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CHAPTER II

2 .1  W o u n d  a n d  T y p e  o f  W o u n d

A  w o u n d  ca n  b e d e sc r ib e d  as a d e fe c t  or a b reak  in  th e  sk in , c a u s in g  from  
p h y s ic a l or th erm a l injury or as a resu lt o f  th e  p r esen ce  o f  an u n d er ly in g  m ed ic a l or  
p h y s io lo g ic a l c o n d it io n . B a se d  on  the nature o f  the rep air p r o c e ss , w o u n d s  can  b e  
c la s s if ie d  a s  a c u te  or ch ro n ic  w o u n d s . A c u te  w o u n d s  are g en e r a lly  t is s u e  in ju ries that 
heal to ta lly , w ith  m in im a l scarr in g , w ith in  th e  e x p e c te d  t im e  fram e, reg u la r ly  8 - 1 2  
w e e k s . T h e  m a in  c a u se s  o f  a cu te  w o u n d s  in c lu d e  m e c h a n ic a l in ju r ies  d u e  to ex tern a l 
factors  su c h  a s  a b ra sio n s  and  tears w h ic h  are ca u sed  b y  fr ic tio n a l in tera c tio n  b e tw e e n  
th e  sk in  and  hard su r fa ces . C h ro n ic  w o u n d s  on  th e o th er  hand ar ise  from  tissu e  
in ju ries that h ea l s lo w ly , that is  h a v e  n o t h ea led  b ey o n d  12 w e e k s  and  o fte n  reoccu r. 
C h ro n ic  w o u n d s  in c lu d e  d e c u b it is  u lcers  (b e d so r e s  or p ressu re  so r e s)  an d  le g  u lcers  
(v e n o u s , is c h a e m ic  or o f  trau m atic  o r ig in ) (J o sh u a  ร . B o a te n g  et al. , 2 0 0 7 ) .

2 .2  W o u n d  H e a l in g  P r o c e s s

W o u n d  h e a lin g  is  a s p e c if ic  b io lo g ic a l p ro c e ss  corre la ted  to th e  c o m m o n  
p h e n o m e n o n  o f  g ro w th  an d  t is su e  regen era tion . It i s  d iv id e d  in to  4  p h a ses  as 
1) H a e m o sta s is  and  In fla m m a tio n , 2 ) M ig ra tio n , 3) P ro lifera tio n  and  4 )  R e m o d e lin g  
p h a se s  (J o sh u a  ร . B o a te n g  et al., 2 0 0 7 ) .

2 .2 .1  H a e m o sta s is  and  In flam m atio n
B le e d in g  u su a lly  occu rs  w h e n  the sk in  is  in jured  and  s e r v e s  to f lu sh  

o u t b acter ia  a n d /o r  a n tig e n s  from  th e w o u n d . F u rth erm ore, b le e d in g  a c tiv a tes  
h a e m o sta s is  w h ic h  is  in itia ted  b y  e x u d a te  c o m p o n e n ts  su ch  as c lo tt in g  factors . B lo o d  
c lo t  c o n s is t s  o f  f ib r in o g e n  and  fib rin  n etw o rk , p rod u ces a c lo t  in  th e  w o u n d  c a u sin g  
b le e d in g  to s to p . T h e  in fla m m a to ry  p h a se  o ccu rs a lm o s t  in sta n ta n e o u s ly  w ith  
h a e m o sta s is , it in v o lv e s  b oth  v a scu la r  and c e llu la r  r e sp o n se s . T h e  r e le a se  o f  ex u d a te  
in to  the w o u n d  c a u se s  v a so d ila t io n  th ro u gh  re lea se  o f  h is ta m in e  and sero ton in , 
a llo w s  p h a g o c y te s  to  en ter  th e  w o u n d  and  e n g u lf  d ea d  c e lls  (n e c r o tic  t is su e ).
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N e c r o tic  t is su e  w h ic h  is  hard is  liq u e f ie d  b y  e n z y m a tic  a c t io n  to  p rod u ce  a y e l lo w is h  
c o lo u r e d  m a ss  d e sc r ib e d  as s lo u g h y . P la te le ts  lib erated  fro m  d a m a g ed  b lo o d  v e s s e ls  
b e c o m e  a c tiv a ted  as th ey  c o m e  in to  co n ta c t  w ith  m atu re  c o lla g e n  and form  
a g g r e g a te s  as part o f  th e  c lo tt in g  m e c h a n ism  (J o sh u a  ร . B o a te n g  et al., 2 0 0 7 ) .

2 .2 .2  M ig r a tio n
T h e  m ig ra tio n  p h a se  in v o lv e s  th e  m o v e m e n t  o f  ep ith e lia l c e l ls  and  

f ib ro b la sts  to  th e  in jured  area to rep la ce  in jured  and lo s t  sk in . T h e se  c e l ls  regen era te  
from  th e m a r g in s , q u ic k ly  g r o w in g  o v e r  th e  w o u n d  u n d er  the d ried  sca b  (c lo t)  
a c c o m p a n ie d  b y  e p ith e lia l th ic k e n in g  (J o sh u a  ร . B o a te n g  et al., 2 0 0 7 ) .

2 .2 .3  P ro lifera tio n
T h e  p ro lifer a tiv e  p h a se  o c cu rs  a lm o st  s im u lta n e o u s ly  or ju s t  a fter the  

m ig ra tio n  p h a se  an d  b asa l c e ll  p ro lifera tio n . G ran u la tion  t is s u e  is  fo rm ed  b y  the in ­
g r o w th  o f  c a p illa r ie s  and ly m p h a tic  v e s s e l s  in to  the w o u n d  and c o lla g e n  is  
s y n th e s iz e d  b y  f ib ro b la sts  g iv in g  the sk in  stren g th  and  fo rm . B y  th e fifth  day, 
m a x im u m  fo r m a tio n  o f  b lo o d  v e s s e l s  and g ra n u la tio n  t is s u e  h as occu rred . Further  
e p ith e lia l th ic k e n in g  tak es p la c e  until c o l la g e n  b r id ges th e  w o u n d . T h e  fib rob la st  
p ro lifer a tio n  and c o l la g e n  sy n th e s is  c o n tin u e s  for up to 2 w e e k s  b y  w h ic h  t im e  b lo o d  
v e s s e ls  d ecrea se  an d  o e d e m a  r e c e d e s  (J o sh u a  ร . B o a te n g  et al., 2 0 0 7 ) .

2 .2 .4  R e m o d e llin g
T h is  p h a se  in v o lv e s  th e  fo rm a tio n  o f  c e llu la r  c o n n e c t iv e  t is su e  and  

stre n g th en in g  o f  th e  n e w  e p ith e liu m  w h ic h  d e term in es  th e  nature o f  th e  fin a l scar. 
C e llu la r  granular t is su e  is  c h a n g e d  to  a c e llu la r  m a ss  fro m  sev era l m o n th s  up to  
ab o u t 2  years (J o sh u a  ร . B o a ten g  et al., 2 0 0 7 ) .

2 .3  B a c te r ia l  C e l lu lo s e

2 .3 .1  C e l lu lo s e
C e l lu lo s e  is  an o rg a n ic  c o m p o u n d  w ith  th e form u la  (CéHioOj),,, a 

p o ly sa c c h a r id e  c o n s is t in g  o f  a lin ear  c h a in  o f  sev era l h u n d red  to  o v er  ten  th ou san d  
(3(1—>4) lin k ed  D -g lu c o s e  u n its , a s  s h o w n  in F igu re 2 .1 . C e l lu lo s e  is the structural 
c o m p o n e n t  o f  th e  p rim ary c e ll  w a ll o f  g reen  p la n ts , m a n y  fo rm s o f  a lg a e  and the  
o o m y c e te s . S o m e  s p e c ie s  o f  b acter ia  sec r e te  it to  form  b io f ilm s . C e llu lo s e  is  th e  m o st
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common organic compound on Earth. About 33% of all plant matter is cellulose (the
cellulose content of cotton is 90% and that of wood is 40-50%).

F ig u r e  2 .1  T h e  structural u n it o f  c e l lu lo s e  (C h a p lin , 2 0 0 9 ) .

