
CHAPTER V
IN VITRO STUDY OF ELECTROSPUN GELATIN FIBER MATS 

CONTAINING SILVER NANOPARTICLES WITH 
ANTI BACTERIAL ACTIVITY

5.1 Abstract

S ilv e r n a n o p a rtic le s  (n A g ), a p o te n t a n ti-b ac te ria l ag en t, f irs t a p p ea red  in 
th e  0 .7 5 -2 .0 0  w t.%  A g N 0 3 -co n ta in in g  g e la tin  so lu tio n  a f te r  it h ad  b e e n  ag ed  fo r at 
le a s t 12 h, w ith  th e  am o u n t o f  n A g  in c rea s in g  w ith  fu rth e r  in c re a s in g  th e  a g in g  tim e. 
U ltra -f in e  g e la tin  f ib e r  m a ts  w ith  a n ti-b ac te ria l a c tiv ity  ag a in s t so m e  c o m m o n  
b a c te ria  fo u n d  o n  b u rn  w o u n d s  w e re  p rep a red  fro m  th e  g e la tin  so lu tio n  (2 2 %  w /v  in 
70  v o l.%  ace tic  ac id ) co n ta in in g  0 .7 5 -2 .0 0  w t.%  A g N 0 3 . E le c tro sp in n in g  o f  b o th  the  
b a se  and  th e  12 h -ag ed  0 .7 5 -2 .0 0  w t.%  A g N C E -co n ta in in g  g e la tin  so lu tio n s  re su lted  
in  th e  fo rm a tio n  o f  sm o o th  fibers , w ith  th e  a v e ra g e  d ia m e te rs  b e in g  26 0 , 2 4 8 , 226, 
215 and  20 6  nm , resp ec tiv e ly . T h e  av e rag e  d ia m e te rs  o f  th e  a s -fo rm ed  n A g  ran g ed  
b e tw e e n  10 .18 and  12 .80  nm . T h e  n A g -c o n ta in in g  g e la tin  f ib e r  m a ts  w e re  fu rth e r 
c ro ss-lin k ed  w ith  m o is t g lu ta ra ld e h y d e  v a p o r  to  im p ro v e  its  s tab ility  in  an  a q u eo u s  
m ed iu m . T h e  w e ig h t lo ss  and  th e  w a te r  re te n tio n  o f  th e  n A g -c o n ta in in g  g e la tin  fib e r 
m a ts  in  a c e ta te  b u ffe r  (p H  5 .5 ) o r  s im u la ted  b o d y  flu id  (S B F ; p H  7 .4 ) d e c rea sed  w ith  
in c re a s in g  th e  su b m e rs io n  tim e. T h e  re lea se  o f  A g + io n s  fro m  0.5 h -c ro ss -lin k e d  
n A g -c o n ta in in g  g e la tin  f ib e r  m a ts , by  th e  to ta l im m e rs io n  m e th o d  in  th e  a c e ta te  
b u ffe r  and  (a t th e  sk in  te m p e ra tu re  o f  3 2 °C ) o c c u rre d  ra p id ly  d u rin g  th e  f irs t 60  m in  
and  in c re a se d  g ra d u a lly  a f te rw a rd s , w h ile  th a t  in  S B F  (a t th e  p h y s io lo g ic a l 
te m p e ra tu re  o f  3 7 °C ) o ccu rred  le ss  th an  th a t o f  in  a c e ta te  bu ffe r. Z o n e  o f  in h ib itio n  
o f  th e se  m a te ria ls , reg a rd le ss  o f  th e  sam p le  ty p e s , w a s  th e  g re a te s t ag a in s t B a c illu s  
su b tilis , fo llo w ed  by  S ta p h y lo co ccu s  a u reu s , P seu d o m o n a s  a e ru g in o sa , and 
E sch erich ia  co li, re sp ec tiv e ly . F o r  q u an tita tiv e  e v a lu a tio n  w ith  a n tib a c te r ia l a c tiv ity  
o f  th e  0 .7 5 -2 .0 0 %  AgNC>3 - lo ad ed  e -sp u n  G T  fib e rs  m a ts , it is  fo u n d  th a t the  
p e rc e n ta g e  o f  re d u c tio n  reach ed  99  %  w ith  all o f  b ac te ria , in d ic a tin g  th a t th e  silve r 
p a r tic le s  a re  re sp o n s ib le  fo r  th e  an tib ac te ria l ac tiv ity  o f  th e  A g N 0 3-lo ad ed
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e le c tro sp u n  g e la tin  f ib e rs  m a ts  and  th is  a c tiv ity  is q u ite  stron g . F in a lly , th e  p o ten tia l 
fo r  u se  o f  th e  0 .7 5 -1 .0 0 %  A g N 0 3 - lo ad ed  e -sp u n  G T  fib e r m a ts  as w o u n d  d re ss in g s  
w as  a sse sse d  by  in v e s tig a tin g  th e  in d irec t cy to to x ic ity  o f  th e se  m a te r ia ls  and  th e  
re su lts  sh o w ed  th a t th e se  m a te r ia ls  p o sed  no  th re a t to w a rd s  n o rm a l h u m a n  d e rm al 
f ib ro b las ts .

(K ey w o rd s : e lec tro sp in n in g ; f ib ro u s  m em b ran e ; A g  n a n o p a rtic le s ; an tim ic ro b ia l; 
w o u n d  d ress in g )

5.2 Introduction

A  b u rn  is an  in jury cau sed  by  heat, co ld , e lec tric ity , chem icals, light, 
rad ia tio n , o r  friction . B u rn s  can  b e  high ly variab le  in  te rm s o f  th e  tissu e  affec ted , th e  
severity , and  re su lta n t com p lica tion s. M u sc le , b o n e , b loo d  vesse l, and  ep iderm al 
tissu e  can  all be  d am ag ed  w ith  su b seq u en t pain  d u e  to  p ro fo u n d  in ju ry  to  nerve  
end ings. D ep en d in g  o n  th e  lo ca tio n  affected  and th e  d eg ree  o f  severity , a b u rn  v ic tim  
m ay  ex p erien ce  a w id e  nu m b er o f  p o ten tia lly  fa ta l co m p lica tio n s  in c lu d in g  shock , 
in fection , e lec tro ly te  im balance  and re sp ira to ry  d istress. P a tie n ts  w ith  se rio u s 
th e rm al in ju ry  re q u ire  im m ed ia te  specia lized  ca re  in  o rd e r  to  m in im ize m o rb id ity  
and  m orta lity . T he  su rv iva l ra te s  fo r  b u rn  p a tien ts  h av e  im p ro v ed  su b stan tia lly  in  th e  
p a s t  few  d eca d es  d u e  to  ad v an ces  in  m o d e m  m edical c a re  in  specia lized  b u rn  
cen ters . Im p ro v ed  o u tc o m e s  fo r  severe ly  b u rn ed  p a tien ts  h a v e  b een  a ttr ib u te d  to  
m edical ad v an ces  in  flu id  re su sc ita tio n , n u tr itio n a l su p p o rt, p u lm o n a ry  ca re , b u rn  
w o u n d  care , and in fec tio n  co n tro l p rac tic e s  [1], T h e  u se  o f  to p ic a l c h em o th e rap y  has 
b een  fu n d am en ta l in  th a t  re g a rd  and  has h e lp ed  to  im p ro v e  th e  surv ival o f  p a tien ts  
w ith  m a jo r  b u rn s an d  to  m in im ize th e  in c id ence  o f  b u rn  w o u n d  sepsis, a  lead in g  
cau se  o f  m o rta lity  an d  m o rb id ity  in th e se  p a tien ts  [2],

O n e  o f  th e  s tra teg ies  th a t  is gain ing  ren e w e d  a tte n tio n  fo r  co m b a tin g  th e  
th re a t o f  bac te ria l in fec tio n  and  p rev en tin g  w o u n d  sepsis, is th e  u se  o f  n o b le  m eta l 
an tim icrob ia ls  th e  m o s t p rev a len t o f  w h ich  is silver [3], F o r  c en tu rie s  silver has been  
k n o w n  to  have  b ac te ric id a l p ro p e rtie s . A s early  as  1000 B .C ., th e  an tim icrob ia l 
p ro p e rtie s  o f  silver in  ren d e rin g  w a te r  p o tab le  w e re  ap p re c ia te d  [4 ,5 ], S ilver
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co m p o u n d s  hav e  been  ex p lo ited  fo r th e ir  m edicinal p ro p e rtie s  fo r  c en tu rie s  as  w ell
[6], In te re s t in  silver sa lts  o r  silver sa lt so lu tio n s  in th e  tre a tm e n t o f  b u rn  p a tien ts , 
h o w ev er, com p le te ly  d isap p ea red  a ro u n d  th e  S eco n d  W o rld  W a r  [7 ], I t to o k  m any 
years  fo r  in te res t in silver (n itra te )  to  rev ive, u n d e r  th e  s tim u lus o f  a  p u b lica tio n  by 
M o y e r e t al. [8], A t p re sen t, silver h as  reem erg ed  as a  v iab le  tre a tm e n t o p tio n  fo r 
in fec tion s en co u n te red  in b u rn s , o p en  w o u n d s , and  ch ro n ic  u lce rs . S evera l p ro d u c ts  
have in c o rp o ra te d  silver fo r  u se  as a  to p ica l an tib ac te ria l agen t, su ch  as silver n itra te , 
silver su lph ad iaz ine  (S S D ) (F lam m azine™ , S m ith  &  N e p h e w  H e a lth c a re  L im ited , 
H ull, C an ad a) [9], silver su lph ad iaz ine /ch lo rh ex id in e  (S ilverex , M o tif f  L a b o ra to r ie s  
PM. L td . K a re  H ea lth  specialties, V ern a , G o a ), S S D  w ith  ce rium  n itra te  
(F lam m acerium , S olvay, B ru sse ls , B elg ium ), and  silver su lp h ad iaz in e  im p reg n a ted  
lip id oco llo id  w o u n d  d ressin g  U rg o tu l S S D  (L a b o ra to rie s  U rg o , C h en o v e , F ra n c e )  [9-
11]. In  c o n tra s t to  th ese  silver agen ts, new ly  d ev e lo p ed  p ro d u c ts  su c h  as A c tic o a t™  
(W esta im  B iom ed ica l In c ., F o r t S ask a tch ew an , A lberta , C a n a d a )  and  S ilverlon  
(A rg en tu m  M ed ical, L .L .C ., L ak em o n t, G eo rg ia ) , h av e  a m o re  c o n tro lled  and 
p ro lo n g ed  re lease  o f  n an ocrysta lline  silver to  th e  w o u n d  area. A n o th e r  w a y  is to  
co n v ert silver io ns to  silver n an o p aric les  by  u s in g  chem ical re d u c tio n  [1 2 ,1 3 ], u v  
irrad ia tio n  [14], so n o ch em ica l d ep o sitio n  [15] and  e tc . D ress in g  m a te ria l co n ta in in g  
silver n an o p artic le s  can  susta in  re lease  o f  silver. T h ere fo re , th is  m o d e  o f  silver 
delivery  a llow s th e  d ress in g s  to  be  ch an g ed  w ith  less freq u en cy , th e reb y  red u c in g  
risk  o f  in fection , co s t o f  care, fu rth e r  tissu e  d am ag e  and  p a tie n t d isco m fo rt
[4 ],[1 6 ,1 7 ],

