at 2 .5  m m , w h ile  th ey  w e r e  2  and 1.5 m m  for the rest o f  the h y d r o g e ls  a g a in st ร. 
a u r e u s  and  E. c o l i , r e sp e c tiv e ly . T h e se  resu lts  c o in c id e d  w ith  th e  resu lts  on  th e  
r e le a se  o f  s ilv e r , as th e  h y d r o g e ls  that had  b e e n  c r o ss - lin k e d  w ith  a lo w  G T A  c o n ten t  
( i .e . ,  0 .5  and  1 p l/m l)  h ad  a greater c u m u la t iv e  am o u n t o f  the r e le a se d  s ilv e r  than  
th o se  c r o ss - lin k e d  w ith  a grea ter  G T A  c o n ten t.

4 .4 .2 .5  I n d ir e c t  C y to to x ic i ty  E v a lu a tio n
T h e  p o ten tia l for  u se  o f  th e  n A g -lo a d e d  g e la t in  h y d ro g e l p ad s  

a s a n tib acter ia l w o u n d  d r e ss in g s  w a s  further a s s e s s e d  w ith  th e in d irec t c y to to x ic ity  
a ssa y . T h e  e f fe c t  o f  c r o s s - lin k in g  o n  th e in d irect c y to to x ic ity  o f  th e  n eat g e la tin  
h y d r o g e ls  that had b e e n  c r o ss - lin k e d  w ith  v a r y in g  a m o u n ts  o f  G T A  w a s first  
e v a lu a ted  and the resu lts  are sh o w n  in  F ig u re  8. T h e  r e la tiv e  v ia b il ity  o f  norm al sk in  
f ib ro b la sts  that had b e e n  cu ltu red  w ith  th e ex tra c tio n  m e d ia  from  th e  neat g e la tin
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h y d r o g e ls  w a s  9 6  % . In crea sin g  b o th  th e G T A  con ten t u se d  to  c r o ss - lin k  the  
h y d r o g e ls  and the in cu b a tio n  t im e  u sed  to  p rep are th e  ex tr a c tio n  m ed ia  from  the  
c r o ss - lin k e d  h y d r o g e ls  resu lted  in a  grad u al and  s lig h t  d e c r e a se  in the re la tiv e  
v ia b ility  o f  th e  c e lls . N o tw ith s ta n d in g , th e  r e la tiv e  v ia b ility  o f  th e  c e l ls  that had b een  
cu ltu red  w ith  the e x tra c tio n  m ed ia  from  th e se  c r o ss - lin k e d  h y d r o g e ls  rem ain ed  
r e la tiv e ly  h ig h  at 8 5 -9 3  %. T h e o b se r v e d  s lig h t  d ecr e a se  in th e  r e la tiv e  v ia b ility  o f  
th e  c e lls  w ith  the in crea se  in  b oth  o f  th e  G T A  c o n ten t and th e in cu b a tio n  t im e  co u ld  
b e d u e to  th e  to x ic ity  o f  the u n reacted  G T A  that c o u ld  h ave  b e e n  lea ch ed  ou t from  
the h y d r o g e ls  (F iirst and  B a n erjee , 2 0 0 5 ) .