C e l lu lo s e  is  d e r iv e d  from  D -g lu c o s e  u n its , w h ic h  c o n d e n s e  th rou gh  P ( l —>4)- 
g ly c o s id ic  b o n d s. T h is  lin k a g e  m o t if  con trasts  w ith  that for a ( l —> 4 )-g ly c o s id ic  b on d s  
p resen t in  starch , g ly c o g e n , and o th er  carb oh yd rates. C e l lu lo s e  is  a stra igh t ch a in  
p o lym er: u n lik e  starch , n o  c o ilin g  or b ran ch in g  o c c u r s , and th e  m o le c u le  ad o p ts  an 
e x te n d e d  an d  rather s t i f f  ro d -lik e  c o n fo r m a tio n , a id ed  b y the eq u a to r ia l c o n fo rm a tio n  
o f  th e  g lu c o s e  r e s id u e s . T h e  m u ltip le  h y d ro x y l g ro u p s o n  th e g lu c o s e  from  o n e  ch ain  
form  h y d ro g en  b o n d s  w ith  o x y g e n  a to m s o n  th e  sa m e  or  o n  a  n e ig h b o r  ch a in , 
h o ld in g  th e  ch a in s  f ir m ly  to g eth er  s id e -b y -s id e  an d  fo rm in g  m ic r o fib r ils  w ith  h ig h  
te n s ile  stren g th . T h is  stren g th  is im p o rtan t in  c e ll  w a lls , w h e r e  th e  m ic r o fib r ils  are 
m e sh e d  in to  a carb oh yd rate  m atrix , co n ferr in g  r ig id ity  to  p la n t c e lls  (C raw fo rd , 
1 9 8 1 ).

GtüCûüd

0 «■ 
Cehobiose

Figure 2.2 Representation of inter- and intra-chain hydrogen bonding network
(Sconti, 2010).
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S e v e r a l d iffe r e n t cry sta llin e  stru ctu res o f  c e l lu lo s e  are k n o w n , co rr esp o n d in g  
to  th e  lo c a t io n  o f  h y d r o g e n  b on d s b e tw e e n  and w ith in  stran d s. N atu ra l c e l lu lo s e  is  
c e llu lo s e  I, w ith  stru ctu res Ia and Ip. C e llu lo s e  p ro d u ced  b y  b acter ia  and a lg a e  is  
en r ich ed  in  Id w h ile  c e l lu lo s e  o f  h ig h e r  p la n ts  c o n s is t s  m a in ly  o f  Ip. C e llu lo s e  in  
regen era ted  c e l lu lo s e  f ib e r s  is  c e llu lo s e  II. T h e c o n v e r s io n  o f  c e l lu lo s e  I to  c e l lu lo s e  
II is  irrev ers ib le , su g g e s t in g  that c e l lu lo s e  I is  m e ta sta b le  and c e l lu lo s e  II is  sta b le . 
W ith  v a r io u s  c h e m ic a l trea tm en ts  it is  p o s s ib le  to  p ro d u ce  the stru ctu res c e l lu lo s e  III 
and c e l lu lo s e  IV (S e r g e  P é r e z  and W illia m  M a c k ie , 2 0 0 1 ) .

2 .3 .2  P rin cip a l P a th w a y s  to C e l lu lo s e
T h ere are fou r  d ifferen t p a th w a y s to  sy n th e s iz e  th e  b io p o ly m e r  

c e llu lo s e  that are d e sc r ib e d  sc h e m a tic a lly  in  F ig u re  3 . T h e  first o n e  is  th e  m o st  
p op u lar an d  in d u stria l im p ortan t iso la t io n  o f  c e l lu lo s e  o f  p la n ts  in c lu d in g  sep ara tio n  
p r o c e sse s  to  r e m o v e  lig n in  and h e m ic e llu lo s e s . T h e  se c o n d  w a y  is  b io sy n th e s iz e  o f  
c e llu lo s e  b y  d ifferen t ty p e s  o f  m ic r o o r g a n ism s su c h  as a lg a e  (V a llo n ia ) , fu n g i 
(S a p r o le g n ia , D ic ty s te l iu m d isc o id e u m ) and  b acter ia  (A ce to b a cr ter , A ch ro m o b a cter ). 
T h e third w a y  is  e n z y m a tic  in  vitro  sy n th e s is  startin g  from  c e llo b io s y l  flu o r id e . T h e  
la st w a y  is  th e  first c h e m o sy n th e s is  from  g lu c o s e  b y  r in g -o p e n in g  p o ly m e r iz a tio n  o f  
b e n zy la ted  and  p iv a lo y la te d  d e r iv a tiv es  (K le m m  et al., 2 0 0 1 ) .A s  m e n tio n e d  a b o v e , 
C e llu lo s e  ca n  b e sy n th e s iz e d  by b acteria . B u t n ot a ll o f  th e se  b acter ia l s p e c ie s  are  
ab le  to se c r e te  th e  s y n th e s iz e d  c e llu lo s e  a s  fib ers  e x tra ce llu la r  (J o n a s  &  Farah, 1 9 9 8 )  
as sh o w n  in  T a b le  1.

2 .3 .3  C e llu lo s e  S y n th e s is  U s in g  Acetobacter xylinum
Acetobacter xylinum is  a gram  n e g a tiv e , ro d -sh a p ed , n o n -p a th o g e n ic  

and a ero b ic  b acter iu m  w h ic h  is  in terested  for  m an y  s tu d ie s  d u e to the large q u an tity  
o f  c e l lu lo s e  p rod u ct (R o s s  et al., 1 9 9 1 ). F or th e fir st t im e , th e  b a cter iu m  A. xylinum 
w a s d e cr ib ed  in 1 8 8 6  b y  B ro w n . H e id e n tif ie d  a g e la t in o u s  m at fo rm ed  in the co u rse  
o f  v in e g a r  ferm en ta tio n  o n  the su rface  o f  the broth a s  c h e m ic a lly  e q u iv a le n t to  c e ll-  
w a ll c e l lu lo s e . M ic r o o r g a n ism  o f  th e  g e n u s  A c e to b a c te r  are o b lig a te  a ero b es and  
u su a lly  fo u n d  on  fruit, v e g e ta b le s , in  v in e g a r , fruit ju ic e s ,  and a lc o h o lic  b ev era g es .  
T h e sy n th e s is  m e c h a n ism  h e lp s  the a ero b ic  b acter ia l c e l l s  to  arrive th e  o x y g e n -r ic h  
su rface . L ik e -w ise , th e  p e ll ic le  p rotects the c e ll from  th e  le th a l e f fe c t  o f  U V -lig h t ,
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e n h a n c e s  c o lo n iz a t io n  o n  fru its , reta in s m o is tu r e  to p r ev en t d ry in g , and h o ld  the  
b a cter ia  in  th e  a ero b ic  e n v ir o n m e n t (K le m m  et al., 2001). T h is  fa m ily  is  ab le  to  
o x id iz e  a lc o h o ls  to  a c id s  and  k e to n e s , e s p e c ia lly  for th e  p r o d u ctio n  o f  v in e g a r s  u s in g  
e th a n o l, w in e  or c id er  as carb o n  so u r c e s . T h e  o p tim a l p H  ran ge fo r  c e llu lo s e  
p r o d u ctio n  is  4 - 7  and th e o p tim a l gro w th  tem p era tu re is  25-30°C (J o n a s  &  Farah, 
1 9 9 8 ). S u rm a -S lu sa rsk a  et al. (2008) fou n d  that th e  o p tim u m  c o n d it io n  o f  c e llu lo s e  
p ro d u ctio n  w a s  7  d ay s at 30°c. G lu c o se  and  m a n n ito l w e r e  th e  g o o d  carb on  so u rce  
that resu lted  in  h ig h  y ie ld in g  o f  b acteria l c e l lu lo s e . F u rth erm ore, b a cter ia l c e llu lo s e  
e x h ib ite d  a h ig h  th erm al s ta b ility  w h ic h  d egra d ed  arou n d  300°c.

T h e m o le c u la r  stru ctu re o f  c e llu lo s e  sy n th e s iz e d  b y  A. xylinum is  sa m e as  
p lan t c e l lu lo s e . U n lik e  p lan t c e l lu lo s e , b acter ia l c e l lu lo s e  h as n o  lig n in , p ectin , and  
h e m ic e l lu lo s e . M o r e o v e r , th e  ch a ra cter is tics  o f  b acter ia l c e l lu lo s e  d if fe r  from  p lant  
c e l lu lo s e  d u e  to  its  h ig h  cry sta llin ity , h ig h  w a ter  a b so rp tio n , and m e c h a n ic a l strength  
in th e  w e t  sta te , u ltra -fin e  n e tw o rk  structure (n a n o sc a le  f ib er  d ia m eter ) and m o u ld  

a b ility  (K le m m  et al., 2 0 0 1 ) .

