
2.1 Wound dressing

N o w ad ay s , there  has been  a w ide  v a rie ty  o f  b io m ed ica l ap p lica tio n  in the 
a rea  o f  b io te c h n o lo g y  such  as  w ound  d re ss in g , tissu e  en g in ee rin g , c a n c e r  d rug 
d e liv e ry , etc  (Ja y a k u m a r et al, 2010) b ecau se  o f  its ex ce llen t p ro p ertie s  in 
b io co m p a tib ility , b io d eg rad ab ility  and n o n -to x ic ity . A m o n g  v a rio u s  types o f  
b io m ed ica l d ev ices , w o u n d  d re ss in g  is the  o n e  o f  an  im p o rtan t too l in  m edical 
th e rap y  w h ich  has been  c o n tin u o u s ly  d e v e lo p ed  to  be fu rth e r h e lp fu l in w ound 
h ea lin g  p ro cess.

A  w o u n d  c a n  be d e sc rib e d  as a d e fec t o r a  b reak  in  th e  sk in , re su ltin g  from  
p h y s ica l o r th e rm a l d am ag e  o r as  a  resu lt o f  th e  p re sen ce  o f  an  u n d e rly in g  m ed ica l or 
p h y s io lo g ica l co n d itio n  (B o a ten g  et al, 2007 ). W o u n d  d re ss in g s  are  an y  o f  various 
m a te ria ls  u sed  fo r co v erin g  an d  p ro tec tin g  a  w ound . M ain  fu n c tio n s  o f  w ound  
d re ss in g  in c lu d e  red u c in g  o r e lim in a tin g  c au sa tiv e  fac to rs  (sh ea r, fric tio n , etc.), 
p ro v id in g  sy stem ic  su p p o rt fo r h ea lin g  (b lo o d , o x y g en , ilu id , e tc .)  an d  ap p ly in g  the 
ap p ro p ria te  to p ica l th e rap y  su ch  as rem o v in g  n ec ro tic  tissu e , e lim in a tin g  in fection , 
ex u d a te  ab so rb in g , m a in ten an ce  m o ist e n v iro n m en t, p ro te c t from  tra u m a  and 
b ac te ria l in v asio n  (C la rk , 1996).

In recen t y ears , th e  la rg e  n u m b er o f  n e w  d re ss in g s  h as  b een  d ev e lo p ed  to 
ach iev e  im p ro v ed  w o u n d  h ea lin g . F rom  th e  d ev e lo p m e n t o f  w o u n d  d re ss in g s , it can  
be d iv id e d  in to  2 ty p es  w h ich  are  trad itio n a l w o u n d  d re ss in g s  an d  m o d e rn  w ound  
d re ss in g s . T rad itio n a l d ress in g s  a re  d ry  an d  do  no t p ro v id e  a  m o is t w ound  
en v iro n m en t. H o w ev er, th e  e ssen tia l ch a rac te ris tic  o f  m o d e rn  w o u n d  d re ss in g  is to 
re ta in  an d  c rea te  a m o is t en v iro n m en t a ro u n d  th e  w o u n d  to  fac ilita te  w o u n d  healing  
(B o a ten g  et al., 2 0 0 7 ). T he m o d e rn  w ound  d re ss in g  co n s is ts  o f  2 p arts  w h ich  are  the 
m a trix  th a t can  p ro v id e  m o is tu re  and  the  in co rp o ra tio n  o f  ac tiv e  in g red ien ts  to 
p ro m o te  w o u n d  hea lin g .

G en era lly , th e  ac tiv e  ing red ien ts  a re  re lea sed  to  th e  w o u n d  site  w ith 
fo llo w in g  m ech an ism s: d iffu s io n , sw ellin g  an d  e ro sio n . H y d ro g e l d re ss in g  is one  o f
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th e  in te re s ted  m o d e m  w o u n d  d re ss in g  w h ich  can  resp o n se  to  the re lea se  o f  the  active  
in g red ien ts  d u e  to  the  h y d ra tio n  o f  the  p o ly m e r by  flu id s an d  sw e llin g  capab ility .

2.1.1 H y d ro g e l D re ss in g
A  h y d ro g e l d re ss in g  is one  o f  the  m o st a ttra c tiv e  ty p es w h ich  fu lfills 

w ith  m any  a d v an tag es  fo r w o u n d  trea tm en t. H ydrogel is a  th ree  d im en tional 
c ro ss lin k ed  h y d ro p h ilic  p o ly m eric  n e tw o rk  co n ta in in g  m a in ly  o f  w a te r  w hich  is 
ex c e lle n t fo r h e lp in g  to  c rea te  m o ist en v iro n m en t th a t ab le  to  c lean  an d  rem ove 
n ec ro tic  tissu e  (W h y te , 2 0 0 3 ). In ad d itio n , h y d roge l d re ss in g  is n o t to  stick  to 
w o u n d s, th en , it can  be ea s ily  tak en  ou t w ith o u t d am ag in g  the  w o u n d  and  provide 
less pa in  fo r p a tien ts . A s a  re su lt, hyd rogel m ate ria l is v e ry  su itab le  fo r d ev e lo p m en t 
m o d e m  w o u n d  d ress in g  co n ta in in g  ac tiv e  in g red ien ts  w h ich  fac ilita te  in w ound  
healing .

