
DEVELOPMENT OF SILK FIBROIN FILMS AS ANTIMICROBIAL
WOUND DRESSINGS

CHAPTER VI

6.1 Abstract

Novel antibacterial silk fibroin (SF) films have been prepared from a 5 wt.- 
% SF solution that contained silver nitrate (AgN0 3 ) at different concentrations (0.5, 
1.0, 1.5, 2.0 and 2.5 wt.-%) by a solvent-casting technique. The AgN0 3 -containing 
SF solution was aged under mechanical stirring for various time intervals to allow for 
the formation of silver nanoparticles (nAgs). The formation of nAgs was confirmed 
by using a UV-vis spectrophotometer. The morphology and size of the nAgs were 
characterized by transmission electron microscopy (TEM).To improve the water 
resistance, nAg-loaded SF films were treated with 90 vol.-% of methanol. These 
films were tested for their in vitro degradation behavior, release characteristic of the 
as-loaded silver, and antimicrobial activity for microorganisms. With an increase in 
the AgNC>3 content, the cumulative amount of silver released was found to increase. 
Finally, these films could inhibit the growth of the tested pathogens, which 
confirmed their applicability as antibacterial wound dressings.

(Key-words: Silk fibroin films; Silver nanoparticles; Antimicrobial activity)

6.2 Introduction

Dressings play a major role in modern management of certain types of open 
wounds (e.g., traumatic, thermal, or chronic wounds), since the moist, warm and 
nutritious environment of wound beds provides an ideal condition for microbial 
growth (Wright et ai, 2002; Jones et al., 2004; Gallant-Behm et al., 2005; Leaper,
2006). Bacterial colonization and subsequent infection can interfere with the wound 
healing process by producing various substances (e.g., toxins, proteases and 
proinflammatory molecules) which may cause an excessive and prolonged
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inflammatory response of the host tissues. Ideal antimicrobial dressings should have 
a number of key attributes, including provision of a moist environment to enhance 
healing (Field and Kerstein, 1994), and broad-spectrum antimicrobial activity, 
including activity against antibiotic-resistant bacteria [e.g., methicillin-resistant 
Staphylococcus aureus (MRSA)]. A recent resurgence of the use of silver-based 
dressings has been ascribed to their broad spectrum antibacterial activity, as well as 
to a lesser possibility for inducing bacterial resistance than antibiotics.

In fact, it is well known that silver or silver ions have strong inhibitory and 
bactericidal effects as well as a broad spectrum of antimicrobial activity (Uchida,
1995), as it binds to tissue proteins and brings structural changes in the bacterial cell 
wall and nuclear membrane leading to cell distortion and death. In addition, silver 
nanoparticles (nAgs) have higher antimicrobial activity than bulk silver metal 
because nAg has a high specific surface area and a high fraction of surface atoms. 
The conventional method to prepare nAg involves the reduction of silver salt 
solution by various reducing reagents in the presence of a stabilizer. The chemicals 
including sodium borohydride, hydrazine, hydrogen peroxide, sodium citrate, 
ascorbic acid and formaldehyde are mostly used as reducing agents (Sondi et a i, 
2003; Velikov et al., 2003; Chou and Lai, 2004; Kim et al., 2004; Khanna et al., 
2005; Lee and Tsao, 2006). However, such reducing agents involve tedious multiple 
step reactions and the use of organic compounds. Therefore, many green approaches 
have been investigated to the reduction of Ag+ into its metallic form by the polymer 
consisting of different hydroxyl or amine groups that can interact with the Ag+ 
cations directly, which may lead to the complexation of Ag+ to such groups (Frattini 
et ai, 2005; Huang et al., 2006; Rattanaruengsrikul et al., 2009).

Among the various natural polymeric materials, silk has attracted great 
attention due to its natural abundance and inherent biodegradability in physiological 
environments. In general, Bombyx mori silk cocoon, from the cocoon of the 
domesticated mulberry silkworm, is composed of a fibrous protein fibroin core (72- 
81%) and a surrounding glue protein, sericin (19-28%) (Gamo et a i, 1977; Takasu el 
ai, 2002). Silk fibroin (SF) possesses biocompatibility (Wuand and Tian, 1996), 
good oxygen and water vapor permeability (Minoura et ai, 1990; Minoura et ai, 
1990), minimal inflammatory reaction (Altman et a i, 2003), slow degradation
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(A ltm a n  e t  a l . ,  2 0 0 2 ) ,  an d  su p p o rtin g  h u m an  lim b a l e p ith e lia l s tem  c e ll  a tta ch m en t  
and  p r o lifer a tio n  (C h ir ila  e t  a l . ,  2 0 0 8 ) .  O w in g  to th e  e x c e lle n t  p ro p erties , S F  w a s  
w id e ly  u se d  for  b io m e d ic a l a p p lic a tio n s , for e x a m p le  as an e n z y m e - im m o b iliz a t io n  
m a teria l, as an  oral d o s a g e  form  (H a n a w a  e t a l .,  1 9 9 5 )  and p articu la r ly  as a w o u n d  
d ress in g  (M in o u r a  e t a l . ,  1 9 9 0 ). D e sp ite  th e  e f fe c t iv e  p rop erties  o f  S F  for a w o u n d  
d r e ss in g , th ere  are s t i ll so m e  d ra w b a ck s  w ith  resp e c t  to  its p o o r  an tib acteria l 
p rop erties . T o  m itig a te  th is , n A g s  ca n  b e  in corp orated  in to  S F . T h e  S F  sp u n  h a v e  
b e e n  c o a te d  w ith  n A g s  b y  (1 )  s im p ly  im m ers in g  th e  fib ers  in a w arm  a q u eo u s  
so lu t io n  o f  th e  n a n o p a rtic le s  or (2 )  th e  ty r o s in e  m ed ia ted  red u ction  o f  A g (I )  to  A g (0 )  
u n der b a s ic  c o n d it io n s , or (3 )  the p h o to c h e m ic a l red u ctio n  o f  A g (I )  to  A g (0 )  (u n d er  
irrad iation  w ith  u v  lig h t)  (H ard y  and  S c h e ib e l, 2 0 1 0 ) . H o w e v e r , th e se  c o a ted  n A g s  
(un trap p ed  fo r m ) o n  th e su rfa ce  o f  S F  c o u ld  re le a se  rap id ly  from  th e m atrix . Form  
th e  v ie w p o in t  o f  w o u n d  d ress in g , p a tien t c o m p lia n c e  and  an tib acter ia l a c t iv ity  w o u ld  
b e  m a x im iz e d  b y  the d e v e lo p m e n t  o f  lo n g -term  su sta in ed  s ilv e r  r e lea se .

H ere , w e  report th e  p rep aration  o f  n A g -lo a d e d  SF  f ilm s  to b e  u sed  as  
an tib acter ia l w o u n d  d r e ss in g s  th rou gh  a s im p le  a g in g  A g N C ^ -c o n ta in in g  S F  so lu t io n  
and c a st in g . T h e  in co rp o ra tio n  o f  n A g s  in to  SF  m atrix  co u ld  p r o v id e  b oth  h ig h er  
c o n c e n tr a tio n  o f  n A g  lo a d in g  and  better c o n tr o lle d  and su sta in ed  r e le a se  
ch a ra cter is tic  o f  th e  a s - lo a d e d  s ilv er . T h e  n A g s  w er e  g en era ted  b y  in  s itu  red u ction  
o f  a SF  s o lu t io n  at ro o m  tem p era tu re w ith o u t  an y  red u c in g  ag en t. M eth a n o l w a s  u sed  
to  im p r o v e  th e  s ta b ility  o f  th e  f ilm s  in  a m o is t  en v iro n m en t. T h e  e f fe c t  o f  th e  in itia l 
A g N C >3 c o n te n ts  o n  the fo rm a tio n  o f  n A g s  in  th e  S F  so lu t io n , r e le a se  ch a ra cter is tics  
o f  the a s - lo a d e d  s ilv e r , a s  w e ll  as for  th e  an tib acteria l o f  n A g -lo a d e d  SF  f ilm s  
a c t iv ity  a g a in s t  s o m e  c o m m o n  b acteria  fo u n d  on  b u m  w o u n d s  w e r e  ev a lu a ted .