M ICRO O RG ANISM S

enzymatic synthesis
, O l l

F ig u r e  2 .3  P a th w a y  to sy n th e s iz e  c e llu lo s e  (K le m m  et al., 2 0 0 1 ) .
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T a b le  2 .1  B a c ter ia l c e l lu lo s e  p rod u cers. (Jon a s &  Farah, 1 9 9 8 )

G en u s C e l lu lo s e  structure
A c e to b a c te r e x tra ce llu la r  p e l l ic le  c o m p o s e d  o f  r ib b on s
A c h r o m o b a c te r fib r ils
A e r o b a cter fib r ils
A g r o b a c te r iu m sh ort fib r ils
A lc a l ig e n e s fib r ils
P se u d o m o n a s n o  d is t in c t  fib r ils
R h iz o b iu m sh ort f ib r ils
S arc in a a m o rp h o u s c e llu lo s e
Z o o g lo e a n ot w e l l  d e fin ed

T h e  c e llu lo s e  fo rm a tio n  in c lu d e s  f iv e  fu n d a m en ta l e n z y m e  m ed ia ted  
step s: th e  tran sfo rm ation  o f  g lu c o s e  to U D P -g lu c o s e -6 -p h o s p h a te  and  g lu c o s e - 1- 
p h o sp h a te  and f in a lly  the a d d itio n  o f  U P D -g lu c o s e  to th e  en d  o f  g r o w in g  p o ly m er  
c h a in  b y  c e l lu lo s e  sy n th a se  as sh o w n  in  F ig u re  2 .4 . C e l lu lo s e  sy n th a se  (U P D -  
g lu c o se :  1 ,4 -P -D -g ly c o sy ltr a n s fe r a se )  is  regard ed  as th e  e s se n tia l e n z y m e  in  the 
sy n th e s is  p r o c e ss . It is  su b jec ted  to a c o m p lic a te d  re g u la tio n  m e c h a n ism , w h ich  
c o n tr o ls  a c tiv a tio n  and  in a c tiv a tio n  o f  the e n z y m e  (K le m m  et al., 2 0 0 1 ) .

A . x y lin u m  form s th e  c e llu lo s e  b e tw e e n  th e ou ter  and th e cy to p la sm a  
m em b ra n e . T h e  c e llu lo s e -s y n th e s iz in g  c o m p le x e s  or term in a l c o m p le x e s  (T C ) are 
lin e a r ly  arran ged , and  in  a s so c ia t io n  w ith  p o res  at the su r fa ce  o f  the b acter iu m . In the  
first s te p  o f  c e l lu lo s e  form ation  g lu c a n  ch ain  a g g r e g a te s  c o n s is t in g  o f  a p p ro x im a te ly
6 -8  g lu c a n  c h a in s  are e lo n g a ted  from  the c o m p le x . T h e se  su b e le m e n ta r y  fib r ils  are 
a sse m b le d  in  th e  s e c o n d  step  to form  m icro fib r ils  fo l lo w e d  b y  their  tigh t a s se m b ly  to 
form  a r ib b on  as th e  third step  that p resen ted  in  F ig u re  5 . T h e  M a tr ix  o f  the  
in te r w o v e n  r ib b o n s co n stitu te s  th e  bacteria l c e l lu lo s e  m em b ra n e  or p e ll ic le . B acteria  
c e llu lo s e  r ib b on  p ro d u ced  b y o n e  bacteria l c e ll  a s  s h o w n  in  F igu re 6 and F igu re 7 
d e m o n stra te  that A . x y lin u m  c e l l s  are d istr ib u ted  th ro u g h o u t the n e tw o rk  o f  the  
c e llu lo s e  r ib b on s.
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• main carbon source: D-glucose

1 glucose permease

2 glucokinase

3 phosphoglucomutase

4 UDP-glucose pyrophosphorylase

5 cellulose synthase

F ig u r e  2 .4  P a th w a y s  o f  carb on  m e ta b o lism  in Acetobacter xylinum (K le m m  et al, 
2 0 0 1 ) .

Single Microfibril Ribbon

Glucan Chain 
Aggregat - >

VU

F ig u r e  2 .5  F o rm a tio n  o f  bacteria l c e l lu lo s e  (K le m m  et al., 2 0 0 1 ) .

F ig u r e  2 .6  T E M  im a g e  o f  b acter ia l c e l lu lo s e  r ib b o n  p ro d u ced  b y  a b acteria l c e ll  
(K le m m  et al., 2 0 0 1 ) .
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F ig u r e  2 .7  S E M  im a g e  o f  a b acteria l c e l lu lo s e  n e tw o r k  in c lu d in g  th e  b acteria l c e lls  

(K le m m  et al., 2 0 0 1 ) .

2 .3 .4  S tructure o f  B a cter ia l C e llu lo s e
N u m e r o u s  resea rch es o n  b acteria l c e l lu lo s e  r e v e a le d  that it is 

c h e m ic a lly  id e n tic a l to  p lan t c e llu lo s e , but i t ’s d ifferen t in  m a c r o m o le c u la r  structure  
and p rop erties  as sh o w n  in  F igu re 8. In ad d itio n , d im e n s io n s  o f  b acter ia l c e llu lo s e  
fib r ils  are 2 0 -5 0  nm  w id th , at lea st 1 0 p m  lo n g . T h e  u ltra fin e  r ib b on  n etw o rk  
structure w a s  s ta b iliz e d  b y  e x te n s iv e  h y d ro g en  b o n d in g  (Y a m a n a k a  et al., 1 9 8 9 ). T h e  
d eg ree  o f  p o ly m e r iz a tio n  is  1 3 0 0 0 -1 4 0 0 0  for p lan t an d  2 0 0 0 - 6 0 0 0  for  b acteria l 
c e llu lo s e  (J o n a s  &  Farah, 1 9 7 8 ).

F ig u r e  2 .8  S c h e m a tic  m o d e l o f  B C  m ic r o fib r ils  (r igh t) d raw n  in c o m p a r iso n  w ith  
th e  ‘fr in ged  m ic e l le s ';  o f  P C  fib r ils ( le ft)  (Ig u ch i et al., 2 0 0 0 ) .

T h e  p ro d u ctio n  o f  b acteria l c e l lu lo s e  h a s q u ite  s u c c e s s fu lly  in sta tic  
cu ltu re that resu lted  in  p e ll ic le  form ed  o n  the su r fa ce  o f  sta tic  cu ltu re  as sh o w n  in  
F igu re 9. B u t there are lo w  p ro d u ctiv ity  and  labor in te n s iv e  (Y a n g  et al., 1 9 9 7 ). In
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c a se  o f , b acter ia l c e l lu lo s e  in  ag ita ted  cu ltu re  p rod u ced  in  w e ll-d isp e r se d  slurry as  
irregu lar  m a ss  a s  sh o w n  in  F ig u re  10. (H e str in  &  S ch ram , 1 9 5 4 ). T h e  a g ita ted  cu ltu re  

h a s n o t  b e e n  s u c c e s s fu l in  b acter ia l c e l lu lo s e  p ro d u ctio n  d u e  to  its  lo w  y ie ld  (B y ro m , 
1 9 9 1 ). A n o th er  p ro b lem  for  ag ita ted  cu ltu re  is  a s so c ia te d  w ith  th e cu ltu re  in sta b ility  
that resu lted  in  lo s s  o f  c e l lu lo s e  p ro d u c in g  c e l ls  b e c a u se  o f  n o n -p r o d u c in g  m u tan ts  
(V a lla  &  K jo sb a k k e n , 1 9 8 2 ). F lo w ev er , s o m e  research ers su g g e s te d  that th e  ag ita ted  

cu ltu re  m ig h t b e  su ita b le  for  e c o n o m ic a l sc a le  p ro d u ctio n  (Y o s h in a g a  et al. 1 9 9 7 ).