E lec tro sp in n in g  (e -sp inn ing ) is a  p ro c e ss  cap ab le  o f  p ro d u c in g  fibers fro m  
m ate ria ls  o f  d iverse  o rig in s, includ ing  po ly m ers, w ith  d iam ete rs  in  th e  n a n o -  to  
m ic ro m e te r  range . A  p o ly m er liquid (i.e ., m elt o r  so lu tio n ) is f irs t lo ad ed  in to  a 
c o n ta in e r  w ith  a sm all o p en in g  (u sed  as th e  n o zz le ) , and  is th en  ch a rg e d  w ith  a  h igh  
e lec trica l p o ten tia l a c ro ss  a  finite d is tan ce  b e tw e e n  th e  n o zz le  and  a g ro u n d e d  
co llec tio n  dev ice. W h en  th e  e lectric  field  in c reases  b ey o n d  a  critica l v a lu e  -  a t w h ich  
th e  rep u ls iv e  e lec trica l fo rc e s  o v e rco m e  th e  su rface  te n s io n  o f  th e  p o ly m eric  liquid 
d ro p le t a t th e  tip  o f  th e  n o zz le  -  a ch a rg ed  je t  is e je c ted  [18], A s th e  j e t  trav e ls  to  th e  
co llec to r, it e ithe r coo ls  d o w n  (in case  o f  th e  m elt)  o r  th e  so lv en t e v a p o ra te s  (in  case  
o f  th e  so lu tio n ) to  o b ta in  u ltra fm e  fibers in th e  fo rm  o f  a n o n -w o v e n  fabric  o n  th e
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co llec to r. T h e  m o rp h o lo g y  o f  th e  e lec tro sp u n  (e -sp u n ) fibers d e p e n d s  on  a n u m b er o f  
fa c to rs , su ch  as so lu tio n  p ro p e rtie s  (e .g ., c o n cen tra tio n , v isco sity , co n d u c tiv ity , 
su rface  ten s io n , e tc .), p ro cess in g  co n d itio n s  (e .g ., e lec trica l p o ten tia l, co llec tio n  
d istance , e tc .) , and am bien t co n d itio n s  (e .g ., tem p e ra tu re , hum id ity , e tc .)  [19 ,20 ], 
S o m e  p o te n tia l u se s  o f  e -sp u n  fibers in  b iom ed ica l fields are , fo r  exam ple, 
im m o b iliza tio n  o f  enzy m es [21], tissu e -en g in ee red  scaffo ld s [2 2 ,2 3 ], and  de livery  
ca rrie rs  fo r  D N A  [24] and  d ru g s  [25-29 ],

B e c a u se  o f  th e  in h e ren t p ro p e rtie s  o f  g e la tin  su ch  as n a tu ra l a b u n d a n c e  and  
in h e re n t b io d e g ra d a b ili ty  in  p h y s io lo g ic a l e n v iro n m e n ts  an d  th e  u n iq u e  
c h a ra c te r is t ic s  o f  th e  e -sp u n  fibers , e -sp u n  g e la tin  f ib e rs  are  id ea l m a te r ia ls  to  be  
u se d  as  sc a ffo ld s  fo r ce ll and  tis su e  cu ltu re , c a rrie rs  fo r  to p ic a l/tra n sd e rm a l d e liv e ry  
o f  d rug s, an d  w o u n d  d re ss in g s . In  th e  p re se n t co n trib u tio n , m a ts  o f  g e la tin  f ib e rs  
co n ta in in g  n A g  w e re  p re p a re d  by  e -sp in n in g  w ith  v a ry in g  th e  a m o u n t o f  AgNC>3 - 
lo ad ed  and  th e se  e -sp u n  f ib e r  m a ts  w e re  p ro p o sed  to  b e  u sed  as  w o u n d  d re ss in g  
p ad s . T he  n A g -c o n ta in in g  g e la tin  fib e r m a ts  w e re  c h a ra c te r iz e d  fo r  th e  re le a se  
ch a ra c te r is tic  o f  th e  a s -lo a d e d  s ilv e r as w e ll as  th e ir  an ti-b a c te ria l a c tiv ity  ag a in s t 
so m e  c o m m o n  b ac te ria  fo u n d  o n  b u rn  w o u n d s . M o re o v e r , th e ir  b io lo g ic a l p ro p e rtie s  
w e re  in v es tig a ted  by  s tu d y in g  th e  c y to to x ic  e ffec t o f  A g N C f- lo a d e d  e -sp u n  fib e rs  
and  ce ll sp re a d in g  o f  n o rm a l h u m a n  d e rm al f ib ro b la s ts  (N H D F ) ce lls  on  m a te r ia l in  
v itro . M o rp h o lo g ie s  o f  th e  ce lls  a ttach ed  o n  th e  f ib e rs  w e re  o b se rv e d  b y  scan n in g  
e le c tro n  m ic ro sc o p e  (S E M ).

5.3 Experimental

5.3 .1  M ate ria ls
G e la tin  p o w d e r  (type A ; p o rc in e  skin; 1 7 0 -1 9 0  B lo o m ) w a s  p u rc h a se d  

f ro m  F lu k a  (S w itze rlan d ). S ilv e r n itra te  (A g N C f; 9 9 .9 9 8 %  p u rity )  w a s  p u rc h a se d  
f ro m  F ish e r  S c ien tif ic  (U S A ). G lac ia l a ce tic  ac id  w a s  p u rc h a se d  f ro m  M a llin c k ro d t 
C h e m ic a ls  (U S A ). A n  a q u e o u s  so lu tio n  o f  g lu ta ra ld e h y d e  (G T A ; 5 .6  M  o r  50  v o l.% ) 
w a s  p u rc h a se d  fro m  F lu k a  (S w itze rlan d ). S o d iu m  ace ta te , S o d iu m  C h lo rid e  (N aC l), 
S o d iu m  h y d ro g e n  c a rb o n a te  (N aH C C f) , P o ta s s iu m  C h lo r id e  (K C1), M a g n e s iu m
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C h lo rid e  (M g C l2.6 H 2 0 ) ,  M ag n es iu m  C h lo rid e  (M g C l2.6H 20 ) ,  H y d ro c h lo r ic  (HC1), 
C a lc iu m  C h lo rid e  (C a C l2) and  T R IS  (N a 2 ร 0 4 (C H 2 0 H ) 3 C N H 2)  w e re  p u rch ased  fro m  
A ja x  C h em ica ls , A u stra lia . A ll ch em ica ls  w e re  o f  an a ly tica l re a g e n t g ra d e  and  u sed  
w ith o u t fu rth e r  p u rifica tio n .

5 .3 .2  P re p a ra tio n  and  ch a ra c te r iz a tio n  o f  g e la tin  so lu tio n s  c o n ta in in g  n A g  
N e a t and  A g N 0 3 -c o n ta in in g  e -sp u n  fib e r m a ts  w e re  p re p a re d  as

p re v io u s ly  d e sc rib ed  [30], B rie fly , A g N 0 3 w as  f irs t d isso lv ed  in  a  q u a n tity  o f  7 0 :3 0  
v /v  g lac ia l ace tic  a c id /d is tille d  w a te r. A  m e te red  w e ig h t o f  g e la tin  p o w d e r  w as  th en  
ad d ed  in to  th e  a s -p re p a re d  A gN C >3 so lu tion . S lig h t s tirring  w a s  u sed  to  ex p ed ite  th e  
d isso lu tio n  and  h o m o g e n iz e  th e  so lu tion . T h e  co n c e n tra tio n  o f  th e  b a se  g e la tin  
so lu tio n  w a s  fixed  a t 2 2 %  w /v  (based  on  th e  v o lu m e  o f  th e  m ix ed  so lv e n t)  and th e  
am o u n t o f  A gN C >3 w a s  v a ried  a t 0 .7 5 -2 .0 0 %  พ /พ  (based  o n  th e  w e ig h t o f  th e  g e la tin  
p o w d e r) . T o  in v e s tig a te  th e  e f fe c t o f  a g in g  tim e  on  th e  fo rm a tio n  o f  nA g, th e  
A g N C V c o n ta in in g  g e la tin  so lu tio n  w as  aged , w h ile  b e in g  s tirred , fo r  d iffe re n t tim e  
in te rv a ls . 12 hr. o f  th e  aged  A g N C V c o n ta in in g  g e la tin  so lu tio n s  w e re  c h a ra c te r iz e d  
fo r  th e  sh ea r v isc o s ity  and  th e  c o n d u c tiv ity  u s in g  a B ro o k fie ld  D V -III  p ro g ra m m a b le  
rh e o m e te r  and a  S U N T E X  S C - 170 co n d u c tiv ity  m eter. T h e  e x is ten c e  o f  th e  as- 
fo rm e d  n A g  in th e  a s-ag ed  A g N C V c o n ta in in g  g e la tin  so lu tio n s  w as  c o n firm ed  b y  
m o n ito rin g  th e  su rfa c e  p la sm o n  ab so rp tio n  b an d  u s in g  a S h im ad zu  U V -2 5 5 0  บ V - 
v is ib le  sp e c tro p h o to m e te r.

5 .3 .3  P re p a ra tio n  o f  n e a t and  n A g -c o n ta in in g  e -sp u n  g e la tin  f ib e r  m a ts
5 .3 .3 .1  E -sp in n in g

T he  b a se  g e la tin  so lu tio n  and  th e  0 .7 5 -2 .0 0 %  A g N C V  
c o n ta in in g  g e la tin  so lu tio n  th a t  h ad  b een  ag ed  fo r  12 h r w e re  fa b r ic a te d  in to  n ea t and  
n A g -c o n ta in in g  g e la tin  fiber m a ts  by  e -sp in n in g . F irs tly , e a c h  o f  th e  a s -p rep a red  
so lu tio n s  w a s  lo ad ed  in  a  s tan d ard  10-m L  g la ss  sy rin ge , th e  o p e n  end o f  w h ic h  w a s  
a tta ch ed  w ith  a b lu n t g a u g e -2 0  sta in le ss  s tee l h y p o d e rm ic  n e e d le  (O D  =  0 .91 m m ), 
u se d  as th e  no zzle . B o th  th e  sy rin g e  an d  th e  n eed le  w e re  tilte d  ~45°c fro m  a 
h o riz o n ta l b ase lin e . A  p ie c e  o f  a lu m in u m  (A l) sh ee t w ra p p e d  a ro u n d  a  ro ta tin g  
c y lin d e r  (O D  and  w id th  พ 15 cm ; - 5 0 - 6 0  rp m ) w a s  u sed  as  th e  c o lle c tin g  dev ice . A  
G a m m a  H ig h -V o lta g e  R ese a rc h  E S 3 0 P -5 W  D C  p o w e r  su p p ly  (F lo rid a , U S A ) w as
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u sed  to  ch arg e  th e  so lu tio n  by  a tta c h in g  th e  e m ittin g  e le c tro d e  o f  p o s itiv e  p o la r ity  to  
th e  n o zz le  and  th e  g ro u n d in g  o n e  to  th e  c o lle c tin g  dev ice . A  fix ed  e lec tric a l p o te n tia l 
o f  15 k v  w as  ap p lied  ac ro ss  a fixed  d is tan ce  b e tw e e n  th e  tip  o f  th e  n e ed le  an d  the  
o u te r  su rface  o f  th e  c o lle c tin g  d e v ic e  ( i . e c o l l e c t i o n  d is tan ce , m ea su re d  a t r ig h t 
ang le  to  th e  su rfa c e  o f  th e  co lle c tin g  d ev ice ) o f  2 0  cm . T h e  e -sp u n  f ib e r  m a ts  w e re  
co lle c ted  co n tin u o u s ly  fo r  48  hr. T h e  th ic k n e ss  o f  th e  n e a t and  th e  n A g -c o n ta in in g  
g e la tin  f ib e r m a ts  w a s  m easu red  by  a M itu to y o  d ig ita l m ic ro m e te r .