6 .3  E x p e r i m e n t a l

6 .3 .1  M a ter ia ls
C o c o o n  from  B. m o r i  s i lk  w orm  for th e  p rep aration  o f  s ilk  f ib ro in  

(S F )  w a s  p u rch a sed  from  P h etch ab u n , T h ailan d . S ilv e r  nitrate (AgNC>3; 9 9 .9 9 8  %  
p u rity ) w a s  p u rch ased  from  F ish er  S c ie n t if ic  (U S A ) . S o d iu m  carb on ate  w a s  
p u rch ased  fro m  M a llin ck ro d t C h e m ic a ls  (U S A ) . A l l  o th er c h e m ic a ls  w ere  o f
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a n a ly tica l reag en t grad e and u sed  w ith o u t  further p u rifica tio n .

6 .3 .2  S a m p le  P reparation
6 .3 .2 .1  P r e p a r a tio n  o f  n A g -C o n ta in in g  S ilk  F ib r o in  S o lu tio n s

A  c o c o o n  w a s  d e g u m m e d  th ree  t im e s  w ith  0 .5  w t.-%  N a 2CC>3 

so lu t io n  at 9 5  °c for 3 0  m in  to c o m p le te ly  e lim in a te  ser ic in  from  the fib ro in  fiber. 
T h erea fter , d e g u m m e d  s ilk  w a s  w a sh e d  th o r o u g h ly  sev era l t im e s  in h ot d is t ille d  
w a ter  and  th en  dried  in  an  o v e n  at 4 0  °c o v ern ig h t. D e g u m m e d  s ilk  as SF  fib er  at 10 
w /v %  w a s  d is s o lv e d  in  m ix e d  so lv e n t  sy s te m  o f  C a C h  : e th a n o l : H 2O  (1 : 2 : 8 in  
m o la r  ratio ) at 7 8  °c for  1 h to o b ta in  a regen era ted  S F  so lu tio n . T h e  regen era ted  SF  
so lu t io n  w a s  su b se q u e n tly  p u rified  b y  p la c in g  in to  a d ia ly s is  b a g  w ith  a 4 5  k D a  
m o le c u la r  w e ig h t  c u to f f  (C e llu  S e p  T 4 )  and d ia ly z e d  a g a in st d is t ille d  w ater . T h e  
w a ter  m e d iu m  w a s  ch a n g e d  d a ily  for  4  d a y s  at r o o m  tem p eratu re. T h e  o b ta in ed  SF  
so lu t io n  w a s  ly o p h iliz e d  at -4 0  °c an d  th en  fre e z e -d r ie d  to ob ta in  th e  reg en era ted  SF  
sp o n g e s .

T h e  regen era ted  S F  sp o n g e  (5  w t.-% ) w a s  d is s o lv e d  in 
d is t ille d  w a ter  under m ech a n ica l stirr in g  for 2 h. S ilv e r  n itrate (A g N C b ) at v a r io u s  
c o n te n ts  (0 .5 ,  1 .0 , 1 .5 , 2 .0  and 2 .5  b y  w e ig h t  o f  th e  dry S F  p o w d e r )  w a s  ad d ed  and  
c o n t in u o u s ly  stirred  for  a proper t im e  in terva l v a r io u s  t im e s  to a l lo w  th e fo rm a tio n  o f  
n A g s  w ith in  th e se  so lu t io n s .

6 .3 .2 .2  P r e p a r a tio n  o f  n A g -L o a d e d  S ilk  F ib ro in  H y d r o g e l  P a d s
T h e n A g -c o n ta in in g  S F  so lu t io n s  (3 0  m l)  that had b e e n  

lo a d ed  w ith  d ifferen t A g N C >3 co n ce n tr a tio n s  w er e  c a st  o n  a p o ly s ty r e n e  petri d ish  (8 5  
m m  in d ia m eter ), fo l lo w e d  b y  a ir -d ry in g  at roo m  tem p era tu re for  7 2  h to a l lo w  the  
so lid if ic a t io n . T h erea fter , the n A g -lo a d e d  S F  f ilm s  w er e  treated  w ith  9 0  v o l.-%  o f  

m eth a n o l a q u e o u s  s o lu t io n  for 10 m in  to in d u ce  S F  /T sh e e t  in d u ctio n . T h en , the  
ob ta in ed  S F  f ilm s  w er e  air-dried  for 1 h. T h e  th ic k n e ss  o f  the f i lm s  in  their  dry state  
w a s  ab o u t 2 0 0 - 2 4 0  p m .

6 .3 .3  C h a racter iza tio n
6 .3 .3 .1  F o rm a tio n  o f  n A g s

T h e  fo rm atio n  o f  n A g  in the A g N Û 3-c o n ta in in g  S F  so lu t io n s
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that had  b e e n  a g e d  for  v a r io u s  t im e  in terva ls  w a s  co n fir m e d  b y  m o n ito r in g  the  
ap p ea ran ce  o f  th e  su r fa ce  p la sm o n  band  u s in g  a S h im a d z u  U V -2 5 5 0  U V -v is ib le  
sp ec tro p h o to m eter . T h e  s iz e  o f  th e  a s-fo rm ed  n A g  a lo n g  w ith  its d istr ib u tio n  w a s  
ch ara cter ized  b y a JE O L  J E M -2 1 0 0  tr a n sm iss io n  e lec tro n  m ic r o sc o p e  (T E M ).

6 .3 .3 .2  P r e p a r a t io n  o f  S im u la te d  B o d y  F lu id  B u ffe r
S im u la ted  b o d y  flu id  b u ffer  h as io n  co n c e n tr a tio n s  n early  

eq u al to  th o se  o f  h u m an  b lo o d  p la sm a  and is  b u ffered  at pH  7 .4 0 . T o  p repare 10 0 0  
m l o f  th e  s im u la ted  b o d y  flu id  b u ffer , 7 .9 9 6  g  o f  so d iu m  c h lo r id e  (N a C l)  w a s  
d is s o lv e d  in - 5 0 0  m l o f  d is t ille d  w a ter . R e a g e n ts  ( i .e  0 .3 5 0  g  o f  so d iu m  h y d ro g en  
carb o n ate , 0 .2 2 4  g  o f  p o ta ss iu m  ch lo r id e , 0 .2 2 8  g  o f  d ip o ta ss iu m  h y d r o g e n  
p h o sp h a te , 0 .3 0 5  g  o f  m a g n e s iu m  c h lo r id e , 4 0  m l o f  h y d r o c h lo r ic  ac id , 0 .2 7 8  g  o f  
c a lc iu m  c h lo r id e , 0 .0 7 1  g  o f  so d iu m  su lfa te , 6 .0 5 7  g  o f  tris
(h y d r o x y m e th y l)a m in o m e th a n e  w e r e  ad d ed  in to  p r e v io u s  so lu t io n  o n e  b y o n e  after  
the form er reag en t w a s  c o m p le te ly  d is so lv e d . T h e  tem p era tu re o f  the ob ta in ed  

so lu t io n  w a s  ad ju sted  at 3 6 .5  ๐c  w ith  a w a ter  bath , and p H  o f  th is  so lu t io n  w a s  

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

6 .3 .3 .3  In V itro  D e g r a d a t io n  T e s t
P rotease  X I V  e n z y m e  (fro m  S tr e p to m y c e s  g r is e u s ,  

c a t# P 5 1 4 7 , S ig m a , M O ) w a s  u sed  in  th is  e x p e r im e n t to  s tu d y  e n z y m a tic  d egra d ation  
o f  S F  f ilm s  (H oran  e t  a i ,  2 0 0 5 ) . E n z y m e  s o lu t io n  w a s  p rep ared  at c o n cen tra tio n  o f  
d is s o lv e d  1.0 m g /m l in  s im u la ted  b o d y  flu id  b u ffer  so lu t io n  (S B F , pH  7 .4 )  w h ic h  has  
io n  co n ce n tr a tio n s  n early  eq u a l to  th o se  o f  h u m an  b lo o d  p la sm a  (L in  e t a l . ,  2 0 0 8 ) .  
T h e n A g -lo a d e d  S F  f ilm s  that had  b een  p rep ared  from  th e S F  so lu t io n  co n ta in in g  
A g N C >3 at 2 .5  w t.-%  in  their  dry sta te  w e r e  cu t  in to  c ircu lar  d isc s  (1 5  m m  in  
d ia m eter) and w e ig h e d  in  ord er to  a scerta in  th e  in itia l dry w e ig h t  ( พ i). T h erea fter , 
the sa m p le s  w er e  im m ersed  in 2  m l o f  b oth  S B F  and  the e n z y m e  so lu t io n  (S B F  w ith  
e n z y m e )  and  th en  in cu b ated  at 3 7  ° c  for v a r io u s  t im e  in terv a ls  (1 , 2 , 3 , 4 , 5 , 6  and  7 
d). T h e  e n z y m e  so lu t io n s  w e r e  c h a n g e d  d a ily  b e c a u se  p r o tea se  m ig h t b e  le ss  
e f fe c t iv e  a fter 1 d. A t  each  t im e , th e  sa m p le s  w e r e  tak en  ou t from  m ed ia  and w ere  
then  d ried  in  an o v e n  u n til o f  a co n sta n t w e ig h t  to  ob ta in  th e fin a l w e ig h t  (d ry ) after
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s p e c if ie d  d a y s  o f  in cu b a tio n  ( พ d). T h e  p ercen ta g e  o f  r em a in in g  w e ig h t  o f  th e  n A g -  
lo a d ed  S F  f ilm s  w a s  c a lc u la te d  as fo llo w s:

w
r e m a in in g  w e ig h t  (% ) =  X  100 ( 1 )