F ig u r e  2 .9  B C  p e l l ic le  fo rm ed  F ig u r e  2 .1 0  B C  p e lle ts  fo rm ed
in sta tic  cu ltu re  (B ie le c k i  et al, 2 0 0 2 )  in  ag itated  cu ltu re  ( B ie le c k i  et al., 2 0 0 2 )

T h e  Ia , Ip c o n ten t and p ercen t cry sta llin ity  from  F T IR  and X R D  
m ea su r e m e n t s h o w e d  h ig h er  p ercen t cry sta llin ity  and Ia-r ich  c e l lu lo s e  in  sta tion ary  
c o n d it io n , a s  sh o w n  in ta b le  2 .(C za ja , 2 0 0 4 ) .  In c a s e  o f  a g ita ted  cu ltu re, th e  
in ter feren ce  d u r in g  th e cry sta lliza tio n  p r o c e ss  o f  b acteria l c e l lu lo s e  m a y  lead  to th e  
fo r m a tio n  o f  c r y s ta llite s  in  a sm a ller  s iz e . T h erefore , th e  fo rm a tio n  p ro c e ss  o f  
c e l lu lo s e  Ip m a y  b e  p re feren tia lly  in d u ced  (W a ta n a b e  et al., 1 9 9 8 ).
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T a b le  2 .2  C e l lu lo s e  Ia and Ip c o n te n t  (% ) and  P e rcen t c r y s ta llin ity . (C za ja , 2 0 0 4 )

C e l lu lo s e  sa m p le la Ip P ercen t c r y s ta llin ity  (% )

S ta tion ary 7 6 2 4 8 9

A g ita ted 71 2 9 8 4

2 .3 .5  T h e  P h y s ic a l and M e c h a n ic a l P ro p erties  o f  B a c te r ia l C e l lu lo s e
T h e  p h y s ic a l and  m e ch a n ica l p ro p er tie s  o f  b a cter ia l c e l lu lo s e  arise  

from  th e  u n iq u e 3 -D  u ltra fin e  n etw o rk  structure. P re lim in a ry  stu d y  h as m ea su red  the  
Y o u n g ’s m o d u lu s  o f  b acteria l c e l lu lo s e  as h ig h  a s  (> 1 5  G P a) 5 in  an y  d ir e c tio n  across  
th e  p la n e  o f  sh ee t. It is  c o n s id e r e d  that the h ig h  m e c h a n ic a l s tren g th  a r ise  from  the  
h ig h  d e n s ity  o f  in terfib r illar  h y d r o g en -b o n d s, d u e  to  th e  v e r y  f in e  fib r ils  and  large  
c o n ta c t  area. In a d d it io n , there is  n o  s ig n ific a n t  e f fe c t  o f  v a r y in g  c u lt iv a tio n  t im e  and  
a m o u n t o f  c e l lu lo s e  c o n ten t on  m e ch a n ica l p ro p erties . F u rth erm ore, th e  p u lp  d er iv ed  
from  b a cter ia l c e l lu lo s e  can  e n h a n ce  r e in fo rcem en t to th e  ord in a ry  c o tto n  lin t pulp  

(Y a m a n a k a  et al., 1 9 8 9 ).
T h is  u n iq u e  stru ctu re can  a lso  e n h a n ce  to ab so rb  a  large a m o u n t o f  

w a ter  (u p  to 2 0 0  t im e s  o f  its dry m a ss)  b e c a u se  o f  the large su r fa c e  area. M o reo v er , 
b a cter ia l c e l lu lo s e  in  w e t  sta te  sh o w  great e la s t ic ity , h ig h  w e t  stren g th , h igh  
c o n fo r m a b ility  an d  tran sp aren cy  (K le m m  et al., 2 0 0 1  ; C za ja  et al.,2 0 0 6 ) .

2 .3 .6  B a c ter ia l C e llu lo s e  in  W ou n d  D r e ss in g  A p p lic a t io n
W o u n d  repair is a d yn am ic  p r o c e s s  that a s s o c ia te s  w ith  a  c o m p le x  

in tera c tio n  o f  v a r io u s  c e ll  ty p es , ex tra ce llu la r  m atr ix  m o le c u le s , so lu b le  m ed ia tors  
and c y to k in e s . T y p ic a lly , the p r o c e ss  o f  w o u n d  h e a lin g  h as b e e n  d iv id e d  in to  four  
p h a ses: h o m e o s ta s is , in f la m m a tio n , gran u la tion  t is su e  and r e m o d e lin g  (E m in g  et al.,
2 0 0 2 ) .  W ou n d  d r e ss in g s  can  b e c la s s if ie d  in to  trad ition a l and  m o d ern  w o u n d  

d r e ss in g s  (m o is t  w o u n d  d r e ss in g s  su ch  as h y d r o c o llo id , a lg in a te  and h yd ro ge l). 
M o d e m  w o u n d  d r e s s in g s  h a v e  b e e n  d e v e lo p e d  b e c a u se  it p r o v id e  m o is t  e n v iro n m en t  
w h ic h  fa c ilita te  for w o u n d  h e a lin g  p ro cess  (B o a te n g  et al., 2 0 0 8 ) .  In 1 9 6 2 , G eorg e
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W in ter  fo u n d  that the r e -e p ith e liz a t io n  w a s  a c c e le r a te d  i f  th e  w o u n d  w a s  k ep t m o ist. 
In a d d it io n , th e  m o is t  w o u n d  en v iro n m en t can  e n h a n c e  esh a r  an d  c lo t  r em o v a l, 
r e e p ith e lia liz a tio n  and  c o lla g e n  sy n th e s is  w h ic h  p ro m o te  p r o te o ly t ic  en v iro n m en t  
and th e g r o w th  factor  o v e r  the dry w o u n d  (C h en  et al., 1 9 9 2 ). T h u s, m o is t  w o u n d  
d r e ss in g sh a v e  b een  d e v e lo p e d  as an im p ro v em en t o n  th e  trad ition a l w o u n d  d ress in g s . 
M o reo v er , fo r  h ig h ly  w a ter  vap or  p erm ea b le  w o u n d  d ress in g  (P E U ) can  p ro m o te  a 
h ig h  a m o u n t o f  f ib r in o g e n  and fib ro n ec tin  w h ic h  a s so c ia te d  w ith  acce lera ted  

e p ith iliz a t io n  d u rin g  w o u n d  h e a lin g  p r o c e ss  (J o n k m a n  et al, 1 9 9 0 ).
D u e  to its  u n iq u e p rop erties , b a cter ia l c e l lu lo s e  h as s h o w n  great 

p o ten tia l fo r  u s in g  as w o u n d  d r e ss in g  m ateria l a s  sh o w n  in  ta b le  3 . B a cter ia l 
c e llu lo s e  a c tu a lly  p erfo rm ed  better than c o n v e n tio n a l w o u n d  d r e ss in g s  in  
1 .c o n fo r m in g  to the w o u n d  su rfa ce  (e x c e lle n t  m o ld in g  to a ll fa c ia l co n to u rs  and a 
h ig h  d e g r e e  o f  ad h eren ce  e v e n  to th eco n to u red  parts su ch  as n o se , m o u th , e tc . w ere  
o b se r v e d ) , 2 . m a in ta in in g  a m o is t  e n v iro n m en t w ith in  th e  w o u n d , 3 . s ig n if ic a n tly  
red u c in g  p a in , 4 .a c c e le r a tin g r e -e p ith e lia liz a tio n  an d th e  fo rm a tio n  o f  g ra n u la tio n  
t is su e , an d  5 .red u c in g  scarform a tion  (C za ja  et al., 2 0 0 7 )

T a b le  2 .3  P ro p erties  o f  b acteria l c e llu lo s e  and h o w  th e y  rela te  to  th e  p ro p er tie s  o f  an  
id ea l w o u n d  d re ss in g  m ater ia l. (C za ja  et al., 2 0 0 7 )

P ro p er tie s  o f  id ea l w o u n d  care  
d re ss in g

P rop erties o f  b acter ia l c e l lu lo s e

M a in ta in  a m o is t  e n v iro n m en t at th e  
w o u n d /d r e ss in g  su rfa ce

H igh  w a ter  h o ld in g  c a p a c ity  (typ ica l

m em b ran e c a n  h o ld  up  to  2 0 0 g  o f  its  dry  
m a ssin  w ater) ;h igh  w a ter  v a p or  

tra n sm iss io n  rate

P ro v id e  p h y s ic a l barrier ag a in st  
b acteria l in fe c tio n s

N a n o p o r o u s  stru ctu re d o e s  n ot a l lo w  an y  
extern al b a cter ia  to p en etra te  in to  w o u n d  
bed
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-V A i* w ’ *_ '1 ' - .  ร  ' ' ‘'̂
P ro p erties  o f  id ea l w o u n d  care

