
CHAPTER IV
PREPARATION AND CHARACTERIZATION OF ASIATICOSIDE- 

LOADED ALGINATE FILMS AND THEIR POTENTIAL FOR USE AS 
EFFECTUAL WOUND DRESSINGS

4.1 Abstract

A  w o u n d  d r e ss in g  m ateria l w a s  s u c c e s s fu l ly  p rep ared  fro m  a lg in a te , a 
n atural p o ly m e r  c a p a b le  o f  fo r m in g  in to  h y d r o g e ls , an d  a s ia t ic o s id e  (P A C ), a 
su b sta n c e  from  th e p la n t Centella asiatica w h ic h  h a s  c o m m o n ly  b e e n  u se d  in  
trad ition a l m e d ic in e  to  h ea l w o u n d s . V a r io u s  a m o u n ts  o f  P A C  ( i .e . ,  at 2 .5 ,  5 and  
1 0 % , b a se d  o n  th e  w e ig h t  o f  a lg in a te )  w er e  m ix e d  w ith  a lg in a te  in  d is t i l le d  w ater . 
T h e  m ix tu r e s  w e r e  la ter  ca st in to  f i lm s . T h e  fo r m a tio n  in to  s o l id  f i lm s  w a s  a c h ie v e d  
w ith  th e  tw o -s te p  c r o s s - lin k in g  p ro ced u re  w ith  C a 2+. F irst, a  d ilu te  C a C h  a q u e o u s  
s o lu t io n  (at 0 .0 5 %  w /v ,  2 0 0  m L ) w a s  ad d ed  s lo w ly  in to  an a lg in a te  a q u e o u s  s o lu t io n  
(at 2%  w /v , 1 0 0  m L ). T h is  step  im p arted  th e  d im e n s io n a l s ta b ility  o f  th e  o b ta in ed  
“m ix e d ” f i lm s . S e c o n d ly , th e  “m ix e d ” f i lm s  w e r e  c r o s s - lin k e d  fu rth er  in  e ith e r  2 .5  or  
5%  C a C h  a q u e o u s  so lu t io n  to  o b ta in  “ im m e r s e d ” f i lm s . T h is  s te p  c a u se d  the  
“ im m e r s e d ” f i lm s  to  b e  m o re  s ta b le  in  e n v ir o n m e n t that req u ir e s  e x p o su r e  to  a h ig h  
h u m id ity  or c o n ta c t  w ith  an a q u e o u s  m e d iu m . D u e  to  its  in s o lu b i lity  in  w a te r , P A C  
e x is te d  in  th e  f i lm s  a s  d isc r e te  e n tit ie s . T h e  r e le a s e  o f  P A C  fr o m  th e  P A C -lo a d e d  
a lg in a te  “ im m e r se d ” f i lm s  w a s  a c h ie v e d  b y  b o th  th e  s w e l l in g  a n d  th e  e r o s io n  o f  th e  
a lg in a te  m a tr ix  in  th e  p h o sp h a te  b u ffe r  s o lu t io n  (P B S )  that c o n ta in e d  m e th a n o l at 
a b o u t 10%  v /v . T h e  p o te n tia l for u se  o f  b o th  th e  n ea t and  th e  P A C -lo a d e d  a lg in a te  
“ im m e r se d ” f i lm s  a s  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  in d ir e c t  c y t o to x ic ity  
e v a lu a t io n  an d  d irect c e l l  cu ltu re , u s in g  n orm al h u m a n  d erm al f ib r o b la s ts  (N H D F ).  
T h e  resu lts  s h o w e d  th a t th e se  m a ter ia ls  w e r e  n o n - to x ic  to  th e  sk in  c e l l s .
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4.2 Introduction

W o u n d  h e a lin g  is  a s p e c if ic  b io lo g ic a l  p r o c e s s  in v o lv in g  the gen era l 
p h e n o m e n o n  o f  t is su e  reg e n era tio n  (B o a te n g , M a tth e w s , S te v e n s , and  E c c le s to n ,
2 0 0 8 ) .  T h e  en tire  p r o c e s s  o f  w o u n d  h e a lin g  is  a  c o m p le x  an d  o rd ered  c a sc a d e  o f  
e v e n ts , w h ic h  can  b e  d iv id e d  in to  fou r  d is t in c t , but o v e r la p p in g , p h a se s  o f  
h e m o s ta s is , in f la m m a tio n , p r o lifer a tio n  and m atu ra tio n  (M a c K a y  an d  M ille r , 2 0 0 3 ;  
E n o c h  and  L eap er , 2 0 0 5 ;  D e n g , H e , Z h a o , and  Y a n g , 2 0 0 7 ;  S to ja d in o v ic , C a r lso n , 
S c h u ltz , D a v is ,  and  E lster , 2 0 0 8 ) .  A d d it io n a lly , w o u n d  h e a lin g  in v o lv e s  a c o m p le x  
se r ie s  o f  in tera c tio n s  a m o n g  d iffe r e n t c e ll  ty p e s , c y to k in e  m e d ia to r s  and  th e  
e x tr a c e llu la r  m atrix  (E C M ) c o m p o n e n ts  (M a c K a y  and  M ille r , 2 0 0 3 ;  E n o c h  and  
L ea p er , 2 0 0 5 ;  S to ja d in o v ic  e t a l., 2 0 0 8 ) .

A lth o u g h  w o u n d  h e a lin g  is  th e  natural p r o c e s s  o f  r e g e n e r a tin g  d a m a g ed  
an d /o r  lo s t  t is su e s , an  ap p rop riate  w o u n d  d r e s s in g  sh o u ld  b e  a b le  to  e n h a n c e  the  
h e a lin g  p r o c e s s  c o n s id e r a b ly , b y  m e d ia tin g  at th e  r ig h t s ta g e  o f  or p r o v id in g  
e x c e lle n t  c o n d it io n s  for  w o u n d  h e a lin g  (K o k a b i, S iro u sa z a r , an d  H a ssa n , 2 0 0 7 ) .  
G e n e r a lly , an  e f fe c tu a l w o u n d  d r e ss in g  sh o u ld  m a in ta in  a m o is t  e n v ir o n m e n t u p on  
a b so rp tio n  o f  th e  w o u n d  e x u d a te s , p ro tec t th e  w o u n d  fro m  s e c o n d a r y  in fe c t io n , 
red u ce  n e c r o s is  o f  th e  w o u n d  b ed , p r o v id e  a d e q u a te  g a s e o u s  e x c h a n g e , r eg u la te  
an d /o r  m e d ia te  th e  r e le a se  o f  cer ta in  g r o w th  fa c to r s  an d  c y to k in e s , and  a ls o  b e  
e la s t ic , b io c o m p a t ib le  w ith  t is s u e s  and  b lo o d , n o n - to x ic  an d  n o n -a n tig e n ic  (P u m a  
and B a b u , 2 0 0 0 ;  L in , C h e n , and  R u n -C h u , 2 0 0 1 ;  K o k a b i e t a l., 2 0 0 7 ;  B o a te n g  e t a l., 
2 0 0 8 ;  S in g h  and P a l, 2 0 0 8 ) .  M o r e o v e r , an  e f fe c tu a l w o u n d  d r e s s in g  sh o u ld  p r o m o te  
a rap id  h e a lin g  o f  th e  w o u n d  an d , o n c e  h e a le d , th e  d e ta c h m e n t o f  th e  d r e s s in g  sh o u ld  
n ot c a u se  se c o n d a r y  trau m a to  th e  n e o - t is s u e s  (M a c K a y  and  M ille r , 2 0 0 3 ;  B o a te n g  et 
a l., 2 0 0 8 ) .

B a se d  o n  th e se  r e q u irem en ts , b io c o m p a t ib le  p o ly m e r ic  h y d r o g e ls  are  
p r o m is in g  m a ter ia ls  for  u se s  as w o u n d  d r e s s in g s , s in c e  th e y  ca n  b e  ta ilo r -m a d e  w ith  
s p e c if ic  n e e d s  (K o k a b i e t a l., 2 0 0 7 ;  B o a te n g  et a l ., 2 0 0 8 ;  S in g h  an d  P a l, 2 0 0 8 ) .  S u c h  
n e e d s , in  a d d it io n  to  th e  gen era l r e q u irem en ts  fo r  an e f fe c tu a l w o u n d  d r e ss in g , 
in c lu d e  n o n -irr ita tin g  and  n o n -a d h e r in g  p ro p e r tie s , im m e d ia te  p a in  r e lie f , e a se  o f  
h a n d lin g  and  r e p la c in g  w ith o u t  c o m p r o m is in g  p a t ie n ts ’ c o m fo r t , tra n sp a ren cy  to
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a l lo w  e a s y  m o n ito r in g  o f  th e  w o u n d  b e d , and  fa c il ita t io n  o f  th e  m ig r a t io n  an d  m ito s is  
o f  e p ith e lia l c e l l s  (K o k a b i e t ah , 2 0 0 7 ;  B o a te n g  e t a h , 2 0 0 8 ;  S in g h  and  P a l, 2 0 0 8 ) .  B y  
d e fin it io n , h y d r o g e ls  are th r e e -d im e n s io n a l, h y d r o p h il ic , w a te r - in s o lu b le  p o ly m e r ic  
n e tw o r k s  (P e p p a s , B u r e s , L e o b a n d u n g , and  Ic h ik a w a , 2 0 0 0 ;  H o ffm a n , 2 0 0 2 ;  L iu , 
L in , L i, an d  L iu , 2 0 0 5 ;  S o k o ls k y -P a p k o v , A g a s h i, O la y e , S h a k e s h e ff , and  D o m b ,  
2 0 0 7 ;  H a m id i, A z a d i, and  R a fie i, 2 0 0 8 ;  S in g h  and  P a l, 2 0 0 8 ) .  T h e  in tern a l n e tw o r k s  
m a y  resu lt  fro m  p h y s ic a l a n d /o r  c h e m ic a l d o m a in s  th at reta in  th e ir  in te g r ity , e ith er  in  
w h o le  or in  part, w h e n  b e in g  su rrou n d ed  b y  a la rg e  a m o u n t o f  w a te r  m o le c u le s .  T h e  
fu n c t io n s  o f  h y d r o g e ls  in  b io m e d ic a l a p p lic a t io n s , in c lu d in g  w o u n d  d r e s s in g s , resu lt  
fro m  th eir  a b ility  to  im b ib e  a la rg e  q u a n tity  o f  w a te r  (L iu  e t a h , 2 0 0 5 ;  S in g h  and  P a l,
2 0 0 8 ) .

A m o n g  n u m e r o u s  p o ly m e r s  c a p a b le  o f  fo r m in g  in to  h y d r o g e ls , a lg in a te  ( s e e  
S c h e m e  4 .1 ) ,  an ab u n d an t b io -c o p o ly m e r  o f  ( l - > 4 )  g ly c o s id ic a l ly - l in k e d  [3-D- 
m a n n u ro n ic  a c id  (M ) and  a -L -g lu c u r o n ic  a c id  (G )  m o n o m e r s  in  d if fe r e n t  c o v a le n t  
se q u e n c e s  o r  b lo c k s  (A u g s t , K o n g , an d  M o o n e y , 2 0 0 6 ;  D o n g , W a n g , and  D u , 2 0 0 6 ;  
C o v ie l lo ,  M a tr icard i, M a r ia n e c c i, and A lh a iq u e , 2 0 0 7 ;  P ie le s z  an d  B a k , 2 0 0 8 ) ,  is  an  
id ea l m ater ia l for fa b r ica tio n  in to  w o u n d  d r e ss in g s . It is  d e r iv e d  fro m  cer ta in  s p e c ie s  
o f  a lg a e  an d  certa in  stra in s o f  m ic r o b e s  ( C o v ie l lo  e t ah , 2 0 0 7 ;  P ie le s z  and B a k , 
2 0 0 8 ) .  In th e  p r e se n c e  o f  m u lt iv a le n t  m eta l c a t io n s , e .g . ,  C a 2+, M g 2+, e tc ., it r ea d ily  
fo rm s in to  h y d r o g e ls , d u e  to  th e  fo r m a tio n  o f  io n ic  b r id g e s  b e tw e e n  a d ja c e n t G  u n its  
o f  th e  s a m e  or d iffe r e n t c h a in s  in to  th r e e -d im e n s io n a l n e tw o r k s  (S a r to r i, F in ch , 
R a lp h , an d  G ild in g  1 9 9 7 ; R h im , 2 0 0 4 ;  D o n g  e t a h , 2 0 0 6 ;  R o g e r , T a lb o t , an d  B e e ,  
2 0 0 6 ;  P o n g ja n y a k u l and  P u ttip ip a tk h a c h o m , 2 0 0 7 ;  Z h a n g  et a h , 2 0 0 8 ) .  B e c a u s e  o f  
th e  in tr in s ic  p ro p erties  o f  a lg in a te , su ch  as natural a b u n d a n c e , r e la t iv e ly  lo w  m ater ia l 
and  p ro d u c tio n  c o s t s ,  h ig h  w a te r  a b so r b a n c e , io n -e x c h a n g e  c a p a b ility , 
b io c o m p a t ib il ity , h a e m o sta t ic  p rop erty  an d  n o n - im m u n o g e n ic ity  (G r o v e s  and  
L a w r e n c e , 1 9 8 6 ; Sartori e t  a h , 19 97 ; A u g s t  e t a h , 2 0 0 6 ;  D o n g  e t a h , 2 0 0 6 ;  C o v ie l lo  
et ah , 2 0 0 7 ;  P o n g ja n y a k u l an d  P u ttip ip a tk h a c h o m , 2 0 0 7 ;  H o n g , J in , P ark , A h n , and  
K im , 2 0 0 8 ;  P ie le s z  and  B a k , 2 0 0 8 ) ,  a lg in a te -b a se d  h y d r o g e ls  h a v e  b e e n  w id e ly  u sed  
in  p h a rm a ce u tica l and  m e d ic a l a p p lic a t io n s , p a r ticu la r ly  as w o u n d  d r e s s in g  m a ter ia ls  
(G r o v e s  an d  L a w r e n c e , 1 9 8 6 ; A lm e id a  and  A lm e id a , 2 0 0 4 ;  A u g s t  e t a h , 2 0 0 6 ;  D o n g
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et a l ., 2 0 0 6 ;  C o v ie l lo  e t a l., 2 0 0 7 ;  G e o r g e  and  A b r a h a m , 2 0 0 7 ;  P o n g ja n y a k u l and  
P u ttip ip a tk h a c h o m , 2 0 0 7 ) .