H y d ro g e ls  can  be  fo rm ed  from  b o th  n a tu ra l and  sy n th e tic  po lym ers 
(L in  an d  M e tte rs , 2 0 0 6 ). S yn thesic  p o ly m ers  in c lu d e  p o ly (h y d ro x y e th y l 
m e th a c ry la te )  o r  (P H E M A ), po!y (v iny l a lco h o l)  o r P V A , p o ly e th y le n e  G lycol o r 
P E G , p o ly v in y lp y rro lid o n e  o r P V P , etc. B io -p o ly m ers  in c lu d e  C a lc iu m  a lg inate , 
G e la tin , C h ito san , B ac te ria l c e llu lo se , C a rb o x y m e th y l c h itin , etc (V lie rb e rg h e  et al., 
2 0 1 1 ). H y d ro g e ls  b ased  o n  n a tu ra l p o ly m ers  can  h av e  in su ffic ien t m echan ica l 
p ro p ertie s , c o n ta in  p a th o g en s  an d  ev o k e  im m u n e  resp o n ses . O n  th e  o th e r  hand , they  
hav e  n u m e ro u s  ad v an tag eo u s  p ro p e rtie s  like in h e ren t b io co m p a tib ility , 
b io d eg rad ab ility , b ac te rio s ta tic  and  w o u n d -h ea lin g  p ro p e rtie s . S y n th e tic  hyd rogels 
do  n o t have  th e se  in h e ren t b io ac tiv e  p ro p ertie s  (Z arzy ck i et al., 2010 ).

2 .1 .2  M ech an ism s o f  R e leas in g  fro m  H y d ro g e ls
S ev era l u n iq u e  p ro p ertie s  th a t h y d ro g e ls  p o sse ss  m ak e  th em  usefu l in 

d e liv e rin g  b io m o lecu le s  (L in  and  M ette rs , 2006). D ue to  th e ir  hyd ro p h ilic ity , 
h y d ro g e ls  can  im b ib e  large  a m o u n ts  o f  w a te r  (> 90  w t.% ). T h e  m ech an ism s o f  re lease  
are  d iv id ed  fo llo w in g  th e  d ru g  de liv ery  system . T h e  d e v e lo p m e n t o f  co n tro lled  drug  
d e liv e ry  te c h n o lo g y  is rap id ly  p ro g ress iv e  in  the  a rea  o f  m ed ica l h e a lth  care. T he 
m o lecu le  re lease  m ech an ism s fro m  h y d ro g e ls  are  very  d iffe re n t fro m  h y d rophob ic  
p o ly m ers. B o th  s im p le  an d  so p h is tic a ted  m o d e ls  have  b een  p rev io u sly  dev e lo p ed  to  
p red ic t th e  re lea se  o f  an  ac tiv e  agen t from  a  h yd roge l d ev ic e  as a fu n c tio n  o f  tim e.
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T h ese  m o d e ls  are b a sed  on  the  ra te -lim itin g  s tep  fo r co n tro lled  re lease  and  are 
th e re fo re  ca teg o rized  as fo llo w s  (L in  and  M etters, 2006):

2.1.2.1 Diffusion-Controlled Release
D iffu s io n -co n tro lled  is th e  m o st w id e ly  ap p licab le  

m ech an ism  fo r d e sc rib in g  d ru g  re lease  from  h y d ro g e ls  (G an ji et al., 2008) d iv id in g  
in to  tw o m a jo r  types: re se rv o ir  d ev ices an d  m a trix  d ev ices  (F ig u re  2 .1). R ese rv o ir 
sy stem s c o n s is t o f  a  p o ly m eric  m em b ran e  su rro u n d in g  a  co re  c o n ta in in g  the drug . In 
m a trix  d ev ices , the  d ru g  is d isp e rsed  th ro u g h o u t th e  th re e -d im e n s io n a l s tru c tu re  o f  
the  hyd rogel. D ru g  re lea se  from  each  type o f  sy stem  o ccu rs  by  d iffu s io n  th ro u g h  the  
m a c ro m o le c u la r  m esh  o r  th ro u g h  the  w a te r filled  po res. F ick 's  law  o f  d iffu s io n  is 
co m m o n ly  u sed  in m o d e llin g  d iffu s io n -co n tro lled  re lease  sy stem s (L in  and  M etters, 
2006).

Reservior
device

Polymeric
membrane

t> 0

Figure 2.1 S ch em a tic  rep re sen ta tio n  o f  d iffu s io n a l c o n tro lled  re se rv o ir  and  m atrix  
d ev ices.

2.1.2.2 Swelling-Controlled Release
S w e llin g -co n tro lled  re lease  o c c u rs  w h en  d iffu s io n  o f  d ru g  is 

fa s te r th an  h y d ro g e l sw e llin g . T he m o d e llin g  o f  th is  m ech an ism  u su a lly  in v o lv es 
m o v in g  b o u n d a ry  c o n d itio n s  w here  m o lecu le s  are re lea sed  at the  in te rface  o f  ru b b ery  
and  g lassy  p h ase s  o f  sw o lle n  hydrogels. T h e  rate  o f  d ru g  re lease  is co n tro lled  by the  
v e lo c ity  an d  p o s itio n  o f  th e  fron t d iv id in g  the  g la ssy  (dry) an d  ru b b ery  (sw elled )
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p o rtio n s  o f  the  p o ly m er as show n  in F ig u re  2 .2  (C o v ie llo  et al., 2 0 0 5 ). T h is tran sitio n  
o ccu rs  w h en  the  ch a rac te ris tic  g la ss -ru b b e r p o ly m er tran s itio n  te m p e ra tu re  is low er 
th an  tem p e ra tu re  o f  flu id  w h ich  su rro u n d s the  d ru g  d e liv e ry  m a trix . In th e  g lassy  
s ta te , en trap p ed  m o le c u le s  rem ain  im m o b ile . In  the  ru b b ery  s ta te  d isso lv ed  drug  
m o lecu le s  rap id ly  d iffu se  to  the flu id  th ro u g h  the  sw o llen  lay e r o f  p o lym er. R e leased  
flu id  m o lecu le s  co n ta c t th e  ex te rn a l layer o f  h y d rogel. T h is  fo rm s a  m o v in g  fro n t that 
d iv id es  h y d roge l m a trix  in to  a g lassy  and  sw o llen  reg ion . In th e se  sy stem s th e  ra te  o f  
m o lecu le  re lease  d ep en d s  on  the ra te  o f  gel sw e llin g  (Z arzy ck i et ai, 2010). In the 
sw e llin g -co n tro lled  d e liv e ry  system  fo llo w in g  p h en o m en a  tak e  p la c e s  (S iep m an n  et 
al., 2 0 0 8 ): 1) T h e  len g th  o f  d rug  d iffu s io n  w ay  increases. T h is  c a u se s  a d ec rease  o f  
d rug  co n cen tra tio n  g rad ien t (d riv in g  force  o f  d iffu s io n ) a n d  a  d ec rease  o f  d rug 
re lease  ra tes. A n d  2) T he  m o b ility  o f  d rug  m o lecu les  in c rea se s . T h is  cau ses  an 
in crease  o f  d ru g  re lea se  rates.