H ig h ly  a b so rb a b le P artia lly  d eh y d ra ted  m em b ra n e  is  ab le  to  
ab sorb  f lu id  u p  to  its o r ig in a l c a p a c ity

S te r ile , e a s y  to  u se , and in e x p e n s iv e M em b ra n es are e a s y  to  s te r iliz e  (b y  stea m  
or y -rad ia tion ) an d  p a ck a g e . T h e  c o s t  o f  
p ro d u ctio n  o f  1 c m 2 is  $ 0 .0 2

A v a ila b le  in  v a r io u s  sh a p e s  an d  s iz e s A b ility  to  b e  m o ld e d  in  situ

P ro v id e  e a s y  an d  c lo s e  w o u n d  
c o v e r a g e ,b u t  a l lo w  e a sy  and  p a in le ss  
r em o v a l

H ig h  e la s t ic ity  an d  c o n fo r m a b ility

S ig n if ic a n tly  r e d u c e  p a in  d u rin g  
treatm en t

T h e  u n iq u e B C  n a n o m o r p h o lo g y  o f  n ev er-  
dried  m em b ra n e  p r o m o tes  s p e c if ic  
in teraction  w ith  n e r v e  e n d in g s

P r o v id e  p o r o s ity  for  g a s e o u s  and  
f lu id  e x c h a n g e

H ig h ly  p o ro u s  m ater ia l w ith  p o re  s iz e s  
ra n g in g  from  se v e r a l n a n o m eters  to  
m icro m eters

N o n to x ic ,  n o n p y r o g e n ic , and  
b io c o m p a t ib le

B io c o m p a tib le , n o n p y r o g e n ic , n o n to x ic

P r o v id e  h ig h  c o n fo r m a b ility  and  
e la s t ic ity

H ig h  e la s t ic ity  an d  c o n fo r m a b ility

P ro v id e  m e c h a n ic a l s ta b ility H ig h  m e c h a n ic a l stren g th  ( Y o u n g ’ร 

m o d u lu s  v a lu e  o f  sev era l G P a)
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M a n y  stu d ie s  h a v e  rep orted  o n  th e s u c c e s s fu l o f  b acter ia l c e l lu lo s e  as  
w o u n d  d r e ss in g . T h e  p rod u ct c a lle d  B io fd l  h as b e e n  u se d  for tem p o rary  sk in  
su b stitu te s . It c a n  h e lp  to  p r o m o te  h e a lin g  o f  m a n y  sk in  in ju r ies  trea tm en ts  su ch  as  
b asa l c e ll  c a r c in o m a , sk in  graft, s e v e r e  b o d y  b u m s, fa c ia l p e e lin g , su tu res, 
d erm a b ra sio n s , sk in  le s io n s , c h ro n ic  u lc e r s  and  b oth  d o n o r  and  recep to r  s ite s  in  graft 
(F o n ta n a  et a l,  1 9 9 0 ). Farah et al. ( 1 9 9 0 )  d escr ib ed  m a n y  a d v a n ta g e s  o f  B io f il l  
p ro d u ct o n  th e  le s io n  reg io n  su ch  a s  c lo s e  a d h e s io n  to a n y b o d y  lo c a t io n , en h a n c in g  

th e  a b so rp tio n  o f  e x u d a te s , red u ced  p a in  ( iso la te d  n e r v e  e n d in g ) , r e d u c in g  scar  
fo rm a tio n , n o  a l le r g ic  rea c tio n  and  e a s i ly  sto red .

A n o th e r  b acter ia l c e l lu lo s e  p rod u ct is  X c e l l .  U n lik e  o th er  w o u n d  
d r e ss in g  p ro d u cts  in th e  m ark et, X c e ll  p rod u ct h as a b ility  to  m a n a g e  th e m o istu re  
b a la n c e  b y a b so r b in g  e x c e s s  e x u d a te s  and d o n a tin g  m o is tu r e  in  w o u n d  area. A lv a r e z  
et al. ( 2 0 0 4 )  rep orted  that X c e ll  s u c c e s s  w ith  the c h r o n ic  v e n o u s  u lcera tio n  
treatm en t. T h e  c o m b in a tio n  o f  b acteria l c e l lu lo s e  w o u n d  d r e ss in g  and  c o m p r e ss io n  
b a n d a g e  resu lte d  in  le s s  w o u n d  p a in , im p r o v e d  a u to ly tic  d eb r id em en t and  d e v e lo p e d  
o f  gra n u la tio n  t is s u e  as co m p a red  w ith  stan dard  w o u n d  care . M o r e o v e r , F lea s ley  et 
al. ( 2 0 0 3 )  p r o v e d  that X c e ll  can  b e e f fe c t iv e ly  u sed  to  treat on  th e  d ia b e tic  fo o t  
u lcers.

A n o th e r  in terestin g  and im p o rtan t a d v a n ta g e  o f  the b a cter ia l c e llu lo s e  
d r e ss in g  in c lu d e s  its tran sp aren cy , w h ic h  fa c ilita te  for o b se r v a t io n  in  th e  h ea lin g
p ro g ress .

2 .4  C h ito s a n

2 .4 .1  B a c k g r o u n d  o f  C h ito sa n
C h ito sa n  is  the N -d e a c e ty la te d  d e r iv a tiv e  o f  c h it in , as sh o w n  in F igure  

1 5, a lth o u g h  th is  N -d e a c e ty la t io n  is  a lm o st  n e v er  c o m p le te . A  sharp n o m en c la tu re  
w ith  resp ec t to  th e  d e g r e e  o f  N -d e a c e ty la t io n  h as n ot b e e n  d e fin e d  b e tw e e n  ch itin  
and ch ito sa n . T h e  stru ctu res o f  ch it in  and c h ito sa n  are sh o w n  in F ig u re  13 and 14. 
C h itin  and c h ito sa n  are o f  c o m m e r c ia l in terest du e to their  h ig h  p e rcen ta g e  o f  
n itro g en  (6 .8 9 % ) co m p a red  to sy n th e tic a lly  su b stitu ted  c e l lu lo s e  (1 .2 5 % ). T h ese



16

n atu ra lly  ab u n d an t m a ter ia ls  a lso  e x h ib it  a lim ita tio n  in  th e ir  r e a c tiv ity  and p r o c e ss  
a b ility . In th is  r e sp e c t, c h ito sa n  is  r e c o m m e n d e d  as su ita b le  fu n c tio n a l m ater ia ls , 
b e c a u se  th e se  natural p o ly m ers  h a v e  e x c e lle n t  p rop erties  s u c h  a s  b io c o m p a tib ility , 
b io d eg ra d a b ility , n o n -to x ic ity , a d so rp tio n  p ro p erties , etc .

F ig u r e  2 .1 1  T h e  S tru ctu ral o f  ch ito sa n .

F ig u r e  2 .1 2  T h e  S tru ctu ral o f  ch itin .

F ig u r e  2 .1 3  D e a c e ty la t io n  o f  ch itin .

2 .4 .2  C h a ra c ter is tic s  o f  C h ito sa n
2.4.2.1 Antioxidant Activity

Park et al. (2 0 0 4 a )  prep ared  th ree  k in d s o f  p artia lly  
d ea c e ty la te d  h e te r o -c h ito sa n  su ch  a s  90%  d ea c e ty la te d , 7 5 % d ea ce ty la ted , and  50%  
d ea c e ty la te d  c h ito sa n  from  crab ch itin , and th eir  a n tio x id a n t p rop erties  w er e  
m ea su red  u s in g  e le c tr o n  sp in  reso n a n c e  sp ectro m etry . Park an d  co w o r k e r s  fo u n d  that
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th eir  a n tio x id a n t a c t iv it ie s  w er e  d ep en d en t on  th e D D , and th e  90 %  d ea ce ty la ted  
c h ito sa n  sh o w e d  th e h ig h e s t  free rad ical s c a v e n g in g  a c t iv it ie s .