N o w a d a y s , th e  d e v e lo p m e n t  o f  w o u n d  d r e s s in g s  h a s c h a n g e d  fro m  p a s s iv e  
to  a c t iv e  ty p e s , w ith  an a im  o f  im p a rtin g  s p e c if ic  fu n c t io n s  (P u m a  an d  B a b u , 2 0 0 0 ;  
K o k a b i e t a l., 2 0 0 7 ) .  T h e  p u rp o se  o f  th e  p resen t c o n tr ib u tio n  is  to  d e v e lo p  w o u n d  
d r e ss in g s  w ith  e n h a n c e d  w o u n d  h e a lin g  p rop erty , th ro u g h  th e  u s e  o f  a p h y to ­
c h e m ic a l. A m o n g  v a r io u s  p h y to -c h e m ic a ls , e x tr a c ts  fro m  Centella asiatica L inn . 
U rb a n  or B u a b o k  (in  T h a i)  h a v e  tr a d it io n a lly  b e e n  u se d  to  h ea l w o u n d s , b u m s  and  
u lc e r o u s  a b n o r m a litie s  o f  th e  sk in  (K a rtn ig , 1 9 8 8 ; C h e n g  an d  K o o , 2 0 0 0 ) .  T h e  
in f lu e n c e  o f  th e  p lan t e x tra c ts  on  w o u n d  rep a ir  [ e .g .,  a n t in o c ic e p tio n , a n ti­
in f la m m a tio n  (S o m c h it , 2 0 0 4 ) ,  a n t io x id a tio n  (V e e r e n d r a  K u m a r and  G u p ta , 2 0 0 2 ;  
Ja y a sh ree , M u ra leed h a ra , S u d a rsla l, and  J a co b , 2 0 0 3 ;  G n a n a p ra g a sa m , E b en eza r , 
S a th ish , G o v in d a ra ju , and D e v a k i, 2 0 0 4 ;  S h in o m o l and  M u ra lid h ara , 2 0 0 8 ) ,  
im m u n o m o d u la t io n  (Jayath irth a  and M ish ra , 2 0 0 4 ) ,  a n titu m o r  (H u a n g , Z h a n g , Z h en , 
X u , and Z h e n , 2 0 0 4 ;  R u a n , T ai, and Z h o u , 2 0 0 6 )  an d  a n t ik e lo id  (W id g e r o w , C h a it, 
S ta ls , and  S ta ls , 2 0 0 0 ) ]  h as b e e n  attr ib uted  to  th e  p r e s e n c e  o f  fou r  m a jo r  tr isa cch a r id e  
tr iterp en o id  c o m p o n e n ts  in  th e  ex tra cts  ( i .e . ,  a s ia t ic  a c id , a s ia t ic o s id e , m a d e c a ss ic  
a c id  and m a d e c a s so s id e )  (In am d ar, Y e o le ,  G h o g a r e , an d  d e  S o u z a , 1 9 9 6 ). A m o n g  
th e se  c o m p o n e n ts , a s ia t ic o s id e  ( s e e  S c h e m e  4 .2 )  is  th e  m o s t  a c t iv e  c o m p o n e n t  
a sso c ia te d  w ith  th e h e a lin g  o f  w o u n d s  (M aq u art, B e l lo n ,  G ille r y , W e g r o w s k i, and  
B o r e l, 1 9 9 0 ; S h im  et a l., 1 9 9 6 ; S u g u n a , S iv a k u m a r , and  C h a n d ra k a sa n , 19 96 ;  
M aq u art e t ฝ . ,  1 9 9 9 ; S h u k la , R a sik , an d  D h a w a n , 1 9 9 9 a ; S h u k la  e t  a l., 1 9 9 9 b ). 
R e c e n t ly , S ik a r e e p a isa n , S u k sam rarn , an d  S u p a p h o l ( 2 0 0 8 )  an d  S u w a n to n g , 
R u k ta n o n c h a i, and  S u p a p h o l ( 2 0 0 8 )  rep orted  th e d e v e lo p m e n t  o f  e le c tr o sp u n  g e la tin  
and  c e l lu lo s e  a ce ta te  f ib er  m a ts  a s  carriers fo r  to p ic a l a n d /o r  tra n sd erm a l d e liv e r y  o f  
a s ia t ic o s id e  fro m  g e la t in  s o lu t io n s  in  70 %  a c e t ic  a c id  th at c o n ta in e d  v a r y in g  a m o u n ts  
o f  a m e th a n o lic  ex tra ct o f  Centella asiatica and fro m  c e l lu lo s e  a c e ta te  s o lu t io n s  in  
2 : 1  v /v  a c e to n e /d im e th y la c e ta m id e  that c o n ta in e d  e ith e r  p u re a s ia t ic o s id e  or a cru d e  
Centella asiatica ex tract, r e s p e c t iv e ly .

In th e  p resen t co n tr ib u tio n , a s ia t ic o s id e -c o n ta in in g  a lg in a te  su sp e n s io n s  
w e r e  fab rica ted  in to  th in  f i lm s  b y  s o lv e n t-c a s t in g  p r o c e s s . T h e  a s ia t ic o s id e - lo a d e d  
a lg in a te  f i lm s  w e r e  a s s e s s e d  for  th eir  p o te n tia l for  u s e  a s  a c t iv e  w o u n d  d r e s s in g s  for
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a s ia t ic o s id e  d e liv e r y . T h e  a s -c a s t  a s ia t ic o s id e - lo a d e d  a lg in a te  f i lm s  w e r e  d ip p ed  in to  
a c a lc iu m  c h lo r id e  (C a C h )  a q u e o u s  s o lu t io n  to  c r o s s - lin k  th e f i lm s . T h e se  
a s ia t ic o s id e - lo a d e d  a lg in a te  f i lm s  w e r e  fa b r ica ted  to  m e e t  tw o  req u ir e m e n ts , i .e .,  
e n h a n c e d  w o u n d  h e a lin g  c a p a b ility  and  e a s e  o f  p r o d u c tio n  su c h  that a c tu a l u tiliz a tio n  
c o u ld  b e  r e a liz e d . V a r io u s  p r o p er tie s  ( i .e . ,  m o r p h o lo g y , m e c h a n ic a l in te g r ity  in  e ith er  
dry or w e t  s ta te , s w e l l in g  and  w e ig h t  lo s s  b e h a v io r , an d  c y t o t o x ic i t y )  o f  b o th  o f  the  
n ea t and th e a s ia t ic o s id e - lo a d e d  a lg in a te  f i lm s , a s  w e l l  a s  th e  r e le a se  c h a ra c ter is tic  o f  
a s ia t ic o s id e  fro m  th e  a s ia t ic o s id e - lo a d e d  a lg in a te  f i lm s , w e r e  in v e s t ig a te d .

4.3 Experimental Details

4 .3 .1  M a ter ia ls
A lg in a te  (b a tch  n u m b er: 4 1 3 1 1 1 0 5 X ; My, พ 1 4 4 3  k D a , Mn =  32 1  k D a; 

p o w d e r )  w a s  p u rch a sed  fro m  C a rlo  E rba (Ita ly ) . C a lc iu m  c h lo r id e  (C a C h ;  
a n h y d r o u s)  w a s  p u rch a sed  fro m  R id e l-d e -H a ë n  (G e r m a n y )  an d  a s ia t ic o s id e  [90%  
p u rity; p o w d e r ;  h erea fter  P A C  ( s e e  F ig u re  I in S u p p le m e n ta r y  d ata  fo r  th e  
m o r p h o lo g y  o f  th e  a s -r e c e iv e d  P A C )] w a s  p u rch a sed  fro m  S h a n g h a i A n g o a l  
C h e m ic a l C o ., Ltd. (C h in a ). D is o d iu m  h y d r o g e n  o r th o p h o sp h a te  (a n h y d r o u s) , 
so d iu m  d ih y d r o g e n  o r th o p h o sp h a te  and s o d iu m  c h lo r id e  (N a C l)  w e r e  p u rch ased  
fro m  A ja x  C h e m ic a ls  (A u str a lia ). A c e to n itr ile  an d  m e th a n o l (H P L C  g ra d e) w e r e  
p u rch a sed  fro m  F ish e r  S c ie n t if ic  (U S A ) . A l l  c h e m ic a ls  w e r e  o f  a n a ly t ic a l reag en t  
gra d e  and u se d  w ith o u t  further p u r if ic a tio n .

4 .3 .2  P rep ara tion  o f  N e a t  and P A C -lo a d e d  A lg in a te  F ilm s
T h e  b a se  a lg in a te  s o lu t io n  w a s  first p rep ared  at a f ix e d  c o n c e n tr a tio n  

o f  2%  w /v  ( i .e . ,  2  g  o f  a lg in a te  p o w d e r  in 1 0 0  m L  o f  d is t i l le d  w a ter ). A b o u t  2 0 0  m L  
o f  0 .0 5 %  w /v  C a C h  a q u e o u s  so lu t io n  w a s  s lo w ly  a d d ed  to  th e  b a se  a lg in a te  so lu t io n  
u n d er  c o n sta n t stirr in g  fo r  4  h. O n  th e  o th er  h an d , P A C -lo a d e d  a lg in a te  s u s p e n s io n s  
w e r e  p rep ared  b y  first d isp e r s in g  v a r y in g  a m o u n ts  o f  P A C  p o w d e r  o f  2 .5 ,  5 and  10%  
(b a se d  on  th e  w e ig h t  o f  th e  a lg in a te  p o w d e r )  in 1 0 0  m L  o f  d is t i l le d  w a ter . A b o u t  2  g  
o f  a lg in a te  p o w d e r  w a s  th en  ad d ed  to  d is s o lv e  in  e a c h  o f  th e  P A C  a q u eo u s  
s u s p e n s io n s , f o l lo w e d  b y  th e  a d d itio n  o f  2 0 0  m L  o f  0 .0 5 %  w /v  C a C b  a q u eo u s  
s o lu t io n  u n d er  c o n sta n t stirr in g  fo r  4  h. T h e  a lg in a te  s o lu t io n  an d  th e  P A C -lo a d e d
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a lg in a te  s u s p e n s io n s  w e r e  p ou red  in to  12 .5  c m  b y  2 2 .5  c m  p o ly s ty r e n e  p la te s  and  
d ried  at 5 0  °c fo r  4  d. T h e  f i lm s  o b ta in e d  a fter  th is  s ta g e  are  referred  to  a s  “m ix e d ” 
f ilm s . T h e y  w e r e  c r o s s - lin k e d  further b y  im m e r s in g  in a C a C h  a q u e o u s  so lu t io n  ( i .e .,  
e ith er  2 .5  or 5%  w /v )  for  10 ร. Prior to  furth er in v e s t ig a t io n , th e y  w e r e  w a sh e d  in  
d is t il le d  w a ter  fo r  10 s and d ried  in  an  o v e n  at 5 0  °c. T h e  f i lm s  o b ta in e d  a fter  th is  
s ta g e  are referred  to  a s  “ im m e r se d ” f ilm s .

4 .3 .3  C h a ra c ter iza tio n  o f  N e a t  and  P A C -lo a d e d  A lg in a te  F ilm s
M o r p h o lo g ie s  o f  th e  n eat and th e  P A C -lo a d e d  a lg in a te  “ m ix e d ” f ilm s  

w e r e  o b se r v e d  b y  a  JE O L  J S M -5 2 0 0  sc a n n in g  e le c tr o n  m ic r o s c o p e  (S E M ) and  b y  an  
O ly m p u s  S Z H 1 0  s te r e o  m ic r o s c o p e  (S M ). E a ch  s p e c im e n  fo r  S E M  o b se r v a tio n  w a s  
c o a te d  w ith  a th in  la y er  o f  g o ld  u s in g  a  JE O L  J F C -1 1 0 0 E  sp u tter in g  d e v ic e  p rior to  
the S E M  o b se r v a tio n .

M o is tu r e  a b so rp tio n  o f  th e  n eat a lg in a te  “ m ix e d ” and  “ im m e r s e d ” f ilm  
s p e c im e n s  (c ir c u la r  d is c s  o f  ab o u t 2.8 cm  in  d ia m e te r  an d  a b o u t 70 p m  in  th ic k n e ss ;  
a priori d ried  at 50 °c for 24 h ) w a s  m ea su r e d  at v a r io u s  r e la t iv e  h u m id ity  (R H )  

c o n d it io n s  ( i .e . ,  32.8, 52.9 and 75.0% at 25 ๐C ) o n  d a y  7 a fte r  in c u b a tio n . S atu rated , 
a q u e o u s  s o lu t io n s  o f  th ree  d iffe r e n t ty p e s  o f  in o r g a n ic  sa lts , e .g . ,  m a g n e s iu m  c h lo r id e  
( M g C b ) , m a g n e s iu m  n itrate ( M g ( N 0 3 ) 2 ) an d  N a C l, w e r e  u se d  to  g en e r a te  th e  
s p e c if ie d  R H  c o n d it io n s  in  c o n d it io n in g  ja rs . T h e  f ilm  s p e c im e n s  w e r e  p la c e d  on  
w ir e  g r id s , ea c h  o f  w h ic h  h ad  b e e n  p la c e d  a b o v e  a  r e s p e c t iv e  sa lt  s o lu t io n  in  a  g iv e n  
c o n d it io n in g  jar . T h e  p rop erty  v a lu e s  w e r e  c a lc u la te d  b a se d  o n  th e  fo l lo w in g  
eq u a tio n :

M o is tu r e  a b so rp tio n  (% ) =  ^  X 1 0 0  , (  1 )
M 1

w h e r e  AT is  th e  w e ig h t  o f  e a c h  s p e c im e n  a fter  in c u b a tio n  in  a  g iv e n  c o n d it io n in g  jar  
for 7 d  and  M\ is  th e  in it ia l, dry w e ig h t  o f  th e  sp e c im e n .