z
A

G lassy  s ta te  R ubbery  s ta te

Figure 2.2 S ch em atic  illu s tra tio n  o f  d ru g  d e liv e ry  d ev ice  in  g la ssy  and  ru b b ery  sta te  
m atrix .

2.1.2.3 Chemically-Controlled Release (Erosion-Controlled Release) 
C h em ica lly -co n tro lled  re lea se  is u sed  to  d esc rib e  m o lecu le  

re lease  d e te rm in ed  by  reac tio n s o ccu rrin g  w ith in  a  d e liv e ry  m atrix . T h e  m ost 
co m m o n  reac tio n s  th a t occu r w ith in  h y d roge l d e liv e ry  sy s tem s are  c leav ag e  o f  
p o ly m er ch a in s  v ia  h y d ro ly tic  o r en zy m atic  d eg rad a tio n  o r re v e rs ib le  o r irrev ersib le  
reac tio n s  o ccu rrin g  b e tw een  the  p o ly m er n e tw o rk  and  re lea sab le  d rug . U n d er certa in  
co n d itio n s  th e  su rface  o r bu lk  e ro s io n  o f  h y d ro g e ls  w ill c o n tro l the  ra te  o f  drug  
re lease  (G an ji et al., 2 0 0 8 ).
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In sy stem s w ith  su rface  e ro sio n  (h e te ro g e n eo u s  e ro s io n ) drug  
re lea se  is c au sed  by  d eg rad a tio n  o f  th e  p o ly m er su rface  (F ig u re  2 .3). E ro s io n  occu rs 
m o s tly  in  th e  e x te rn a l layers o f  th e  p o ly m er m atrix . T h e  d e g ra d a tio n  tak es  p lace  only  
o n  th e  su rface  (h e te ro g en eo u s  p ro cess). T h is  sy stem  o f  d ru g  re lease  o ccu rs  on ly  in 
e n z y m a tic -d eg ra d in g  system s in  w h ich  the  ra te  o f  e n zy m a tic  d eg rad a tio n  is m u ch  
fa s te r  th an  th e  tra n sp o rt o f  en zy m e  in to  the  h y d roge l (G ra ss i et al, 2005 ; S iep m an n  
an d  G o p fe rich , 2 0 0 1 ).

Surface erosion

Figure 2.3 S c h e m a tic  illu s tra tio n  o f  su rface  an d  b u lk  e ro sio n .

In b u lk  d eg rad in g  sy stem s th e  d ru g  re lease  is g o v ern ed  by 
eg ra d a tio n  o f  th e  n e tw o rk  an d  m o lecu le  d iffu s io n  (F ig u re  2 .3). B u lk  e ro d in g  
p o ly m ers  d eg rad e  s lo w ly  and  w a te r  in fu sio n  in to  the  sy s tem  is m u ch  fa s te r th an  the 
d eg rad a tio n  o f  p o ly m e r (G rassi et al., 2005 ; L in  an d  M e tte rs , 2006 ; S iep m an n  and 
G o p fe rich , 2 0 0 1 ). T h u s, th e  w h o le  d rug  deliver} ' d ev ice  is  rap id ly  h y d ra ted  and  
p o ly m e r ch a in s  b re a k  o f f  th ro u g h o u t the  system . E ro s io n  ta k e s  p lace  in  th e  en tire  
sy s tem  (h o m o g e n e o u s  p ro cess).

2 .1 .3  H y d ro g e l D re ss in g s  C o n ta in in g  A c tiv e  In g red ien ts
A m o n g  the  w o u n d  d ress in g s , sp ec ia l a tte n tio n  has b een  pa id  to 

h y d ro g e ls  b ecau se  o f  th e ir  u n iq u e  in te res tin g  p ro p e rtie s  w h ic h  can  m ee t th e  essen tia l 
req u irem en ts  o f  id ea l w o u n d  d re ss in g s  in c lu d in g : im m e d ia te  p a in  co n tro l, easy  
rep lacem en t, tra n sp a re n c y  to  a llo w  h ea lin g  fo llo w  up , ab so rb  and  p rev en t loss o f
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b o d y  flu id s, b a rr ie r  ag a in s t b ac te ria , o x y g en  p e rm eab ility , g ood  h a n d lin g , con tro l o f  
d ru g  d o sag e  an d  so on  (R ig a  et a /., 1999). T h ere fo re , h y d ro g e ls  h av e  b e in g  used  as 
basic  m a te ria ls  fo r m an u fac tu rin g  o f  w o u n d  d ressin g s as inv en ted  in  1989 (R o siak  et 
al.) and  a lso  w ere  fu th er s tu d ied  to  im prove  the  e ffic ien cy  o f  h y d ro g e l w ound  
d ressin g s.