5 .3 .3 .2  C ro ss-lin k in g
C ro ss - lin k in g  o f  b o th  th e  n e a t and th e  n A g -c o n ta in in g  g e la tin  

f ib e r m a ts  w as  c a rrie d  o u t by  c la m p in g  each  o f  th e  f ib e r m a t sam p le s  b e tw e e n  a  p a ir  
o f  su p p o rtin g  s ta in le ss  s tee l fram es (4 .5  cm  X 10 cm ) w ith  ad h e s iv e  ta p e s  in  a sea led  
c h am b er sa tu ra ted  w ith  th e  v a p o r  fro m  20  m l o f  th e  a s -rece iv ed  G T A  a q u e o u s  
so lu tio n . T he  te m p e ra tu re  o f  th e  ch a m b e r  w a s  m a in ta in ed  a t 37°c an d  each  f ib e r  m at 
sam p le  w as  e x p o se d  to  th e  m o is t G T A  v a p o r  fo r  0.5  hr. A f te r  ex p o su re , th e  sam p le  
w as  h e a t- tre a te d  in  a  h ea tin g  o v en  a t 110°c fo r  24  h to  e n h an ce  th e  c ro ss -lin k in g  
re a c tio n  and  to  re m o v e  m o st, i f  n o t all, o f  th e  u n re a c te d  G T A .

T o  assess  th e  ex te n t o f  c ro ss-lin k in g , sp e c im e n s  fro m  b o th  th e  
n ea t an d  th e  n A g -c o n ta in in g  g e la tin  f ib e r  m a t sam p le s  (c irc u la r  d isc s  o f  ~ 1 .5  cm  in  
d ia m e te r)  w e re  w e ig h e d  an d  th e n  su b m erg e d  in  ac e ta te  b u ffe r  a q u e o u s  so lu tio n  (p H  
5.5, a t th e  sk in  te m p e ra tu re  o f  3 2 °C ), o r  s im u la ted  b o d y  f lu id  (S B F ; p H  7 .4 , a t th e  
p h y s io lo g ica l te m p e ra tu re  o f  3 7 °C ) fo r  v a r io u s  su b m e rs io n  tim e  in te rv a ls . T h e  
w e ig h t lo ss  and  th e  w a te r  re te n tio n  o f  th e se  sp e c im e n s  w e re  d e te rm in e d  a c c o rd in g  to  
th e  fo llo w in g  eq u a tio n s:

W e ig h t lo ss  (% ) =  — l - x i o o , (1 )

W a te r  re te n tio n  (% ) =  M ~ ^ d. X100 ,Ms (2 )

w h e re  M  is th e  w e ig h t o f  e a c h  sp e c im e n  a f te r  su b m e rs io n  in  th e  m e d iu m  a t each  
su b m e rs io n  tim e  p o in t, Mi is  th e  w e ig h t o f  th e  sp ec im e n  in  its  d ry  s ta te  a fte r  
su b m ers io n  in  th e  m e d iu m  a t each  su b m ers io n  t im e  po in t, and  Mi is th e  in itia l w e ig h t 
o f  th e  sp ec im e n  in  its  d ry  state .

5 .3 .4  C h a ra c te riz a tio n
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T he m o rp h o lo g ic a l ap p ea ran ce  o f  b o th  n ea t and  n A g -c o n ta in in g  
g e la tin  f ib e r  m ats  w a s  o b se rv ed  by  a scan n in g  e le c tro n  m ic ro sc o p e  (S E M ; JE O L  
JS M -6 4 0 0 ). T he  e le c tro sp u n  m a ts  w e re  sp u tte red  w ith  a th in  la y e r  o f  g o ld  p r io r  to  
S E M  o b se rv a tio n . B a se d  o n  th e se  S E M  im ag es, th e  av e rag e  d ia m e te r  o f  th e  a s-sp u n  
fib e rs  and  av e rag e  s iz e  o f  th e  b e a d s  ( i f  any ) co u ld  b e  m easu red . T he  re su lts  w e re  
re p o rte d  as av e rag e  v a lu e s  f ro m  a t le a s t 100 m easu rem en ts . T h e  n e a t an d  th e  n A g - 
co n ta in in g  g e la tin  f ib e r  m a ts  w e re  ex am in ed  e ith e r  q u a lita tiv e ly  o r  q u a n tita tiv e ly  fo r  
th e  a s -fo rm ed  nA g  b y  a JE O L  JE M -2 1 0 0  tra n sm iss io n  e le c tro n  m ic ro sc o p e  (T E M ). 
T h e  av e ra g e  d ia m e te rs  o f  th e  a s -fo rm ed  n A g  w e re  d e te rm in ed  fro m  T E M  im ag es, 
u s in g  c u s to m -c o d e  im a g e  an a ly tic a l so ftw are . M e c h a n ic a l in te g r ity  o f  th e  e -sp u n  
fib e r m a t sam p les  w ith  o r  w ith o u t im m ers io n  in  a ce ta te  b u ffe r  fo r  1 d ay  w a s  
ev a lu a ted  b y  a  L lo y d  L R X  u n iv e rsa l te s tin g  m a c h in e  w ith  500  N  load , 30  m m  g au g e  
le n g th  an d  10 m m -m in '1 c ro ss -h e a d  sp eed  a t a m b ie n t co n d itio n s . T h e  sp e c im e n s  o f  
th ic k n e ss  a b o u t 16 0± 20  p m  w e re  cu t f ro m  th e  e -sp u n  f ib e r m a t sa m p le s  ( re c ta n g u la r  
shape; 70  m m  X 10 m m ). A t le a s t 10 sp ec im en s fo r  each  sam p le  ty p e  w e re  te s ted .

5 .3 .5  L o ad in g  cap a c ity  an d  re le a se  c h a rac te r is tic  o f  a s -lo a d e d  s ilv e r
P rio r to  th e  re le a se  assay , th e  ac tu a l a m o u n t o f  s ilv e r (e ith e r  in  th e  

fo rm  o f  e lem en ta l A g° o r A g + io n s) in  th e  u n c ro ss -l in k e d  n A g -c o n ta in in g  g e la tin  
f ib e r  m a t sp ec im e n s  (c irc u la r  d isc ; 1.5 cm  in  d ia m e te r)  and th e  fo rm  o f  s ilv e r  (e ith e r 
e lem en ta l A g° o r A g + io n s) th a t w a s  re lea sed  f ro m  th e  sp e c im e n s  n e e d e d  to  be  
d e te rm in ed . T he  a c tu a l am o u n t o f  s ilv e r w a s  q u a n tif ie d  by  d is so lv in g  th e  sp ec im e n s  
in  5 m L  o f  69%  n itr ic  ac id  (H N O 3 ), fo llo w ed  b y  th e  a d d it io n  o f  th e  re le a s in g  
m ed iu m  (a c e ta te  b u ffe r, o r  S B F ) to  a tta in  th e  to ta l v o lu m e  o f  50  m L . A fte r  th a t, each  
o f  th e  s ilv e r-c o n ta in in g  so lu tio n s  w a s  q u an tified  fo r  th e  am o u n t o f  s ilv e r b y  a  V a r ia n  
S p e c trA A -3 0 0  a to m ic  a b so rp tio n  sp e c tro sc o p e  (A A S ). T he  re su lts  w e re  re p o r te d  as 
av e rag e  v a lu e s  fro m  a t le a s t th re e  m easu rem en ts .

T he re le a s e  c h a ra c te r is tic  o f  s ilv e r f ro m  th e  n A g -c o n ta in in g  g e la tin  
f ib e r  m a ts  th a t had  b e e n  e x p o se d  to  th e  G T A  v a p o r  fo r  0.5 h r  w a s  a sse ssed  in  ac e ta te  
b u ffe r  o r  S B F  as th e  re le a s in g  m ed iu m . T h e  sp e c im e n s  c u t f ro m  th e  f ib e r  m a t 
sam p le s  (c irc u la r  d isc ; 1.5 cm  in d ia m e te r)  w e re  im m ersed  in  50  m L  o f  th e  re le a s in g  
m ed iu m  a t th e  sk in  o r  th e  p h y s io lo g ica l te m p e ra tu re  o f  32  o r  37°c, re sp ec tiv e ly ,
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d ep en d in g  o n  th e  ty p e  o f  th e  re leas in g  m ed iu m  ( i.e ., 32°c fo r  a c e ta te  b u ffe r  and  
37°c fo r  S B F ). A t a  sp ec ified  im m e rs io n  p e rio d  ra n g in g  b e tw e e n  0 an d  7 d, th e  
re leas in g  m ed iu m  w a s  q u an tified  fo r th e  am o u n t o f  th e  re le a se d  s ilv e r, u s in g  A A S . 
A t each  t im e  po in t, th e  m e asu rem e n ts  w e re  ca rried  o u t in  tr ip lic a te . T h e  o b ta in ed  
d a ta  w e re  c a re fu lly  ca lcu la ted  to  o b ta in  th e  c u m u la tiv e  am o u n t o f  th e  re le a se d  silver. 
T h e  c u m u la tiv e  re lea se  p ro f ile s  o f  s ilv e r w e re  e x p re sse d  b ased  on  e ith e r  th e  u n it 
w e ig h t o f  th e  sp ec im e n s  o r  th e  un it w e ig h t o f  th e  ac tu a l am o u n t o f  s ilv e r  in  th e  
spec im ens.

5 .3 .6  A n ti-b a c te ria l ev a lu a tio n
5 .3 .6 .1  Z one o f  in h ib ition  o r  C lea r  zo n e

T he  a n ti-b ac te ria l a c tiv ity  o f  th e  e -sp u n  fib e r m a ts  fro m  th e  
b a se  g e la tin  so lu tio n  and  th e  12 h -ag ed  AgNC>3 -c o n ta in in g  g e la tin  so lu tio n  a f te r  
c ro ss -lin k in g  w ith  th e  m o is t G T A  v a p o r  fo r  0 .5  h  w a s  te s te d  ag a in s t a e ro b ic  b a c te r ia  
co m m o n ly  fo u n d  o n  b u rn  w o u n d s , i.e ., E sch erich ia  co li  (G ra m -n e g a tiv e ; A T C C  
2 5 9 2 2 ), P seu d o m o n a s a e ro g in o sa  (G ra m -n eg a tiv e ; A T C C  2 7 8 5 3 ), S ta p h y lo c o c c u s  
a u reu s  (G ra m -p o s itiv e ; A T C C  2 5 0 2 3 ) and  B a c illlu s  su b tilis  (G ra m -p o s itiv e ; A T C C  
66 3 3 ). T he  a sse ssm e n t w a s  co n d u c ted  b a sed  on  th e  d isc  d iffu s io n  m e th o d  o f  th e  U S  
C lin ica l and  L a b o ra to ry  S tan d a rd s  In s titu te  (C L S I).