T h e  c y to to x ic ity  o f  the c r o ss - lin k e d  n A g -lo a d e d  g e la tin  
h y d ro g e l p ad s w a s  a lso  ev a lu a ted  u s in g  th e sa m e  p ro to co l and th e resu lts  are sh o w n  
in F ig u re  9 . W ith o u t the treatm ent w ith  0 .4  % w /v  so d iu m  m e ta b isu lf ite  a q u eo u s  
so lu tio n , th e  re la tiv e  v ia b ility  o f  th e  c e l l s  that had b e e n  cu ltu red  w ith  the ex tra ctio n  
m ed ia  from  th e n A g -lo a d e d  h y d r o g e ls , r e g a r d le ss  o f  th e  G T A  c o n te n t  u sed  to c r o s s ­
lin k  th e  h y d r o g e ls , w a s  lo w  ( i .e ., 3 8 -4 3  % ). A fte r  the treatm en t w ith  th e so d iu m  
m e ta b isu lf ite  so lu t io n  h o w e v e r , th e  r e la tiv e  v ia b ility  o f  th e  c e l ls  in crea sed  
s ig n if ic a n tly  ( i .e .,  7 5 -8 1  % ), d esp ite  th e  s lig h t  d e c r e a se  in the re la tiv e  v ia b ility  o f  the  
c e lls  w ith  th e in crea se  in  b oth  o f  th e  G T A  c o n te n t and the in cu b a tio n  tim e . It is  
h y p o th e s iz e d  that th e  treatm en t o f  th e  n A g -lo a d e d  h y d r o g e ls  w ith  the so d iu m  
m e ta b isu lf ite  so lu tio n  resu lted  in th e  io n ic  e x c h a n g e  b e tw e e n  th e  c o m m o n ly -k n o w n  
to x ic  n itrate a n io n s  (H id a lg o  and D o m in g u e z , 19 98 ; A tiy e h  e t  a l ,  2 0 0 7 ;  C h en  and  
S c h lu e se n e r , 2 0 0 8 )  w ith  th e  le s s  to x ic  m e ta b isu lf ite  a n io n s . S u c h  a  treatm en t w ith  the  
so d iu m  m e ta b isu lf ite  so lu t io n  h e lp s  restore  th e  a p p lic a b ility  o f  the n A g -lo a d e d  
g e la tin  h y d r o g e ls  as w o u n d  d ress in g s .

4 .4 .2 .6  M e c h a n ic a l I n te g r i ty
T h e  m e c h a n ic a l in teg r ity  o f  a  w o u n d -d r e ss in g  h y d ro g e l in  its 

w e t sta te  is  an im p ortan t p rop erty  d e te r m in in g  its  actual a p p lic a b ility . H ere, the  
c r o ss - lin k e d  n A g -lo a d e d  g e la t in  h y d r o g e l p ad s that h ad  b een  im m e r se d  in th e  aceta te  
b u ffer  for 1 d w ere  te s te d  for their  m e c h a n ic a l p rop erties, in  term s o f  Y o u n g ’s 
m o d u lu s , y ie ld  stren g th , and  e lo n g a tio n  at y ie ld , as fu n c tio n  o f  th e  G T A  con ten t u sed  
to c r o ss - lin k  the h y d r o g e ls . T h e resu lts  are su m m a rized  in T a b le  4 . W h ile  b oth  the  
Y o u n g ’s m o d u lu s  and th e e lo n g a tio n  at y ie ld  g e n e r a lly  in crea sed  w ith  an in crea se  in
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the G T A  c o n ten t, th e  y ie ld  stren g th  w a s  fou n d  to d ecrea se . T h e  Y o u n g ’s m o d u lu s  
w a s in th e  ran ge o f  1 .5 -7 .4  kPa; th e  y ie ld  stren g th  w a s  in th e  ran g e  o f  0 .5 -1 3  M Pa; 
and th e e lo n g a t io n  at y ie ld  w a s  in  th e  ran ge o f  0 .1 2 -5 9  %. T h e  large  d isc r e p a n c y  in 
m o st o f  th e  p rop erty  v a lu e s  is  d u e  to  the d if fe r e n c e  in th e  e x te n t  o f  c r o ss - lin k in g , 
h en c e  th e  d if fe r e n c e  in  th e  w ater  a b so rb a n cy , o f  th e  h y d ro g e ls .