T h e re  are so m e  repo rts  w h ich  p rep a red  hyd ro g e ls  as  the  w ound  
d ress in g s  an d  th ey  found  th a t the h yd roge l d ress in g s  co u ld  ac c e le ra te  th e  w ound  
healing . F o r in stan ce , in 1999, po ly e th y len e  o x id e  (P E O ) hyd rogel and 
P E O /p o ly (v in y l a lco h o l), P V A  b lend  hyd ro g e ls  w ere  p rep a red  an d  c ro ss lin k ed  w ith  
e lec tro n  b eam  irrad ia tio n  (Y o sh ii et al, 1999). T hey  s tu d ie d  the  d e c re s in g  o f  w ound  
s ize  a rea  an d  th ey  found  th a t w o u n d  a rea  co v ered  by  h y d roge l d e c rea ses  obv io u sly  
w ith  in c rea s in g  h ea lin g  p erio d . In co n tras t, the w o u n d  co v ered  by  g au ze  d ressin g  
red u ces  by  o n ly  h a lf  a  p e rcen t ev en  a fte r 14 days (F ig u re  2 .4 ). T h ey  co n c lu d ed  tha t 
th e  hyd rogel g iv es  a  w et en v iro n m en t to  w o u n d s w h ich  cau sed  fa s te r healing  
co m p ared  w ith  th e  g auze  d re ss in g  w ith  a  d ry  en v iro n m en t and  it c a n  b e  pee led  o f f  
e as ily  from  th e  w o u n d  w h en  th e  d ress in g  n eed s chang ing .

Figure 2.4 H e a lin g  o f  w o u n d  by  gauze  and  h y d ro g e l d re ss in g s .

F o r hydrogel d ress in g s  co n ta in in g  the  ac tiv e  in g red ien ts , the 
su b s tan ces  can  be  in co rp o ra ted  in to  h y d roge l m atrices by  tw o  w ays (L in  and  M etters, 
2006): p o s t- lo a d in g  and  in -s itu  load ing . In the p o s t- lo a d in g  m e th o d  a  hydrogel
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m atrix  is fo rm ed  and  th en  the  ac tiv e  co m p o n en t is ab so rb ed  to  th is  m atrix . In the  in- 
s itu  lo ad in g  a p o ly m er p recu rso r so lu tio n  is m ix ed  w ith  ac tiv e  co m p o n en t. H ydrogel 
n e tw o rk  fo rm u la tio n  an d  th e  en cap su la tio n  are a c c o m p lish e d  s im u ltan eo u sly .

T here  are  severa l rep o rts  tha t d e m o n s tra te d  th e  b en e fic ia l e ffec t o f  
h y d roge l d ress in g s  w ith  ac tiv e  in g red ien ts . F o r ex am p le , O b a ra  et al. (2003) 
p rep a red  ch ito san  h y d roge l film s co n ta in in g  f ib ro b la s t g ro w th  fac to r-2  (F G F -2 ) 
s tim u la te s  w o u n d  h ea lin g  in  m ice. It w as found  th a t w o u n d  tre a te d  w ith  fib ro b las t 
g ro w th  fac to r-2  in co rp o ra ted  ch ito san  h yd roge l sh o w ed  th e  h e a lin g  faster than 
w ith o u t fib ro b la s t g ro w th  fac to r-2  as  rep resen ted  in  F ig u re  2 .5 . M o reo v e r, in case  o f  
co n tro l, co n tro l w o u n d s h ea led  m o re  s low ly  an d  ab o u t 80%  w o u n d  c lo su re  w as 
ach iev ed  o n ly  afte r o v e r 20  days. In ad d itio n , c h ito sa n  h y d roge l f ilm s  a lso  show ed  
the  ab ility  o f  w ou n d  acce le ra to r b ecau se  th ey  can  p ro m o te  fa s te r h e a lin g  ra te  than  the  
con tro l.

■  none (C ontro l)

Figure 2.5 W o u n d  c lo su re  o f  F G F -2 -in co rp o ra ted  c h ito sa n  h y d ro g e l-trea ted  
im p a ired  d iab e tic  m ice.

2.2 Chitin

Chitin is the second most abundant natural polysaccharide in the world next
to cellulose. The predominant sources exploited are in the shells of crustaceans such
as crabs, shrimps and squid pens, the cuticles of insects, and the cell walls of fungi
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(Jay ak u m ar et al, 2 0 1 0 ). C h itin  is a  p o ly sacch a rid e  co n ta in in g  o f  2 -ace tam id o -2 - 
d eo x y -D -g lu co p y ran o se  w h ile  ch ito san  is an  ,/V-deacetylated d e riv a tiv e  o f  ch itin  as 
sh o w n  in F igure  2 .6 . C h itin  m ay  be  observ ed  as  ce llu lo se  w ith  hyd ro x y l at position  
C -2  rep laced  by an  ace tam id o  g roup .

Figure 2.6 S tru c tu re  o f  ch itin  an d  ch itosan .

In  th e  case  o f  c rab s o r sh rim p  shells , th e  c h itin  p ro d u c tio n  is a sso c ia ted  w ith  
food  in d u s tr ie s  su ch  as sh rim p  can n in g . T he ty p ica l p ro ce tu re  fo r th e  p ro cess in g  o f  
ch itin  fro m  the  sh e lls  as fo llow s: th e  shells o f  c rab  o r sh irm p  w ere  first c lean ed  and 
trea ted  w ith  d ilu ted  h y d ro ch lo ric  ac id  at ro o m  tem p e ra tu re  to  rem o v e  ca lc ium  
c a rb o n a te . T he d e c a lc if ied  sh e lls  w ere  th en  cu t in to  sm all flak es  and  h ea ted  in 
so d iu m  h y d ro x id e  a t 100 ๐c  to  d eco m p o se  th e  p ro te in s  and  p ig m en ts . T h is  a -C h itin  
ex trac ted  from  th ese  sh e lls  w as o b ta in ed  as c o lo rle ss  to  o ff-w h ite  p o w d e ry  m ateria ls .