B o th  o f  th e  n ea t and  th e  0 .7 5 -2 .0 0 %  A g N 0 3 - lo ad ed  g e la tin  
f ib e rs  w e re  cu t in to  c ircu la r  d iscs (1 .5  cm  in d ia m e te r)  and  s te riliz ed  w ith  a lc o h o l 
7 0 %  w ith  3 0  m in  and  th e n  tre a te d  w ith  s te rilized  d is tilled  w a te r  b e fo re  u se d  and  le t 
th e  sam p le  to  dry in  th e  air. F u r th e rm o re  th e  v a n c o m y c in  w a s  u se d  as  a n tib a c te r ia l 
d ru g  o f  S ta p h y lo co ccu s a u reu s  and  B a c illlu s  su b tilis . G en tam ic in  w a s  u se d  as  
an tib ac te ria l d ru g  o f  E sch erich ia  co li  an d  P seu d o m o n a s  a e ro g in o sa .  E a c h  o f  th e  
sp ec im e n s  an d  th e  d ru g  w e re  p laced  on  th e  to p  o f  D ifc o ™  M u e lle r  H in to n  A g a r  in  a  
P e tr i  d ish  an d  th e n  in cu b a ted  a t 37  °c fo r  24 hr. F in a lly , th e  c lea r  z o n e  in  ag a r p la te  
w a s  p h o to g ra p h e d  to  e v a lu a te  th e  an tib ac te ria l a c tiv ity  each  sp ec im e n s . I f  in h ib ito ry  
c o n c e n tra tio n s  are  reach ed , th e re  w o u ld  b e  no  g ro w th  o f  th e  m ic ro b e s , w h ic h  c a n  b e  
se e n  as a c lea r  zo n e  a roun d  th e  d isc  spec im en .
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5 .3 .6 .2  A A T C C  T est M e th o d  100  (A n tib a c te r ia l F in ish es  on  Textile  
M a te r ia ls :  A sse ssm en t o f  The A m erica n  A sso c ia tio n  o f  T extile C h em ists  a n d  
C o lo ris ts)  o r  C o lo n ie s  cou n t

T h is  te s t m e th o d  p ro v id e s  a  q u a n tita t iv e  p ro c e d u re  fo r  
e v a lu a tio n  o f  th e  d e g re e  o f  a n tib ac te ria l ac tiv ity . B a c te ric id a l a c tiv ity  is in ten d ed  o r 
im p lied , q u a n tita tiv e  e v a lu a tio n  is nece ssa ry . Q u a n tita tiv e  e v a lu a tio n  a lso  p ro v id ed  a 
c le a re r  fo r  p o ss ib le  u se s  o f  su ch  tre a te d  te x tile  m ateria ls .

S am p les  w e re  cu t in  re c ta n g u la r  sh ap e  an d  s te riliz ed  w ith  
a lc o h o l 7 0 %  w ith  30  m in  and  th en  tre a te d  w ith  s te rilized  d is tilled  w a te r  b e fo re  u sed  
and  le t th e  sa m p le  to  d ry  in  th e  air. T he n u m b e r  o f  sam p le s  to  b e  u se d  is d e p e n d e n t 
o n  th e  f ib e r  ty p e  and  fa b ric  co n s tru c tio n . In  th is  w o rk , th e  sa m p le s  in  re c ta n g u la r  
sh ap e  (~  0.1 g  o r  - 3 .5 x 3 .5  cm ) o f  G T /A g N 0 3  e le c tro sp u n  fib e rs  m a ts  w ill ab so rb  th e  
1.0 m l o f  c u ltu re  m ed iu m  (1 0 5 C F U /m l), and  le a v e  no  free  liq u id  in  th e  sm all p la s tic  
bag . T h en  th e se  sam p le s  b ro u g h t in to  in c u b a to r  at 3 7 ° c  fo r  24  hr. F o r  co n tro l (n e a t 
G T ), sam ple  a lso  cu t in  re c ta n g u la r  shap e  (0.1 g )  o f  p u re  G T  e le c tro sp u n  fib e rs  m a ts  
w ill ab so rb  th e  1.0 m l o f  cu ltu re  m ed ium , an d  le av e  no  free  liq u id  in  th e  sm all p la s tic  
b a g  and  th e n  b ro u g h t th e se  sam p les  in to  in c u b a to r  (37°C ) fo r  2 4  hr. A f te r  24  h r 
in cu b a tio n , th e  b ac te ria  w e re  e lu ted  fro m  th e  sam ples. T h e se  sa m p le s  tra n s fe rre d  in to  
th e  f la sk  w ith  sc re w  cap  c o n ta in in g  100 m l o f  s te rilized  d is tilled  w a te r  and  sh ak e  th e  
f la sk s  v ig o ro u s ly  fo r  5 m in u tes , m ak e  se ria l d ilu tio n s  w ith  s te r iliz e d  d is tilled  w a te r  
and  sp ira l o n  p la te s  (in  tr ip lic a te )  on  n u tr ie n t agar. T h ese  p a la te s  b ro u g h t in to  
in c u b a to r  at 3 7 ° c  fo r  24  hr. F in a lly , th e  co lo n ie s  on  a g a r  p la te  w e re  p h o to g ra p h e d  
and  co u n t to  e v a lu a te  th e  an tib ac te ria l ac tiv ity . T h e  n u m b e r  o f  b a c te r ia  p re se n t in  th is  
liq u id  (o n  a g a r  p la te )  is  d e te rm in ed , an d  th e  p e rc e n ta g e  re d u c tio n  b y  th e  tre a te d  
sp e c im e n  w a s  ca lcu la ted .

E va lu a tio n
R e p o rt b ac te ria l c o u n ts  as th e  n u m b e r o f  b ac te ria  p e r  sam p le  n o t as  th e  

n u m b e r  o f  b a c te r ia  p e r  m l o f  n eu tra liz in g  so lu tio n
C a lc u la te  p e rc e n t red u c tio n  o f  b a c te ria  by  th e  sp e c im e n  tre a tm e n ts  b y  o n e  o f  

th e  fo llo w in g  fo rm u las:
10 0 (B -A )/B  =  R

W h ere :



R = % reduction
A = the number of bacteria recovered from the incubated treated test specimen 
(GT/AgNOs) after 37°c for 24 hr
B = the number of bacteria recovered from the incubated untreated control specimen 
(Neat GT) after incubation at 37°c for 24 hr

5.3.7 Indirect cytotoxicity evaluation
The indirect cytotoxicity evaluation of the 0.75-2.00% AgNC>3 -loaded 

electrospun gelatin fiber mats after crosslinked with GTA vapor for 0.5 hr was 
conducted in adaptation from the ISO 10993-5 standard test method in a 96-well 
tissue-culture polystyrene plate (TOPS; NunclonTM, Denmark) using normal human 
dermal fibroblasts (NHDF; twelfth passage) as reference. That of the neat gelatin 
fiber mats after crosslinked with GTA vapor for 0.5 hr was also conducted for 
comparison purpose. The cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Invitrogen Corp., USA), supplemented by 10% fetal bovine serum 
(FBS; Invitrogen Corp., USA), 1% L-glutamine (Invitrogen Corp., USA) and 1% 
antibiotic and antimycotic formulation [containing penicillin G sodium, streptomycin 
sulfate, and amphotericin B (Invitrogen Corp., USA)].

The thickness of the fibers was 150 ± 20 pm. Both the neat gelatin 
fiber mats and 0.75-2.00% AgNCE-loaded electrospun gelatin fiber mats specimens 
(circular discs; 15 mm in diameter) were pre-washed with 70% ethanol for 30 min, 
washed with autoclaved distilled water two times and left the sample to dry. The 
specimens were then immersed in serum-free medium (SFM; containing DMEM, 
1% L-glutamine, 1% lactabumin, and 1% antibiotic and antimycotic formulation) for 
24 hr in incubation to produce extraction media of varying concentration (i.e., 10, 5, 
and 0.5 mg.mL'1). NHDF were separately cultured in wells o f TCPS at 8,000 
cells/well in serum-containing DMEM for 24 hr to allow cell attachment. The cells 
were then starved with SFM for 24 hr. After that, the medium was replaced with an 
extraction medium and cells were re-incubated for 24 hr. Finally, the viability o f the 
cells cultured by each of the extraction media was determined with 3-(4,5- 
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay, with the 
viability of the cells cultured by fresh SFM being used as control.
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The MTT assay is based on the reduction of the yellow tétrazolium 
salt to purple formazan crystals by dehydrogenase enzymes secreted from the 
mitochondria of metabolically-active cells. The amount of purple formazan crystals 
formed is proportional to the number of viable cells. First, each culture medium was 
aspirated and replaced with 25 pL/well of MTT solution at 5 mgDmL'1 for a 96-well 
TCPS. Secondly, the plate was incubated for 2 hr at 37°c. The solution was then 
aspirated and 100 pL/well of DMSO was added to dissolve the formazan crystals. 
Finally, after 3 min of rotary agitation, the absorbance at the wavelength o f 550 nm 
representing the viability of the cells was measured using a SpectraMax M2 
microplate reader.

5.3.8 Cell attachment and morphological observation of cultured cells
In these experiments, both the neat gelatin fiber mats and 0.75-2.00% 

AgNC>3 -loaded electrospun gelatin fiber mats specimens (circular discs; 1.5 cm in 
diameter) were pre-washed with 70% ethanol for 30 min, washed with autoclaved 
distilled water two times and left the sample to dry. Thereafter it was immersed with 
500 (ft of culture media (DMEM) for 24 hr into each well of the 24-well plate. For 
attachment study, 4.0x1 o4 of normal human dermal fibroblasts cells were seeded into 
each well of the culture plate and allowed to attach to the neat gelatin fiber mats and 
0.75-2.00% AgNC>3 -loaded electrospun gelatin fiber mats for 1 and 7 d. After 1 and 
7 d, the culture medium was removed and then the cell-cultured electrospun fiber 
mats specimens were rinsed with PBS, the cells were then fixed with 500 pl/well of 
3% glutaraldehyde solution (Electron Microscopy Science, USA). After 30 min, they 
were rinsed with PBS twice. After cell fixation, the specimens were dehydrated in an 
ethanol solution of varying concentration (i.e. 30, 50, 70, 90, and 100%, 
respectively) for about 2 min at each concentration. The specimens were then dried 
in 100% hexamethyldisilazane (HMDS; Sigma, USA) for 5 min and later let dry in 
air after removal of HMDS. After completely dried, the specimens will be mounted 
on an SEM stub, coated with gold, and observed by SEM.

5.3.9 Statistical Analysis
All the quantitative values were expressed as a mean ± standard 

deviation. Statistical comparisons were performed using one-way ANOVA with
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SPSS 13.0 for Windows software (SPSS Inc., USA), p  values <0.05 were considered 
statistically significant (ท=3 for indirect cytotoxicity evaluation).