พ ,

6 .3 .3 .4  R e le a s e  C h a r a c te r is t ic s  o f  S i lv e r
F irst, th e  actu al am o u n t o f  n A g  in  th e  S F  f ilm s  w a s  

d eterm in ed . T h e  q u a n tific a tio n  w a s  carried  ou t b y  d is s o lv in g  th e  f ilm s  u n trea ted  w ith  
m eth a n o l in  5 m l o f  9 5  % n itric  a c id  (HNO3), fo l lo w e d  b y  th e  ad d itio n  o f  S B F  (pH  
7 .4 )  to  atta in  a to ta l v o lu m e  o f  5 0  m l. T h e actu a l am o u n t o f  n A g  w ith in  th e  f i lm s  w a s  
then  q u a n tified  b y  a V arian  S p e c tr A A -3 0 0  a to m ic  ab so rp tio n  sp e c tr o sc o p e  (A A S ) . In 
the r e le a se  a ssa y , d is c  sa m p le s  o f  th e  n A g -lo a d e d  SF  film s  that had b e e n  prepared  
from  th e  S F  s o lu t io n s  c o n ta in in g  v a r io u s A g N C >3 c o n ten ts  in  their  dry sta te  w ere  
p la ced  in  5 0  m l S B F  for v a r io u s  t im e  in terva ls ( i .e . ,  1, 3 , 6 , 12 , 2 4 , 7 2 , 1 2 0 , 168  and  
2 1 6  h ). A t ea c h  t im e  p o in t, the m e d iu m  w a s  to ta lly  rem o v ed  and  an eq u a l am o u n t o f  
the fresh  m e d iu m  w a s  rep la ced . T h e  am ou nt o f  th e  r e lea sed  n A g  in th e  w ith d raw n  
m e d iu m  ( i .e .,  sa m p le  so lu t io n )  w a s  d eterm in ed  b y  A A S .

6 .3 .3 .5  A n tim ic r o b ia l  A c t iv i ty  A s s a y
6 .3 .3 .5 .1  M ic r o o r g a n is m  S tr a in s

S ix  b acteria l stra in s u sed  w e r e  P s e u d o m o n a s  
a e r u g in o s a  A T C C  2 7 8 5 3 , S ta p h y lo c o c c u s  a u r e u s  A T C C  2 5 9 2 3 , M e th ic i l l in - r e s is ta n t  
S ta p h y lo c o c c u s  a u r e u s  D M S T  2 0 6 5 4 ,  S ta p h y lo c o c c u s  e p id e r m id is  A T C C  1 2 2 2 8 , 
S tr e p to c o c c u s  a g a la c t ia e  D M S T  1 7 1 2 9 , S tr e p to c o c c u s  p y o g e n e s  and o n e  fu n ga l 
stra in , C a n d id a  a lb ic a n s  A T C C  1 0 2 3 1 . A l l  o f  th ese  w e r e  h u m an  p a th o g e n ic  
m ic r o o r g a n ism s  and k in d ly  su p p o rted  b y  N a tio n a l In stitu te o f  H ea lth , D ep a rtm en t o f  
M e d ic a l S c ie n c e s , M in istry  o f  P u b lic  H ea lth , T h a ila n d  and D ep a rtm en t o f  
B io te c h n o lo g y , F a c u lty  o f  S c ie n c e , R a m k h a m h a en g  U n iv e r s ity .

6 .3 .3 .5 .2  A g a r  D ilu tio n  M e th o d
T h e  m in im a l in h ib it io n  co n cen tra tio n  (M IC ) v a lu es  

o f  A g N C >3 w er e  d e term in ed  b y  an agar d ilu t io n  m eth o d  (B arry , 1976 ; N a tio n a l 
C o m m itte e  for C lin ic a l L ab oratory  S tan dard s, 1 9 9 0 ) a g a in st  the m icro o rg a n ism  
stra in s that w er e  u su a lly  the c a u sa t iv e  ag en ts  o n  th e  sk in  w o u n d . T h e tw o - fo ld  seria l 
d ilu t io n s  o f  A gN C >3 w e r e  m ix e d  w ith  the s te r iliz e d  M u ller -H in to n  broth and  agar to
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th e  f in a l v o lu m e  o f  5 m l w ith  th e  fin a l c o n cen tra tio n  from  10 m g /m l to  0 .6  p g /m l and  
im m e d ia te ly  p ou red  in to  petri d ish e s  (5 0  m m  in  d ia m eter). T en  m ic r o lite r s  o f  104 
C F U /m l o f  e a c h  stra in  w ere  sp o tted  and in o c u la te d  o n to  th e  p la tes . T h e  p la tes  w ere  
th en  in cu b ated  at 3 7  °c for 2 4  h. T h e  in h ib it io n  o f  th e  m icro b ia l gro w th  w a s  
co m p a red  w ith  th e  gro w th  in  th e  con tro l p la te . A fte r  2 4  h  o f  in cu b a tio n , th e  M IC  w a s  
d e fin e d  as th e  lo w e s t  c o n cen tra tio n  o f  A g N C >3 in h ib itin g  th e v is ib le  g r o w th  o f  each  
o r g a n ism  o n  th e agar p la te  an d  the M IC  m ea su rem en t w a s  d o n e  in  tr ip lica te  to  
c o n fir m  the v a lu e  o f  M IC  for e a c h  strain.

6 .3 .3 .5 .3  E ffe c ts  o f  T he n A g  C o n ta in in g  S ilk  F ib ro in  
S o lu tio n s  o n  M ic r o b ia l  G r o w th  
T h e a n tim icro b ia l a c t iv ity  o f  th e  n A g  c o n ta in in g  SF  

so lu t io n s  at v a r io u s  A g N C >3 co n c e n tr a tio n s  w a s  in v e stig a te d  (Q iu  e t  a i ,  2 0 0 3 ) .  E ach  
o f  a c tiv a te d  m icro b ia l stra in s in L u ria -B ertan i broth at 1 0 8 C F U /m l co n cen tra tio n  
w a s  se e d e d  in  a 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  (T C P S ; B io k o m  S y ste m s, 
P o la n d ) and th en  in o cu la ted  at 3 7  °c u n der sh a k in g  un til th e  o p tica l d e n s ity  (O D ) at 
6 0 0  n m  eq u al to  0 .1 . E ach  o f  th e  s te r iliz e d  sa m p le  so lu t io n s  (3 0  p i)  w a s  ad d ed  into  
w e l ls  c o n ta in in g  m icro b ia l cu ltu re  in L B  broth . For the c o n tro l, 3 0  p i o f  th e  s ter ilized  
L B  broth  w a s  ad d ed  in stead  o f  th e  s ter ilized  sa m p le  so lu t io n s . T h e  te s te d  so lu tio n s  
c o n ta in in g  m ic r o o r g a n ism s  w e r e  im m e d ia te ly  m easu red  th e o p tica l d e n s ity  at 6 0 0  
n m  and  in cu b ated  3 7  °c u n der sh ak in g . T h e se  so lu t io n s  w er e  tak en  to  m easu re  the  
o p tic a l d e n s ity  at 6 0 0  n m  e v e r y  h ou r (1 -8  h ). T h e  o p tica l d e n s ity  w a s  ca lc u la te d  to  
th e  p e r cen ta g e  o f  re la tiv e  v ia b il ity  o f  m ic r o o r g a n ism s as fo llo w e d :

r e la t iv e  v ia b i l i ty  o f  m ic r o o r g a n is m s  (% ) =  - r ~ - mple X 10 0  (2 )
control

6 .3 .3 .5 .4  A g a r  D is c  D iffu s io n  M e th o d
T h e U S  C lin ic a l and L ab oratory  S tan d ard s Institu te  

(C L S I)  d isk  d if fu s io n  m eth o d  w a s  u sed  to  a s s e s s  the a n tim icro b ia l a c t iv ity  o f  the  
n A g -lo a d e d  S F  f ilm s  (B au er  e t a l . ,  1966 ; A lz o r e k y  and N a k ah ara , 2 0 0 3 ) .  T h e  n eat SF  
f ilm  w a s  u sed  as th e  con tro l. T h e  18 h m ic r o b ia l cu ltu re in  M u lle r -H in to n  broth  w a s  
d ilu te d  to a p p ro x im a te ly  1 0 5 C F U /m l w ith  0 .8 5  % w /v  n orm al sa lin e  so lu t io n . T h e  
m ic r o b ia l so lu t io n s  w ere  sp read  o v e r  the M u lle r -H in to n  agar p la tes . T h e  te ste d  f ilm s
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w e r e  cu t in to  c ircu lar  d is c s  w ith  15 m m  d ia m eter  and  s te r iliz e d  w ith  7 0  v o l.-%  
eth a n o l a q u e o u s  so lu t io n  for  3 0  m in . F u rth erm ore, a ll sa m p le s  w e r e  p la ced  on  
m icro o r g a n ism s-c u ltu r e d  agar p la tes  and  in cu b a ted  at 3 7  ° c  for 2 4  h. T h e  in h ib itio n  
z o n e  w a s  m o n ito re d  and th e  m ea n  v a lu e  w a s  ca lc u la te d .