2.4.2.2 Antimicrobial Activity
M a n y  stu d ie s  h a v e  b e e n  c o n d u c te d  o n  th e  an tim icro b ia l 

a c tiv ity  o f  c h ito sa n  s in c e  A lla n  and H a d w ig e r  ( 1 9 7 9 )  first rep orted  that c h ito sa n  and  
its  d e r iv a t iv e s  had b ro a d -sp ectru m  a n tim icro b ia l e f fe c ts . T h e  gro u p  o f  resea rch es  
p rov ed  that c h ito sa n  is  ca p a b le  o f  in h ib it in g  the g r o w th  o f  s o m e  m icr o o r g a n ism s  
in c lu d in g  b acter ia , y e a s ts , and  fu n g i.

2.4.2.3 Anti-Inflammatory Activity
In fla m m a tio n  in v o lv in g  a w id e  va r ie ty  o f  p h y s io lo g ic a l and  

p a th o lo g ic a l p r o c e s se s  is  a k in d  o f  d e fe n s e  m e c h a n ism  in  an o r g a n ism  and is  in itia ted  
by th e in v a s io n  o f  p a th o g e n s  or by t is su e  injury c a u se d  by b io lo g ic a l ,  c h e m ic a l, or  
p h y s ic a l d a m a g e . In fla m m a tio n  is  la rg e ly  d iv id e d  in to  a c u te  and ch ro n ic  
in f la m m a tio n . A c u te  in fla m m a tio n  is  a sh ort-term  n orm al r e sp o n se , w h erea s  ch ro n ic  
in f la m m a tio n  m a y  p ro g ress  from  acu te  in fla m m a tio n  i f  the s t im u li p ersist , c a u s in g  
in d iv id u a l t is su e  d a m a g e  (D ray to n  et ah, 2 0 0 6 ) .

2 .4 .3  B io m e d ic a l A p p lic a t io n  o f  C h ito sa n
C h ito sa n 's  p rop erties a l lo w  it to  rap id ly  c lo t  b lo o d , and  h av e  r ecen tly  

g a in ed  ap p ro va l in  th e  U n ite d  S ta tes  and E u rop e for  u se  in  b a n d a g e s  and o th er  
h e m o sta t ic  a g en ts . T h e  บ .ร .  M arin e C orp s h as b e e n  s h o w n  in  te st in g  that th e  
c h ito sa n  h e m o sta tic  p ro d u cts  are q u ic k ly  sto p  b le e d in g  and r ed u ce  b lo o d  lo s s  in  
c o m p a r iso n  to  g a u ze  d r e ss in g s , and resu lt  in  100%  su rv iv a l o f  o th e r w ise  leth al 
arterial w o u n d s  in  sw in e . M o reo v er , it can  in crea se  p atien t su r v iv a l. C h ito sa n  h as  
natural a n tib acter ia l p ro p erties , and it is  h y p o a lle r g e n ic , w h ic h  further su p port its u se  
in f ie ld  w o u n d  d ressin g .

R .A .A . M u z z a r e lli ( 1 9 9 7 )  s tu d ied  on  th e h u m an  e n z y m a tic  a c t iv it ie s  
related  to  th e  th era p eu tica lly  ad m in istra tio n  o f  c h itin  d e r iv a tiv e s . T h e  resu lts  r ev e a led  
that c h ito sa n  h as im p o rtan t a p p lic a tio n s  in  p h otogra p h y  d u e to  its  r e s is ta n ce  to  
ab ra sion , its o p tica l ch a ra cter is tics , and film  fo rm in g  ab ility . S ilv e r  c o m p le x e s  are 
n ot a p p rec ia b ly  reta in ed  b y  ch ito sa n  and  th erefore  can  e a s i ly  b e  p en etra ted  from  o n e  
layer to an o th er  o f  a f i lm  b y  d iffu s io n .
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H.F. Mark e t  a l . (1985) reported that the applications o f chitosan in 
cosmetic field, organic acids are usually good solvents; chitosan has fungicidal and 
fungi static properties. Chitosan is the only natural cationic gum that becomes 
viscous on being neutralized with acid. These materials are used in creams, lotions 
and permanent waving lotions and several derivatives have also been reported as nail 
lacquers.

Malette e t  a l. (1986) studied the effect o f treatment with chitosan and 
saline solution on healing and fibroplasia o f wounds made by scalpel insertions in 
skin and subcutaneous tissue in the abdominal surface o f dogs.

Yannas e t  a l . (1982) proposed a design for artificial skin, applicable to 
long-term chronic use, focusing on a nonantigenic membrane, which performs as a 
biodegradable template for synthesis o f neodermal tissue. It appears that chitosan, 
having structural characteristics similar to glycosamino glycans, could be considered 
for developing such substratum for skin replacement.

Sparkes and Murray (1986) developed a surgical dressing made o f a 
chitosan-gelatin complex. The procedure involves dissolving the chitosan in water in 
the presence o f a suitable acid, maintaining the pH o f the solution at about 2-3, 
followed by adding the gelatin dissolved in water. The ratio o f chitosan and gelatin is 
3:1 to 1:3. To reduce the stiffness o f the resulting dressing a certain amount o f 
plasticizers such as glycerol and sorbitol could be added to the mixture. Dressing 
film was cast from this solution on a flat plate and dried at room temperature. It was 
claimed that, in contrast to conventional biological dressings, this experimental 
dressing displayed excellent adhesion to subcutaneous fat.

Biagini e t  a l . (1991) developed an N-carboxy-butyl chitosan dressing 
for treating plastic surgery donor sites. A solution o f N-carboxy-butyl chitosan was 
dialyzed and freeze-dried to produce a 10x20x0.5 cm3 soft and flexible pad, which 
was sterilized and applied to the wound. This dressing could promote ordered tissue 
regeneration compared to control donor sites, better vascularization and the absence 
o f inflammatory cells were observed at the dermal level, while fewer aspects o f 
proliferation o f the malpighian layer were reported at the epidermal level.

Muzzarelli (1995) introduced another chitosan derivative, 5-methyl- 
pyrrolidinone chitosan, which is believed to be very promising in medical
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applications. This polymer is claimed to be compatible with other polymer solutions, 
including gelatin, poly(vinyl alcohol), poly(vinyl pyrrolidone) and hyaluronic acid. 
The advantages include healing o f wounded mensical tissues, and o f decubitus 
ulcers, depression o f capsule formation around prostheses, limitation o f scar 
formation and retraction during healing.

Shin-YeuOng e t  a l . (2008) studied on the development o f a chitosan- 
based wound dressing with improved hemostatic and antimicrobial properties. A new 
chitosan-polyphosphate dressing has been developed that accelerated blood clotting, 
platelet adhesion, thrombin generation, and absorbed significantly more blood than 
chitosan. These results provide the first evaluation and optimization o f a chitosan- 
polyphosphate complex for hemostatic applications. Further investigation will more 
precisely delineate the mechanisms behind the improved hemostatic activity o f 
chitosan-polyphosphate, and validate the findings in vivo. The chitosan- 
polyphosphate with incorporated silver was also effective in reducing mortality 
compared to standard gauze treatment in a full-thickness wound model contaminated 
with high levels o f p .  a e r u g i n o s a .

Jaehwan Kim e t  a l .  (2011) prepared and characterized a bacterial 
cellulose/chitosan composite for potential biomedical application. Bacterial 
cellulose/chitosan composite has been prepared by immersing wet bacterial 
cellulosepellicle in chitosan solution. SEM images show that chitosan molecules can 
penetrate into BC multilayered structure. By incorporation o f chitosan in bacterial 
cellulose, crystallinity tends to decrease while the thermal stabilityhas certain 
improvement. At the same time, the mechanical properties o f bacterial 
cellulose/chitosan composite maintain some levels. Cell culture test results indicate 
that bacterial cellulose/chitosan composite has much better biocompatibility than 
pure bacterial cellulose.

Jyh-Ping Chen e t  a l . (2008) developed electrospun collagen/chitosan 
nanofibrous membrane as wound dressing. The membrane was found to promote 
wound healing and induce cell migration and proliferation. The Young’s modulus 
increased after crosslinking, however, the ultimate tensile strength, tensile strain, and 
water sorption capability decreased after crosslinking. The nanofibrous membrane 
showed no cytotoxicity toward growth o f 3T3 fibroblasts and had good in vitro
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biocompatibility. From animal studies, the composite nanofibrous membranes were 
better than gauzeand commercial collagen sponge in wound healing rate.