H o w ev er, in  cau se  o f  sq u id  p ens, due  to  ist loose  in  th e  m o lecu la r  pack ing , 
p -c h itin  w ere  eas ily  rece iv ed  by  by  trea tin g  sq u id  pens w ith  h y d ro c h lo ric  ac id  and 
so d iu m  h y d ro x id e  u n d e r m ild  co n d itio n s  to  g iv e  p -c h itin  (Ja y a k u m a r et al, 2010).

C h itin  p o sse ss  g rea t b io lo g ica l p ro p e rtie s , such  as an tiv ira l ac tiv ity , low - 
to x ic ity , lo w -a lle rg y , h ig h  rad ia tio n  resis tan ce , b io co m p a tib ility , b io d eg rad ab ility , 
and  e tc  (Jay ak u m ar et al, 2010 ) w h ich  m ade it a ttrac tiv e  to  u se  as b iom ateria l. 
H o w ev er, the  e x is te n c e  o f  hyd ro x y l and  am ino  g ro u p s  in th e  m o n o m e r u n it o f  ch itin



p ro d u ce  s tro n g  hyd rogen  b o n d s p ro v id ed  h ig h ly  c ry s ta llin e  s tru c tu re , th en  ch itin  
p re sen ts  a  p ro b lem  in so lu b ility  as sh o w n  in F igu re  2 .7  (K a m e d a  et al., 2005).

Figure 2.7 D iag ram  o f  th e  h y d ro g en  b o n d in g  struc tu re  fo r a -c h it in .

T h e  so lu b ility  p ro b lem  o f  ch itin  lim its  its a p p l ic a t io n ,  th e re fo re , chem ical 
m o d ific a tio n  o f  c h itin  to  en la rg e  its so lu b ility  in  co m m o n  so lv en ts  is n ecessa ry  to 
ex te n d  its u tiliza tio n .

2.2.1 C arb o x y m e th y l C h itin  (C M -C h itin )
C a rb o x y m eth y l d eriv a tiv e  o f  ch itin  is one  o f  w a te r  so lu b le  d eriv a tiv es 

o f  c h itin  w h ich  has been  u sed  as a b io m a te ra ls  in m an y  m ed ica l ap p ica tio n s . T he 
in tro d u c tio n  o f  h y d ro p h ilic  ca rb o x y m eth y l (C M ) g ro u p s in to  c h itin  s tru c tu re  is the  
in te re s ted  ap p ro ach  to  so lv e  th e  so lu b ility  p ro b lem  b ecau se  th e se  h y d ro p h ilic  C M  
g ro u p s  can  e ffec tiv e ly  d estro y  th e  in ter and  in tra  h y d ro g en  b o n d in g  b e tw een  ch itin  
s tru c tu re , then  d ra s tic a lly  in c rease  the  so lu b ility  o f  ch itin  a t n eu tra l an d  a lka line  pH  
v a lu e s  w ith o u t a ffec tin g  th e ir  ch a rac te ris tic  (Jay ak u m ar et ai, 2 0 1 0 ). S ince, C M  
c h itin  ex h ib it u n iq u e  an io n ic  d e riv a tiv es  as w ell as its lo w  to x ic ity  m ate ria l (T okura  
et ai, 1996), its w o u ld  be  u sefu l in  sev era l ap p lica tio n s  su ch  as p h arm aceu tica l, 
v e te rin a ry  m ed ic in e , b io m ed ica l and  en v iro n m en ta l fie ld s (Ja y a k u m a r et ai, 2010).

Carbonyl group with intermolecuiar 
hydrogen bonding structure 
(Single Hydrogen Bond)

fntermolecular 
hydrogen bond

Carbonyl group with inter- and intramolecular 
hydrogen bonding structure (Double Hydrogen Bonds)
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2.2.1.1 Preparation of CM-Chitin
In  1983, T o k u ra  et al. rep o rted  th e  p ra p a ra tio n  o f  C M -ch itin  

by reac tin g  ch itin  p o w d e r w ith  m o n o ch lo ro ace tic  ac id  in  iso p ro p y l a lcoho l as a 
so lv en t u n d e r c o n d en sa tio n  reac tio n  as sh o w n  in F ig u re  2 .8 . B e fo re  the  reac tion , 
ch itin  w as p re trea ted  w ith  60%  so d iu m  h y d ro x id e  so lu tio n  at 20  ๐c  fo r 12 hours. 
T hen , the  f iltra tio n  on  a s in te red  g lass  f ilte r  funnel u n d e r su c tio n  w as  p erfo rm ed  to 
reco v er the  a lk a li ch itin . S u b seq u en tly , th e  su b stan ces  w ere  re su sp e n d e d  in  a so lu tio n  
o f  m o n o ch lo ro ace tic  ac id  in iso p ro p an o l an d  fo llo w e d  by  s tirr in g  at 20 °c. 
A fte rw ard , d is tilled  w a te r w as ad d ed  in to  the m ix tu re  an d  th en  HC1 so lu tio n  w as 
u sed  to ad ju st pH  to n eu tra l. A fte r 24  h o u rs , th e  re a c tio n  m ix tu re s  w as  filtered  and  
th en  p rec ip ita ted  w ith  ace to n e . F inally , in  o rd e r to  p u rify  th e  C M -ch itin , the o b ta in ed  
p ro d u c t w as rep rec ip ita ted , d esa lted  by  d ia ly s is  and  la te r  ly o p h ilized . T h e  deg ree  o f  
su b s titu tio n  w a s  ch a rac te riz ed  by e lem en ta l ana lysis  w h ich  w as fo u n d  to  be 0.6.