6 .3 .3 .6  S ta t i s t ic a l  A  n a ly s is
D a ta  w e r e  p resen ted  as m e a n s  ±  standard errors o f  m ean s (ท =  

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

6 .4  R e s u l t s  a n d  D i s c u s s i o n

6 .4 .1  F orm a tion  o f  n A g s  in A g N O j-C o n ta in in g  S ilk  F ib ro in  S o lu t io n s
In th e p resen t stu d y , a  S F  so lu t io n  at c o n cen tra tio n  o f  5 w t.-%  that 

co n ta in e d  A g N C >3 w a s  p rep ared . n A g s  w e r e  su b se q u e n tly  fo rm ed  in  th e  A g N C h -  
c o n ta in in g  S F  so lu tio n  a fter  it had b e e n  a g e d  for v a r io u s  t im e  in terva ls. T h e  
fo rm a tio n  o f  n A g s  in th e  A g N 0 3 -c o n ta in in g  S F  s o lu t io n  after it had  b e e n  aged  for  
v a r io u s  t im e  in terva ls  ca n  b e  id e n tifie d  s im p ly  b y  a  c h a n g e  in  th e  c o lo r  o f  the  
so lu t io n  from  lig h t y e l lo w  to  dark b row n  w ith  in c r e a s in g  th e a g in g  t im e  and b y  a 
c h a n g e  in  th e  U V -v is  a b so rp tio n  sp ectru m .

F igu re 6.1 s h o w s  sp ec tr o p h o to m e tr ic  e v id e n c e  for th e  form atio n  o f  
n A g s . It h as b e e n  sh o w n  in  th e  literature that th e  fo rm a tio n  o f  n A g s  ca n  b e o b serv ed  
from  the ap p ea ran ce  o f  th e  su rfa ce  p la sm o n  reso n a n c e  a b so rp tio n  p eak  that cen ters  
around  4 1 6 - 4 4 5  nm  in  th e  u v  sp ectru m , w ith  th e  p eak  p o s it io n  h y p o th e tic a lly  
d e c r e a s in g  w ith  a d e c r e a se  in  the s iz e  o f  th e  a s -fo r m e d  n A g s  (Y a n g  e t a i ,  2 0 0 3 ;  
Frattini e t a l . ,  2 0 0 5 ;  L ee  e t  a l . ,  2 0 0 5 ;  S o n  e t  a l . ,  2 0 0 6 ) . T h e  a b so rp tio n  p eak  o f  n A g  
in  the S F  so lu t io n s  c o n ta in in g  A g N C >3 at 0 .5 ,  1 .0 , 1 .5 , 2 .0  and 2 .5  w t.-%  w a s  first 
o b se r v e d  at 2 8 , 2 2 , 2 0 , 2 0  and 17 h o f  a g in g  t im e , r e sp e c tiv e ly . T h e  AgNC>3- 
c o n ta in in g  S F  so lu t io n s  at 0 .5  and 1.0 w t.-%  e x h ib ite d  th e  ab so rp tio n  p eak  o f  n A g  at 
4 1 3  - 4 5 6  n m , w h ile  the a b so rp tio n  band  o f  A g N C L -c o n ta in in g  S F  s o lu t io n s  at h igh er  
A g N C >3 c o n cen tra tio n s  (1 .5 , 2 .0  and 2 .5  w t.-% ) sh o w e d  s lig h t ly  sh ift  to  4 1 3 -4 6 2  nm . 
A t an y g iv e n  A gN C L  c o n te n t, th e  ab so rb a n ce  o f  th e  su r fa ce  p la sm o n  p ea k  in crea sed
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w ith  an in c r e a se  in  th e  a g in g  p er io d  a c c o r d in g  to  th e  in crea se  in  th e  n u m b er o f  the  
a s-fo r m  n A g  w ith  an in c r e a se  in  a g in g  p er io d .

T o  stu d y  th e  e f fe c t  o f  in it ia l A g N C >3 c o n cen tra tio n  o n  th e s iz e  o f  the  
as-p rep ared  n A g s , th e  n A g -c o n ta in in g  S F  so lu t io n s  that h a v e  b e e n  lo a d ed  w ith  
d ifferen t A g N C >3 c o n c e n tr a tio n s  at th e  ab so rp tio n  in te n sity  o f  1 .7  a .u . w e r e  s e le c te d  
and  further c a ste d  in to  th e  n A g -lo a d e d  S F  f ilm s . F ig . 2 a  sh o w s  th e  se le c te d  a g in g  
t im e  (to  o b ta in  th e in te n s ity  o f  su rfa ce  p la sm o n  a b so rp tio n  p eak  at 1 .7  a .u .) and the  
a v era g e  p a r tic le  s iz e  o f  th e  as-p rep ared  n A g s . T h e  se le c te d  a g in g  t im e  for the  
p rep ara tion  o f  th e  n A g -lo a d e d  S F  f ilm s  that had b e e n  prepared  fro m  th e S F  so lu t io n s  
c o n ta in in g  th e  in itia l A g N C >3 ab out 0 .5 , 1 .0 , 1 .5 , 2 .0  and  2 .5  w t.-%  w a s  3 6 , 3 0 , 2 6 , 2 6  
and  2 4  h, r e sp e c t iv e ly . T h is  resu lt im p lie d  that the n A g  in the AgNC>3-c o n ta in in g  SF  
so lu t io n s  that had b e e n  prep ared  from  th e  S F  so lu t io n s  c o n ta in in g  h ig h er  in itia l 
A g N C >3 c o n c e n tr a tio n s  occu rred  fa ster  than  th o se  co n ta in in g  lo w e r  in itia l A g N C >3 

co n c e n tr a tio n s . F u rth erm ore, the re la tio n sh ip  b e tw e e n  the a v era g e  s iz e  o f  th e  as- 
p rep ared  n A g  and  th e in it ia l c o n cen tra tio n s  o f  A g N Û 3 w a s  o b se r v e d . T h e  s iz e  o f  th e  
a s-fo r m e d  n A g s  s lig h t ly  in crea sed  w ith  an in crea se  in  th e  in itia l A g N C >3 co n ten ts . 
T h e a v e r a g e  s iz e  o f  A g  p a r tic le s  in  th e  S F  so lu t io n s  c o n ta in in g  A g N C >3 at 0 .5 , 1 .0 ,
1 .5 , 2 .0  and  2 .5  w t.-%  w a s  ab ou t 8 .71  ±  4 .9 1 , 9 .9 6  ±  4 .1 1 ,  1 1 .5 0  ±  3 .7 6 ,  1 1 .7 7  ±  3 .9 6  
and  1 2 .3 2  ±  3 .7 6  n m , r e s p e c t iv e ly  as sh o w n  in  F ig u re  6 .2 .

F ig u re  6 .3  s h o w s  th e m o r p h o lo g y  and  th e p artic le  s iz e  d istr ib u tio n  o f  
n A g s  fo rm ed  in  2 .5  w t.-%  A g N 0 3 -c o n ta in in g  S F  so lu tio n . A t a n y  g iv e n  A g N C >3 

c o n ten t, th e  a s -fo r m e d  n A g s  d isp la y e d  sp h er ica l sh ap e and w e r e  d istr ib u ted  
th ro u gh ou t th e  S F  f ilm s . T h e  w e ll  d is tr ib u tio n  o f  the a s-fo rm ed  p a r tic le s  w ith in  th e  
f ilm  c o u ld  p o s s ib ly  d u e  to  th e  c o m p le x a t io n  b e tw e e n  n A g s  and S F  m o le c u le s .