5 .4  R esu lts  an d  D iscu ssio n

5.4.1 Formation of nAg in gelatin solutions and effect of aging time
The reduction of Ag+ ions into elemental Ag° (i.e., nAg) in the 

AgNCb-containing gelatin solutions at different aging times could be visualized from 
changes in the color o f the solutions, i.e., from light yellow of the neat solution to 
brown of the 1 d-aged AgN0 3 -containing solution to dark brown of the 10 d-aged 
AgNCE-containing solution. Figure 5.1 shows UV-visible absorption spectra of both 
the base gelatin solution and the 0.75-2.00 wt.% AgNCb-containing gelatin solutions 
that had been aged for various time intervals after preparation. No absorption of any 
kind was observed for the base gelatin solution. The surface plasmon absorption 
bands, centering around 420-430 nm, were first observed for the AgNCE-containing 
gelatin solutions that had been aged for at least 12 h. Evidently, an increase in the 
aging time resulted in the observed increase in the intensity of the bands to gradually 
reach a plateau value at a long aging time (i.e., 7 d). This indicated that the amount 
of Ag+ ions that was converted into nAg increased with an increase in the aging time 
and it is postulated that, at 7 d of aging, almost all of the Ag+ ions were converted 
into nAg. Presumably from the relative constancy in the positions of the bands at 
different aging times, the average size of the nAg that were formed at different aging 
times was relatively the same. The possible mechanism of the silver nanoparticles 
formation was discussed in our previous [30],

Prior to e-spinning, the base gelatin and some of the 0.75-2.00% 
AgNCE-containing gelatin solutions that had been 12 h-aged were measured for their 
shear viscosity and the conductivity and the results are summarized in Table 5.1. At 
a given aging time, the shear viscosity of the neat and the 0.75-2.00% AgNCh- 
containing gelatin solutions was essentially similar, while the conductivity of the 
0.75-2.00% AgNCE-containing gelatin solution was greater than that of the base 
gelatin solution and increased with increasing the amount of AgNC>3 content, 
obviously a result of the presence o f Ag+ and NO3 - ions in the solution.
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5.4.2 Neat and nAg-loaded e-spun gelatin fiber mats
5 .4 .2 .1 M orphology before an d  after cross-linking treatm ent

Table 5.2 shows selected SEM and TEM images of the e-spun 
fiber mats from both the base and the 12 h-aged 0.75-2.00% AgNCVcontaining 
gelatin solutions. Only cross-sectionally round fibers without the presence of beads 
were obtained. The diameters of the individual fibers obtained from these solutions 
were shown in Table 5.3. Electrospinning of the base and the 12 h-aged 0.75-2.00 
wt.% AgN0 3 -containing gelatin solutions resulted in the formation of smooth fibers, 
with the average diameters being 260.15 ± 45, 247.76 ะ!ะ 38, 225.79 ± 35, 214.95 ± 
39 and 206.25 ะ!ะ 36 nm, respectively. Comparatively, Rujitanaroj [30] reported that 
the diameters of the neat and the 2.5% AgNCVloaded GT fibers ranged between 280 
and 230 nm, respectively. Apparently, nAg were distributed throughout the fibers, 
the average diameters of these particles ranged between 10.00 and 13.00 nm. 
However, it should be emphasized that, at 12 h of aging, silver was present both as 
the Ag+ ions and the elemental Ag°, but, for convenience, nAg was used in a ‘loose’ 
term to denote both forms of silver that were present in the e-spun fiber.

Since gelatin is water-soluble, an e-spun gelatin fiber mat can 
easily dissolve either partially or completely to lose its fibrous structure when 
coming into contact with an aqueous medium or partially dissolve to lose its fibrous 
structure upon an exposure to a high humidity ambient, e.g., 80-90%, for a certain 
period of time [31], To extend its use in applications that require an exposure to an 
aqueous medium or a high humidity, further cross-linking of the e-spun gelatin fiber 
mat is necessary. Among the various chemical systems used to cross-link an e-spun 
gelatin fiber mat (e.g., HDMI [33], EDC [34], and GTA vapor [31,32] GTA is 
seemingly the most suitable one, as it is economical and does not compromise the 
fibrous structure of the e-spun membrane. Here, the neat and the nAg-containing e- 
spun gelatin fiber mats were further cross-linked by saturated vapor from 50 vol.% 
GTA aqueous solution for either 0.5 h, followed by a heat treatment at 110°c for 24 
h. Cross-linking treatment in this matter did not affect the amount of nAg in the 
cross-linked e-spun fiber mats.
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Table 5.2 shows selected SEM images of the e-spun fiber 
mats from both the neat and the 12 h-aged 0.75-2.00% AgN03-containing gelatin 
solutions after having been cross-linked with the moist GTA vapor for either 0.5 h. 
Evidently, exposing the fiber mats in the chamber caused some fibers to fuse to one 
another at touching points, a result of the partial dissolution o f the fiber segments 
when they came into contact with the moisture-rich GTA vapor. In addition, both the 
neat and the nAg-containing e-spun gelatin fiber mats, after cross-linking, changed 
their color from white to brown (for the fiber mats that had been cross-linked for 0.5 
h) and slightly shrunk from their original dimensions. The change in color of gelatin 
upon cross-linking with GTA is caused by the formation of aldimine linkages (- 
CH=N-) between the free amino groups of lysine or hydroxylysine amino acid 
residues of the protein and the aldehyde groups of GTA [35,36], Moreover, the 
shrinkage of the fiber mats is responsible for the observed decrease in the size of 
inter-fibrous pores (see Table 5.2) as well as the observed decrease in the thickness 
of the fiber mats and the observed increase in the diameters of the individual fibers 
(see Table 5.3).

5.4.2 .2  W eight loss an d  w ater retention behavior
To assess the degree of cross-linking, both the neat and the 

nAg-containing e-spun gelatin fiber mats that had been cross-linked with the moist 
GTA vapor for either 0.5 h were investigated for weight loss and water retention 
behavior after submersion in acetate buffer, or SBF for various submersion time 
intervals (i.e., 1, 3, 5, and 7 d). The results of such analyses are available as shown in 
Figure 5.2 and Figure 5.3. For a given exposure time in the cross-linking chamber 
and a given type of medium, the weight loss and the water retention ability for both 
types of the e-spun gelatin fiber mats increased with an increase in the submersion 
time. At any given submersion time, both the weight loss and the water retention of 
the fiber mat samples was the greatest when they were submerged in the acetate 
buffer. Though not shown, the physical integrity of the neat and the 0.75-2.00% 
AgNCE-loaded e-spun GT fiber mats were retained after submersion in the medium 
at 32 °c and 37 °c for 7 d.

5.4.2 .3  M echanical integrity
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In the wound dressing material containing Ag nanoparticles, 
the Ag will be released in the aqueous state, so for the mechanical properties 
measurement, all of specimens were submerged in acetate buffered solution (at the 
skin temperature of 32°c, pH 5.5) for 1 day to obtain swelling specimens. The 
results on the mechanical assessment of both the neat and the nAg-containing e-spun 
gelatin fiber mats that had been cross-linked for 0.5 h are presented in Table 5.4. 
Before submersion in acetate buffer, both the neat and the 0.75-2.00% AgNC>3 - 
loaded e-spun GT fibers mats have comparable valued of strain at maximum load 
(%), stress at maximum load (MPa), strain at break (%) and tensile strength (MPa) 
with 8.00-10.00%, 14.50-17.50 MPa, 8.00-10.0% and 4.00-6.00 MPa, respectively. 
On the other hands, both the strain at break and the strain at maximum load of the 
neat gelatin fiber mat and 0.75-2.00% AgN0 3 -loaded gelatin fiber mat samples were 
increased after submerged in acetate buffer from 8.00-10.0% and 8.00-10.00% to 45- 
65% and 45-66%, respectively due to water retention behavior and elasticity o f e- 
spun at wet state. Tensile strength and stress at maximum load of the neat gelatin 
fiber mat and AgN0 3 -loaded gelatin fiber mat samples were decreased after 
immersion in acetate buffer from 4.00-6.00 MPa and 14.50-17.50 MPa to 0.36-0.45 
MPa and 1.18-1.68 MPa due to the weight loss behaviors and the release 
characteristic o f silver from the nAg-containing e-spun gelatin fiber mats.

5.4 .2 .4  R elease characteristic o f  silver
Prior to investigating the release characteristic o f silver from 

the nAg-containing e-spun gelatin fiber mats that had been cross-linked for 0.5 h, the 
actual amount and the form of silver that was released from the materials needed to 
be identified. To determine the amount of silver in these samples, the uncross-linked 
fiber mat specimens which had been prepared from the gelatin solution containing
0.75-2.00 wt.% AgNC>3 were first dissolved in 5 mL of 69% HNO3 , followed by the 
addition of an appropriate releasing medium (i.e., acetate buffer, or SBF) to attain 
the final volume of 50 mL. The obtained silver-containing solutions in such media 
were then determined for the actual contents of the as-loaded silver by means of 
AAS as shown in Table 5.5.
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These nAg-containing fibrous materials were prepared from 
the gelatin solution containing 0.75-2.00% wt.% AgNC>3 that had been aged for 12 h 
prior to e-spinning. At 12 h o f aging, silver was present both in the ionic and the 
metallic nanoparticle forms, as previously discussed. Some of these ions were 
reduced into elemental Ag° upon aging. Evidently, the amounts of both the remnant 
Ag+ ions (the ones that remained in the ionic form) and the Ag+ ions that resulted 
from the dissolution of the as-formed elemental Ag° constituted to ca. 94-98% 
(acetate buffer) and 83-87% (SBF) of the initial amount of Ag+ loaded in the gelatin 
solution. As proven by the visual observation of the sample solution containing 
silver that was released from the 0.5 h-cross-linked nAg-containing e-spun gelatin 
fiber mat specimen that had been submerged in acetate buffer or SBF for 7 d, only 
silver in the ionic form was released into the sample solution. Pal (2002) [37] 
showed that, in an aqueous medium containing a nucleophile (e.g., NaBFL}, SCFT, 
and F), the dissolution of silver is possible due to the significant decrease in the 
reduction potential and the redox reaction for silver dissolution can be written as

4Ag + 0 2 + 2H20  o  4Ag+ + 40FT (3)
Here, it is postulated that the as-formed elemental Ag° dissolved readily upon the 
contact with the releasing medium and both the remnant and the dissolved Ag+ ions 
were released into the medium during the release studies.

The release characteristic of Ag+ ions from 0.5 h-cross-linked 
nAg-containing e-spun gelatin fiber mat samples was investigated by the total 
immersion method in one o f the releasing media (i.e., the acetate buffer, and SBF). 
The cumulative amount of Ag+ ions released from these materials is reported as the 
weight of Ag+ ions released (in ppm) divided by the weight of the specimens (in g) 
in Figure 5.4. Evidently, the cumulative amount of Ag+ ions released from these 
samples in the acetate buffer and SBF occurred rather rapidly during the first 60 min 
after submersion in the releasing medium and it increased gradually afterwards. As 
expected, the maximum amount of Ag+ ions released from these materials increased 
with increasing the initial amount of AgNC>3 loaded in the spinning solutions.

Alternatively, the cumulative amount of Ag+ ions released 
from these materials can also be reported as the concentration of the as-released Ag+
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ions in the releasing media (i.e., in ppm or mg/L of the releasing media) divided by 
the actual weight of the specimens (in g) and as the percentage of the weight of the 
as-released Ag+ ions divided by the actual weight of Ag+ ions in the specimens (see 
Figure 5.5). The final cumulative release of Ag+ ions can be concluded in Table 5.6.