4.5 Conclusions

In th e  p resen t con tr ib u tion , a g e la tin  s o lu t io n  c o n ta in in g  s ilv e r  n a n o p a rtic le s  
(n A g )  w a s  prep ared  from  a g e la tin  so lu t io n  co n ta in in g  s ilv e r  n itrate ( A g N 0 3 ) in  
a ce tic  a c id . T h e fo rm a tio n  o f  n A g  w a s  a c h ie v e d  w h e n  the A g N 0 3 -c o n ta in in g  g e la tin  
so lu t io n  w a s  ag ed  for at lea st 4  d. T h e  fo rm a tio n  o f  n A g  w a s  c o n fir m e d  n o t o n ly  by  
the c h a n g e  in  the c o lo r  o f  the so lu t io n , but a lso  b y  the o b se r v a t io n  o f  th e  su rfa ce  
p la sm o n  p eak  in th e  u v  sp ectru m  at around 430-435 nm . T h e  s iz e  o f  the n A g  that 
w er e  fo rm ed  in  th e  A g N C E -c o n ta in in g  g e la tin  s o lu t io n  that had  b een  a g ed  for 4-7 d, 
as d e term in ed  b y  T E M , ran ged  b e tw e e n  9 -2 8  n m . T h e  w a ter  re ten tio n  and th e lo s s  in  
the w e ig h t  o f  the c r o ss - lin k e d  n A g -lo a d e d  g e la tin  h y d ro g e l p ad s ( fro m  the A g N C E -  
c o n ta in in g  g e la tin  s o lu t io n  that had  b e e n  a g ed  for  5 d ) in three ty p e s  o f  m e d iu m  ( i .e ., 
aceta te  b u ffer , d is t ille d  w ater , and s im u la ted  b o d y  flu id  b u ffer )  w e r e  carried  ou t to  
a s s e s s  th e  e f fe c t  o f  th e  g lu ta ra ld eh y d e  (G T A ) co n ten t u se d  to c r o s s - lin k  the  
h y d r o g e ls . It w a s  fo u n d  that an in c r e a se  in  the G T A  con ten t resu lted  in th e  o b se r v e d  
d ecr e a se  in  the v a lu e s  o f  b oth  p rop erties . B a se d  on  the w a ter  reten tio n  data  in  
d is t ille d  w a ter , the c r o ss - lin k  d e n s ity  o f  th e  h y d r o g e ls  w a s  d eterm in ed  and  it w a s  
fou n d  to  d e c r e a se  w ith  an in crea se  in the G T A  co n ten t u se d  to c r o ss - lin k  the  
h y d r o g e ls . T h e  to ta l c u m u la t iv e  a m o u n t o f  s ilv e r  r e lea sed  from  th e h y d r o g e ls  w a s  
a lso  fo u n d  to  d e c r e a se  w ith  an in crea se  in the G T A  con ten t. T h e  p o ten tia l for u se  o f  
th e  c r o s s - lin k e d  n A g -lo a d e d  g e la tin  h y d r o g e ls  as w o u n d  d r e s s in g s  w a s  a s s e s s e d  b y  
an tib acter ia l a c t iv ity  a g a in st G r a m -p o s it iv e  S ta p h y lo c o c c u s  a u re u s  and G ram ­
n e g a tiv e  E s c h e r ic h ia  c o l i  and in d irect c y to to x ic ity  a g a in st n orm a l sk in  fib rob la sts . 
T h e resu lts  sh o w e d  that the h y d r o g e ls  w ere  e f fe c t iv e  a g a in st th e  tw o  p a th o g e n s  and  
ap p eared  to  b e  le s s  to x ic  a g a in st th e  tested  c e l l s  o n ly  w h e n  the h y d r o g e ls  w ere  
treated  w ith  a so d iu m  m e ta b isu lf ite  so lu tio n .
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Table 4.1 N u m b e r -a v e r a g e  m o le c u la r  w e ig h t  o f  c h a in  se g m e n ts  b e tw e e n  c r o ss -  
lin k in g  p o in ts  (A /c) and c r o s s - lin k  d e n s ity  ( F e) o f  th e  c r o ss - lin k e d  n A g -lo a d e d  g e la tin  
h y d r o g e l p ad s that had b e e n  im m ersed  in  d is t ille d  w a ter  at 3 7  ๐c  for  5 d