B a se d  o n  th e  resu lts , it is  o b v io u s  that th e  S F  p la y  a  k e y  ro le  o n  th e  
fo rm a tio n  o f  n A g s  in  term  o f  r ed u ction  and  sta b iliz a tio n . S F  is  c o m p o s e d  o f  ab ou t 15 
a m in o  a c id s , w h ic h  g ly c in e , ser in e , a la n in e  and ty r o s in e  are m ajor a m in o  a c id s  o f  S F  
structure. S er in e  and ty r o s in e  co n ta in  free  h y d ro x y l fu n ctio n a l g ro u p s that c o u ld  b e  
red u ced  s ilv e r  io n  to  fo rm  s ilv e r  m eta l or s ilv e r  n an op a rtic le  ( D o n g  e t  a i ,  2 0 0 8 ) .  
F u rth erm ore th e free  c a r b o x y lic  grou p  o f  s o m e  a m in o  ac id  r e s id u e s  su ch  as asp artic  
and  g lu ta m ic  a c id  o c c u r r in g  in  th e  a m o rp h o u s p o ly p e p tid e  s e q u e n c e s  (A rai e t a l . ,  
2 0 0 1 )  w er e  a b le  to  form  c o m p le x e s  w ith  m eta l ca tio n s . T h erefo re , S F  acted  a s  th e
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red u c in g  a g e n t that c o u ld  red u ce  the s ilv e r  io n  to  fo rm  s ilv e r  m eta l or  n A g  in  th e  S F  
so lu t io n  and  th e s ta b iliz in g  ag en t to p rev en t an a g g lo m e r a tio n  o f  th e  a s-fo r m e d  n A g .

6 .4 .2  C h a racter iza tio n  o f  n A g -L o a d e d  G e la tin  H y d r o g e l P ad s
6 .4 .2 .1  In  V itro  D e g r a d a tio n

In gen era l, th e  S F  f ilm  is  w a te r -so lu b le  b e c a u s e  it is  fu lly  
a m o rp h o u s, w ith  its ch a in s  ad o p tin g  a r a n d o m -c o il, rather than c r y s ta lliz a tio n  part. 
H ere, m eth a n o l treatm en t w a s  ap p lied  to  in d u ce  a tran sition  from  r a n d o m -co il to  the  
P -sh ee t c r y sta llin e  S F  stru ctu re b y  d eh y d ra tio n  (G il e t a i ,  2 0 0 7 ) .

T o  a s se s s  their  b io d eg ra d a tio n , th e  n A g -lo a d e d  SF  f ilm s  w er e  e x p o s e d  to  
p rotease  X IV  e n z y m e  (H oran , e t a i ,  2 0 0 5 ) , d er iv ed  from  S tr e p to m y c e s  g r is e u s .  
F ig u re  6 .4  sh o w s  th e in  v i tr o  d egra d ation  o f  n A g -lo a d e d  SF  f ilm s  at in itia l A g N 0 3  

co n ce n tr a tio n  o f  2 .5  w t.-%  that had b e e n  su b m e rg ed  in  s im u la te d  b o d y  flu id  b u ffer  
s o lu t io n  (p H  7 .4 )  w ith  and w ith o u t p r o tea se  e n z y m e  X IV  at 3 7  ° c .  T h e  n A g -lo a d e d  
S F  f ilm s  a fter treatm en t w ith  m eth a n o l co n ta in s  h ig h ly  ord ered  c r y s ta llin e  d o m a in s  
and  le ss -o r d e r e d  in term ed ia te  d o m a in s . For th e  S B F  w ith o u t p ro te a se , th e  n A g -  
lo a d e d  S F  f ilm s  still rem a in ed  the w e ig h t  o f  sa m p le s  a p p r o x im a te ly  9 0  % o v e r  2 6 0  h 
o w n in g  to  m eth a n o l treatm en t. T h e d eg ra d a tio n  o f  th e  m e th a n o l-trea ted  n A g -lo a d e d  
S F  f ilm  w a s  n e g lig ib le  d u e  to  /2 -sh eet co n fo r m a tio n . F or the S B F  w ith  p ro tea se , th e  
w e ig h t  lo s s  o f  m eth a n o l-trea ted  n A g -lo a d e d  S F  f ilm s  in crea sed  w ith  an in crea se  in  
su b m e r sio n  tim e . It c a n  b e  c o n c lu d e d  that S F  is  n o t se lf -d e g r a d a b le  and can  b e  
d egra d ed  s lo w ly  in  th e  p r e se n c e  o f  e n z y m e . T h is  resu lt c o r r e sp o n d e d  w ith  m a n y  
f in d in g  (L i e t  a i ,  2 0 0 3 ;  A ra i e t  a i ,  2 0 0 4 ) .  T h e  e n z y m a tic  d eg ra d a tio n  o f  m e th a n o l-  
treated  n A g -lo a d e d  S F  f ilm s  c o u ld  in it ia lly  o ccu r  at a m o rp h o u s r e g io n s  and f o l lo w  
b y  /2 -sh eet cry sta llin e  S F  structure (S o o n g  and  K e n y o n , 1984 ; H oran  e t  a i ,  2 0 0 5 ) .

6 .4 .2 .2  R e le a s e  C h a r a c te r is t ic s  o f  S i lv e r
T h e  c u m u la tiv e  am o u n t o f  s i lv e r  r e lea sed  o f  th e  n A g -lo a d e d  

S F  f ilm s  w a s  d e term in ed  b y  u s in g  A A S . Prior to in v e s t ig a t in g  th e  c h a r a c ter is tic s  o f  
s ilv e r  r e le a se d  from  th e  n A g -lo a d e d  S F  f ilm s , the actu a l a m o u n t o f  s ilv e r  (e ith er  in  
th e  form  o f  th e  free  A g + c a t io n s  or the a s-fo r m e d  n A g )  in  th e se  f i lm s  n e e d e d  to be  
d eterm in ed . F or th is p u rp o se , the m eth a n o l-u n trea ted  S F  f ilm s  that h ad  b e e n  prep ared  
from  the S F  so lu t io n s  c o n ta in in g  A g N C >3 at d ifferen t c o n c e n tr a tio n s  ( 0 .5 ,  1 .0 , 1 .5 , 2 .0
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and 2 .5  w t.-% ) w e r e  in v e s tig a te d  th e  actu al a m o u n t o f  s ilv e r  b y  first d is s o lv in g  in  95  
% H N O 3, f o l lo w in g  b y  th e a d d itio n  o f  S B F . F or th e  S F  f ilm s  that had b een  prep ared  
from  th e  S F  so lu t io n s  c o n ta in in g  A g N C >3 at 0 .7 5 ,  1 .0 , 1 .5 , 2 .0  and 2 .5  w t.-% , the  
th eo re tica l co n ten ts  o f  th e  a s - lo a d e d  s ilv e r  in  th e s e  f ilm s  sh o u ld  b e 3 .1 6 , 6 .2 9 , 9 .3 8 ,  
1 2 .4 5  an d  1 5 .4 9  m g /g  o f  th e  f i lm s  ( in  th eir  dry sta te ) , r e sp e c t iv e ly  (or 6 3 .1 9 , 1 2 5 .7 5 ,  
1 8 7 .6 9 , 2 4 9 .0 2  and 3 0 9 .7 6  p p m /g  o f  th eir  d ried  f i lm s , r e sp e c t iv e ly ) . E x p e r im en ta lly , 
th e  actu a l am o u n ts o f  s ilv e r  lo a d e d  at c o n c e n tr a tio n  o f  0 .5 , 1 .0 , 1 .5 , 2 .0  and 2 .5  w t.-%  
in  th e  f i lm s  as d e term in ed  b y  m e a n s  o f  A A S  in  th e  S B F /H N O 3 so lu tio n  w e r e  in  

ran ges o f  5 9 .7 6  ±  1 1 .7 0 , 1 2 4 .5 8  ±  2 5 .1 0 , 1 8 5 .3 9  ±  8 .0 6 , 2 5 3 .5 0  ±  2 3 .2 7  and 3 0 4 .8 9  ±  
7 4 .2 1  p p m /g  o f  the f i lm s  (ท= 3 ) , r e sp e c t iv e ly .