W ater  a b so rp tio n  and  w e ig h t  lo s s  b e h a v io r  o f  th e  n ea t a lg in a te  
“im m e r se d ” f ilm  s p e c im e n s  (c ir c u la r  d is c s  o f  a b o u t 2 . 8  c m  in  d ia m e te r  and  a b o u t 80  
p m  in  th ic k n e s s )  w e r e  m ea su red  in  d is t ille d  w a te r  and s im u la te d  b o d y  f lu id  (S B F ;  
p ro ced u re  for  th e  p rep ara tio n  o f  S B F  is  a v a ila b le  a s  S u p p le m e n ta r y  d ata ) at the
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p h y s io lo g ic a l  tem p era tu re  o f  37 °c. T h e  p rop erty  v a lu e s  w e r e  m ea su r e d  at v a r io u s  
su b m e r sio n  t im e  p o in ts  and  w e r e  c a lc u la te d  b a se d  o n  th e f o l lo w in g  e q u a tio n s:

W a ter  a b so rp tio n  (% ) =  ^  X  1 0 0  ; (2 )
M ,

W e ig h t  lo s s  (% ) =  X 1 0 0 ,  (3 )
M ,

w h e r e  M  is  th e  w e ig h t  o f  e a c h  s p e c im e n  a fter su b m e r s io n  in  a r e s p e c t iv e  m e d iu m  at 
ea c h  su b m e r s io n  t im e  p o in t , M \  is  th e  in it ia l, dry w e ig h t  o f  th e  sp e c im e n  an d  M i  is  
th e  w e ig h t  o f  th e  s p e c im e n  in  its dry sta te  a fter  su b m e r s io n  in  th e  m e d iu m  at each  
t im e  p o in t.

M e c h a n ic a l in te g r ity , in  term s o f  th e  te n s i le  s tren g th  and  the  
e lo n g a t io n  at b reak , o f  th e  n ea t an d  th e P A C -lo a d e d  a lg in a te  “ im m e r se d ” f ilm s , 
e ith er  in  th e ir  dry or w e t  sta te , w a s  te s te d  on  a L lo y d  L R X  u n iv e r sa l te s t in g  m a c h in e . 
R e c ta n g u la r -sh a p e d  (1 0  m m  b y  1 0 0  m m ) s p e c im e n s  o f  a b o u t 9 0  p m  in  th ic k n e ss  
w e r e  cu t fro m  th e  a s-p rep a red  f ilm s . T h e  g a u g e  le n g th  and  th e  c r o s sh e a d  sp e e d  w ere  
5 0  m m  and  2 0  m m  m in '1, r e s p e c t iv e ly . T o  e v a lu a te  th e  m e c h a n ic a l in te g r ity  o f  th e  
f i lm s  in  th e ir  w e t  s ta te , s o m e  o f  th e  s p e c im e n s , a priori im m e r se d  in  d is t i l le d  w ater  
for  3 0  ร an d  b lo tte d  w ith  a p ie c e  o f  t is s u e  p ap er  to r e m o v e  e x c e s s iv e  a m o u n t o f  w a ter  
o n  th eir  su r fa c e s , w e r e  te sted .

4 .3 .4  R e le a s e  o f  P A C  from  P A C -lo a d e d  A lg in a te  F ilm s
T h e  a ctu a l a m o u n ts  o f  P A C  in  th e  P A C -lo a d e d  a lg in a te  “ m ix e d ” f ilm s  

w e r e  first d e te r m in e d . T h e  s p e c im e n s  (c ircu la r  d is c s  o f  a b o u t 2 .3  c m  in  d ia m eter  and  
a b o u t 7 0  p m  in  th ic k n e s s )  w e r e  im m e r se d  in 2 0  m L  o f  p h o sp h a te  b u ffe r  s o lu t io n  
(P B S , p H  =  7 .4 ;  p ro ced u re  for th e  p rep ara tion  o f  P B S  is  a v a ila b le  as S u p p lem en ta ry  
d ata) u n d er  v ig o r o u s  stirr in g  for  2 4  h. T h is  trea tm en t c a u se d  th e  f ilm  s p e c im e n s  to  
d is in te g r a te  c o m p le te ly . T h e  actu a l a m o u n ts  o f  P A C  w e r e  th en  q u a n tifie d  b y  h ig h -  
p e r fo r m a n c e  liq u id  c h r o m a to g r a p h y  (H P L C ) ( s e e  la ter). T h e  o b ta in e d  d ata  w ere  
b a c k -c a lc u la te d  fro m  th e  o b ta in e d  d ata  a g a in st  a p r e d e te r m in e d  c a lib r a tio n  c u r v e  for  
th e  a s -r e c e iv e d  P A C .

T h e  r e le a se  c h a r a c te r is tic s  o f  P A C  from  th e  P A C -lo a d e d  a lg in a te  
“ im m e r se d ” f i lm s  w e r e  in v e s t ig a te d  in  a m e d iu m  that w a s  a m ix tu re  b e tw e e n  P B S
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and  m e th a n o l (at 1 0 % ( v /v ) ) ,  b a sed  on  th e  to ta l im m e r s io n  m e th o d  (ร น พ a n to n g  et a l., 
2 0 0 8 ) .  E a ch  s p e c im e n  (c ircu la r  d is c s  o f  a b o u t 2 .3  cm  in  d ia m e te r  an d  a b o u t 7 0  p m  in  
th ic k n e s s )  w a s  p la c e d  in  a c e l lu lo s e  d ia ly s is  tu b e  (S ig m a -A ld r ic h , U S A ) ,  f ille d  w ith  
2 0  m L  o f  th e  r e le a s in g  m e d iu m  at th e  p h y s io lo g ic a l  tem p era tu re  o f  3 7  ๐บ . A t  
s p e c if ie d  im m e r s io n  t im e  p o in ts  r a n g in g  b e tw e e n  0  to  2 4  h , 1 m L  o f  th e  m ed iu m  
( i .e . ,  s a m p le  s o lu t io n )  w a s  w ith d ra w n  and r e p la c e d  w ith  an eq u a l a m o u n t o f  th e  fresh  
m e d iu m  at e a c h  sa m p lin g  t im e  p o in t. T h e  a m o u n ts  o f  P A C  in  th e  sa m p le  so lu t io n s  
w e r e  d e te r m in e d  b y  H P L C  ( s e e  la ter). T h e  o b ta in e d  d ata  w e r e  c a r e fu lly  c a lc u la te d  to  
d e te r m in e  th e  c u m u la t iv e  a m o u n ts  o f  P A C  r e le a se d  fro m  th e  s p e c im e n s  (rep orted  
b a se d  o n  th e  a ctu a l w e ig h ts  o f  e ith er  th e  a s - lo a d e d  P A C  or th e  f ilm  s p e c im e n s ) .

H P L C  (S h im a d z u  L C -1 0  A D , Jap an ) w a s  u se d  to  q u a n tify  th e  
a m o u n ts  o f  P A C  in  th e  s a m p le  so lu t io n s . C h ro m a to g r a p h ic  sep a ra tio n  o f  P A C  w a s  
a c c o m p lis h e d  u s in g  an In ertsil O D S -3  4 0  C 1 8  c o lu m n  (p a r tic le  s iz e  =  5 p m ; c o lu m n  
d im e n s io n  =  4 .6  m m  b y  2 5 0  m m ) w ith  an In ertsil O D S -3  gu ard  c o lu m n  (p a r tic le  s iz e  
=  5 p m ; c o lu m n  d im e n s io n  =  4 .0  m m  b y  10 m m ), o p e r a tin g  at 1 m L -m in '1. T h e  
H P L C  and  th e  guard  c o lu m n s  w e r e  se t at r o o m  tem p era tu re  (2 5  ±  1 ๐บ ). T h e  m o b ile  
p h a se  for  P A C  sep a ra tio n  w a s  2 6 :2 4 :5 0  ( v /v /v )  o f  a c e to n itr ile /m e th a n o l/d is t i l le d  
w a ter . T h e  in je c t io n  v o lu m e  w a s  5 0  pL . A  u v  d e te c to r  (S h im a d z u  S P D - 1 0 A , Japan) 
fo r  P A C  w a s  se t  at 2 0 4  n m  ( i .e . ,  2 max). A l l  o f  th e  sa m p le  s o lu t io n s  w e r e  filtered  
th ro u g h  a  n y lo n  f ilter  (a v e r a g e  p ore  s iz e  =  0 .4 5  p m ) p rior  to  in je c tio n . P A C  w a s  
sep a ra ted  o u t o v e r  a ran g e  o f  e lu t io n  p e r io d s  o f  7 .4 - 7 .7  m in  (S u w a n to n g  e t ah , 2 0 0 8 ) .  
T h e  c a lib r a tio n  c u r v e  for P A C  w a s  o b ta in ed  o v e r  a  c o n c e n tr a t io n  ra n g e  o f  0 .1 4 - 2 .9 5  
m g -m L '1.

4 .3 .5  In d irect C y to to x ic ity  E v a lu a tio n
T o x ic i ty  o f  th e  n ea t and  th e  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f i lm s  

w a s  first e v a lu a te d  b y  an in d irect m eth o d , b a se d  o n  a p r o to c o l that w a s  a d a p ted  from  
th e  IS O  1 0 9 9 3 -5  stan d ard  te s t  m eth o d . T h e  e v a lu a t io n  w a s  carr ied  o u t in  9 6 -w e ll  
t is su e -c u ltu r e  p o ly s ty r e n e  p la te s  (T C P S ; N u n c lo n T M , D e n m a r k ) u s in g  n orm al 
h u m a n  d erm al f ib r o b la sts  (N H D F ; 12th p a ssa g e ) . T h e  c e l ls  w e r e  cu ltu red  in  
D u lb e c c o ’s m o d if ie d  E a g le ’s m e d iu m  (D M E M ; In v itr o g e n  C o rp ., U S A )  
s u p p le m e n te d  b y  10%  fe ta l b o v in e  seru m  (F B S ; In v itr o g e n  C o rp ., U S A ) ,  1% L -
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g lu ta m in e  (In v itr o g e n  C o rp ., U S A )  and 1% a n tib io tic  an d  a n t im y c o tic  fo r m u la tio n  
[c o n ta in in g  p e n ic i l l in  G  so d iu m , s tr e p to m y c in  su lfa te , an d  a m p h o te r ic in  B  
(In v itr o g e n  C o rp ., U S A )] .  T h e  s p e c im e n s  (c ircu la r  d is c s  o f  a b o u t 1 .4  c m  in  d ia m eter)  
w e r e  s te r iliz e d  b y  u v  rad ia tion  for  a b o u t 1 h o n  e a c h  s id e . T h e y  w e r e  th e n  im m e r se d  
in  a  se r u m -fr e e  m e d iu m  (S F M ; D M E M  c o n ta in in g  1%  L -g lu ta m in e , 1%  la c ta b u m in  
an d  1% a n tib io tic  and  a n t im y c o tic  fo r m u la tio n ) for  2 4  h  in  an  in cu b a to r  at th e  
e x tr a c tio n  ratio  o f  10 m g -m L '1. N H D F  w e r e  sep a r a te ly  cu ltu red  in  T C P S  at 8 ,0 0 0  
c e l l s /w e l l  in  se r u m -c o n ta in in g  D M E M  for  2 4  h to  a l lo w  c e l l  a tta ch m en t. A fte r  
s ta rv in g  th e  c e l l s  w ith  S F M  for  2 4  h , th e  m e d iu m  w a s  r e p la c e d  w ith  an  e x tra c tio n  
m e d iu m  and  th e c e l l s  w er e  r e - in cu b a ted  for  2 4  h. T h e  v ia b il ity  o f  th e  c e l l s  cu ltu red  
w ith  ea c h  o f  th e  e x tra c tio n  m e d ia  w a s  f in a lly  d e te r m 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 tr a z o l iu m  b r o m id e  (M T T ) a s s a y  ( s e e  d eta il o f  
th e  a s sa y  in  S u p p le m e n ta r y  d a ta ), T h e  v ia b il ity  o f  th e  c e l l s  cu ltu red  w ith  fresh  S F M  
w a s  u sed  as co n tro l.

4 .3 .6  M o r p h o lo g ic a l O b se r v a tio n  o f  C u ltu red  C e l ls
M o r p h o lo g ie s  o f  N F1D F that h ad  b e e n  cu ltu red  o n  th e  su r fa c e s  o f  b o th  

th e  n ea t and  th e  P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  w e r e  o b se r v e d  b y  S E M . T h e  
s p e c im e n s  (c ir c u la r  d is c s  o f  a b o u t 1.4 m m  in  d ia m e te r )  w e r e  s te r il iz e d  b y  u v  
ra d ia tio n  for  a b o u t 1 h on  e a c h  s id e . T h e  sk in  c e l l s  ( tw e lf th  p a s s a g e )  w e r e  th en  
s e e d e d  o n  th e  su r fa c e s  o f  th e  sp e c im e n s  at lx io 4 c e l l s /s p e c im e n  in  a  m in im u m  
v o lu m e  o f  th e  cu ltu re  m e d iu m  and  w e r e  a l lo w e d  to a tta ch  o n  th e  s u r fa c e s  for 2 4  h. 
A fte r  r e m o v a l o f  th e  cu ltu re  m e d iu m , th e  c e ll-c u ltu r e d  s p e c im e n s  w e r e  r in sed  w ith  
P B S  tw ic e . A  g lu ta r a ld e h y d e  a q u e o u s  s o lu t io n  [at 3% , d ilu te d  fro m  50%  
g lu ta r a ld e h y d e  a q u e o u s  s o lu t io n  (E le c tr o n  M ic r o s c o p y  S c ie n c e , U S A )  w ith  P B S ]  
w a s  u sed  to  f ix  th e  c e l l s  for  3 0  m in . A fte r  th e  c e l l  f ix a t io n , th e  c e ll-c u ltu r e d  
s p e c im e n s  w e r e  r in sed  a g a in  w ith  P B S . T h e y  w e r e  d e h y d r a te d  in  e th a n o l a q u e o u s  
s o lu t io n s  o f  v a r y in g  c o n c e n tr a t io n s  ( i .e . ,  3 0 , 5 0 , 7 0  and  9 0 % ) and  in  p u re e th a n o l for  
a b o u t 2  m in  at ea c h  c o n c e n tr a tio n . T h ey  w e r e  th en  d ried  in 100% 
h e x a m e th y ld is ila z a n e  (F IM D S ; S ig m a -A ld r ic h , U S A )  for  5 m in  and la ter  dried  in  air  
after  th e  r e m o v a l o f  H M D S . F in a lly , e a c h  s p e c im e n  w a s  m o u n te d  o n  a  c o p p e r  stu b  
an d  c o a te d  w ith  th in  la y er  o f  g o ld  p rior to  th e  S E M  o b se r v a tio n . It sh o u ld  b e n o ted
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that c o v e r  g la s s  s l id e s  (1 c m  in  d ia m eter; M e n z e l , G e r m a n y )  w e r e  u se d  a s  con tro l  
su b stra tes  o n  w h ic h  N H D F  w e r e  a lso  cu ltu red .