A m o u n t o f  g lu ta ra ld eh y d e D is t i l le d  w ater
(G T A ) (p l/m l) M c ( g /m o l1) Fe (x  1020) (# /c m 3)

0 .5 2 1 8 8  ± 185 3 .0  ± 0 . 2
1 1301 ± 6 0 5 .0  ± 0 . 2
3 5 6 7  ± 5 8 1 1 .4  ±  1.1
5 3 7 2  ±  13 17 .3  ± 0 . 6
7 3 6 8  ±  11 17 .5  ± 0 . 6
9 3 6 4  ± 6 1 7 .7  ±  0.1
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Table 4.2 P h o to g ra p h ic  im a g e s  illu stra tin g  b a c te r iu m -in fe s te d  agar p la tes  that had  
b e e n  c o v e r e d  w ith  v a n c o m y c in  or  g en ta m ic in  p e lle ts  (up p er p a n e l) , c r o ss - lin k e d  
g e la t in  h y d r o g e l p a d s  ( le ft  d is c  o n  lo w e r  p a n e l)  and  c r o s s - lin k e d  n A g -lo a d e d  ge la tin  
h y d r o g e l pad s. T h e  p la te s  w e r e  in cu b ated  at 3 7  ° c  for 18 h

A m o u n t o f  G T A  ( p l /m l)
T y p e  o f  b acter ia

S ta p h y lo c o c c u s  a u re u s E s c h e r ic h ia  c o l i
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Table 4.3 A v e r a g e  len g th s  o f  th e  in h ib itio n  z o n e s  (m ea su red  from  th e e d g e  o f  the  
sa m p le s  to  th e  e d g e  o f  th e  c lea r  z o n e s  o b se r v e d  in  T a b le  2 )  fo r  v a n c o m y c in  or  
g e n ta m ic in  p e lle ts  (A ) , c r o s s - lin k e d  g e la tin  h y d r o g e l p ad s ( B )  and  c r o s s - lin k e d  n A g -  
lo a d e d  g e la tin  h y d r o g e l pads (C )

A m o u n t o f
In h ib itio n  z o n e  len g th  (m m )

G T A  ( p l /m l)
S ta p h y lo c o c c u s  a u re u s E s c h e r ic h ia  c o l i

A B c A B c
0 .5 5 .5 0 2 .5 5 0 2 .5
1.0 5 .5 0 2 .5 5 0 2 .5
3 .0 5 .5 0 2 .0 5 0 1.5
5 .0 5 .5 0 2 .0 5 0 1.5
7 .0 5 .5 0 2 .0 5 0 1.5
9 .0 5 .5 0 2 .0 5 0 1.5
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Table 4.4 M e c h a n ic a l in teg r ity  in  term s o f  Y o u n g ’s m o d u lu s , y ie ld  stren g th  and  
e lo n g a t io n  at y ie ld  o f  c r o ss - lin k e d  n A g -lo a d e d  g e la tin  h y d r o g e l p ad s that had b een  
im m e r se d  in  a c e ta te  b u ffer  at 3 2  ๐c  for 1 d {ท =  8 )

A m o u n t o f  G T A  
(p l /m l)

Y o u n g ’s m o d u lu s  
(k P a )

Y ie ld  stren g th  
(M P a )

E lo n g a tio n  at 
y ie ld
(% )

0.5 1.5 ±  1 13 .0  ±  6 0 .1 2  ± 0 .0 4

1.0 2 .1  ±  1 13 .0  ±  5 0 .1 3  ± 0 .0 5
3 .0 5 .7  ± 2 1 1 .0  ±  2 0 .1 9  ± 0 . 2 4
5 .0 7.1 ± 2 7 .0  ± 2 0 .0 8  ± 0 .0 3
7 .0 7 .4  ± 4 9 .0  ± 2 1 3 .6 0  ± 3 .2 0
9 .0 6 .9  ± 2 0 .5  ± 0 . 3 5 8 .9 0  ±  1 6 .0 0
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Figure 4.1 P h o to g ra p h ic  im a g e s  o f  (a ) n ea t g e la tin  s o lu t io n  and  s ilv e r  n itrate  
( A g N 0 3 ) -c o n ta in in g  g e la t in  so lu t io n s  that had b een  a g ed  for  v a r io u s  t im e  in tervals:  
( b ) l , ( c )  2 , (d )  3 , (e )  4  and  ( 0  5 d.
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300 4 0 0  500  600  700  800 900
W a v e le n g th  (nm )