F igu re  6 .5  illu stra tes  th e  c u m u la tiv e  a m o u n ts  o f  s ilv er , e ith er  
in  the form  o f  n A g s  or resid u a l free  io n s  ( A g +), that w ere  r e le a se d  per gram  o f  the  
n A g -lo a d e d  S F  f ilm s  that had b e e n  lo a d ed  w ith  v a r y in g  a m o u n ts  o f  A g N C >3 in  S B F  
as a fu n c tio n  o f  th e  su b m e rsio n  t im e . T h e  r e le a se  ch a ra c ter is tic s  o f  s ilv e r  from  the  
f ilm s  occu rred  in  tw o  s ta g es . T h e  first s ta g e  r e la te s  to  the grad u al re lea se  o f  s ilv e r  
from  th e  f ilm s  in to  th e  m e d iu m , w h ic h  o ccu rred  w ith in  th e  first 7 2  h  after  
su b m e rsio n . A t th is  t im e  p o in t, th e  c u m u la t iv e  a m o u n ts  o f  s ilv e r  re lea sed  in to  the  

m ed iu m  w er e  7 1 .7 2  ±  6 .3 3 , 1 0 8 .7 1  ±  2 .9 3 , 1 3 0 .6 1  ±  2 0 .3 2 , 1 7 5 .9 0  ±  2 1 .5 0  and  

1 6 6 .8 5  ±  4 6 .5 0  p p m /g  o f  th e  f ilm s , w h ic h  a c c o u n te d  to ab o u t 1 0 0 , 7 6 , 7 2 , 73  and  5 0  
% o f  th e  a s-lo a d ed  a m o u n ts  o f  s i lv e r  w ith in  th e f ilm s . T h e  s lo w  and su sta in  s ilv e r  

re le a se  c o u ld  p o ss ib ly  d u e  to th e  tra n sfo rm a tio n  o f  a m o rp h o u s to  P -sh ee t c r y sta llin e  
structure a fter m eth a n o l treatm ent. F or  s e c o n d  s ta g e  occu rred  b e tw e e n  7 2  h to 2 1 6  h, 
th e  c u m u la t iv e  a m o u n ts  o f  s ilv e r  in  th e  m e d iu m  le v e le d  o f f  to  reach  the fin a l, 
m a x im u m  v a lu e s  o f  7 1 .7 2  ±  6 .3 3 , 1 4 3 .4 9  ±  3 .3 2 , 1 8 0 .4 0  ±  2 8 .0 7 ,  2 4 2 .0 6  ±  3 0 .5 4  and  

3 3 5 .6 7  ±  7 8 .4 5  p p m /g  o f  the h y d r o g e ls . T h e se  v a lu e s  a cc o u n te d  to  ab ou t 9 9  to 100%  
o f  the a s - lo a d e d  a m o u n ts  o f  s ilv e r  w ith in  th e f ilm s . F u rth erm ore, at a  g iv e n  tim e , the  
resu lt sh o w e d  that in c r e a s in g  th e A g N C >3 c o n te n t  in crea sed  th e  c u m u la tiv e  a m o u n ts  
o f  s ilv e r  re lea sed  in S B F .

6 .4 .2 .3  A n tim ic r o b ia l  A c t iv i t y
6 .4 .2 .3 .1  A n tim ic r o b ia l  A c t iv i t y  o f  A g N O i b y  M IC

D e te r m in a tio n
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M in im u m  in h ib ito r y  c o n c e n tr a tio n  or M IC  v a lu e  w a s  d e fin ed  as th e  lo w e s t  
c o n c e n tr a tio n s  g iv in g  n o  v is ib le  gro w th  for e a c h  m icro o rg a n ism . T h e  a n tim icro b ia l 
a c t iv it ie s  o f  th e  A g N C >3 w er e  te s te d  for s e v e n  strains su c h  as p . a e r u g in o s a , ร. 
a u r e u s , ร. a u r e u s  (M R S A ), ร'. e p id e r m id is ,  ร. a g a la c t ia e ,  ร. p y o g e n e s  and c .  
a lb ic a n s .

In gen era l, p . a e r u g in o s a  ty p ic a lly  in fe c ts  the  
p u lm o n a ry  tract, u rin ary tract, b u m s  in ju r ies, and  a lso  c a u se s  o th er b lo o d  in fec tio n s . 
It is  th e  m o st  c o m m o n  ca u se  o f  in fe c tio n s  o f  w o u n d  and o f  th e  extern al ear. ร. a u re u s  
ca n  c a u se  a ran g e  o f  i l ln e s s e s  from  m in o r  sk in  in fe c tio n s , su c h  as p im p le , im p e tig o , 
b o il ( fu r u n c le ), c e l lu l it is , ca rb u n c le , s ca ld ed  sk in  sy n d ro m e , and a b sc e ss . ร. a u re u s  
(M R S A )  is  e s p e c ia l ly  tr o u b le so m e  in h o sp ita ls  w h ere  p a tien ts  w ith  o p e n  w o u n d s , 
in v a s iv e  d e v ic e s  an d  w e a k e n e d  im m u n e  s y s te m s  are at g rea ter  risk  o f  in fe c tio n  than  
th e  g en era l p u b lic . It is  a  b a cter iu m  r e sp o n s ib le  for sev era l d iffic u lt-to -tr e a t  
in fe c t io n s  in  h u m a n s. ร. e p id e r m id is  is v e r y  lik e ly  to  co n ta m in a te  p a tien t-care  
e q u ip m e n t and  e n v ir o n m e n ta l su r fa c e s  and o f te n  o ccu rs in  p e o p le  w ith  w e a k e n e d  
im m u n e  sy s te m s . It is  a b acter iu m  c o m m o n ly  p resen t o n  h u m a n  sk in  that s o m e t im e s  
c a u se s  h u m an  il ln e s s . T h is  o r g a n ism  is  ty p ic a lly  resistan t to  m u lt ip le  a n t ib io tic s  and  
h as b e c o m e  an im p o rtan t c a u se  o f  ser io u s  in fe c tio n s  in h o sp ita liz e d  p a tien ts . ร. 
a g a la c t ia e  is  the m ajor  ca u se  o f  b a cter ia l s e p t ic e m ia  o f  th e  n ew b o rn , w h ic h  can  lead  
to d eath . ร. p y o g e n e s  is  th e  c a u se  o f  m a n y  im p ortan t h u m an  d ise a se s , r a n g in g  from  
m ild  su p e r fic ia l sk in  in fe c t io n s  to  life -th r e a te n in g  s y s te m ic  d ise a se s . C a n d id a  
a lb ic a n s  is  a d ip lo id  fu n g u s (a  fo rm  o f  y e a st)  an d  is  m o st  freq u en tly  in fe c ts  th e  sk in  
and  m u c o sa l su r fa c e s .

T h e  resu lt s h o w s  that th e  M IC  v a lu e  o f  A g N C >3 

a g a in st  ร. a u reu s , p .  a e r u g in o s a , ร. a u re u s  (M R S A ), ร. e p id e r m id is ,  ร. a g a la c t ia e ,  ร. 
p y o g e n e s  and c .  a lb ic a n s  w a s  2 .4 , 4 .9 , 4 .9 , 4 .9 ,  4 .9 , 4 .9  and  4 .9  p g /m l, r e sp e c t iv e ly  
as sh o w n  in  T a b le  6 .1 . B a se d  o n  th e resu lts , it can  b e  c o n c lu d e d  that A gN C >3 

p o s s e s s e d  stro n g  a n tim icro b ia l a c t iv it ie s  for a ll o f  th e  tested  m ic r o o r g a n ism s and had  
b ro a d -sp ectru m  a n tim icro b ia l p rop erties . T h is  b e h a v io r  w a s  a lso  reported  b y  K la sen , 
(2 0 0 0 ) .