5.4.2 .5  A n tibacteria l activity
The potential for use of the nAg-containing e-spun gelatin 

fiber mats as functional wound dressings was assessed by observing their anti­
bacterial activity against some common bacteria found on burn wounds, I.Q., E. coli, 
p . aeroginosa, ร. aureus and B. subtilis based on the disc diffusion method (in Agar 
and Blood agar) and AATCC Test Method 100 or Colonies count. The activity of the 
neat e-spun gelatin fiber mats against these bacteria was used as control.

Zone of inhibition or clear zone tested in Agar and Blood agar 
plate as shown in Table 5.7 and Table 5.8, respectively. According to these results 
obtained, neat e-spun gelatin fiber mat specimens showed no activity against the 
tested bacteria. For the nAg-containing specimens, inhibitory zones were evident. 
The zone of inhibition or clear zone increased with increasing the initial amount of 
AgNC>3 loaded in the spinning solutions. Specifically, the antibacterial activity of the 
nAg-containing specimens, regardless of the sample types, was the greatest against 
B. subtilis, followed by ร. aureus, p . aeroginosa, and, E. coli respectively (see Figure 
5.6). Relatively, the antibacterial efficiency against p . aeroginosa  and E. coli are 
lower than that against ร. aureus, probably because of the difference in cell wall 
between gram-positive and gram-negative bacteria. The cell wall o f p. aeroginosa  
and A. coli, which consists of lipids, proteins and lipopolysaccharides (LPS), provide 
effective protection against biocides. Flowever, the cell wall o f gram-negative 
bacteria, such as ร. aureus, does not consist of LPS [38],

AATCC Test Method 100 (Antibacterial Finishes on Textile 
Materials: Assessment of The American Association of Textile Chemists and 
Colorists) or Colonies count provides a quantitative procedure for evaluation of the 
degree of antibacterial activity. Bactericidal activity is intended or implied, 
quantitative evaluation is necessary. Quantitative evaluation also provided a clearer 
for possible uses of such treated textile materials. According to these results 
obtained, the neat e-spun gelatin fiber mat specimens showed no activity against the
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tested bacteria while the nAg-containing specimens showed the antibacterial activity 
against these bacteria. The colonies on agar plate were photographed as shown in 
Table 5.9 and 5.10. Quantitative evaluation with antibacterial activity of the 0.75- 
2.00% AgN0 3 -loaded e-spun GT fibers mats against Staphylococus aureus, B acillus  
subtilis, Escherichia coli, and Pseudom onas aeruginosa  as shown in Table 5.11. 
From these results showed that AgN03-loaded electrospun gelatin fibers mats show 
high efficiency antibacterial capacities increase with increasing the silver content 
because the percentage of reduction reached 99.99 % with all of bacteria, indicating 
that the silver particles are responsible for the antibacterid activity of the A gN03- 
loaded electrospun gelatin fibers mats and this activity is quite strong.

5.4 .2 .6  Indirect cytotoxicity evaluation
The potential for use of the 0.75-2.00% AgN03-loaded e-spun 

GT fiber mats as wound dressings was assessed by evaluating the cytotoxicity of 
these materials, using the neat GT fiber mats as internal control. Even though it is 
known that gelatin is biocompatible with cells. However, the as-spun gelatin fiber 
mats were crosslinked with GTA, known toxic organic substances. The viability of 
the normal human dermal fibroblasts (NHDF) that had been cultured with the 
extraction media from these materials in comparison with that of the cells that had 
been cultured with fresh culture medium (i.e., control) is illustrated in Figure 5.7. 
Three extraction ratios of the extraction media (i.e., 10, 5, and 0.5 mg.mL-1) were 
investigated for 1 day. Apparently, the neat GT fiber mats were non-toxic to the 
cells, as the viability of the cells that had been cultured with extraction media from 
these materials at all extraction ratios investigated ranged between -87  and -97%  
(relative to the viability o f the cells that had been cultured with fresh culture 
medium). At the medium extraction ratio investigated (i.e., 5 mg.mL-1), only the 
0.75-1.00% AgN03-loaded materials appeared to be non-toxic to the cells, with the 
viability o f the cells ranging between ~90 and -86%, respectively. While 1.50-2.00% 
AgN03-loaded materials were toxic to the cells. At greater extraction ratios 
investigated (i.e., 10 mg.mL-1), all of the AgN03-loaded materials were toxic to the 
cells, as the viability of the cells was lower than 80% (i.e., ranging between -46  and 
-67%). It is assumed that the toxicity o f the A gN03-loaded materials should be a 
result of highly amount of Ag+ or N 03'presented in the extraction media.
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For the 5 mg.mL-1 of extraction ratio will be investigated for 7 
d of the indirect cytotoxicity evaluation. Apparently, the neat GT fiber mats were 
non-toxic to the cells, with the viability of the cells was -91% and the 0.75-1.00% 
AgN0 3 -loaded materials appeared to be non-toxic to the cells, with the viability of 
the cells ranging between -88 and -86%, respectively. While 1.50-2.00% AgNC>3 - 
loaded materials were toxic to the cells. The obtained results revealed that the 0.75- 
1.00% AgNCVloaded electrospun GT fibers mats were non-toxic to the normal 
human dermal fibroblasts (NHDF).

5 .4 .2 .7  C ell attachm ent an d  M orph ological observation  o f  cultured
cells

Attachments of cells are the important aspects of wound 
dressing materials. In this work, the 0.75-1.00% AgNC>3 -loaded electrospun gelatin 
fibers mats were evaluated in comparison with neat gelatin fibers mats and TCPS. To 
evaluate cellular behavior on TCPS (i.e. controls), and electrospun fibers mats, 
Normal human dermal fibroblasts (NHDF) were seeded and cultured on all 
substrates. SEM observations were carried out in order to observe cell morphology 
and interaction between cells and cells and the electrospun fibers mats. SEM images 
of NHDF that were cultured on the 0.75-1.00% AgNC>3 -loaded electrospun gelatin 
fibers mats, neat gelatin fibers mats and a glass substrates (i.e. controls) at a 
different time in culture were shown in Table 5.12 and 5.13. For the neat gelatin 
fibers mats, these SEM images confirmed that cells were cultured on the electrospun 
fibers mats exhibited the expanded shape with discrete branches to help attach 
themselves on the fiber surfaces after 1 day and at longer culturing times, 7 days, the 
cells on the electrospun fibers mats expanded even more and could cover on the 
whole area of electrospun fibers mats very well. In contrast, the 0.75-1.00% AgNC>3 - 
loaded electrospun gelatin fibers mats, the cells remained the round shape (1 day) 
and expanded even more at longer time in culture (7 days). Normally, the cells 
should expanded shape with discrete branches to help attach them on the fiber 
surface with 1 day. It showed that silver has significant killing or inhibitory effect on 
the cell growth of the fibroblast. Silver is toxic to both kératinocytes and fibroblasts 
in monolayer culture [39, 40], These results suggest that silver-based dressings
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should be used with caution in situations where rapidly proliferating cells may be 
harmed as in donor sites, superficial burns, and application of cultured cells.

5 .5  C o n c lu sio n

Silver ions (Ag+ ions), known for their broad-spectrum antimicrobial 
activity, were reduced into silver nanoparticles (nAg) in a base gelatin (type A, 
porcine skin, 170-190 Bloom) solution (22% w/v in 70 vol% acetic acid) containing 
0.75-2.00 wt% AgNC>3 (based on the weight of the gelatin powder). The presence of 
nAg in the AgNCVcontaining gelatin solution was first realized after it had been 
aged for at least 12 h. The amount of nAg formed increased monotonically with 
increasing aging time. Both the base and the 12 h-aged 0.75-2.00 wt.% AgNCV 
containing gelatin solutions were fabricated into ultrafine fibers by electrospinning 
(15 kV/20 cm). The average diameters of these fibers were 260, 248, 226, 215 and 
206 nm, respectively. The average diameters of the as-formed nAg ranged between 
10.18 and 12.80 nm. Both the neat and the nAg-containing gelatin fiber mats were 
further cross-linked, to improve their stability in an aqueous medium or a high 
humidity atmosphere, by saturated vapor from 50 vol% glutaraldehyde (GTA) 
aqueous solution for 0.5 h, followed by a heat treatment at 110°c for 24 h. Cross- 
linking not only caused the color of the cross-linked gelatin fibers to change, but also 
was responsible for the fusing and shrinking of the cross-linked fiber mats. The 
stress at maximum load for all o f the obtained fiber mats ranged between 14.50 and 
17.50 MPa, while the strain at maximum load ranged between 8.00 and 10.00%%. 
Weight loss and water retention of both the neat and the nAg-containing gelatin fiber 
mats in acetate buffer (pH 5.5), and simulated body fluid (SBF; pH 7.4) were found 
to increase with increasing submersion.

The release characteristic of Ag+ ions from 0.5 h-cross-linked nAg- 
containing e-spun gelatin fiber mats was investigated by the total immersion method 
in acetate buffer (at the skin temperature of 32°C), and SBF (at the physiological 
temperature of 37°C). The cumulative release of Ag+ ions from the samples in the 
acetate buffer occurred rather rapidly during the first 60 min after submersion in the
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releasing medium, and increased gradually afterwards; while those in SBF less than 
that of in acetate buffer during the first 60 min. The antibacterial activity of these 
materials was greatest against Bacillus subtilis, followed by Staphylococcus aureus, 
Pseudom onas aeruginosa , and Escherichia co li, respectively. For quantitative 
evaluation with antibacterial activity o f the 0.75-2.00% AgNC>3 -loaded e-spun GT 
fibers mats, it is found that the percentage of reduction reached 99 % with all of 
bacteria, indicating that the silver particles are responsible for the antibacterial 
activity of the AgNCVloaded electrospun gelatin fibers mats and this activity is quite 
strong. Finally, the potential for use o f the 0.75-1.00% AgNCh-loaded e-spun GT 
fiber mats as wound dressings was assessed by investigating the cytotoxicity of these 
materials against normal human dermal fibroblasts. The results showed that only the 
extraction media from the 0.75-1.00% AgNCVloaded e-spun GT fiber mats at the 
extraction ratios of 10 mg-mL’1 were toxic to the cells for 1 d.

5.6  A c k n o w le d g m e n ts

The authors acknowledge partial support received from the National 
Nanotechnology Center (grant number: BR0108); the National Center of Excellence 
for Petroleum, Petrochemicals, and Advanced Materials (NCE-PPAM); and the 
Petroleum and Petrochemical College (PPC), Chulalongkorn University. PR 
acknowledges a doctoral scholarship received from the Thailand Graduate Institute 
of Science and Technology (TGIST) (TG-55-09-49-067D).

5.7 R eferen ces

[1] Deirdre Church, Sameer Elsayed, Owen Reid, Brent Winston, and Robert 
Lindsay CLINICAL MICROBIOLOGY REVIEWS Apr. 2006, p. 403-434 
Vol. 19, No. 2.

[2] Fraser, J. F., Cuttle, L., Kempf, M., Kimble, R.M., (2004). "Cytotoxicity o f  
topical antimicrobial agents used in burn wounds in Australasia. ANZ J Surg." 
74(3): 139-212.



143

[3] Wright, J. B., Hansen, D.L., Burrell, R.E., (1998). "The Comparative efficacy 
of two antimicrobial barrier dressings: in vitro examination of two controlled 
release of silver dressings." 10(6): 179-188.

[4] Richard III, J. พ ., Spencer, BA., McCoy, L.F., (2002). "ActicoatTM versus 
Silverlonl : the truth." Burns Surg Wound Care 11(1).