OH

NaOH. CICH2C(X)H

Isopropanol, 37° c

OCH.COOH

Carboxymethyl Chitin

Figure 2.8  S y n th es is  o f  C M -ch itin .

In  an o th e r study , C M -ch itin  w as  p rep a red  in  a lk a lin e  c h itin  
so lu tio n  by  su sp en d in g  ch itin  p o w d er in  4 2%  N aO H  so lu tio n  (W o n g p a n it et al. , 
2005). T h e  su sp en s io n  w as se ttled  in a  d e s ic c a to r fo r 30 m in  u n d e r red u ced  p ressu re . 
T h e  o b ta in ed  v isco u s  a lk a lin e  ch itin  so lu tio n  w as m e c h a n ic a lly  s tirred  o v e r a  p erio d  
o f  30 m in  a t 0-5 °c in  an  ice  ba th  and  th en , a m o n o c h lo ro a c e tic  ac id  so lu tio n  (25% 
w /v  in 14%  v /v  N a O H  so lu tio n ) w as ad d ed  d ro p w ise  in to  th e  a lk a lin e  ch itin  so lu tio n  
u n d e r s tirrin g  fo r 30 m in . T h e  m ix tu re  w as se ttled  o v e rn ig h t a t ro o m  tem p era tu re , 
and  n eu tra liz ed  w ith  g lac ia l ace tic  ac id  and  d ia ly zed  in  ru n n in g  w a te r  fo r 2 days, 
fo llo w ed  by  d ia ly s is  in  d is tilled  w a te r fo r 1 day. T h e  in so lu b le  su b s tan ces  o f  the
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d ia ly sa te  w ere  rem o v ed  by ce n trifu g a tio n  at the  sp eed  o f  10000 rp m  fo r 10 m in . T he 
su p e rn a tan t w as p u t in  d ro p w ise  in to  ace tone . T h e  p rec ip ita te  w as  se ttled  o v e rn ig h t 
again  an d  it w as la te r co llec ted  an d  fu rth e r w ash ed  w ith  ace to n e . F inally , th e  C M - 
ch itin -N a  sa lt w as re su sp en d ed  in e th an o l, co lle c ted  and  d ried  a t ro o m  tem pera tu re . 
F rom  e lem en ta l an a ly s is , it w as fo u n d  th a t the  d eg ree  o f  su b s titu tio n  is 0.4.

2.2.1.2 CM-Chitin and Biomedical Applications
M an y  fo rm s o f  C M -ch itin  based  m a te ria ls  fo r b io m ed ica l 

ap p lica tio n s  w ere  rep o rted  such  as w a te r-so lu b le  c h itin  h yd roge l (C h o  et al., 1999), 
ca rb o x y m eth y l m o d ified  su rface  o f  c h itin  b ead s (Y u s o f  et al, 2 0 0 0 ) and  C M -ch itin  
film s (W o n g p a n it et al., 2005), etc.

In an o th e r case , S h a lu m o n  et al. (2 0 0 9 ) p rep a red  C M - 
ch itin /P V A  n a n o fib ro u s  sca ffo ld  an d  s tu d ied  th e  ce ll sp read in g  resu lt. F rom  SE M  
im ages in  F ig u re  2 .9 , it w as in d ica ted  th a t the  h u m an  stem  ce lls  c an  be a ttach ed  and 
g ro w th  on  th e  su rface  o f  the  sca ffo ld s . It can  be co n c lu d ed  tha t th e  C M -ch itin /P V A  
sca ffo ld s  c a n  be u sed  as a  su p p o rted  m eteria l fo r  cell ad h e s io n  an d  p ro life ra tio n  
w h ich  w ere  usefu l fo r w o u n d  d ressin g .

Figure 2.9 S E M  im ag es  o f  h u m an  s tem  ce lls  a tta ch ed  on  th e  su rface s  o f  C M C /P V A  
sca ffo ld s  a fte r  (a) 12 h  (b ) 24  h an d  (c) 48 h o f  in cu b a tio n .

In  case  o f  C M -c h itin  film , th e  frab ric taed  C M -ch itin  an d  C M - 
ch ito san  w ere  c ro ss lin k e d  by  m ic ro w a v e  tre a tm e n t (W o n g p a n it et al., 2005 ). T he 
cy to to x ic ity  re su lt o f  th e se  m a te ria ls  sh o w ed  th a t th e  n u m b er o f  liv in g  ce lls  a fte r  cell 
seed in g  o n  n ea t ch itin , n ea t ch ito san , an d  m ic ro w av e -trea ted  C M -ch itin  film s w as
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still g re a te r  th an  o r  equal to  9 0 %  in  co m p ariso n  w ith  th a t o f  th e  co n tro l as sh o w n  in 
F ig u re  2 .10 .

24 h 48 h

Figure 2.10 N u m b e r o f  liv in g  ce lls  a fte r ch itin , m ic ro w a v e -tre a te d  C M -ch itin , 
c h ito san , and  m ic ro w av e -trea ted  C M -ch ito san  film s w ere  d e p o s ite d  o v er N H G F  cells 
co n flu en ce  for a  p e rio d  o f  e ith e r 24  or 48 h.