6 .4 .2 .3 .2  E ffe c ts  o f  The n A g  c o n ta in in g  S ilk  F ib ro in
S o lu t io n s  o n  M ic r o b ia l  G r o w th
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F ig u re  6 .6  sh o w s  In v i t r o  a n tim icro b ia l a c t iv ity  o f  
th e  n A g  c o n ta in in g  S F  so lu t io n s  w ith  v a r io u s  co n ce n tr a tio n s  o f  A g N C >3 for  m icro b ia l 
g ro w th . A s  for  th e  n eat S F  so lu t io n , th e  r e la tiv e  v ia b il ity  o f  a ll strain  w a s  eq u iv a le n t  
to  th e  c o n tro l, a  resu lt that is  in  lin e  w ith  th e n o n b a cter ic id a l p rop erty . O n  the o th er  
h an d , th e  n A g -c o n ta in in g  S F  so lu t io n s  in h ib ited  th e  g r o w th  o f  c. a lb ic a n s , p . 
a e r u g in o s a  an d  ร. p y o g e n e s  (F ig u re  6 .6 (g ) ,  (a ) and ( f ) )  m o r e  than ร. e p id e r m id is , ร. 
a u r e u s , ร. a g a la c t ia e  and ร. a u r e u s  (M R S A )  (F igu re  6 .6 (d ) , (b ), (e )  and  (c ))  at an y  
g iv e n  co n c e n tr a tio n . T h ere fo re , th e  n A g -c o n ta in in g  S F  so lu t io n s  p ro v id ed  a broad  
sp ectru m  o f  a n tim icro b ia l a c t iv ity . A p p a r en tly , the in c r e a se  in  th e  an tib acteria l 
a c t iv ity  w ith  an  in crea se  in  th e  in itia l A g N C >3 c o n cen tra tio n  w a s  d u e to  th e  in crea sed  
a m o u n ts  o f  A g + io n s  and th e  a s -fo r m e d  n A g s  w ith in  th e  S F  so lu t io n , w h ic h , in  turn, 
w e r e  r e sp o n s ib le  for  the in cr e a se d  a m o u n ts o f  th e  as r e le a se d  s ilv er . W ith  in crea sin g  
t im e , the an tib a cter ia l a c t iv ity  w a s  in crea sed . C o m p a r in g  th e an tib acter ia l a c t iv ity  
b e tw e e n  e a c h  sta in , the n A g -lo a d e d  SF  s o lu t io n  in h ib ited  the gro w th  o f  m icro b ia l 
s ta in s  in th e  f o l lo w in g  order: fu n g u s  (C . a lb ic a n s )  >  G ram  n e g a tiv e  (P . a e r u g in o s a )  
>  G ram  p o s it iv e  (ร. a u reu s , ร. a u re u s  (M R S A ), ร. e p id e r m id is ,  ร. a g a la c tia e ,  and ร. 
p y o g e n e s )  b acter ia .

6 .4 .2 .3 .3  A n tim ic r o b ia l  D is c  A s s a y  o f  The n A g - L o a d e d  S ilk
F ib ro in  F ilm s

In g en era l, A g  io n  s e le c t iv e ly  b in d  to  th io l grou p s  
w h ic h  are w id e ly  d istr ib u ted  in  b acter ia l c e ll  w a ll p r o te in s , h e n c e  r e su lt in g  in  p rotein  
d én atu ra tion  (B e c h e r t  e t  a l . ,  1 9 9 9 ). T h e  p a th o g e n s  su ffo c a te  and d ie  are c lea red  ou t  
o f  th e  b o d y  b y  th e  im m u n e , ly m p h a tic  and e lim in a tio n  sy s te m s . B a b u  e t  al. (2 0 0 6 )  
rep orted  that D N A  lo s e s  its r e p lica tio n  ab ility  and  ce llu la r  p ro te in s  b e c o m e  
in a c tiv a ted  o n  s ilv e r  io n  treatm en t. F u rth erm ore, L ee  e t  a l .  (2 0 0 5 )  p ro p o se d  that 
w h e n  n A g s  w e r e  p resen t w ith in  th e h y d ro g e l m em b ra n es , th e  o x id a t io n  o f  A g  m eta l 
to  A g  io n s  w o u ld  o c c u r  to a grea ter  e x te n t at th e  su r fa c e s  o f  th e  n a n o p a rtic le s . T h e  
A g  io n s  w e r e  th e  so u r c e  o f  th e  a n tim icro b ia l a c tiv ity .

F ig u re  6 .7  s h o w s  th e in h ib it io n  a c t iv ity  o f  th e  n A g -  
lo a d e d  S F  f i lm s  a g a in st p . a e r u g in o s a .  T h e  in h ib itio n  z o n e  or c lea r  z o n e  w a s  th e  
z o n e  o f  n o v is ib le  m icro b ia l c o lo n ie s . It w a s  fou n d  that n o  in h ib it io n  z o n e  w a s
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o b se r v e d  w ith  th e n eat S F  f ilm  w h e r e a s  the n A g -lo a d e d  S F  f ilm s  e x h ib ite d  the  
in h ib it io n  z o n e . T h e a v e r a g e  in h ib it io n  z o n e  in c lu d in g  th e sa m p le  d ia m eter  o f  the  
n A g -lo a d e d  S F  f ilm s  for  a ll stra in s w a s  su m m a r iz e d  in  T a b le  6 .2 . T h e  a v e r a g e  
in h ib it io n  z o n e  o f  the n A g -lo a d e d  S F  f ilm s  w a s  fo u n d  to  in crea se  w ith  in cr e a s in g  the  
A g N Ü 3 c o n te n ts . It m e a n s  that th e  n A g -lo a d e d  S F  f ilm s  c o n ta in in g  h ig h er  A g N C >3 

co n te n ts  c o u ld  in h ib it  th e  gro w th  o f  m ic r o o r g a n ism s  m ore than  th o se  c o n ta in in g  
lo w e r  A g N C >3 co n ten ts . T h is  resu lt w a s  c o n s is te n t  w ith  th e  c u m u la t iv e  am o u n t o f  A g  
re lea sed . T h e  n A g -c o n ta in in g  S F  f ilm s  w ith  h ig h e r  A g N C >3 c o n te n ts  sh o w e d  the  
h ig h er  c u m u la t iv e  am o u n t o f  A g  r e le a se d  resu lt in g  in  th e  greater in h ib it io n  z o n e . It 
sh o u ld  b e n o te d  that th e  n A g -lo a d e d  S F  f ilm s  in h ib ited  th e g ro w th  o f  m icro b ia l s ta in s  
in the fo l lo w in g  order: fu n g u s  (C . a lb ic a n s )  >  G ram  n e g a tiv e  (P . a e r u g in o s a ) >  
G ram  p o s it iv e  (ร. a u re u s , ร. a u re u s  (M R S A ), ร. e p id e r m id is , ร. a g a la c t ia e  and  ร. 
p y o g e n e s )  b acteria . T h is  re su lt  w a s  su b sta n tia ted  b y  th e  a n tim icro b ia l a c t iv ity  o f  the  
n A g  c o n ta in in g  S F  so lu t io n s  (p r e v io u s  se c t io n ) . In a d d it io n , T a y lo r  e t  a l . (2 0 0 5 )  a lso  
fou n d  that p .  a e r u g in o s a  w a s  m o re  s e n s it iv e  to  th e  n a n o c r y sta llin e  s ilv e r  than  ร. 
a u re u s  as th e  % red u ctio n  for  p . a e r u g in o s a  w a s  h ig h e r  than ร. a u re u s .  T h e  w e a k  
e f fe c t iv e n e s s  o f  th e  a s -r e le a se d  s ilv e r  a g a in st  G r a m -p o s it iv e  b acter ia  w a s  p o stu la ted  
to b e  a resu lt o f  th ick er  p e p tid o g ly c a n  la yer  w ith in  th e ir  c e ll w a ll , w h e n  co m p a red  
w ith  that o f  G ra m -n e g a tiv e  b acteria . T h e  th ick  p e p tid o g ly c a n  la y er  w ith in  the c e ll  
w a ll o f  G r a m -p o s it iv e  b a cter ia  lik e  ร. a u r e u s  c o n ta in s  te ic h o ic  and lip o te ic h o ic  a c id s  
w h ic h  act a s  ch e la tin g  a g e n ts  and  c o u ld  tak e part in  th e  n eu tra liza tio n  o f  th e  A g + 
io n s.