4 .3 .7  S ta tis tic a l A n a ly s is
D a ta  w e r e  p resen ted  as m e a n s  ±  stan dard  errors o f  m e a n s . S ta tis tica l  

a n a ly s is  w a s  carr ied  ou 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 f e ’s p o s t  h o c  te st  in  S P S S  1 1 .5  fo r  W in d o w s  s o f tw a r e  ( S P S S ) . 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 p < 0 .0 5 .

4.4 Results and Discussion

4 .4 .1  S u r fa c e  M o r p h o lo g y  o f  N e a t  and  P A C -lo a d e d  A lg in a te  F ilm s
T h e  n ea t and th e P A C -lo a d e d  a lg in a te  f i lm s  w e r e  p rep ared  b y  th e  tw o -  

ste p  c r o s s - lin k in g  p ro ced u re  w ith  C a 2+. T h is  p r o c ed u re  w a s  im p r o v e d  fro m  th e  
m e th o d s  u t i liz e d  b y  R h im  ( 2 0 0 4 ) .  In h is  o r ig in a l a c c o u n t  (R h im , 2 0 0 4 ) ,  e ith er  th e  in 
situ or th e  p o s t-fa b r ic a tio n  c r o s s - lin k in g  p ro ced u re  w a s  u se d . T h e  p r o d u c ts  o b ta in ed  
from  e ith er  o f  th e s e  m e th o d s  w e r e  referred  to  a s  “ m ix in g ” or  “ im m e r s io n ” f ilm s . In 
th e  first m e th o d , d iffe r e n t a m o u n ts  o f  C a C b  p o w d e r  ( 0 .0 4 ,  0 .0 8  and  0 . 1 2  g  C a C l2 / 4  g  
a lg in a te )  w e r e  m ix e d  d ir e c tly  in to  th e  f i lm -fo r m in g  a lg in a te  s o lu t io n  ( i .e . ,  4  g  o f  
a lg in a te  an d  2 g  o f  g ly c e r o l in  2 0 0  m L  o f  d is t ille d  w a te r )  prior to  b e in g  c a st  in to  
f i lm s . In th e  s e c o n d  m e th o d , a priori fa b r ica ted  f i lm s  o f  p u re  a lg in a te  w e r e  im m e r se d  
in  C a C b  a q u e o u s  s o lu t io n s  o f  v a r y in g  c o n c e n tr a t io n s  ( i .e . ,  1 , 2 , 3 and  5 g  C a C h  in  
1 0 0  m L  o f  d is t i l le d  w a ter). R h im  ( 2 0 0 4 )  rep orted  that th e  q u a lity  o f  th e  “m ix in g ” 
f i lm s  w a s  n o t g o o d , o w in g  p o s s ib ly  to  th e  in h o m o g e n e o u s  g e la t io n  that re su lted  from  
th e  d irect m ix in g  o f  C a C L  p o w d e r  in  th e  a lg in a te  so lu t io n . O n  th e o th er  h an d , b etter  
f i lm  q u a lity  w a s  o b ta in e d  fro m  th e d irec t im m e r s io n  o f  th e  n ea t a lg in a te  f i lm s  in to  
C a C L  a q u e o u s  s o lu t io n s  (R h im , 2 0 0 4 ) .

H ere , w e  c o m b in e d  th e b e n e f its  o f  b o th  m e th o d s  m e n tio n e d  a b o v e  
(R h im , 2 0 0 4 )  in to  th e  tw o -s te p  c r o s s - lin k in g  p ro ced u re . In th e  fir st s tep , th e  n ea t  
a lg in a te  s o lu t io n  or th e  a lg in a te /P A C  s u s p e n s io n s  w a s /w e r e  m ix e d  w ith  a d ilu te  
a q u e o u s  s o lu t io n  o f  C a C h  (0 .0 5 %  w /v ) .  T h e  trea tm en t w ith  a sm a ll a m o u n t o f  C a 2+ 
resu lted  in  partia l c r o s s - lin k in g  o f  a lg in a te  m o le c u le s  w ith  th e  c a t io n ic  s p e c ie s ,  
w h ic h , in  turn , fa c il ita te d  th e ir  su b se q u e n t  fa b r ic a tio n  in to  d im e n s io n a lly -s ta b le
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f ilm s . A fte r  a p rop er  d r y in g  in  an o v e n , th e  o b ta in e d  f i lm s  w e r e  referred  to as the  
“ m ix e d ” f i lm s . T h e  “m ix e d ” f i lm s  w e r e  su b se q u e n tly  im m e r se d  in  a  m o re  
co n c e n tr a te d  C a C b  a q u e o u s  s o lu t io n  (2 .5  or  5%  w /v ) ,  p r io r  to  b e in g  w a sh e d  and  
d ried  in  an o v e n . T h is  trea tm en t im p r o v e d  th e  m e c h a n ic a l in te g r ity  o f  th e  “m ix e d ” 
f i lm s  and  th e  f i lm s  o b ta in ed  a fter  th is  s te p  w e r e  referred  to  a s  th e  “ im m e r s e d ” f ilm s .  
T h e  th ic k n e s s e s  o f  th e se  f i lm s  ran g ed  b e tw e e n  7 0  an d  1 0 0  p m . W h ile  th e  n ea t  
a lg in a te  “m ix e d ” f i lm s  w e r e  o p t ic a lly  c le a r , th e  P A C -lo a d e d  co u n terp a rts  w e r e  
tra n slu cen t. T h e  o p a c ity  o f  th e  f i lm s  w a s  a d irec t re su lt  o f  th e  p r e se n c e  o f  th e  P A C  
p a rtic le s  an d  th e  d e g r e e  o f  th e  tr a n s lu c e n c e  w a s  m a in ly  in f lu e n c e d  b y  th e P A C  
c o n te n t  in  a d o s e -d e p e n d e n t  m an n er.

F ig u re  4.1 s h o w s  r e p r e se n ta tiv e  S E M  an d  O M  im a g e s  o f  th e  n ea t and  
th e  P A C -lo a d e d  a lg in a te  “m ix e d ” f ilm s . T h e  su r fa ce  o f  th e  n ea t  a lg in a te  “m ix e d ” 
f ilm  w a s  sm o o th  w ith  n o n o t ic e a b le  d e fe c ts . T h is  s h o u ld  b e  a  d irec t re su lt  o f  th e  
e x c e lle n t  f i lm -fo r m in g  a b ility  o f  a lg in a te  ( D o n g  e t  a l., 2 0 0 6 )  an d  th e  s lo w  a d d it io n  o f  
a q u an tity  o f  th e  d ilu te  C a C h  a q u e o u s  so lu t io n  ( i .e . ,  0 .0 5 %  w /v )  in to  th e  a lg in a te  
s o lu t io n . T h e  s lo w  a d d it io n  o f  th e  d ilu te  C a C h  a q u e o u s  s o lu t io n  sh o u ld  a l lo w  for th e  
grad u al and  h o m o g e n e o u s  fo r m a tio n  o f  th e  p h y s ic a l c r o s s - l in k s  b e tw e e n  C a 2+ and th e  
a lg in a te  m o le c u le s .  R h im  ( 2 0 0 4 )  sh o w e d  that, b y  a d d in g  C a C h  p o w d e r  d ir e c tly  in to  
an  a lg in a te  so lu t io n , th e  su r fa ce  o f  th e  o b ta in e d  “m ix in g ” f i lm s  w a s  ro u g h . O n  th e  
con trary  to  th e  n ea t a lg in a te  “m ix e d ” f i lm , th e  su r fa c e s  o f  th e  P A C -lo a d e d  a lg in a te  
“m ix e d ” f i lm s  s h o w e d  e v id e n c e  o f  cer ta in  P A C  e n tit ie s , w h ic h  d istr ib u ted  rather  
h o m o g e n e o u s ly  th ro u g h o u t th e  m a ss  o f  th e  f i lm s  in  a  d o s e -d e p e n d e n t  m an n er . In  
r e fe r e n c e  to  th e  m o r p h o lo g y  o f  th e  a s -r e c e iv e d  P A C  in  S u p p le m e n ta r y  data, it is  
q u ic k ly  r e c o g n iz e d  that the r o d -lik e  fea tu res  o f  th e  a s - lo a d e d  P A C  w e r e  reta in ed . 
H o w e v e r , th e  s iz e  o f  th e  a s - lo a d e d  P A C  e n tit ie s  w a s  m u c h  s m a lle r  th a n  that o f  th e  
a s -r e c e iv e d  m a ter ia l. T h is  sh o u ld  b e  a re su lt  o f  th e  b re a k a g e  o f  th e  o r ig in a lly - lo a d e d  
P A C  e n tit ie s  d u r in g  m e c h a n ic a l a g ita t io n . It is  im p o rta n t to  e m p h a s iz e  that th e  
p r e se n c e  o f  th e  P A C  e n tit ie s  th ro u g h o u t th e  m a ss  o f  th e  f i lm s  is  d u e  m a in ly  to  th e  
fa c t that P A C  is  n o t w a te r -so lu b le . M e c h a n ic a l a g ita t io n  o n ly  fa c il ita te s  th eir  
d isp e r s io n  and  d istr ib u tio n  w ith in  th e  b a se  a lg in a te  s o lu t io n , h e n c e  w ith in  th e  
r e su lt in g  f i lm s .
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4 .4 .2  M o is tu r e  A b so r p tio n . W ater  A b so r p tio n  and  W e ig h t  L o ss  B e h a v io r  o f
N e a t  A lg in a te  F ilm s
M o is tu r e  a b so r p tio n  o f  th e  n ea t a lg in a te  “m ix e d ” an d  “ im m e r se d ” 

f i lm s  w a s  first d e te r m in e d  to  e v a lu a te  th e  p o te n tia l fo r  u s e s  o f  th e m  in  a p p lic a tio n s  
that req u ire  an  e x p o su r e  to  a h ig h  h u m id ity  e n v ir o n m e n t. F ig u r e  4 .2  s h o w s  m o istu re  
a b so rp tio n  b e h a v io r  o f  th e  a lg in a te  “m ix e d ” f i lm s  at th ree  d if fe r e n t  R H  c o n d it io n s ,  
i .e . ,  3 2 .8 , 5 2 .9  an d  7 5 .0 % . T h e  “ m ix e d ” f i lm s  w e r e  a b le  to  ab so rb  th e  grea test  
a m o u n ts  o f  m o is tu r e , w ith  th e p rop erty  v a lu e  in c r e a s in g  w ith  an  in c r e a se  in  th e  R H  
le v e l  ( i .e . ,  fro m  4 .3  ±  0 .6 %  at th e  R H  le v e l  o f  3 2 .8 %  to  2 0 .6  ±  1 .3%  at th e  R H  le v e l  
o f  7 5 .0 % ). T h e s e  v a lu e s  w e r e  c le a r ly  lo w e r  w h e n  th e  “m ix e d ” f i lm s  w e r e  c r o ss -  
l in k e d  w ith  C a C l2  so lu t io n s . U p o n  c r o s s - lin k in g  in  th e  2 .5 %  C a C h  so lu t io n , th e  
o b ta in e d  “ im m e r s e d ” f i lm s  e x h ib ite d  th e m o is tu r e  c o n te n ts  o f  3 .7  ±  0 .9 , 7 .4  ±  1.0 and  
1 7 .9  ±  1.2%  at th e  R H  le v e ls  o f  3 2 .8 , 5 2 .9  and  7 5 .0 % , r e s p e c t iv e ly . T h e s e  v a lu e s  
w e r e  lo w e r  fo r  th e  “m ix e d ” f i lm s  that had  b e e n  c r o s s - lin k e d  in  th e  5%  C a C l2  so lu tio n  
( i .e . ,  0 .9  ±  0 .6 ,  4 .8  ±  0 .6  and  14 .5  ±  0 .7 % , r e s p e c t iv e ly ) . P r e v io u s ly , R h im  ( 2 0 0 4 )  
s h o w e d  that, at R H  le v e ls  g rea ter  than  5 2 % , th e  n ea t a lg in a te  f i lm  and  th e  a lg in a te  
f i lm s  prep ared  b y  d ir e c t ly  m ix in g  0 .0 8  g  o f  C a C h  (p er  4  g  o f  a lg in a te )  in  th e  c a s t in g  
s o lu t io n  w e r e  a b le  to  ab so rb  g rea ter  a m o u n ts  o f  m o is tu r e  th an  th e  f i lm s  p rep ared  b y  a 
d irec t im m e r s io n  in  a  C a C f  so lu t io n  (3 g  C a C l2 in  1 0 0  m L  o f  d is t i l le d  w a ter). H e  
attr ib u ted  th e  p h e n o m e n o n  to  th e  c h a n g e  in  th e  h y d r o p h il l ic ity  a n d /o r  th e  d e c r e a se d  
s e g m e n ta l m o b il ity  o f  th e  c r o s s - lin k e d  a lg in a te  m o le c u le s  b y  C a 2+ that o c cu rred  c lo s e  
to  or  at th e  su r fa c e  o f  th e  f i lm s  (R h im , 2 0 0 4 ) .  B a se d  o n  th e  o b ta in e d  resu lts , th e  
“ im m e r se d ” f i lm s  w e r e  c h o s e n  for  further s tu d ie s .