[5] Russell, A. D., Hugo, W.B., (1994). "Antimicrobial activity and action of 
silver." Prog Med Chem 31: 351-370.

[6] Fu-Ren, F., Fan Allen, J. (2002). "Bard chemical, electrochemical, gravimetric, 
and microscopic studies on antimicrobial silver films." Phys Chem B 106(2): 
279-287.

[7] Klasen, H. J. (2000). "A historical review of the use of silver in the treatment 
of burns. II. Renewed interest for silver." Burns 26(2): 131-138.

[8] Gupta, A., Maynes, M., Silver ร. (1998). "Effects of halides on 
plasmidmediated silver resistance in Escherichia coli." Appl Environ 
Microbiol 64: 5042-5.

[9] Monafo, พ . พ ., Freedman, B., (1987). "Topical therapy for burns." Surg Clin 
North Am 67: 133-145.

[10] Carneiro, P. M., Rwanyuma, L.R., Mkony, C.A., (2002). "A comparison of 
topical Phenytoin with Silverex in the treatment of superficial dermal burn 
wounds." Cent Afr J Med 48: 105-108.

[11] Carsin, H., Wassermann, D., Pannier, M., (2004). "A silver sulphadiazine- 
impregnated lipidocolloid wound dressing to treat second-degree burns." 

Wound Care 13: 145-148.
[12] MacDonald, I.D.G., Smith, W.E., J. (1996) Langmuir 12 706.
[13] Chung, Y.M., Rhee, H.K. J. (2004) Colloid Interface Sci., 271, 131.
[14] Abid, J.P., Wark, A.W., Brevet, P.F., Girault, H.H. J. (2002) Chem. Commun, 

792.
[15] Pol, V.G., Srivastava, D.N., Palchik, O., Palchik, V., Slifkin, M.A., Weiss,

A M., Gedanken, A., J. (2002) Langmuir, 18, 3352.
[16] Innés, M. E., Umraw, N., Fish, J.S., (2001). "The use of silver coated dressings 

on donor site wounds: a prospective, controlled matched pair study." Burns 27: 
621-7.



144

[17] Sheridan, R. L., Petras, L., Lydon, M., (1997). "Once-daily wound cleansing 
and dressing change: efficacy and cost." Bum Care Rehabil 18: 139-40.

[18] Reneker DH, Yarin AL. Electrospinning jets and polymer nanofibers. Polymer 
2008;49:2387-2425.

[19] Shim YM, Hohman MM, Brenner MP, Rutledge GC. Experimental 
characterization of electrospinning: the electrically forced jet and instabilities. 
Polymer 2001;42:9955-9967.

[20] Ding B, Kim HY, Lee s c ,  Shao CL, Lee DR, Park SJ, Kwag GB, Choi KJ. 
Preparation and characterization of a nanoscale poly(vinyl alcohol) fiber 
aggregate produced by an electrospinning method. J Polym Sci -  Polym Phys 
2002;40:1261-1268.

[21] พน LL, Yuan XY, Sheng J. Immobilization of cellulase in nanofibrous PVA 
membranes by electrospinning. J Membr Sci 2005;250:167-173.

[22] Choi JS, Lee รพ, Jeong L, Bae SH, Min BC, Youk JH, Park WH. Effect of 
organosoluble salts on the nanofibrous structure of electrospun poly(3- 
hydroxybutyrate-co-3-hydroxyvalerate). Int J Biol Macromol 2004;34:249- 
256.

[23] Kim K, Luu YK, Chang c , Fang DF, Hsiao BS, Chu B, Hadjiargyrou M. 
Incorporation and controlled release of a hydrophilic antibiotic using 
poly(lactide-co-glycolide)-based electrospun nanofibrous scaffolds. J Control 
Release 2004;98:47-56.

[24] Luu YK, Kim K, Hsiao BS, Chu B, Hadjiargyrou M. Development of a 
nanostructured DNA delivery scaffold via electrospinning of PLGA and PLA- 
PEG block copolymers. J Control Release 2003;89:341-353.

[25] Kenawy ER, Bowlin GL, Mansfield K, Layman J, Simpson DG, Sanders EH, 
Wnek GE. Release of tetracycline hydrochloride from electrospun 
poly(ethylene-co-vinylacetate), poly(lactic acid), and a blend. J Control 
Release 2002;81:57-64.

[26] Zong XH, Kim K, Fang DF, Ran SF, Hsiao BS, Chu B. Structure and process 
relationship of electrospun bioabsorbable nanofiber membranes. Polymer 
2002;43:4403-4412.



145

[27] Zeng J, Xu X, Chen X, Liang Q, Bian X, Yang L, Jing X. Biodegradable 
electrospun fibers for drug delivery. J Control Release 2003;92:227-231.

[28] Verreck G, Chun I, Peeters J, Rosenblatt J, Brewster ME. Preparation and 
characterization of nanofibers containing amorphous drug dispersions 
generated by electrostatic spinning. Pharm Res 2003;20:810-817.

[29] Verreck G, Chun I, Rosenblatt J, Peeters J, van Dijck A, Mensch J, Noppe M, 
Brewster ME. Incorporation of drugs in an amorphous state into electrospun 
nanofibers composed of a water-insoluble, nonbiodegradable polymer. J 
Control Release 2003;92:349-360,

[30] Rujitanaroj P, Pimpha N, Supaphol p, 2008 Wound-dressing materials with 
antibacterial activity from electrospun gelatin fiber mats containing silver 
nanoparticles P olym er 49 4723-4732.

[31] Zhang Y z, Venugopal J, Huang Z M, Lim c  T and Ramakrishna ร 2006 
Crosslinking of the electrospun gelatin nanofibers P olym er 47 2911-2917.

[32] Songchotikunpan p, Tattiyakul J and Supaphol p 2008 Extraction and 
electrospinning of gelatin from fish skin Inter. J. Biol. M acrom ol. 42 247-255.

[33] Li M, Mondrinos M J, Gandhi M R, Ko F K, Weiss A ร and Lelkes p I 2005 
Electrospun protein fibers as matrices for tissue engineering B iom ateria ls 26 
5999-6008.

[34] Li M, Guo Y, Wei Y, MacDiarmid A G and Lelkes p I 2006 Electrospinning 
polyaniline-contained gelatin nanofibers for tissue engineering applications 
B iom ateria ls 27 2705-2715.

[35] Olde Damink L H H, Dijkstra p J, van Luyn M J A, van Wachem p B, 
Nieuwenhuis p and Feijen J 1995 Glutaraldehyde as a crosslinking agent for 
collagen-based biomaterials J. M ater. Sci. -  M ater. M ed. 6 460-472.

[36] Akin H and Hasirci N 1995 Preparation and characterization of crosslinked 
gelatin microspheres J. Appl. Polym. Sci. 58 95-100.

[37] Pal T 2002 Nucleophile-induced dissolution of gold and silver in micelle Curr. 
Sci. 83 627-628.

[38] Speranza, G., Gottardi, G., Pederzolli, c ., Lunelli, L., Canteri, R., Pasquardini, 
L., Carli, E., Lui, A., Maniglio, D., Brugnara, M., Anderle, M., (2004). "Role



146

of chemical interactions in bacterial adhesion to polymer surfaces." 
Biomaterials vol. 25(n 11): 2029-2037.

[39] Vincent K.M. Poon, Andrew Burd, In vitro cytotoxity o f silver: implication for 
clinical wound care Burns 30 (2004) 140-147.

[40] Andrew Burd, Chi H Kwok, Siu c  Hung, Hui ร Chan, Hua Gu, Wai K Lam, 
Lin Huang, A comparative study of the cytotoxicity o f silver-based dressings 
in monolayer cell, tissue explant, and animal models W ound R ep R eg  (2007)
15 94-104.



147

T a b le  5.1 Shear viscosity and conductivity of the base gelatin (GT) and some of the 
0.75-2.00% AgN0 3 -containing GT solutions that had been 12 h-aged after 
preparation

T y p e  o f  G T  so lu tio n S h e a r  v isco s ity  
(m P a .s)

E le c tr ic a l c o n d u c tiv ity  
(□ ร.c เท 1)

Neat 435 ± 1.1 1257.67 ± 1.53

With 0.75% AgN03 442 ± 1.0 1306.67 ±3.21

With 1.00% AgNOa 441 ±0.5 1330.33 ±0.58

With 1.50% AgNOa 445 ± 1.5 1349.67 ± 1.53

With 2.00% AgNOa 448 ± 1.0 1355.30 ± 1.00



Table 5 .2  S e lec ted  S E M  and  T E M  im a g e s  o f  f ib e rs  b e fo re  and  a f te r  c ro ss - lin k e d  0 .5  h  an d  th e  p a r tic le s  s ize  o f  A g  n a n a p a rtic le s

Types of material Neat gelatin fibers 
mats

0.75% AgNOs-loaded 
e-spun gelatin fiber 
mats

1.00% AgN0 3 -loaded 
e-spun gelatin fiber 
mats

1.50% AgNOa-loaded 
e-spun gelatin fiber 
mats

2.00% AgNC>3 -loaded 
e-spun gelatin fiber 
mats

Fibers before 
cross-linked 0.5 h a n

เ พ ^ I p l l l p i  f i i  
I w l K i :  Ü *

l i l t s ®
W M W ^ m r n

I p f i
เ ฒ

^ § Ê Ê Ê Ê £ ^I l i S ÿ s S
W Ê Ê S &k v  <?*. ไ'-;ไ"':;

X; : ̂ K | 3 |? ÏS 0 &  M i f S é f m

ไเ§ร iw p isp l :® ร ? ฒ ร ร

Fibers after 
cross-linked 0.5 h
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Particles size of 
Ag nanaparticles 
in e-spun GT 
fiber

V-- 1i-x 1 k l 1 \
" 1 1*68 ะn 3.%nm 12.80 ± 3.9 nm 1 10.10±3.5nm 10.18 ± 2.8 nm



Table 5 .3  T h e  av e rag e  d ia m e te r  and  th ic k n e ss  o f  e -sp u n  fib e rs  m ats

Types of material Before cross-linked 0.5 h After cross-linked 0.5 h
The average diameter of the as-spun (nm) Thickness of the as-spun (pm) The average diameter of the as-spun (nm) Thickness of the as-spun (pm)

Neat gelatin fibers mats 260.15 ±44.75 212.29 ±33.46 392.99 ±68.95 125.75 ±31.14

0.75% AgNCVloaded e- 
spun gelatin fiber mats 247.76 ±38.17 200.13 ±29.80 385.64 ±75.08 140.25 ± 12.37

1.00% AgNCVloaded e- 
spun gelatin fiber mats 225.79 ±34.69 185.86 ± 15.42 373.59 ±58.93 137.50 ± 17.83

1.50% AgN03-loaded e- 
spun gelatin fiber mats 214.95 ±38.62 185.63 ±29.56 362.05 ±74.68 142.13 ±26.16

2.00% AgNCb-loaded e- 
spun gelatin fiber mats 206.25 ±36.35 183.63 ±29.40 349.32 ±72.14 134.87 ± 10.60



Table 5.4 The mechanical assessment of both the neat and the nanoAg°-containing e-spun gelatin fiber mats that had been cross-linked for 0.5 h 
before and after immersion in acetate buffer for 1 day

Types of 
Materials

Strain at Maximum Load
(%)