6.5 Conclusions

T h e n A g -lo a d e d  S F  f ilm s  w e r e  s u c c e s s fu lly  p repared  fro m  a SF  so lu tio n  
c o n ta in in g  A g N 0 3  w ith  d ifferen t co n c e n tr a tio n s . T h e  form atio n  o f  n A g s  o ccu rred  
th rou gh  th e in  s itu  red u ctio n  w ith  S F , w h ic h  w a s  a lso  u sed  as the s ta b iliz in g  ag en t. 
T h e s iz e  o f  th e  a s -fo r m e d  n A g s  w a s  in  th e  ran ge 8 -1 2  n m  d e p e n d in g  o n  the in itia l 
A g N C >3 c o n te n ts . F rom  in  v i tr o  d eg ra d a tio n , th e  n A g -lo a d e d  S F  f ilm s  c o u ld  b e  
p r o te o ly t ic a lly  d egra d ed  w ith  an in crea se  t im e  o f  e x p o su r e  to the e n z y m e . T h e tota l 
c u m u la tiv e  am o u n t o f  s ilv e r  r e le a se d  fro m  th e f i lm s  that had b e e n  prep ared  from  the
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S F  s o lu t io n s  c o n ta in in g  h ig h er  in itia l A g N C >3 co n te n ts  w a s  greater than  that 
c o n ta in in g  lo w e r  in itia l A g N C >3 c o n te n ts . T h e p o te n tia l for u se  o f  th e  n A g -lo a d e d  SF  
f ilm s  a s  w o u n d  d r e s s in g s  w a s  a s se s se d  b y  an tim icro b ia l a c t iv ity  a g a in st  
m ic r o o r g a n ism  stra in s. T h e  resu lts  sh o w e d  that th e  n A g -lo a d e d  SF  f ilm s  in h ib ited  
th e  g r o w th  o f  m ic r o b ia l sta in s in  th e  fo l lo w in g  order: fu n g u s (C . a lb ic a n s )  >  G ram  
n e g a tiv e  (P . a e r u g in o s a ) >  G ram  p o s it iv e  (■ ร'. a u reu s , ร. a u r e u s  (M R S A ), ร. 
e p id e r m id is , ร. a g a la c t ia e ,  and ร. p y o g e n e s )  b acter ia . T h ere fo re , th e se  n A g -lo a d e d  
S F  f ilm s  c o u ld  b e p o s s ib le  u sed  as a n tim icro b ia l w o u n d  d ress in g s .
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Table 6.1 M in im u m  in h ib it io n  c o n c e n tr a tio n  o f  A g N C >3 a g a in st m icr o o r g a n ism  
strains

M ic r o o r g a n ism s M in im u m  in h ib itio n  
c o n cen tra tio n  (p g /m l)

1. P s e u d o m o n a s  a e r u g in o s a  (A T C C  2 7 8 5 3 ) > 4 .9
2 . S ta p h y lo c o c c u s  a u r e u s  (A T C C  2 5 9 2 3 ) > 2 .4
3. S ta p h y lo c o c c u s  a u r e u s  (M R S A )  (D M S T  2 0 6 5 4 ) > 4 .9
4 . S ta p h y lo c o c c u s  e p id e r m id is  (A T C C  1 2 2 2 8 ) > 4 .9
5. S tr e p to c o c c u s  a g a la c t ia e  (D M S T  1 7 1 2 9 ) > 4 .9
6. S tr e p to c o c c u s  p y o g e n e s  (D M S T  1 7 0 2 0 ) > 4 .9
7. C a n d id a  a lb ic a n s  (A T C C  1 0 2 3 1 ) > 4 .9
N o te ;  A T C C : A m er ica n  T y p e  C u ltu re  C o lle c t io n

D M S T : D ep a rtm en t o f  M e d ic a l S c ie n c e s
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T a b le  6 .2  A v e r a g e  len g th s  o f  th e  in h ib itio n  z o n e s  ( in c lu d in g  th e  d ia m eter  o f  
sa m p le )  o f  th e  n ea t SF  f ilm s  and  th e  n A g -lo a d e d  S F  film s  that had b e e n  in cu b a ted  at 
3 7  ๐c  for  2 4  h a g a in st  m ic r o o r g a n ism s

M ic r o o r g a n ism s
D ia m eter  o f  in h ib itio n  z o n e  (c m )

0 .5 % A g N O 3 1 .0 % A g N O 3 1 .5 % A g N 0 3 2 .0 % A g N O 3 2 .5 % A g N 0 3
1. p . a e r u g in o s a 1.72 1.82 1.90 1 .99 2 .0 2
2. ร. a u re u s 1.65 1.81 1.93 1 .96 1 .94
3. ร. a u r e u s  (M R S A ) 1.50 1.50 1 .50 1 .67 1 .67
4 . ร. e p id e r m id is 1.65 1.77 1.95 1 .92 1 .99
5. ร. a g a la c t ia e 1.69 1.75 1.81 1 .84 1 .86
6. ร. p y o g e n e s 1.81 1.84 1.89 1 .98 2 .0 0
7. c. a lb ic a n s 1.85 2 .1 4 2 .0 7 2 .2 5 2 .2 6

N o te ;  D ia m eter  0 ' sa m p le: 1.5 cm

1
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F i g u r e  6 .1  s h o w s  U V -v is ib le  a b so rp tio n  sp ec tra  o f  th e  A g N 0 3 -c o n ta in in g  S F  
s o lu t io n s  that had  b e e n  ag ed  for v a rio u s tim e  in terv a ls  w ith  d iffe r e n t A g N C >3 con ten ts  
(a ) A g N C >3 0 .5  w t.-% , (b ) A g N C >3 1.0 w t.-% , (c )  A g N C >3 1.5 w t.-% , (d ) A g N 0 3 2 .0  
w t.-%  and  (e )  A g N C >3 2 .5  w t.-% . T h e p in k  te x t  is  the c h o s e n  a g in g  t im e  for  further 
fa b r ica tio n  to  f ilm s .
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F i g u r e  6 .2  s h o w s  the s e le c te d  a g in g  t im e  o f  th e  n A g  c o n ta in in g  S F  so lu t io n s  (for  
le ft  Y -a x is )  and  th e a v era g e  s iz e  o f  A g  p a r tic le  (fo r  right Y -a x is )  w ith  d ifferen t  
c o n c e n tr a tio n s  o f  A g N C >3 0 .5 , 1 .0 , 1 .5 , 2 .0  and 2 .5  w t.-% .

F i g u r e  6 .3  S e le c te d  T E M  im a g e  and h isto g ra m  (m a g n if ic a tio n  =  2 0 ,0 0 0 x ;  sca le  bar 
=  1 0 0  n m ) o f  s i lv e r  n a n o p a r tic le s  (n A g s )  fo rm ed  in  2 .5  w t.-%  A g N C E -co n ta in in g  SF  
so lu t io n  that had  b een  a g e d  for  2 4  h.
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Immersion time (h)

F i g u r e  6 .4  In v i tr o  d e g ra d a tio n  o f  n A g  (2 .5  w t.-%  AgNC>3) lo a d e d  S F  f ilm s  that had  
b een  su b m e r g e d  in  S B F  w ith  and w ith o u t P rotease  e n z y m e  X IV  at 3 7  °c (ท= 3 ).

F i g u r e  6 .5  C u m u la tiv e  r e le a se  o f  s ilv e r  from  th e  n A g -lo a d e d  S F  f ilm s  that had b een  
su b m e rg ed  in  S B F  so lu t io n  (p H  7 .4 )  at 3 7  °c for v a r io u s  t im e  in terv a ls  (ท =  3). 
D iffe r e n t  d ata  se ts  w e r e  for  the f ilm s  that had b een  lo a d ed  w ith  d iffe r e n t A gN C >3

co n ten ts .



139

120

•à 80

i l
O 40

1  20
ï.

ฟ้ JT ü JT

II
-1 0 1 2 3 4 5 6 7 8 9

T im e (h)

(a) (b )

< 120

I  100
i  80

| a o

1 40
<D
a>a:รัรั 0

1 11
1

-1 0 1 2 3 4 5 6 7 8 9
T im e  (h)

(c) (d )

F ig u r e  6 .6  In v i t r o  a n tim icro b ia l a c t iv ity  o f  th e  n A g  c o n ta in in g  S F  so lu t io n s  w ith  
v a r io u s  c o n c e n tr a tio n s  o f  A g N C >3 for m icro b ia l g ro w th , (a) p .  a e r u g in o s a ,  (b ) ร. 
a u reu s , (c )  ร. a u re u s  (M R S A ), (d ) ร. e p id e r m id is ,  (e )  ร. a g a la c t ia e ,  ( f)  ร. 
p y o g e n e s  and  (g )  c. a lb ic a n s .  D iffe r e n t data se ts  w er e  •  the c o n tr o l, •  the n eat S F  
s o lu t io n  and  the n A g -c o n ta in in g  S F  so lu t io n s  that had  b een  p rep ared  from  d ifferen t  
in itia l A g N C >3 co n ten ts: •  0 .5 , * 1 .0 , •  1 .5 , •  2 .0  and •  2 .5% .
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(e) (f)

Time (h)

(g)

F ig u r e  6 .6  (c o n tin u e d ).
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F ig u r e  6 .7  I llu stra tio n  o f  the in h ib it io n  z o n e  o f  the n A g -lo a d e d  S F  f ilm s  w ith  
c o n ta in in g  in v a r io u s  A g N C >3 c o n te n ts . T h e neat S F  film  w a s  u se d  as the con tro l. T he  
f ilm s  w er e  te sted  a g a in st  w ith  p . a e r u g in o s a  and in cu b ated  at 3 7  °c for 2 4  h.
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