F ig u r e  4 .3  s h o w s  w a ter  r e te n tio n  an d  w e ig h t  lo s s  b e h a v io r  o f  th e  
“ im m e r se d ” f i lm s  a fter  im m e r s io n  in  e ith er  d is t i l le d  w a te r  or  S B F  for  v a r io u s  t im e  
in te r v a ls  (u p  to  2 4  h ) at th e  p h y s io lo g ic a l  tem p era tu re  o f  3 7  ° c .  T h e s e  w e r e  
d e te r m in e d  to  e v a lu a te  th e  p o te n tia l for u se s  o f  th e  f i lm s  in  a p p lic a t io n s  that req u ire  a 
c o n ta c t  w ith  an  a q u e o u s  m e d iu m  ( e .g . ,  w o u n d  e x u d a te s ) . T h e  r e te n tio n  o f  w a ter  and  
th e  lo s s e s  in  th e  m a s s  o f  th e  “ im m e r se d ” f i lm s  o c cu rred  m o r e  r e a d ily  w h e n  th e y  w e r e  
su b m e r g e d  in  d is t i l le d  w a ter , w ith  th e  p ro p erty  v a lu e s  o f  th e  f i lm s  that had  b e e n  
c r o ss - lin k e d  in th e  2 .5 %  C a C l2 s o lu t io n  b e in g  grea ter  th an  th o s e  o f  the f i lm s  that had  
b e e n  c r o s s - lin k e d  in  th e  5%  s o lu t io n . In d is t i l le d  w a te r , g rea ter  a m o u n ts  o f  w a ter
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w e r e  a b le  to  d if fu s e  in to  th e  f i lm s  d u e  to  th e  g rea ter  d r iv in g  fo r c e , w h ic h  is  
attr ib u tab le  to  th e  g rea ter  c h e m ic a l p o ten tia l o f  w a te r  m o le c u le s  in  d is t ille d  w a ter  in  
c o m p a r iso n  w ith  that o f  w a ter  m o le c u le s  in  S B F . O n  th e  o th er  h an d , th e  lo s s e s  in  the  
m a ss  o f  th e  f i lm s  that o ccu rred  m o r e  r ea d ily  in  d is t i l le d  w a te r  th an  in  S B F  sh o u ld  b e  
d u e  to  th e  d if fe r e n c e s  in  th e  d r iv in g  fo r c e s  fo r  d if fu s io n  o f  C a 2+ in to  e ith er  m e d iu m .  
In d is t i l le d  w a ter , n o  C a 2+ are p resen t, th u s th e  d r iv in g  fo r c e  fo r  th e  d if fu s io n  o f  C a2+ 
from  th e  c r o s s - lin k e d  a lg in a te  f i lm s  in to  d is t i l le d  w a ter  s h o u ld  b e  grea ter  than  that 
for  th e  d if fu s io n  o f  th e  io n s  from  th e  f i lm s  in to  S B F , w h ic h  c o n ta in s  a cer ta in  am o u n t  
o f  C a 2+. T h e  g rea ter  a m o u n ts  o f  C a 2+ that w e r e  d if fu s e d  fro m  th e  f i lm s  in to  d is t ille d  
w a te r  sh o u ld  b e  r e s p o n s ib le  for  p artia l d is in te g r a tio n  o f  th e  f i lm s  in  th e  m e d iu m . In 
a d d it io n , th e  p r e se n c e  o f  an o th er  d iv a le n t  c a t io n ic  s p e c ie s ,  i .e . ,  M g 2+, in  S B F  w h ic h  
w o u ld  d if fu se  in to  th e  f i lm s  and  tak e  part in  th e  a d d it io n a l c r o s s - lin k in g  o f  th e  f ilm s ,  
d e sp ite  th e  lo s s  o f  cer ta in  a m o u n ts  o f  C a2+ fro m  th e f i lm s , c o u ld  act to  p rev en t the  
d is in te g r a tio n  o f  th e  f i lm s  w h e n  th e y  are su b m e r g e d  in  th e  m é d iu m .

S p e c if ic a l ly ,  th e  w a te r  re ten tio n  o f  th e  a lg in a te  “ im m e r se d ” f ilm s ,  
after  h a v in g  b e e n  c r o s s - lin k e d  in  e ith er  2 .5  or 5%  C a C l2 s o lu t io n , in crea sed  
im m e d ia te ly  a fter  15 m in  o f  su b m e r s io n  in  d is t i l le d  w a te r  to  ca . 3 3 6 0  and  2 2 8 0 % ,  
r e s p e c t iv e ly . F urther in c r e a se  in  th e  t im e  o f  su b m e r s io n  in  th e  m e d iu m  resu lte d  in  
m o n o to n o u s  in c r e a se s  in  th e  p rop erty  v a lu e s  o f  b o th  ty p e s  o f  th e  “ im m e r se d ” f i lm s  to  
reach  th e  fin a l v a lu e s  at 2 4  h o f  su b m e r sio n  o f  9 0 9 0  and  5 9 5 0 % , r e s p e c t iv e ly . O n  the  
o th er  h an d , th e  p ro p erty  v a lu e s  o f  b o th  ty p e s  o f  th e  “ im m e r s e d ” f i lm s  u p o n  their  
su b m e r s io n  in  S B F  at th e  su b m e r s io n  t im e  p o in t  o f  15 m in  w e r e  m u c h  lo w e r  at 6 3 0  
and  5 4 0 % , r e s p e c t iv e ly . T h e  v a lu e s  in c r e a se d  rather m o n o to n o u s ly  w ith  further  
in c r e a se  in  th e  su b m e r s io n  t im e  to  a ssu m e  th e  fin a l v a lu e s  at 2 4  h o f  su b m e r s io n  o f  
9 1 0  an d  8 2 0 % , r e s p e c t iv e ly . In s im ila r  m a n n ers , th e  lo s s e s  in  th e  m a s s e s  o f  b oth  
ty p e s  o f  th e  “ im m e r s e d ” f i lm s  in  d is t ille d  w a te r  at th e  in it ia l su b m e r s io n  t im e  o f  15 
m in  w e r e  18 .3  an d  7 .6 % , r e s p e c t iv e ly . T h e se  in c r e a se d  to  a s s u m e  th e  fin a l v a lu e s  at 
2 4  h o f  su b m e r sio n  o f  2 9 .6  and  2 4 .9 % , r e s p e c t iv e ly . In S B F , o n  th e  o th er  h an d , the  
p rop erty  v a lu e s  o f  b o th  ty p e s  o f  th e  “ im m e r se d ” f i lm s  at 15 m in  o f  su b m e r s io n  w er e  
m u c h  lo w e r  at 0 .6  an d  0 .1 % , r e s p e c t iv e ly . A t  2 4  h o f  su b m e r s io n  in  th e  m e d iu m , the  
p rop erty  v a lu e s  in c r e a se d  to 6 . 6  and  1.3% , r e s p e c t iv e ly . E v id e n tly , th e  lo w e r  w ater  
re ten tio n  and  w e ig h t  lo s s  b e h a v io r  o f  the 5%  C a C l2  c r o s s - lin k e d  “ im m e r se d ” f i lm s  as
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co m p a r e d  to  th e  2 .5 %  C a C l2 c r o s s - lin k e d  cou n terp a rts  w e r e  d u e  o b v io u s ly  to the  
grea ter  d e g r e e  o f  c r o s s - lin k in g  as a re su lt  o f  th e  g rea ter  c o n c e n tr a t io n  o f  C a 2+.

4 .4 .3  M e c h a n ic a l P ro p erties  o f  N e a t  an d  P A C -lo a d e d  A lg in a te  F ilm s
T h e  m e c h a n ic a l p ro p er tie s , in  term s o f  th e  t e n s i le  stren g th  and  the  

e lo n g a t io n  at b reak , o f  b o th  th e n ea t an d  th e  P A C -lo a d e d  a lg in a te  “ im m e r se d ” f ilm  
s p e c im e n s  that h ad  b e e n  c r o s s - lin k e d  w ith  e ith e r  2 .5 %  or 5%  C a C l2 so lu t io n  in  their  
dry or w e t  s ta te  w e r e  in v e s t ig a te d . T h e  resu lts  are  g r a p h ic a lly  s h o w n  in  F ig u re  4 .4 . 
T h e  p ro p erty  v a lu e s  o f  th e  “m ix e d ” f i lm s  in th e ir  dry sta te  w e r e  a ls o  in v e s t ig a te d  for  
c o m p a r iso n . T h e  n ea t “m ix e d ” f i lm s  in  th eir  dry s ta te  e x h ib ite d  th e  te n s i le  strength  
and  th e  e lo n g a t io n  at b reak  at a b o u t 6 5 .4  M P a  an d  5 .2 %  o n  a v e r a g e , r e sp e c tiv e ly .  
I n c lu s io n  o f  th e  P A C  p a r tic le s  w ith in  th e “m ix e d ” f i lm s  w a s  r e s p o n s ib le  for  the  
re d u c tio n  in  th e  r ig id ity  o f  th e  r e su lt in g  f ilm s , i .e . ,  th e  t e n s i le  stre n g th  d e c r e a s in g  to  
ab o u t 4 2 .4 - 4 4 .2  M P a  o n  a v e r a g e  an d  th e  e lo n g a t io n  at b reak  in c r e a s in g  to  a b o u t 6 .3 -  
7 .7%  o n  a v e r a g e . U p o n  c r o s s - lin k in g  in  e ith er  2 .5  or 5%  C a C l2 s o lu t io n , th e  te n s ile  
stren g th  o f  th e  n ea t “ im m e r s e d ” f i lm s  in  th eir  dry sta te  in c r e a se d  s l ig h t ly  to  6 7 .6  and
7 3 .8  M P a  o n  a v e r a g e , r e s p e c t iv e ly . In te r e s t in g ly , th e  e lo n g a t io n  at b reak  a lso  
in c r e a se d  to  7 .3  and  7 .0 %  o n  a v e r a g e , r e s p e c t iv e ly . M a rk ed  im p r o v e m e n t in  the  
r ig id ity  o f  th e  P A C -lo a d e d  a lg in a te  “m ix e d ” f i lm s  w a s  o b se r v e d  w h e n  th e y  w er e  
su b m e r g e d  in  th e  C a C l2  so lu t io n s . H o w e v e r , a m o n g  th e  P A C -lo a d e d  a lg in a te  
“ im m e r s e d ” f i lm s , th e  v a lu e s  o f  b o th  te n s i le  s tr e n g th  and  e lo n g a t io n  at b reak  w ere  
n o t s ta t is t ic a lly  d if fe r e n t , a s  th e  v a lu e s  ap p eared  to  ran g e  b e tw e e n  6 5 .3 - 7 0 .0  M P a  on  
a v e r a g e  fo r  te n s i le  s tre n g th  and  4 .3 -7 .1 %  and o n  a v e r a g e  fo r  e lo n g a t io n  at b reak .

U p o n  su b m e r s io n  o f  th e s e  “ im m e r s e d ” f i lm s  in  d is t i l le d  w a ter  for  3 0  
ร, th e y  b e c a m e  m u c h  so fte r  and m o r e  p lia b le , as th e  te n s i le  s tre n g th  d e c r e a se d  
s ig n if ic a n t ly  to  ran g e  b e tw e e n  0 .7 4 - 2 .0 3  M P a  o n  a v e r a g e  an d  th e  e lo n g a t io n  at break  
in c r e a se d  im m e n s e ly  to  ran g e  b e tw e e n  4 9 -9 6 %  o n  a v e r a g e . T h is  sh o u ld  b e a d irect  
resu lt o f  th e  p la s t ic iz in g  e f fe c t  o f  w a te r  m o le c u le s  that w e r e  a b so r b e d  b y  th e  f ilm s  
d u rin g  th e  su b m e r sio n . In te r e s t in g ly , th e  in c lu s io n  o f  P A C  p o w d e r  in  th e  f ilm s  
c a u se d  th e  P A C -lo a d e d  f i lm s  in  th e ir  w e t  sta te  to  b e  stro n g er  ( i .e . ,  fo r  th e  2 .5 %  C a C l2 

c r o ss - lin k e d  f i lm s , th e y  w e r e  ab o u t 7 4 -9 8 %  str o n g e r  an d , fo r  th e  5%  C a C l2 c r o ss -  
lin k ed  co u n terp a rts , th e y  w e r e  ab o u t 3 6 -7 0 %  s tro n g er ) , y e t  m o re  p lia b le  ( i .e . ,  for the  
2 .5 %  C a C l2 c r o s s - lin k e d  f i lm s , th e y  w e r e  ab ou t 2 7 -5 4 %  m o r e  p lia b le  an d , fo r  th e  5%
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C a C h  c r o s s - lin k e d  co u n terp a rts , th e y  w e r e  ab o u t 6 7 -7 8 %  m o re  p lia b le ) , than  th e n eat  
f i lm s . T h e  “ im m e r se d ” f i lm s  that h ad  b e e n  c r o s s - lin k e d  in  5%  C a C b  s o lu t io n  a lso  
ap p ea red  to  b e  s tr o n g er  than  th o se  c r o s s - lin k e d  in  2 .5 %  C a C b  s o lu t io n  ( i .e . ,  62%  
stro n g er  fo r  th e  n ea t f i lm s  and  2 7 -3 9 %  stro n g er  for  th e  P A C -lo a d e d  f ilm s ) . F in a lly ,  
th e  in c r e a se  in  th e  c o n te n t  o f  P A C  p o w d e r  in  th e  f i lm s  c a u se d  th e  f i lm s  to  be  
in c r e a s in g  s tr o n g er  an d  le s s  p lia b le . P a v la th , G o s s e t t , C a m ira n d , and  R o b er tso n
( 1 9 9 9 ) ,  R h im  ( 2 0 0 4 )  an d  R o g e r  e t a l. ( 2 0 0 6 )  rep o rted  that th e  te n s i le  stren g th  o f  
a lg in a te  f i lm s  w a s  in c r e a se d , w h ile  th e  e lo n g a t io n  at b reak  w a s  d e c r e a se d  b y  C a C fi 
trea tm en t an d  it h a s  b e e n  fo u n d  to  d e p e n d  o n  th e  C a C b  c o n c e n tr a t io n  and th e  
trea tm en t t im e . A p p a r e n tly , th e  o b ta in e d  resu lts  ag reed  w e l l  w ith  th e se  p r e v io u s  
rep orts.