A p art fro m  the  w o u n d  d ress in g , C M -c h itin  w as a lso  used  as 
d ru g  c a rr ie r  in h u m a n  body. F o r in stan ce , W atan ab e  et al. (1 9 9 0 ) p rep a red  C M -ch itin  
gel by  ad d itio n  o f  iro n  (III) c h lo r id e  w ith  C M -ch itin  fo r d ru g  d e liv e ry  s tu d ies . It w as 
fo u n d  th a t fe rric  (III) ion can  su p p o rt the  fo rm in g  gels. C M -c h itin  so lu tio n  ex h ib ited  
in a n io n ic  fo rm  w h ic h  in te rac ted  w ith  ferric  ca tio n  (F e3+) as  illu s tra ted  in  F igure  
2 .11 . In  th is  s tudy , the  a n tic a n c e r drug , d o x o ru b ic in  (D O X ), and  b o v in e  serum  
a lb u m in  (B S A ) w ere  loaded  in to  C M C  gels an d  th e  re lease  o f  B S A  o r D O X  from  the 
ge ls w as  in v estig a ted . T h e  a m o u n ts  o f  b o v in e  se ru m  a lb u m in  (B S A ) and  the 
a n tic a n c e r d rug  d o x o ru b ic in  (D O X ) in co rp o ra ted  in to  C M -c h itin  g e ls  w ere  m o re  than  
80%  an d  30% , re sp ec tiv e ly  u n d e r  the  co n d itio n s  d e sc rib ed  above . T h e  re lease  o f  
B S A  o r D O X  fro m  th e  gels w as  o b serv ed  to  be  in c reased  by  ly so zy m e  d ig e s tio n  in  a 
tim e -d e p e n d e n t m an n e r as rep re sen ted  in  F ig u re  2 .12. T h e  re su lts  in d ica ted  that 
C M C  m ig h t p ro v e  u sefu l as a  ca rrie r gel fo r th e  su s ta in e d  re lease  o f  d ru g s  and 
cy to k in es , in c lu d in g  v accines.
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Figure 2.11 C M C  gel fo rm ed  by  the  ad d itio n  o f  F e3+.

Figure 2.12 R elea se  o f  B S A  fro m  C M -ch itin  gel by  ly so zy m e d ig e stio n . C M -ch itin  
gel co n ta in in g  B S A  w as in cu b a ted  w ith  m ed iu m  (o ), 500  u /m l  (□ ) o r  10000  u /m l  ( • )  
o f  ly so zy m e fo r the  in d ica ted  days.

In ad d itio n , W atan ab e  et al. (1 9 9 2 ) s tu d ied  C M -ch itin  gel 
co n ta in in g  a  p ep tid ic  a n tic a n c e r d rug  n eo ca rz in o s ta tin  (N C S ). C M -c h itin  w as gelled  
in th e  p resen ce  o f  15 to  30  m M  iron  (III) ch lo rid e . C M -c h itin  gel co n ta in in g  N C S  
w as d ig ested  by  ly sozym e in  v itro  and  N C S  w as re leased  fro m  th e  gel in  b o th  a  tim e- 
an d  d o se -d ep en d en t m anner. F ro m  F igure  2 .1 3 , th ey  in d ica ted  th a t th e  re leas in g  ra te  
in c resed  w ith  th e  p resen ce  o f  lysozym e. T h ese  re su lts  su g g es t th a t C M -c h itin  gels are 
u se fu l as a  su s ta in ed -re lease  d ru g  carrier.
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Figure 2.13 R elease  o f  N C S  from  C M -ch itin  gel by  ly sozym e d ig e stio n . C M -ch itin  
gel co n ta in in g  N C S  w as in cu b a ted  w ith o u t (o ) o r w ith  ly sozym e, 500  u /m l  ( • )  o r 
5000  U /m l ( A )  for the  in d ica ted  days.

F u rth e rm o re , ch em ica l c ro ss lin k in g  o f  m a te ria ls  fo r b iom ed ica l 
ap p lic a tio n  has been  rep o rted  as w ell. In  2 011 , W an g  and  S teg em an n  d escrib ed  the  
u se  o f  g ly o x a l to  c ro ss lin k  and  th e re fo re  s tab ilize  c h ito san /co llag en  co m p o site  
m a te ria ls  g e lled  w ith  b -G P  and  seed ed  w ith  h B M S C . T h e  cy to co m p a tib ility  o f  
g lyoxal an d  th e  c ro ss lin k ed  gels w ere  ev a lu a ted  in  te rm s o f  h B M S C  m etab o lic  
ac tiv ity , v iab ility , p ro life ra tio n  and  o s teo g en ic  d iffe ren tia tio n . T h ese  s tu d ies 
d e m o n s tra te d  th a t g ly o x a l w as  cy to co m p a tib le  at co n cen tra tio n s  b e lo w  abou t 1 m M  
fo r p e rio d s  o f  ex p o su re  up  to  15 h, th o u g h  the  d eg ree  o f  ce ll sp read -in g  and  
p ro life ra tio n  w ere  d e p en d en t on  m a trix  co m p o sitio n . In g en era l, g lyoxal at low  
co n c e n tra tio n s  w as n o t a ffec ted  to  th e  m e tab o lic  a c tiv ity  o f  h B M S C  b u t there  w as a 
re la tiv e ly  c le a r  c u t-o ff  p o in t abo v e  w h ic h  ce llu la r a c tiv ity  d ec reased . T he effec t o f  
g lyoxal a lso  w as d e p e n d e n t on  ex p o su re  tim e. T h e  cy to to x ic ity  stud ies w ere  
rep re se n te d  in  F ig u re  2 .14 .
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Figure 2.14 C y to to x ic ity  s tu d ies  o f  g ly o x a l sh o w ed  th a t th e  e ffec t on  h B M S C  
m e tab o lic  a c tiv ity  w a s  b o th  co n cen tra tio n - and  tim e -d ep en d en t.