Figure 4.2 U V -v is ib le  ab so rp tio n  sp ectra  o f  A g N 0 3 -c o n ta in in g  g e la t in  so lu tio n  that 
had  b een  a g e d  for  v a r io u s  t im e  in terva ls.
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P artic le  s ize  (nm )

0 5 10 15 20 25 30 35 40 45 50 55 60 65 
P artic le  s iz e  (nm )

Figure 4.3 S e le c te d  T E M  im a g e s  (m a g n if ic a tio n  =  2 0 ,0 0 0 x ;  s c a le  bar =  100 n m )  
and co r r e sp o n d in g  h is to g ra m s o f  s ilv e r  n a n o p a rtic le s  (n A g s )  that w e r e  form ed  in  
A g N C E -co n ta in in g  g e la t in  so lu tio n  that had  b een  a g e d  for v a r io u s  t im e  in tervals: (a )  
4 , (b ) 5 , (c )  6  and (d ) 7 d.
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P artic le  s iz e  (nm )

Figure 4 .3  (c o n tin u e d ).
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0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0
I m m e r s io n  t im e  (h)

(a)

(b)

Figure 4.4 (a ) W ater re ten tio n  an d  (b )  w e ig h t  lo s s  b e h a v io r  o f  c r o s s - lin k e d  n A g -  
lo a d ed  g e la t in  h y d r o g e l p ad s that had  b een  im m e r se d  in a ce ta te  b u ffer  (p H  5 .5 )  at 3 2  
°c for  v a r io u s  t im e  in terva ls  (ท -  3 ) . D ifferen t d ata  se ts  w ere  for  h y d r o g e ls  that had  
b een  c r o s s - lin k e d  w ith  d ifferen t g lu ta ra ld eh y d e  (G T A ) co n ten ts: •  0 .5 , o  1, T  3 ,
V  5 , ■  7 and □  9  p l/m l.
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0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0
I m m e r s io n  t im e  (h)

(a)

(b )

Figure 4.5 (a ) W ater  reten tio n  an d  (b ) w e ig h t  lo s s  b eh a v io r  o f  c r o s s - lin k e d  n A g -  
lo a d e d  g e la tin  h y d r o g e l p ad s that had  b een  im m e r se d  in d is t i l le d  w ater  (p H  6 .5 )  at 3 7  
°c for v a r io u s  t im e  in terva ls  {ท =  3 ) . D iffe r e n t  d ata  se ts  w e r e  for  h y d r o g e ls  that had 
b een  c r o s s - lin k e d  w ith  d ifferen t G T A  co n ten ts: •  0 .5 , o  1, T  3 , V  5, ■  7 and □  9  
p l/m l.
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0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0
I m m e r s io n  t im e  (h)

(a)

(b )

Figure 4.6 (a ) W ater  re ten tio n  and (b ) w e ig h t  lo s s  b e h a v io r  o f  c r o s s - lin k e d  n A g -  
lo a d e d  g e la tin  h y d r o g e l p ad s that had b e e n  im m ersed  in  s im u la ted  b o d y  flu id  (S B F )  
b u ffer  (pH  7 .4 )  at 3 7  °c for v a r io u s  t im e  in terv a ls  (/7 =  3 ). D iffe r e n t data  s e ts  w ere  
for  h y d r o g e ls  that had b e e n  c r o ss - lin k e d  w ith  d ifferen t G T A  con ten ts: •  0 .5 , O  l ,  ▼  
3 , V  5 , ■  7  and  □  9 p l/m l.
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(a)