4 .4 .4 .  R e le a s e  C h a ra c ter is t ic s  o f  P A C  fro m  P A C -lo a d e d  A lg in a te
“ Im m e r se d ” F ilm s
T h e  a lg in a te  “ im m e r se d ” f i lm s  that had  b e e n  p rep ared  from  a lg in a te  

s o lu t io n s  c o n ta in in g  P A C  at 5 and 10%  พ /พ  o f  th e  a lg in a te  p o w d e r  w e r e  c h o s e n  for  
further in v e s t ig a t io n  o f  th e  r e le a se  c h a r a c te r is tic s  o f  P A C  th ere fro m . F lo w e v e r , prior  
to  th e  in v e s t ig a t io n , th e  actu a l a m o u n ts  o f  P A C  in  th e se  f i lm s  n e e d e d  to  b e  
d ete r m in e d . F or  th is  p u r p o se , th e  “m ix e d ” f i lm s  that had b e e n  p rep ared  fro m  th e  
sa m e  a lg in a te  s o lu t io n s  a s  a priori m e n tio n e d  w e r e  u sed . T h e  r e su lts  s h o w e d  that th e  
actu a l a m o u n ts  o f  P A C  in  th e  “m ix e d ” f i lm s  w e r e  (4 .6  ±  0 .2 )  an d  ( 8 . 6  ±  0 .4 )% , 
r e s p e c t iv e ly , w h ic h  c o r r e sp o n d  to  th e  lo a d in g  e f f ic ie n c y  v a lu e s  o f  a b o u t (9 1 .8  ±  3 .1 )  
and  (8 7 .3  ±  3 .9 )%  o n  a v e r a g e , r e s p e c t iv e ly  {ท =  3 ) . T h e se  v a lu e s  w e r e  u se d  a s  th e  
b a se s  to  c a lc u la te  th e  c u m u la t iv e  a m o u n ts  o f  P A C  r e le a se d  fr o m  th e  P A C -lo a d e d  
a lg in a te  “ im m e r s e d ” f ilm s .

T h e  r e le a se  c h a r a c te r is tic s  o f  P A C  fro m  th e  a lg in a te  “ im m e r s e d ” 
f i lm s  that h ad  b e e n  p rep ared  from  a lg in a te  s o lu t io n s  c o n ta in in g  P A C  at 5 and  10%  
พ /พ  o f  th e  a lg in a te  p o w d e r  and  su b se q u e n tly  c r o s s - lin k e d  in  e ith e r  2 .5  or 5%  C a C l2 

s o lu t io n  w e r e  in v e s t ig a te d  b y  th e  to ta l im m e r s io n  m e th o d  in  a m e d iu m  c o m p r is in g  
P B S  an d  10%  v /v  o f  m e th a n o l (h erea fter , th e  m e d iu m ). T h e  a d d it io n  o f  m eth a n o l 
w a s  to  fa c il ita te  th e  d is s o lu t io n  o f  P A C  in  th e m e d iu m , a s  P A C  is  a  w a te r - in so lu b le  
su b sta n c e . P r e v io u s ly , S u w a n to n g , O p a n a so p it , R u k ta n o n c h a i, an d  S u p a p h o l ( 2 0 0 7 )  
and  S u w a n to n g  e t a l. ( 2 0 0 8 )  in c lu d e d  m e th a n o l in  th e  d is s o lu t io n  m e d ia  to  fa c ilita te



6 7

th e  d is s o lu t io n  o f  c u r c u m in , P A C  and  a cru d e c. asiatica ex tra c t d u r in g  th e  re le a se  
e x p e r im e n ts . A s  sh o w n  in  F ig u re  4 .5 ,  th e  r e le a se  o f  P A C  fro m  th e P A C -lo a d e d  
a lg in a te  “ im m e r s e d ” f i lm s  are rep orted  in  tw o  d iffe r e n t m a n n e r s , i .e .,  as the  
p e r c e n ta g e s  o f  th e  w e ig h t s  o f  P A C  re le a se d  d iv id e d  b y  th e  a c tu a l w e ig h t s  o f  P A C  in  
th e  s p e c im e n s  and  as th e  p e r c e n ta g e s  o f  th e  w e ig h ts  o f  P A C  r e le a se d  d iv id e d  b y  th e  
actu a l w e ig h t s  o f  th e  sp e c im e n s .

B a se d  o n  th e  resu lts  sh o w n  in  F ig u re  4 .5 ,  th e  sh a p e  o f  th e  r e le a se  
p r o f ile s  fo r  a ll o f  th e  in v e s t ig a te d  m a ter ia ls  w a s  e s s e n t ia l ly  s im ila r  and  it can  b e  
d iv id e d  in to  fou r  s ta g e s , r e g a r d le ss  o f  th e  w a y s  in  w h ic h  th e r e su lts  w e r e  rep orted . 
L et u s  ta k e  th e  p r o f ile s  o f  th e  2 .5%  C a C b  so lu t io n  c r o s s - lin k e d  P A C -lo a d e d  a lg in a te  
“ im m e r se d ” f i lm s , that w e r e  rep orted  a s  th e  p e r c e n ta g e s  o f  th e  w e ig h t s  o f  P A C  
r e le a se d  d iv id e d  b y  th e  a c tu a l w e ig h ts  o f  P A C  in  th e  s p e c im e n s  in  F ig u re  4 .5 a , as  
e x a m p le s . T h e  first s ta g e  corre la ted  to  a d e la y e d  r e le a se  o f  P A C  fro m  th e  P A C -  
lo a d e d  m a te r ia ls  th ro u gh  th e  d ia ly s is  m em b ra n e  ( i .e . ,  0  to  a b o u t 11%  o f  th e  P A C  
r e le a se d  w ith in  th e  fir st 6 0  m in .fo r  th e  5%  P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  
and 0  to  a b o u t 8 % w ith in  th e  first 3 0  m in  for  th e  10%  P A C -lo a d e d  cou n terp a rts) . T h e  
se c o n d  s ta g e  co r r e sp o n d e d  to  th e  burst r e le a se  o f  P A C  from  th e se  m a te r ia ls , w h ic h  
w a s  ch a r a c te r iz e d  b y  an  abrupt in c r e a se  in  th e  r e le a se  rates o f  P A C  from  th e  
m a ter ia ls  ( i .e . ,  from  a b o u t 11%  o f  th e  P A C  r e le a se d  at an im m e r s io n  t im e  p o in t  o f  1 
h to  a b o u t 30 %  at 2  h for  th e  5%  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f i lm s  and  from  
a b o u t 8 % at an im m e r s io n  t im e  p o in t o f  3 0  m in  to  a b o u t 35 %  at 1 h for th e  10%  
P A C -lo a d e d  co u n terp a r ts) . T h e  third s ta g e  referred  to  th e  su s ta in e d  r e le a se  o f  P A C  
fro m  th e  m a te r ia ls  ( i .e . ,  fro m  ab o u t 30 %  o f  th e  P A C  r e le a se d  at an  im m e r s io n  t im e  
p o in t  o f  2  h  to  a b o u t 90%  at 12 h  for  th e  5%  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f i lm s  
and  from  a b o u t 35%  at an  im m e r s io n  t im e  p o in t  o f  1 h  to a b o u t 91 %  at 12 h for  th e  
10%  P A C -lo a d e d  cou n terp a rts) . T h e  la st s ta g e  s ig n if ie d  th e  grad u al d e c r e a se  in  the  
r e le a se  ra tes o f  P A C  from  th e  m a ter ia ls  to  reach  p la te a u  v a lu e s  ( i .e . ,  fro m  ab o u t 9 0  to  
97 %  o v e r  an im m e r s io n  t im e  p er io d  o f  12 to  2 4  h  for  b o th  ty p e s  o f  th e  m a ter ia ls ). 
C lea r ly , a t a n y  g iv e n  im m e r s io n  t im e  p o in t , th e  a m o u n t o f  P A C  r e le a se d  from  the  
10%  P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  w a s  g rea ter  than that from  th e 5%  P A C -  
lo a d ed  cou n terp a rts . T h is  is  d u e  o b v io u s ly  to  th e  g rea ter  P A C  c o n c e n tr a t io n  in  the  
f ilm s , h e n c e  g rea ter  d r iv in g  fo r c e  for  d if fu s io n . T h e  fo u r  d iffe r e n t s ta g e s
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c h a r a c te r iz in g  th e  r e le a se  o f  P A C  from  th e  2 .5 %  C a C h  s o lu t io n  c r o s s - lin k e d  P A C -  
lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  w er e  a lso  o b se r v e d  in  th e  5%  C a C b  s o lu t io n  c r o ss -  
l in k e d  P A C -lo a d e d  co u n terp a rts , w ith  th e  v a lu e , fo r  a p articu la r  P A C  lo a d in g  at an y  
g iv e n  t im e  p o in t , o f  th e  5%  C a C h  so lu t io n  c r o s s - lin k e d  f i lm s  b e in g  s lig h t ly  lo w e r  
than  that o f  th e  2 .5 %  C a C h  so lu t io n  c r o s s - lin k e d  cou n terp a rts . T h is  is  o b v io u s ly  a 
resu lt  o f  th e  in c r e a se  in  th e  d e g r e e  o f  c r o s s - lin k in g  w h e n  th e f i lm s  h ad  b e e n  c r o ss -  
l in k e d  in  th e  5%  C a C h  s o lu t io n  (D o n g  e t a l., 2 0 0 6 ) .

B a se d  o n  th e  resu lts  sh o w n  in F ig u r e  4 .5 a , it is  e v id e n t  that th e  
m a x im u m  a m o u n ts  o f  P A C  r e le a se d  fro m  th e  a lg in a te  f i lm s  w e r e  a b o u t 9 7 %  for b o th  
5 and  10%  P A C -lo a d e d  a lg in a te  f ilm s  that had  b e e n  c r o s s - lin k e d  in  2 .5%  C a C h  
s o lu t io n , a b o u t 96%  for  5%  P A C -lo a d e d  a lg in a te  f i lm s  that had  b e e n  c r o s s - lin k e d  in  
5%  C a C h  s o lu t io n  and  a b o u t 92%  for 10%  P A C -lo a d e d  a lg in a te  f i lm s  that had b e e n  
c r o s s - lin k e d  in  5%  C aC ] 2  so lu t io n . It is  c le a r  that, w ith in  2 4  h o f  im m e r s io n  in  th e  
m e d iu m , a lm o s t  a ll o f  the a s - lo a d e d  P A C  w a s  a b le  to  b e  r e le a se d  in to  th e  m ed iu m .  
T h o u g h  n o t sh o w n , w e  o b se r v e d  that b o th  th e n ea t and  th e  P A C -lo a d e d  a lg in a te  
“ im m e r se d ” f i lm s  w o u ld  b e  b rok en  up in to  sm a ll p ie c e s  o v e r  a p e r io d  o f  t im e  u p o n  
su b m e r s io n  in  P B S  an d , h e n c e , th e  r e le a s in g  m e d iu m . T h is  is  b a se d  o n  th e fact that 
N a + is  th e  o n ly  c a t io n ic  s p e c ie s  p resen t in  P B S  an d , u p o n  su b m e r s io n  o f  the a lg in a te  
f i lm s  in to  th is  m e d iu m , io n ic  e x c h a n g e  b e tw e e n  C a 2+ an d  N a + c a n  o c c u r , le a d in g  to  
th e  grad u al d is in te g r a tio n  o f  th e  f ilm s . B a se d  o n  th is , it is  e x p e c te d  that th e  o b se r v e d  
h ig h  r e le a se  e f f ic ie n c ie s  o f  th e  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f i lm s  sh o u ld  b e  d u e  
m a in ly  to  th e  s w e l l in g  an d  th e  su r fa ce  e r o s io n  m e c h a n is m s  (P o n g ja n y a k u l and  
P u ttip ip a tk h a ch o rn , 2 0 0 7 ) .  B y  rep ortin g  th e  r e le a se d  a m o u n ts  o f  P A C  b a sed  on  th e  
a ctu a l w e ig h t s  o f  th e  s p e c im e n s  a s  in  F ig u re  4 .5 b , s l ig h t ly  d iffe r e n t in fo r m a tio n  can  
b e  o b ta in e d . C le a r ly , th e  m a x im u m  a m o u n ts  o f  P A C  r e le a se d  fro m  th e  a lg in a te  f i lm s  
w e r e  ab o u t 4 .3  and  4 .2 %  for  th e  5%  P A C -lo a d e d  a lg in a te  f i lm s  that h ad  b e e n  c r o s s -  
l in k e d  in  2 .5  and  5%  C a C l2  so lu t io n s , r e s p e c t iv e ly , an d  a b o u t 7 .7  an d  7 .3 %  for th e  
10%  P A C -lo a d e d  a lg in a te  f i lm s  that h ad  b e e n  c r o s s - lin k e d  in  2 .5  and  5%  C a C l2 

so lu t io n s , r e s p e c t iv e ly .



69

T h e  r e le a se  k in e t ic s  o f  a d ru g from  a  carr ier  c a n  b e  ch a ra c ter ized  
a c c o r d in g  to  th e  f o l lo w in g  e q u a tio n s  (P ep p a s  an d  K h are , 1 9 9 3 ; R itg e r  an d  P ep p a s , 
1 9 8 7 ):

=  kt", for  ~ < 0 . 6 ,  (4 )

w h e r e  M l  is  th e  c u m u la t iv e  a m o u n t o f  th e  d ru g  r e le a se d  at an  arb itrary t im e  t, M ao  is  
th e  c u m u la t iv e  a m o u n t o f  th e  d ru g r e le a se d  at an  in f in ite  t im e , ท is  an  e x p o n e n t  
c h a r a c te r iz in g  th e  m e c h a n ism  w ith  w h ic h  th e  r e le a se  k in e t ic s  ca n  b e  d e sc r ib e d , and  k 
is  th e  r e le a se  rate o f  th e  d ru g that in co rp o ra te  th e  p h y s ic a l ch a ra cter  o f  th e  r e le a s in g  
sy s te m .