Muenduen Phisalaphong e t  a l. (2008) studied on the biosynthesis and 
characterization o f bacteria cellulose-chitosan film. Modifying bacterial cellulose by 
means o f adding 0.25-0.75 (%w/v) o f chitosan in the culture medium during 
biosynthesis by A . x y l in u m  caused a number ofvaluable features including high 
mechanical properties in a wet and a dry state, a high water absorption capacity 
(WAC) and high average surface area. Moreover, the FTIR spectra o f the BCC films 
indicated intermolecular interaction between the hydroxyl groups o f cellulose fiber 
and the aminogroups o f chitosan.

Tao Wang e t  a l . (2012) prepared hydrogel sheets o f chitosan, honey 
and gelatin as bum wound dressings. A hydrogel sheet composed o f chitosan, honey 
and gelatin (HS; 0.5:20:20, พ/พ) was developed as a bum  wound dressing. HS 
showed powerful antibacterial efficacy up to 100% to S t a p h y l o c o c c u s  a u r e u s  and 
E s c h e r ic h i a  c o l i ,  significantly superior to chitosan and honey used separately. A 
series o f toxicological evaluations demonstrated that HS is not toxic and not irritant 
to skin and body. Therefore, HS demonstrated its potential as a treatment.

Shuichi Aoyagi e t  a l . (2007) developed a novel chitosan wound 
dressing loaded with minocycline for the treatment o f severe burn wounds. Novel 
wound dressings composed o f chitosan (CH) film and minocycline hydrochloride 
(MH) were prepared using commercial polyurethane film (Tegaderm) as a backing. 
These dressing showed the sustained release o f minocycline in vitro. Various 
formulations were applied to severe burn wounds in rats in the early stage, and the 
wound status and change in the wound surface area were examined. The obtained 
dressing is suggested as a useful formulation for the treatment o f severe burn 
wounds.

Jen Ming Yang e t  a l . (2004) studied on the properties o f chitosan 
containing PP-g-AA-g-NIPAAm bigraft nonwoven fabric for wound dressing. PP-g- 
AA-g-NIPAAm-Chitosan with high water content was prepared in this study. By 
using the thermosensitive behavior o f poly(NIPAAm), the modified nonwoven fabric 
can be easily stripped off from the skin. As the values o f WVTR, permeance and 
permeability o f the PP-g-AA-g-NIPAAm-Chitosan are comparable to the
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commercial products and no bacterial transport results, the modified nonwoven 
fabric may be considered for wound dressing.

T. Takei e t  a l. (2012) synthesized a chitosan derivative soluble at 
neutral pH and gellable by freeze-thawing, and its application in wound care. A 
chitosan derivative soluble in an aqueous solution at neutral pH and gellable by 
freeze-thawing was developed. The derivative had extremely low cytotoxicity. The 
cryogels showed low cellular adhesiveness. The time necessary for complete 
degradation o f the gels by lysozyme was tunable by the derivative concentrationin 
the gels. The gels applied to full-thickness skin wounds promoted accumulation of 
inflammatory cells, especially PMN, andaccelerated wound healing. It is concluded 
that the chitosan gels are effective for wound care.

Moustafa M.G. e t  a l . (2009) used the chitosan/polyamine biopolymers 
based cotton as a model system to prepare antimicrobial wound dressing. The 
antimicrobial activity o f chitosan/polyvinyl amine system showed promising results. 
Further studies using different anchors will be done, as well as different 
microorganisms will be tested also. The resulting antimicrobial dressing based cotton 
can be used successfully in healing wounds, burns and ulcers as well as diabetic foot 
ulcers.

2.5 Sericin

2.5.1 Background of Sericin
Silk derived from silkworm B o m b y x  m o r i  is a natural protein that is 

mainly made o f sericin and fibroin proteins as shown in Figure 11. Sericin 
constitutes 25-30%  o f silk protein and it envelops the fibroin fiber with successive 
sticky layers that help in the formation o f a cocoon. Sericin ensures the cohesion of 
the cocoon by gluing silk threads together. Most o f the sericin must be removed 
during raw silk production at the reeling mill and the other stages o f silk processing. 
At present, sericin is mostly discarded in silk processing wastewater. The cocoon 
production is about 1 million tons (fresh weight) worldwide and this is equivalent to
400,000 tons o f dry cocoon. Processing o f this raw silk produces about 50,000 tons
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of sericin. If this sericin protein is recovered and recycled, it can represent a
significant economic and social benefit (Zhang, 2002).

Figure 2.14 Structure o f silk (Rigueiro e t  a l . ,  2001).

Sericin is a macromolecular protein (Figure 12). Molecular weight o f 
sericin ranges widely from about 10 to over 300 kDa. The sericin protein is 
composed o f 18 amino acids. Most o f these amino acids have strongly polar side 
groups such as hydroxyl, carboxyl, and amino groups (Zhang, 2002), as shown in 
Table 4 and 5.

Figure 2.15 Structure o f primary protein.
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Table 2.4 Classification for amino acid o f silk sericin. (Lehninger, 1971)

Classification Amino acid
Polar uncharged COO c o o COO
amino acid H,N—Ç—H H s N -C -H H3 N—C—H

H -ê -O H lé & i

Serine Threonine Cysteine
Polar amino acids COO~ + 1

COO
.1 1

COO
1 1

with positively 
charged side chains

Polar amino acids 
with negatively 
charged side chains

ÇH*ïpgt *
l !"CHo 
ÇH , 

' NFL,

L y s in e

CH2
ÇH .

£c - n h 2
n h 2

A r g in in e H i s t i d i n e

CO O’
H.)N—C —H

i S iCOO'

Aspartate

COO 
H 3N— C - H

C O O '
Glutamate

Table 2.5 Amino acid composition o f sericin. (พน e t  a l . ,  2007)

Amino acid Percentage o f total amino acid (%)
Ser 27.3
Asp 18.8
Gly 10.7
Thr 7.5
Glu 7.2
Arg 4.9
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Tyr 4.6
Ala 4.3
Val 3.8
Lys 2 . 1

His 1.7
Leu 1.7
Phe 1 . 6

lie 1.3
Pro 1 . 2

Met 0.5
Cys 0.3
Tqr 0.4

Hydrophilic 70%
Hydrophobic 30%

Aromatic 6 .6 %

Sericin is a water-soluble protein. When sericin is dissolved in a polar 
solvent, hydrolyzedin acid or alkaline solutions, or degraded by a protease, the size 
o f the resulting sericin molecules depends on factors such as temperature, pH, and 
the processing time. Lower molecular weight sericin peptides (<20 kDa) or sericin 
hydrolysates are used in cosmeticsincluding skincare and haircare products, health 
products, and medications. High-molecular weight sericin peptides (>20 kDa) are 
mostly used as medical biomaterials, degradablebiomaterials, compound polymers, 
functional biomembranes, hydrogels, and functional fibers and fabrics (Zhang, 
2 0 0 2 ).

2.5.2 Characteristics o f Silk Sericin
2 .5 .2 .1  G e l l i n g  P r o p e r t y

Sericin exists in random coil and (3-sheet structure. Sericin has 
random coil structure when dissolve in hot water. The structure o f sericin convert 
from random coil to (3 sheet structure when decrease temperature that resulted in gel
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formation (Zhu e t  a l . , 1998).
2 .5 .2 .2  S o l - G e l  T r a n s i t io n

Sericin can be dissolved in water at 50-60°C, and then return 
to gel during cooling which showed the sol-gel property (Zhu e t  a l . ,  1996).

2 .5 .2 .2  I s o e l e c t r i c  p H
The isoelectric point o f sericin is about 4.0 because sericin 

contains more acidic than basic amino acid residues (Voegeli e t  a l . ,  1993).
2.5.3 Biomedical Applications of Silk Sericin

Sericin is proteinous nature which is susceptible with protein in human 
body. Thus, sericin is applicable in the field o f medical, pharmaceutical and 
cosmetics (Padamwar & Pawar, 2004). Moreover, as the mentioned above, the amino 
acids o f sericin contain polar side groups (-OH,-COOH,-NH 2) which can be formed 
covalent bonding, crosslinked, copolymerized or blend with other material to the 
formation o f new biopolymer with improve properties (Kundu e t  a l . ,  2008).