Stress at Maximum Load 
(MPa)

Strain at Break
(%)

Tensile strength 
(MPa)

Before
immersion

After
immersion

Before
immersion

After
immersion

Before
immersion

After
immersion

Before
immersion

After
immersion

Neat gelatin fibers 
mats 9.65 ±3.04 55.00 ±8.65 15.27 ±2.68 1.42 ±0.40 9.72 ±  3.10 53.79 ±9.85 4.58 ±0.80 0.45 ±0 .12

0.75% AgNOs- 
loaded e-spun 

gelatin fiber mats
8.05 ± 1.09 58.81 ±5.61 14.87 ±2.38 ' 1.20 ±0.23 8.32 ±2.51 60.53 ± 14.50 4.18 =h 1.05 0.40± 0.15

1.00% A gN 03- 
loaded e-spun 

gelatin fiber mats
8.59 ±2.42 50.36 ±6.64 17.30 ±3.49 1.29 ± 0.15 8.75 ± 1.54 52.06 ± 14.70 5.19 ± 1.09 0.35 ± 0.12

1.50% A gN 03- 
loaded e-spun 

gelatin fiber mats
9.33 ± 1.68 55.35 ±8.61 16.58 ±2.24 1.68 ±0.53 9.35 ±3.45 56.23 ± 10.11 4.98 ± 1.04 0.42 ±0 .12

2.00% A gN 03- 
loaded e-spun 

gelatin fiber mats
9.28 ± 1.33 48.64 ±9.51 17.18 ±4.54 1.18 ± 0.34 9.68 ±2.99 50.15 ± 11.91 5.70 ± 1.08 0.36 ± 0.13
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Table 5.5 Actual amount of silver incorporated in AgNCMoaded electrospun GT 
fiber mats

Initial amount of AgNÛ3 in spinning solution (wt.%)
Actual amount of silver based on the initial amount of the AgNC>3 loaded (%)AgN(>3-loaded electrospun GT fiber mats in acetate buffer AgNC>3-loaded electrospun GT fiber mats in SBF

0.75 96.5 ±0.4 84.5 + 0.2
1.00 93.6 + 0.1 82.8 ±0.1
1.50 97.5 + 0.1 84.9 ±0.3
2.00 95.6 + 0.1 86.5 ±0.3



Table 5.6 Cumulative release o f Ag+ ions in the concentration of Ag+ ions released 
into the medium (ppm) divided by the actual weight of specimens (in g) and the 
percentage of the weight of Ag+ ions released divided by the actual weight of Ag+

Releasing medium
Cumulative release of 

Ag+ ions 
(ppm/g)

Cumulative release of Ag+ ions 
(percentage of the weight of Ag+ 

ions released / the actud weight of
Ag+T

Acetate buffer 91.74 ±0.27 90.94 ± 0.23
118.79 ±0.26 91.36 ± 0  18
179.84 ±0.37 98 78 ±0.20
237.60 ±0.64 98.36 ±0.27

SBF 60.68 ±0.1 85.57 ± 0.14
95.99 ±0.13 90 88 ±0.12
148.82 ±0.23 93 29 ±0.15
209.91 ± 0  28 98.01 ±0.13
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Table 5.7 A n tib ac te ria l a c tiv itie s  o f  th e  n ea t G T  fib ers  m a t and  th e  0 .7 5 -2 .0 0 %
AgNC>3-lo ad ed  e -sp u n  G T  fib e rs  m a t ag a in s t Staphylococus aureus1 Bacillus subtilis,
Escherichia coli and  Pseudomonas aeruginosa in A g a r p la te s

Staphylococus 
aureus 

ATCC 6538

Bacillus subtilis 
ATCC 6633

Escherichia coli 
ATCC 25922

Pseudomonas 
aeruginosa 

ATCC 27853
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Table 5.8 A n tib ac te ria l a c tiv itie s  o f  th e  n e a t GT fib e rs  m a t an d  th e  0 .7 5 -2 .0 0 %
A g N C M o a d e d  e -sp u n  GT fib e rs  m a t ag a in st Staphylococus aureus, Bacillus subtilis,
Escherichia coli, and  Pseudomonas aeruginosa in B lo o d  A g a r  p la te s

Ag 0.75-Ag 1.00% Ag 1.50-Ag 2.00%

S t a p h y l o c o c u s  
a u r e u s  

ATCC 6538

Jf l u
13 m  ,
1 1 1  llis iim

1 M r

Ê  *

B a c i l l u s  
s u b t i l i s  

ATCC 6633
y  p m *è• '■ •.•.■ .•.•ร.•.•.■ .■ ร รรรร.•รร • ’

E s c h e r i c h i a  

ATCC 25922 ■ ; £ j €1I

P s e u d o m o n a s  
a e r u g i n o s a  

ATCC 27853

I

1

-V รsssssssรssstsho.

1
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T a b le  5 .9  Antibacterial activities o f the neat 
AgNC>3 -loaded e-spun GT fibers mat against 
su btilis  in AATCC Test Method 100

GT fibers mat and the 0.75-2.00% 
Staphylococus aureus and Bacillus

Materials

A g  0 .7 5%

A g  1 .00%

A g  1 .50%

A g  2 .0 0%

Staphylococus aureus 
A T C C 6 5 3 8

Bacillus subtilis
A T C C  6633
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Table 5.10 A n tib a c te ria l a c tiv itie s  o f  th e  n ea t G T  fib e rs  m at and  th e  0 .7 5 -2 .0 0 %
A g N C f-lo a d e d  e -sp u n  G T  fib ers  m a t ag a in st E sc h e r ic h ia  co li  and  P se u d o m o n a s
a eru g in o sa  in  A A T C C  T e s t M e th o d  100
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T a b le  5 .11 Quantitative evaluation with antibacterial activity o f the 0.75-2.00% 
AgNCb-loaded e-spun GT fibers mats against Staphylococus aureus, Bacillus 
subtilis, Escherichia coli, and Pseudom onas aeruginosa

M a ter ia ls
Staphylococus

aureus
B acillus
subtilis

E scherich ia
coli

P seu dom on as
aeruginosa

0.75% AgNOa 
loaded e-spun GT 

fibers mats
99.83% 99.99% 99.80% 99.80%

1.00% AgNOa 
loaded e-spun GT 

fibers mats
99.99% 99.99% 99.99% 99.99%

1.50% AgNOa 
loaded e-spun GT 

fibers mats
99.99% 99.99% 99.99% 99.99%

2.00% AgNOa 
loaded e-spun GT 

fibers mats
99.99% 99.99% 99.99% 99.99%
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T a b le  5 .1 2  Selected SEM micrographs of NHDF cells proliferated on the neat 
gelatin fibers mats and the 0,75-1.00% AgNC>3 -loaded electrospun gelatin fibers 
mats at 1 day of cell culture; Mag = 500x and 3500x

M a ter ia ls 5 00x 3 5 0 0 x

P o ly s ty r e n e  p la te

E -sp u n  G T

A g N O s 0 .7 5  r e ­
lo a d ed  e -sp u n  G T  

f ib e r  m ats

A gN O a 1 .00% -  
lo a d ed  e -sp u n  G T  

f ib e r  m ats

■  I : § 3  l i l t
^ m m
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Table 5.13 Selected SEM micrographs of NHDF cells proliferated on the neat 
gelatin fibers mats and the 0.75-1.00% AgNCE-loaded electrospun gelatin fibers 
mats at 7 days o f cell culture; Mag = 500x and 3500x
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(d) Wavelength (nm)

Figure 5.1 Variation in UV-visible absorption spectra of the base gelatin (GT) 
solution and the 0.75-2.00% AgNCVcontaining GT solutions that had been aged for 
different time intervals. The concentration of the base GT solution was 22 wt.% and 
the amount of AgNC>3 in the AgN0 3 -containing GT solutions was 0.75-2.00 wt.% 
based on the weight of GT.
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(a)

Water retention in Acetate Buffer (pH 5.5) 
(crosslinking time = 0.5hr.)

o pure GT 
A GT/Ag 0.75% 
■  GT/Ag 1.00% 
T GT/Ag 1.50% 
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Time of immersion (day)

Water retention in SBF (pH 7.4) 
(crosslinking time = o'5hr.)
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GT/Ag 1.50% 
GT/Ag 2.00%

(b)
3d 5d 7d

Time of immersion (day)

Figure 5.2 Water retention of the electrospun fiber mats from the base gelatin (GT) 
solution and the 12 h-aged 0.75-2.00% AgN0 3 -containing GT solution, after having 
been cross-linked with moist vapor of glutaraldehyde for 0.5 h, as a function of 
submersion time in (a) acetate buffer solution (pH = 5.5) at 32°c, and (b) simulated 
body fluid (pH 7.4) at 37°c.
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Figure 5.3 Weight loss of the electrospun fiber mats from the base gelatin (GT) 
solution and the 12 h-aged 0.75-2.00% AgN0 3 -containing GT solution, after having 
been cross-linked with moist vapor of glutaraldehyde for 0.5 h, as a function of 
submersion time in (a) acetate buffer solution (pH = 5.5) at 32°c, and (b) simulated 
body fluid (pH 7.4) at 37°c.
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•  1.00% AgNO3-l08ded e-spun GT fiber mats 
A 1 -50% AgN03-loaded e-spun GT fiber mats 
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(b) Submersion time (day)

Figure 5.4 Cumulative release profiles of Ag+ ions from 0.5 h-cross-linked 
nanoAg°-containing e-spun gelatin (GT) fiber mat specimens reported as the 
concentration of Ag+ ions released into the medium (in ppm of the medium) divided 
by the actual weight o f specimens (in g) in two types of releasing medium, i.e., (a) 
acetate buffer (pH 5.5) at the skin temperature of 32°c, and (b) simulated body fluid 
(pH 7.4), at the physiological temperature of 37°c.
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■  1.00% AgN034oaded e-spun GT fiber mats 
A 1.50% AgN034oaded e-spun GT fiber mats 
^  2.00% AgN03-loaded e-spun GT fiber mats

(b) Submersiom time (day)

Figure 5.5 Cumulative release profiles of Ag+ ions from 0.5 h-cross-linked 
nanoAg°-containing e-spun gelatin (GT) fiber mat specimens reported as the 
percentage of the weight of Ag+ ions released divided by the actual weight of Ag+ in 
two types of releasing medium, i.e., (a) acetate buffer (pH 5.5) at the skin 
temperature of 32°c, and (b) simulated body fluid (pH 7.4) at the physiological 
temperature of 37°c.
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loaded e-spun GT loaded e-spun GT loaded e-spun GT loaded e-spun GT

(a) Type of Material

loaded e-spun GT loaded e-spun GT loaded e-spun GT loaded e-spun GT

(b) Types of material

F ig u re  5 .6  The influence of silver content on the antibacterial capacities of the 0.75- 
2.00% AgN03-loaded e-spun GT fibers mat against Staphylococus aureus, Bacillus 
subtilis, Escherichia coli, and Pseudomonas aeruginosa in (a) agar plates and (b) 
blood agar plates.
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Extraction ratio (mg/ml)

Figure 5.7 Indirect cytotoxicity evaluation of the neat 
AgNC>3-loaded electrospun fibers mats in comparison with 
were cultured with fresh culture medium (ท=3). (*) p  < 0.05

gelatin and 0.75-2.00% 
viability of the cells that 
compared with TCPS.
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