T h e  c a s e  for  n orm a l F ick ia n  d if fu s io n  is  ch a r a 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 if fu s io n  is  b y  th e v a lu e  o f  ท b e in g  1 .0 , w h i le  th e  c a se  for  
n o n -F ic k ia n  or  a n o m a lo u s  d if fu s io n  is  ch a ra c ter ized  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  (R itg e r  and  P ep p a s , 1 9 8 7 ; P ep p a s  and  K h are , 1 9 9 3 ; V e r r e c k  e t  a l., 2 0 0 3 ) .  
In c a s e  o f  th e  F ic k ia n  d if fu s io n  ( i .e .,  ท =  0 .5 ) ,  a stra ig h t l in e  is  e x p e c te d  w h e n  th e  
fra c tio n a l c u m u la t iv e  a m o u n t o f  d ru g  r e le a se d  ( i .e . ,  Ml/Mao) is  p lo tte d  a s  a fu n c t io n  o f  
t0 5 (F ig u r e  4 .6 a ) . T h e  resu lts  fro m  th e  a n a ly se s  ( i .e . ,  v a lu e s  o f  p a ra m eters  k and th e  
r2, w h ic h  s ig n i f ie s  th e  g o o d n e s s  o f  th e  f its )  are su m m a r iz e d  in  T a b le  4 .1 .  B a se d  on  
th e  F ic k ia n  d if fu s io n  m e c h a n ism , th e  v a lu e s  o f  th e  rate p a ra m eter  ‘C  fo r  a ll o f  th e  
P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  w e r e  e s s e n t ia l s im ila r  a s  th e y  w e r e  fo u n d  to  
b e  b e tw e e n  4 .0 6  X 10 '3-4 .3 2  X 1 0 ' 3 ร' 0 5. In c a se  o f  th e  n o n -F ic k ia n  d if fu s io n , th e  
d if fu s io n  e x p o n e n t  เท, and  th e  rate p aram eter  ‘C  ca n  b e  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 tercep t o f  th e  p lo t  o f  ln (M t/Moo) v e r s io n  ln (t)  (F ig u r e  4 .6 b )  and th e  
r e su lts  o f  su c h  a n a ly se s  are a ls o  su m m a rized  in  ta b le  4 .1 .  B a se d  o n  th e  n o n -F ic k ia n  
d if fu s io n  m e c h a n is m , th e  v a lu e s  o f  th e  d if fu s io n  e x p o n e n t  ‘ท, an d  th e  rate p aram eter  
ik> fo r  th e  5%  P A C -lo a d e d  a lg in a te  f i lm s  that h ad  b e e n  c r o s s - lin k e d  in  2 .5 %  C a C h  
s o lu t io n  w e r e  0 .8 4  and  0 .1 3  X 1 0 "3 ร"0 84, r e s p e c t iv e ly . F o r  th e  5%  P A C -lo a d e d  
a lg in a te  f i lm s  that h ad  b e e n  c r o s s - lin k e d  in  5%  C a C f  so lu t io n , th e y  w e r e  0 .7 6  and  
0 . 1 1  X 1 0 ' 3 ร' 0 76, r e s p e c t iv e ly . F or  th e 10%  P A C -lo a d e d  a lg in a te  f i lm s  that had  b e e n  
c r o ss - lin k e d  in  2 .5 %  C a C l2  so lu t io n , th e y  w e r e  0 .6 4  an d  1 .1 3  X 10 ' 3 ร'064, 
r e s p e c t iv e ly . F in a lly , for  the 10%  P A C -lo a d e d  a lg in a te  f i lm s  that h ad  b e e n  c r o ss -  
lin k e d  in  5%  C a C h  so lu t io n , th e y  w e r e  0 .7 4  and  0 .3 9  X 1 0 ' 3 ร' 0 74, r e s p e c t iv e ly .
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4 .4 .5  C y to to x ic ity  E v a lu a tio n  o f  N e a t  an d  P A C -Io a d e d  A lg in a te
“ Im m e r se d ” F ilm s
T h e  p o ten tia l for u se  o f  th e  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f i lm s  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  in v e s t ig a t in g  th e  c y t o t o x ic i t y  o f  th e se  m a ter ia ls , 
u s in g  n orm al h u m a n  d erm al f ib ro b la sts  (N H D F ) a s  r e fe r e n c e . F irst, th e  c y to to x ic ity  
w a s  e v a lu a te d  in d ir e c tly  b y  cu ltu r in g  N H D F  w ith  e x tr a c t io n  m e d ia  (p rep a red  at the  
e x tr a c t io n  ratio  o f  10 m g -m L ’1) o f  the film  s p e c im e n s  in  c o m p a r iso n  w ith  th o se  that 
h ad  b e e n  cu ltu red  w ith  th e  fresh  cu ltu re  m e d iu m . T h e  r e su lts  are sh o w n  in  F ig u re  4 .7  
for  a g iv e n  a m o u n t o f  C a C h  so lu t io n  u sed  to  c r o s s - lin k  th e  f i lm s ;  th e  v ia b il it ie s  o f  
N H D F  for  a ll o f  th e  P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm  s p e c im e n s  w e r e  lo w e r  
than  that for  th e  n eat m ater ia ls . T h e  grea ter  a m o u n t o f  C a C b  s o lu t io n  u se d  to c r o s s ­
lin k  th e  f i lm s  d e c r e a se d  s lig h t ly  th e  v ia b il it ie s  o f  th e  c e l l s  for  a ll o f  th e  film  
s p e c im e n s . N o tw ith s ta n d in g , the v ia b il it ie s  o f  th e  c e l ls  for  a ll o f  th e  f ilm  s p e c im e n s  
w e r e  grea ter  than  90%  w ith  resp ec t to  that o f  th e  c e l l s  th at had  b e e n  cu ltu red  w ith  th e  
fresh  cu ltu re  m e d iu m , in d ic a tin g  that n o n e  o f  th e  “ im m e r s e d ” f i lm  s p e c im e n s  
r e le a se d  su b s ta n c e s  in  the le v e ls  that w er e  h arm fu l to  th e  sk in  c e l ls .  R e c e n t ly , w e  
a lso  s h o w e d  that th e  v ia b il it ie s  o f  N H D F  that had  b e e n  cu ltu red  w ith  th e  e x tra c tio n  
m e d ia  (p rep a red  at th ree  d ifferen t e x tra c tio n  ra tio s  o f  0 .5 , 5 , and  10 m g-m L " 1) o f  b oth  
s o lv e n t-c a s t  f i lm s  and e le c tr o sp u n  fib er  m a ts  that w e r e  p rep ared  fro m  C A  so lu tio n  
c o n ta in in g  P A C  at th e  am o u n t o f  40 %  พ /พ  w e r e  g rea ter  th a n  or  eq u a l to  9 0 %  w ith  
r e sp e c t  to  th e  c e l l s  that had  b e e n  cu ltu red  w ith  th e  fresh  cu ltu re  m e d iu m , in d ic a tin g  
a lso  that th e  m a te r ia ls  w e r e  n o t h arm fu l to  th e  sk in  c e l l s  (S u w a n to n g  e t a l., 2 0 0 8 ) .

T h e  m a ter ia ls  w e r e  further e v a lu a te d  b y  th e  d irec t  cu ltu re  o f  N H D F  on  
th e ir  su r fa c e s . O n ly  th e  n eat and  th e  10%  P A C -lo a d e d  a lg in a te  “ im m e r s e d ” f ilm s  
w e r e  e v a lu a te d  an d  th e c e l l s  that had  b een  c u ltu red  o n  g la s s  su b stra tes  w e r e  u sed  as  
co n tr o l. T h e  r e su lts  a s  sh o w n  in  F ig u re  4 .8  illu stra te  th e  m o r p h o lo g ie s  o f  th e  c e i ls  in  
th ree  m a g n if ic a t io n s . A fte r  h a v in g  b e e n  cu ltu red  for 2 4  h , a ll o f  th e  c e l l s  o n  th e  
co n tr o l su b stra tes  ap p eared  in th e ir  c h a ra c ter is tic  s p in d le - lik e  m o r p h o lo g y . S im ila r  
b e h a v io r  w a s  a ls o  o b se r v e d  for  th e  c e l l s  that h ad  b e e n  cu ltu red  o n  th e n ea t a lg in a te  
“im m e r se d ” f i lm  su b stra tes . In te r e s t in g ly , th e  n u m b er  o f  c e l l s  o n  th e  f i lm s  that had  
b e e n  c r o s s - lin k e d  in  5%  C a C fi a q u e o u s  s o lu t io n  w a s  s l ig h t ly  lo w e r  th an  that o n  the
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o n e s  that had  b e e n  c r o s s - lin k e d  in  2 .5 %  C a C L  a q u e o u s  s o lu t io n . A s  for  th e  P A C -  
lo a d e d  m a ter ia ls , m u c h  le s s  n u m b er  o f  N H D F  w e r e  a b le  to  a tta ch  o n  th e se  su b stra tes  
and th e  m o r p h o lo g ie s  o f  th e  m a jo r ity  o f  th e  cu ltu red  c e l l s  w e r e  s ti ll rou n d , 
s u g g e s t in g  that th e  su b stra tes  e x h ib ite d  a n o n -a d h eren t p ro p erty  to w a r d s  th e  c e l ls ,  
d u e  p erh a p s to  th e  p r e se n c e  o f  th e  P A C  p a r tic le s . R e c e n t ly , w e  s h o w e d  that the  
m o r p h o lo g ie s  o f  N H D F  that had  b e e n  cu ltu red  o n  th e s u r fa c e s  o f  b o th  o f  th e  s o lv e n t-  
c a st f i lm s  and  th e  e le c tr o sp u n  fib er  m ats  that w e r e  p rep a red  fro m  C A  s o lu t io n  
c o n ta in in g  P A C  at th e  am o u n t o f  4 0 %  พ /พ  a s su m e d  th e  n o rm a l sp in d le - lik e  
ch ara cter , d e sp ite  th e  m u ch  greater  v ia b ility  o f  th e  c e l l s  a tta ch ed  o n  th e f ib e r  m at 
su r fa ce  (S u w a n to n g , R u k ta n o n ch a i, an d  S u p a p h o l, 2 0 1 0 ) .  T h e  in fe r io r ity  o f  the  
P A C -lo a d e d  a lg in a te  “ im m e r se d ” f i lm s  in  su p p o rtin g  th e  a tta c h m e n t o f  N H D F  c o u ld  
b e d u e  to  th e  e x is te n c e  o f  P A C  as a h e te r o g e n e o u s  en tity  th r o u g h o u t th e  m a s s  o f  the  
f ilm s  [in  co n tra st to  ou r p r e v io u s  rep ort on  P A C -lo a d e d  C A  f i lm s  an d  f ib er  m ats  
w ith in  w h ic h  P A C  w a s  h o m o g e n e o u s ly  d isp e r se d  (S u w a n to n g  e t a l., 2 0 1 0 ) ] .

E v e n  th o u g h  th e  c e ll  cu ltu re  s tu d ie s  s e e m  to  s u g g e s t  th at th e  P A C -  
lo a d ed  a lg in a te  “ im m e r se d ” f ilm s  sh o w e d  n o n -a d h e r e n t p rop erty  to w a r d s  th e  sk in  
c e ll s ,  th e y  d id  n o t p o s e  an y  threat to  th em  as th e  e x tr a c t io n  m e d ia  p rep ared  from  
th e se  m a ter ia ls  c o n ta in e d  n o n e  o f  th e  su b sta n c e s  in  th e  le v e ls  that w e r e  h arm fu l to  
th e  sk in  c e l ls . A s  th e  m a ter ia ls  w ith  in ten d ed  u s e  as w o u n d  d r e s s in g s , th e  n o n ­
ad h eren t p ro p erty  o f  a d r e ss in g  sh o u ld  b e  b e n e f ic ia l to  a h e a lin g  w o u n d  a s it d o e s  n ot  
c a u se  se c o n d a r y  trau m a to  th e  w o u n d  d u rin g  th e  d e ta c h m e n t o f  a  d r e s s in g . In 
a d d it io n , th e  p r e se n c e  o f  P A C  sh o u ld  h e lp  p r o m o te  th e  p r o d u c tio n  o f  c o l la g e n  o f  
m ig ra to ry  or p ro life r a te d  f ib ro b la sts  in  th e  w o u n d  area (L u  e t  a l., 2 0 0 4 ;  S u w a n to n g  et 
a l., 2 0 1 0 )