Tsobouchi e t  a l .  (2005) found that sericin could enhance the 
attachment of human skin fibroblasts for healing skin lesions. Sericin coating, the 
living cell number after cultivated for 72 h attained 250% o f the no sericin coating 
sample. The result o f sericin coating was similar to collagen coating. Phase-contrast 
microscopic illustrated that cells growing on sericin coating exhibit a well-extend 
fibrous shape, whereas no sericin coating showed a round cell shape. Thus, sericin 
coating is suitable for using as substratum of cultured human skin fibroblast.

Aramwit e t  a l . (2007) studied the effect o f sericin on wound healing 
in rats. The results revealed that 8 % sericin cream promoted less inflammation, faster 
wound size reduction, less healing time, denser collagen, and full recovery of 
epidermis growthwhen compared with untreated ones. While, betadine and cream 
base (control) showed less potential for wound healing when compare to sericin 
cream as mentioned above. Hence, sericin cream has a high potential for wound 
healing.

Teramoto e t  a l . (2008) prepared sericin gel film from mixing sericin 
with ethanol by molding process. FTIR results indicated that sericin form water 
stable networks o f intermolecular p sheet during gelation step which provide good
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handling property (flexible) in wet state. In addition, the stretched sericin gel film 
can generate molecular orientation with increasing maximum stress. Due to most o f 
sericin contain hydrophilic amino acids, it can swell rapidly in water and equilibrate 
at a water content o f about 80% within 3 mins. Moreover, cell proliferation testing 
resulted in no toxicity. They also described that low cell adhesion on sericin may 
provide less damaging o f new regenerated tissues while gel film was peeled off. All 
o f these reasons, sericin gel film appropriate for wound dressing material.

Aramwit e t  a l . (2009) investigated the inflammatory mediators 
activated by sericin, using a rat wound healing model. MTT assay showed that 
sericin is non-toxic to cells as shown in the cell proliferation results. Fifteen days 
after dermatotomy, sericin-treated wound promoted better epithelization, higher 
wound size reduction, faster in wound healing process as compared with the control 
wounds (NS, base cream). The inflammatory mediators, TNFa and IL -ip  ofsericin- 
treated wound showed lower level than NS and base cream. Thus, sericin has a high 
potential in wound healing process.

Sarovart e t  a l .  (2003) could successfully enhance the antioxidant and 
antimicrobial properties to air filter by coating sericin on nylon and PET fibers. They 
found that sericin has good antioxidant property because o f the reduction in hydroxyl 
radicals level. The antifungal and antimicrobial efficiency are increased with sericin 
concentration. Furthermore, the morphology sericin coating revealed that it was 
smooth surface and brittle.

Senakoon e t  a l. (2009) studied on the antibacterial properties o f 
sericin against E.coli and ร.aureus in cellular level. The critical concentration o f 
sericin for anti E-coli and ร.aureus was 0.2 pg/ml and 30 pg/ml respectively. From 
SEM micrograph, after treated both E.coli and ร.aureus with sericin appeared in 
membrane dysfunction. Moreover, in case o f sericin-treated on ร.aureus illustrated in 
the failure process on cell division.

Padamwar e t  a l. (2005) studied the moisturizing efficiency o f sericin. 
The results proved an increase in the intrinsic moisturization o f skin such as decrease 
in skin impedance, increase in hydroxyproline level, reduce trans epidermal water 
loss (TEW L) and enhance smoothness on the upper layer o f skin. Moreover, they
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described that amino acid contributes 40% of total natural moisturizing factor. 
Sericin is mainly composed o f serine, glycine, threonine and proline. Restoration of 
proline may convert to hydroxyl proline because o f moisture present in the skin, and 
thus increases its content as the mentioned above.

Kato e t  a l. (1998) investigated the useful o f  sericin in the inhibition o f 
lipid peroxidation and tyrosinase activity. In the presence o f sericin, resulted in 
decrease the value o f lipid peroxidation (TBARS) and tyrosinase activity. The 
inhibition o f lipid peroxidation and tyrosinase activity are increase with sericin 
concentration. Furthermore, the mechanism of sericin in antioxidant activity was 
described because o f the high amount o f hydroxy amino acids (serine and threonine 
~ 40%) in sericin. These hydroxyl groups can be formed with chelating elements 
such as copper and iron.

Dash e t  a l. (2007) reported the antioxidant efficiency o f sericin to 
protect hydrogen peroxide -induced oxidative stress in skin fibroblasts. Treating 
cells with sericin provided more viable cells than FI2 O2 treated. H 2 O 2 caused cell 
damage that illustrated in shrunk cell shape. In addition, sericin reduced the amount 
o f catalase, lactase dehydrogenase and malondialdehyde activity. Thus, they implied 
that the antioxidant efficientcy o f sericin can promote in wound healing process.

Ahn e t  a l. (2000) developed a novel muscoadhesive polymer by 
template polymerization o f acrylic acid in the presence o f silk sericin. FTIR results 
reported that poly(acrylic acid)(PAA) formed hydrogen bonding with sericin. The Tg 
o f PAA and sericin in the PAA/sericin complex were inner shifted between the Tg o f 
sericin and PAA individually which indicated the miscibility o f PAA-sericin due to 
hydrogen bonding. The dissolution rates o f PAA/sericin complex depend on pFI. 
Moreover, the mucoadhesive force o f PAA/sericin complex had a potential similar to 
the commercial product.

Teramoto e t  a l . (2005) prepared sericin hydrogel by adding ethanol in 
sericin solution. Freeze drying process contributed the porous hydrogel. From FTIR 
results indicated that sericin solution was random coil conformation. In case of, the 
sericin hydrogel was [3-rich structure because ethanol can induce strong 
intermolecular H-bond. Therefore, the structure of sericin changed from random coil
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into (3-rich structures which form network structure o f hydrogel. Moreover, they 
suggested that this study was useful for biomedical material because it was prepared 
without any chemical crosslinking agent.

Tao e t  a l . (2005) prepared the porous sericin materials by freeze 
drying method. During freeze drying, the sublimation o f ice in porous sericin 
material occurred which remained many pores in them. The smaller pore size and 
bigger pore density were observed when used at lower freezing temperature and 
higher sericin concentration due to the restriction on the movement o f water 
molecules. Moreover, XRD results showed the interior condensed structure o f sericin 
which contained mostly amorphous structure and a few of crystal structure. The 
addition o f PEG-DE as crosslinking agent resulted in the increasing o f p sheet 
structure.

พน e t  a l . (2006) investigated the interpenetrating polymer network 
hydrogel based on sericin and poly (N-isopropylacrlamide) by using GA and 
MBAAM as crosslinking agent. From DSC measurement showed a single Tg value 
which indicated PNIPAAM- sericin formed miscible pair. Morphology o f swollen 
samples illustrated that the porous distributed homogeneusly. The swelling ratios 
depend on both temperature and pH value. The swelling ratio decreased at 
temperature above LCST of IPN hydrogel. At pH 4.4 and 7.5 exhibited low swelling 
ratios because o f polyisoelectric points o f sericin and salting out effect.

Namviriyachote e t  a l. (2009) studied the physical properties of 
sericin-PVA films for wound dressing application. The surface density, tensile 
modulus increased with sericin concentration but decreased in light transmission. 
From dissolution testing, showed the release o f protein with maximum concentration 
about 9 hours. Moreover, they described that pure sericin was fragile. Sericin/PVA 
blend film can enhance mechanical property. However, all o f  these compositions 
were still brittle and fragile that needs to further improve.

Mandai e t  a l. (2009) prepared sericin/gelatin scaffold and film for 
tissue engineering applications. Blends o f sericin/gelatin contribute high porosity, 
improved mechanical properties and high swellability -  with these properties are 
crucial for tissue engineering and biomedical applications, while pure sericin resulted
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in fragile. Furthermore, it can be support cell attachment, cell viability and low 
immunogenicity.

Aramwit e t  a l . (2010) developed silk sericin-PVA porous 3-D 
scaffold with and without glycerin and genipin as plasticizer and crosslinking agent 
respectively. The increasing o f genipin concentration resulted in the smaller pore 
sizes, better uniformity, higher degree o f crosslinking, higher moisture absorption, 
higher swelling ability and enhanced mechanical strength but lower level o f protein 
released as compare with sericin/PVA/glycerin and sericin/PVA. All o f these results 
revealed to the tendency for biomedical products such as wound dressing, tissue 
engineering applications.
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