(b )

Figure 4.7 C u m u la tiv e  r e le a se  o f  s ilv e r  from  c r o ss - lin k e d  n A g -lo a d e d  g e la tin  
h y d r o g e l p ad s that had b e e n  su b m e rg ed  in  (a ) aceta te  b u ffer  (p H  5.5) at 32 °c, (b)  

d is t ille d  w a ter  (pH  6 .5 )  at 3 7  °c and (c )  S B F  b u ffer  (pH  7 .4 )  at 3 7  °c for  v a r io u s  
t im e  in terva ls  {ท =  3 ). D iffe r e n t  data se ts  w e r e  for h y d r o g e ls  that had  b e e n  c ro ss-  
lin k ed  w ith  d ifferen t G T A  c o n ten ts .



Figure 4 .7  (co n tin u ed ).

Cu
m

ul
at

ive
 r

ele
as

e o
f s

ilv
er

 
(p

pm
/g 

of
 h

yd
ro

ge
ls)

ro
ro

CO
บา

o
บา

๐
บา

o
o

๐
o

๐
o

o
๐

o CK
H

c/) I 3 <D พ 5‘ ริ r-* 3

บา O 
^

๐ ๐

OK
U

บา ๐ ro O ๐

ow
n 

a

IC
KH

I 
□

FQ
KJ

H 
a

ro ชุา ๐ CO Ç) ๐

<◄
๐ 

•
CO

 
'ง 

ai 
CO

 
->• 

o
ๅะ 

■ç
 t:

 X
 บ

า
3 

3 
I 

3 
3 

c:
r- 

r- 
r- 

r“ 
3

IC
KH

 
a

350



77

F ig u r e  4 .8  In d irect c y to to x ic ity  e v a lu a t io n  o f  n ea t ( i .e ., G T A  0 )  and c r o ss - lin k e d  
g e la tin  h y d ro g e l p ad s that had b e e n  c r o s s - lin k e d  w ith  G T A  in  d ifferen t c o n te n ts . T h e  
resu lts  w er e  rep orted  in  term s o f  th e  v ia b ility  o f  n orm al sk in  fib ro b la sts  that h ad  b een  
cu ltu red  w ith  e x tra c tio n  m ed ia  o b ta in e d  from  th e  h y d r o g e ls  in  c o m p a r iso n  w ith  th o se  
cu ltu red  w ith  fresh  cu ltu re  m e d iu m  {ท -  3 ). T h e  ex tra ctio n  m e d ia  w er e  p rep ared  b y  
su b m e r g in g  the h y d r o g e ls  in  th e  cu ltu red  m e d iu m  for v a r io u s t im e  in terv a ls  as 
in d ica ted .
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F ig u r e  4 .9  In d irect c y to to x ic ity  e v a lu a tio n  o f  c r o s s - lin k e d  n A g -lo a d e d  g e la t in  
h y d r o g e l p ad s w ith o u t  ( i .e ., 1 d , 3 d and 7 d ) or w ith  their  su b se q u e n t trea tm en t w ith  
a so d iu m  m e ta b isu lf ite  s o lu t io n  ( i .e .,  T  1 d , T  3 d and T  7 d ). T h e  resu lts  w er e  
rep orted  in term s o f  th e  v ia b il ity  o f  n orm al sk in  f ib ro b la sts  that had b een  cu ltu red  
w ith  ex tra c tio n  m e d ia  ob ta in ed  from  the h y d r o g e ls  in  c o m p a r iso n  w ith  th o se  cu ltu red  
w ith  fresh  cu ltu re  m ed iu m  (ท =  3 ). T h e  e x tra c tio n  m ed ia  w e r e  p repared  b y  
su b m e r g in g  th e  h y d r o g e ls  in  th e  cu ltu red  m e d iu m  for v a r io u s  t im e  in terv a ls  as 
in d ica ted .
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