4.5 Conclusion

A lg in a te  f i lm s  c o n ta in in g  p ure a s ia t ic o s id e  (P A C , at 2 .5 ,  5 an d  10% , b ased  
on  th e  w e ig h t  o f  a lg in a te )  w e r e  s u c c e s s fu lly  p rep ared  a s  w o u n d  d r e s s in g s  b y  so lu t io n  
c a s t in g  u s in g  th e  tw o -s te p  c r o s s - lin k in g  p ro ced u re  w ith  C a 2+. T h e  a d d it io n  o f  an  
a m o u n t o f  d ilu te  C a C f  a q u e o u s  s o lu t io n  in to  th e  f i lm -fo r m in g  a lg in a te  so lu t io n  
h e lp e d  to s ta b iliz e  th e  sh ap e  o f  th e  o b ta in ed  f i lm s  ( i .e . ,  “m ix e d ” f i lm s ) . F u rth er c r o ss -
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lin k in g  b y  im m e r s in g  th e  m ix e d  f i lm s  in  e ith er  2 .5  or 5%  C a C h  a q u e o u s  so lu t io n  
( i .e .,  “ im m e r se d ” f i lm s )  im p ro v ed  th e s ta b ility  o f  th e  f i lm s  in  a  h u m id  e n v ir o n m e n t  
or u p o n  th eir  c o n ta c t  w ith  an a q u e o u s  m e d iu m . In an  a q u e o u s  m e d iu m  that c o n ta in e d  
a p p re c ia b le  a m o u n ts  o f  d iv a le n t c a t io n s , e .g . ,  s im u la te d  b o d y  f lu id  (S B F ) , the  
s ta b ility  o f  th e  f i lm s  w a s  e n h a n c e d , d u e  to  a d d it io n a l c r o s s - l in k in g  b y  th e  c a t io n s  in  
the m e d iu m . D u e  to  th e  in so lu b ility  o f  P A C  in  w a te r , P A C  e x is te d  w ith in  th e  f i lm s  as  
h e te r o g e n e o u s  e n t it ie s . T h is  c a u se d  th e  P A C -lo a d e d  f i lm s  to  b e  tra n slu cen t. T h e  
a m o u n ts  o f  th e  a s - lo a d e d  P A C  w e r e  c lo s e  ( i .e . ,  g rea ter  th a n  or  e q u a l to  87%  on  
a v e r a g e )  to  th o se  o r ig in a lly  lo a d e d  in to  th e  f i lm -fo r m in g  P A C -lo a d e d  a lg in a te  
m ix tu res . A lm o s t  a ll o f  the a s - lo a d e d  P A C  c o u ld  b e  r e le a s e d  fro m  th e  P A C -lo a d e d  
a lg in a te  “ im m e r se d ” f i lm s  ( i .e . ,  g rea ter  than  or eq u a l to  9 2 %  o n  a v e r a g e )  in to  th e  
r e le a s in g  m e d iu m  o f  p h o sp h a te  b u ffe r  s o lu t io n  (P B S )  and  10%  v /v  o f  m eth a n o l  
w ith in  2 4  h. T h e  m e c h a n ism  w ith  w h ic h  P A C  w a s  r e le a se d  fr o m  th e se  f i lm s  sh o u ld  
b e  a c o m b in a tio n  o f  s w e l l in g  and su r fa c e  e r o s io n  o f  th e  f i lm s  u p o n  su b m e r s io n  in  th e  
N a +-r ich , a q u e o u s  m e d iu m . F in a lly , b o th  th e n ea t and  th e  P A C -lo a d e d  a lg in a te  
“ im m e r se d ” f i lm s  ap p ea red  to  b e  n o n - to x ic  to  th e  n o rm a l h u m a n  d erm a l f ib r o b la sts , 
d e sp ite  th e  fact that th e  c e l l s  d id  n o t s e e m  to a tta ch  o n  th e P A C -lo a d e d  m a te r ia ls  as  
w e l l  a s  th e y  d id  o n  th e  n eat a lg in a te  “ im m e r se d ” f ilm s .
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Scheme 4.1 C h e m ic a l stru ctu re o f  so d iu m  a lg in a te : (M ) sta n d s  fo r  p -D -m a n n u r o n ic  
a c id  and (G )  for a -L -g lu c u r o n ic  a c id  b u ild in g  b lo c k s .
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S c h e m e  4 .2  C h em ica l s tru c tu re  o f  a s ia tic o s id e .
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F ig u r e  4 .1  R e p re se n ta tiv e  sc a n n in g  e lec tro n  m ic ro sc o p ic  (S E M ) an d  c o rre sp o n d in g  
o p tic a l m ic ro sc o p ic  (O M ) im ag es  o f  (a) n e a t a lg in a te  “ m ix e d ” f ilm s , (b ) 2 .5 %  P A C - 
lo ad ed  a lg in a te  “m ix e d ” f ilm s, (c ) 5%  P A C -lo a d e d  a lg in a te  “ m ix e d ” f ilm s, and  (d) 

10%  P A C -lo a d e d  a lg in a te  “ m ix e d ” film s.
R em ark : P A C  =  p u re  a s ia tic o s id e
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•  Neat alginate "mixed" films
▼  Neat alginate "immersed" films,

20 x-linked with 2.5% CaCI2 solution ?  _
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x-linkedwith 5% CaCI2 solution *
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Neat alginate "mixed" films 
Neat alginate "immersed" films, 
x-linked with 2.5% CaCI2 solution
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x-linked with 5% CaCI2 solution
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Figure 4.2 M o is tu re  a b so rp tio n  o f  n ea t a lg in a te  “ m ix e d ” f ilm s  an d  th e  
c o rre sp o n d in g  “ im m e rse d ” f ilm s  a fte r  h a v in g  b e e n  c ro ss - lin k e d  w ith  2.5 o r  5% 
C a C b  a q u e o u s  so lu tio n  at th re e  re la tiv e  h u m id ity  (RH) le v e ls  o f  32.8, 52.9 and  

75.0% (@ 25 ๐C ) o n  d ay  7 a fte r  in c u b a tio n  (ท =  10).
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•  Neat alginate "immersed" films, x-linked with 2.5% CaCI2, in distilled water
o Neat alginate "immersed” films, x-linked with 5% CaCi2, in distilled water
▼  Neat alginate "immersed" films, x-linked with 2.5% CaCI2, in SBF
V Neat alginate "immersed" films, x-linked with 5% CaCI2, in SBF
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F ig u r e  4 .3  (a) W a te r  re te n tio n  an d  (b) w e ig h t lo s s  b e h a v io r  o f  n e a t a lg in a te  
“ im m e rse d ” film s  a f te r  h av in g  b e e n  c ro ss - lin k e d  w ith  2 .5  o r  5 %  C a C b  a q u e o u s  

so lu tio n  u p o n  th e ir  su b m e rs io n  in  d is tille d  w a te r  (p H  6 .9 ) o r  s im u la te d  b o d y  flu id  
(S B F , p H  7 .4 ) fo r v a r io u s  tim e  in te rv a ls  a t th e  p h y s io lo g ic a l  te m p e ra tu re  o f  37  ๐c

(ท = 3).
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TI
I

(a)

■ ■ ■  Neat alginate film specimens 
I«y»i 2.5% PAC-loaded alginate film specimens 
BBS 5% PAC-loaded alginate film specimens 

HI 10% PAC-loaded alginate film specimens

—■ rT»7f m w n

F ig u r e  4 .4  M e c h a n ic a l p ro p e rtie s  in  te rm s  o f  (a ) te n s ile  s tre n g th  (M P a) an d  (b) 
e lo n g a tio n  a t b re a k  (% ) o f  n e a t an d  a s ia tic o s id e  (P A C )- lo a d e d  a lg in a te  film s  in  d ry  

o r w e t s ta te  (/7 =  5). A : “ m ix e d ” film  sp ec im en s  in  d ry  s ta te , B : “ im m e rse d ” film  
sp e c im e n s  c ro ss - lin k e d  w ith  2 .5 %  C a C h  a q u e o u s  so lu tio n  in  d ry  s ta te , C : 

“ im m e rse d ” film  sp e c im e n s  c ro ss - lin k e d  w ith  5 %  C a C b  a q u e o u s  so lu tio n  in  dry  
s ta te , D : “ im m e rse d ” film  sp e c im e n s  c ro ss - lin k e d  w ith  2 .5 %  C a C l2 aq u eo u s  so lu tio n  
in  w e t s ta te , an d  E: “ im m e rse d ” film  sp e c im e n s  c ro s s - l in k e d  w ith  5 %  C a C l2 aq u eo u s

so lu tio n  in  w e t s ta te .
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I
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i •  5% PAC-loaded alginate "immersed" films, -x-linked with 2.5% CaClj solutionI o 5% PAC-loaded alginate "immersed" films,
น x-linked with 5% CaCl2 solution

▼  10% PAC-loaded alginate "immersed" films,' -x-linked with 2.5% CaCI2 solution
A 10% PAC-loaded alginate "immersed" films, 'x-linked with 5% CaCI2 solution

=t
10 15

Immersion time (h)
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I
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(b)

บี

บี
3?

»5

5

5% PAC-loaded alginate immersion films, x-linked with 2.5% CaCI2 solution 
5% PAC-loaded alginate immersion films, x-linked with 5% CaCI2 solution 
10% PAC-loaded alginate immersion films, x-linked with 2.5% CaCI2 solution 
10% PAC-loaded alginate immersion films, 
x-linked with 5% CaCI2 solution-t-

10 15
Immersion time (h)

20 25

F ig u r e  4 .5  C u m u la tiv e  re le a se  p ro f ile s  o f  P A C  fro m  5 %  o r 10%  P A C -lo a d e d  
a lg in a te  “ im m e rse d ” film s  a fte r  h a v in g  b e e n  c ro ss - lin k e d  w ith  2 .5 %  o r  5%  C a C h  
a q u e o u s  so lu tio n , re p o rte d  as  (a) th e  p e rc e n ta g e s  o f  th e  re le a se d  w e ig h ts  o f  P A C  

d iv id ed  b y  th e  a c tu a l w e ig h ts  o f  P A C  in  th e  sp e c im e n s  an d  (b ) th e  p e rc e n ta g e s  o f  th e  
re le a se d  w e ig h ts  o f  P A C  d iv id e d  b y  th e  ac tu a l w e ig h ts  o f  th e  sp e c im e n s , in  th e  

re le a s in g  m e d iu m  c o n ta in in g  9 0 :1 0  v /v  p h o sp h a te  b u f fe r  so lu tio n  (P B S )/m e th a n o l at 
th e  p h y s io lo g ic a l te m p e ra tu re  o f  37  ๐c  (ท ~  3).
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F ig u r e  4 .6  F ittin g  c u rv e s  o f  th e  re lea se  k in e tic s  o f  P A C  fro m  5%  o r 10%  P A C - 
lo ad ed  a lg in a te  “ im m e rse d ” f ilm s  a fte r  h a v in g  b e e n  c ro ss - lin k e d  w ith  2 .5 %  o r 5%  

C a C l2 aq u eo u s  so lu tio n  b a sed  o n  (a) 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  an d  
(b ) n o n -F ic k ia n  d iffu s io n  ty p e  o f  re lea se  m e c h a n ism . K ey s: 5 %  P A C -lo a d e d  a lg in a te  

" im m ersed "  f ilm s , c ro s s - lin k e d  w ith  ( • )  2 .5  o r  ( O )  5 %  C a C h  so lu tio n  an d  10%  
P A C -lo a d e d  a lg in a te  " im m ersed "  film s, c ro ss - lin k e d  w ith  (▼ ) 2 .5  o r ( A )  5 %  C a C l2

so lu tio n .
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F ig u r e  4 .7  V ia b ilitie s  o f  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 ) th a t w ere  
cu ltu red  fo r  24  h  w ith  e x tra c tio n  m e d ia  fro m  n ea t an d  P A C -lo a d e d  a lg in a te  

“ im m e rse d ” f ilm s  a f te r  h a v in g  b e e n  c ro ss - lin k e d  w ith  2 .5 %  o r  5%  CaC12 aq u eo u s  
so lu tio n  in  c o m p a r iso n  w ith  v ia b ility  o f  th e  c e lls  th a t w e re  c u ltu re d  w ith  fre sh  cu ltu re  

m e d iu m  (ท =  3). A : fre sh  c u ltu re  m ed iu m , B : n ea t a lg in a te  “ im m e rse d ” f ilm s, C: 
2 .5 %  P A C -lo a d e d  a lg in a te  “ im m e rse d ” f ilm s, D : 5%  P A C -lo a d e d  a lg in a te  

“ im m e rse d ” f ilm s , an d  E : 10%  P A C -lo a d e d  a lg in a te  “ im m e rse d ” film s. 
R e m a rk : *p <  0 .05  c o m p a re d  w ith  co n tro l a t a  g iv e n  c ro ss - lin k in g  c o n d itio n  and  # p  <  
0 .0 5  c o m p a re d  w ith  th e  n e a t a lg in a te  “ im m e rse d ” f ilm s  a t a  g iv en  c ro ss -lin k in g  
c o n d itio n .



8 7

F ig u r e  4 .8  R e p re se n ta tiv e  S E M  im ag es  illu s tra tin g  m o rp h o lo g ie s  o f  n o rm a l h u m an  
d e rm a l f ib ro b la s ts  (N H D F ) th a t w e re  c u ltu re d  fo r 24  h o n  (a) g la ss  s lid e  (c o n tro l) , (b) 

n e a t  a lg in a te  “ im m e rse d ” film s  c ro ss - lin k e d  w ith  2 .5 %  C a C l2 so lu tio n , (c ) n ea t 
a lg in a te  “ im m e rse d ” film s c ro ss - lin k e d  w ith  5%  C a C f  so lu tio n , (d ) 10%  P A C - 

lo a d e d  a lg in a te  “ im m e rse d ” film s c ro ss - lin k e d  w ith  2 .5 %  C a C l2 so lu tio n , an d  (e) 
10%  P A C -lo a d e d  a lg in a te  “ im m e rse d ” film s c ro ss - lin k e d  w ith  5 %  C a C b  so lu tio n . 
T h e  m a g n if ic a tio n  o f  5 0 0 x , 1500x  an d  3 5 0 0 x  w ere  sh o w ed  in  th e  first, th e  seco n d

and  th e  th ird  c o lu m n  re sp e c tiv e ly .
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T a b le  4 .1 A n a ly se s  o n  th e  re le a se  k in e tic s  o f  P A C  fro m  P A C -lo a d e d  a lg in a te  
“ im m e rse d ” film  sp e c im e n s  (ท -  3)

B ased  o n  th e  F ic k ia n  B a se d  o n  th e  n o n -F ic k ia n
d iffu s io n  ty p e  o f  re le a se  d if fu s io n  ty p e  o f  re lea se

T y p e  o f  sam p le  ^m e c h a n ism  m e c h a n ism
k (ร’0 5) ท r2 k  (ร’11) ท r2

5 %  P A C -lo a d e d  ~
a lg in a te  “ im m e rse d ”

film s  c ro ss - lin k e d  w ith  4 .0 6  X 1 O’3 0.5 0.91 0 .13  X 10’3 0 .8 4  0 .94

2 .5 %  C a C l2 aq u eo u s  
so lu tio n

5 %  P A C -lo a d e d  
a lg in a te  “ im m e rse d ”

film s  c ro ss - lin k e d  w ith  4 .1 0  X 10’3 0.5 0.91 0.11 X 10’3 0 .7 6  0 .95

5 %  C a C l2 a q u e o u s  
so lu tio n

10%  P A C -lo a d e d  
a lg in a te  “ im m e rse d ”

film s  c ro ss - lin k e d  w ith  4 -32 x 10‘3 ° -5 ° - 87 1 1 3  x 10 '3 0 64  ° - 88
2 .5 %  C a C l2 aq u eo u s  

so lu tio n
10%  P A C -lo a d e d  

a lg in a te  “ im m e rse d ”
film s  c ro ss - lin k e d  w ith  4 4 9  x 10 '3 ° -5 ° - 90  0 3 9  x 10'3 ° - 74 0 86

5 %  C a C l2 a q u e o u s  
so lu tio n
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