2 .2 .2  C h itin  W h isk e r
F o llo w in g  its c ry s ta llo g rap h ic  p a tte rn s , c h itin  g ives o rig in  to 

p o ly sacch a rid e  ch a in s , w h ich  are  a ssem b led  o n e  a fte r  a n o th e r by  h y d ro g en  bonds, 
like th e  tw o  ed g es o f  a  z ipper. D ep en d in g  on  h o w  th ese  c h a in s  are fo rm ed , th ree  
ty p es o f  s te re o iso m e rs  are  p ro d u ced : a lpha, beta , and  g am m a, a lp h a  b e ing  th e  m ore  
s tab le  fo rm  (B e lam ie  et al., 2004). F ig u re  2 .15 sh o w s the  h ie ra rch ica l s tru c tu re  o f  
ch itin  m ic ro fib rils  in  th e  cu tic le  o f  a  lo b ste r (R aab e  et al., 2 0 0 5 ). T he ex o cu tic le  
(o u te r lay er) is c h a r-a c te riz e d  by  a  v e ry  fine  w o v e n  s tru c tu re  o f  the  fib ro u s c h i t in -  
p ro te in  m a trix  ( ‘tw is te d  p ly w o o d ’ s tru c tu re ) an d  by  a h ig h  s tif fn e ss  (8 .5 -9 .5 G P a ). 
T he o b se rv a tio n  o f  a  p a ra lle l a rray  o f  m ic ro fib rils  b rin g s the  h o p e  th a t th e re  is p o s 
s ib ility  o f  im p ro v in g  th e  m ech an ica l p ro p e rtie s  o f  c h itin  fib e rs  (R ev o l and  
M arch essau lt, 1993).

W h isk e rs  are  v ery  h o p efu l re in fo rc in g  m a te r ia ls  fo r co m p o site s , 
b ecau se  o f  th e ir  h ig h  s tiffn ess  and  s tren g th  (T jo n g  et ai, 1999). O w in g  to  th e ir  sm all 
d iam e te r, w h isk e rs  a re  n ea rly  free  o f  in te rn a l d e fec ts , th e reb y  y ie ld in g  stren g th  n ea r 
to th e  m ax im u m  th eo re tic a l v a lu e  p red ic ted  by  th e  th eo ry  o f  e la s tic ity  (C o u rtn ey , 
1990). It w as  found  th a t the  e n h an cem en t o f  th e ir  re in fo rc em en t d ep en d s on  such  
fac to rs  (C h azeau  et al., 2000 ) su ch  as  the  n a tu re  o f  the  m a trix , th e  g en era tio n  o f  a 
s tro n g  f ib e r-m a trix  in te rface  th ro u g h  p h y s ico ch em ica l b o n d in g , th e  a sp ec t ra tio , and
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d isp e rs io n  o f  th e  w h isk e rs  in  th e  m atrix . M o reo v er, w h isk e rs  fro m  ren ew ab le  
re so u rce s  h av e  m a n y  ad v an tag es  such  as ren ew ab ility , lo w  cost, ea sy  ava ilab ility , 
g o o d  b io co m p a tib ility , and  easy  m o d ific a tio n  c h e m ic a lly  an d  m ech an ica lly , 
co m p ared  w ith  in o rg an ic  w h isk e rs  (Z inai et al, 1996).

multilayer cuticle twisted plywood o!
chitm-protein planes

honeycomb-like mineralttod 
ehtlin-pfofem plane

N-acetyl-glucosamme
molecules

a-chitin chains chitin nanofibrils 
wrapped with proteins

chitin-protein fibers in 
mineral-protein matrix

Figure 2.15 T h e  H ie ra rch ica l s tru c tu re  o f  c u tic le s  sh o w in g  th e  o rd e red  stru c tu re  o f  
ch itin .

C h itin  w h isk e r is o rd e rrd  n an o c ry s ta llite s  e m b e d d e d  in to  lo w -o rd e red  
n an o -d o m a in s , as sh o w n  in F ig u re  2 .16a, w h ic h  m o stly  fo u n d  in  th e  ex o sk e le to n  o f  
c ru s tacean . C h itin  w h isk e r is p rep a red  by  ac id  h y d ro ly sis  to  rem o v e  lo w -o rd e red  
reg io n , th en  h ig h  c ry sta llin e  c h itin  is o b ta in ed  as sh o w n  in F ig u re  2 .16b . T he  
v ig o ro u s  m ech an ica l sh earin g  w ill g en era te  in d iv id u a l c h itin  fib ril o r c a lled  ch itin  
w h isk e r as illu s tra te  in  F ig u re  2 .1 6 c  (N a ir an d  D u fresn e , 2 0 0 3 a). T h e  n an o cry sta llite s  
o f  c h itin  are o b ta in e d  w h ich  h av in g  a sp ec t ra tio  ran g es b e tw e e n  10-120, d ep en d in g  
on  th e  so u rces (W o n g p a n it et al, 2007).
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Figure 2.16 Illu s tra tio n  o f  (a) ch itin , (b ) c ry sta llite  ch itin , an d  (c) c h itin  w hisker.

M o rin  and  D u fre sn e  (2 0 0 2 ) p rep ared  n a n o c o m p o s ite  m a te ria ls  from  a  
co llo id a l su sp e n s io n  o f  h ig h  a sp ec t ra tio  p -ch itin  w h isk e rs  as the  re in fo rc in g  phase  
and  p o ly (cap ro lac to n e ) as th e  m atrix . T h e  ch itin  w h isk e rs , p rep a red  by acid  
h y d ro ly sis  o f  Riftia tu b es ( tu b e s  sec re ted  by  a v e s tim en tife ran  w o rm  ca lled  Riftia.), 
co n s is ted  o f  s le n d e r  p a ra lle l ro d s w ith  an  a sp ec t ra tio  c lo se  to  120. T h e  ch em ica l and 
m ech an ica l tre a tm en ts  o f  Riftia tu b es fo r the  p rep a ra tio n  o f  ch itin  w h isk e rs  can  be 
seen  in F ig u re  2 .17 .

1 Riftia Tubes 1 Koแ 5%

Punfi cation
Boiling. 6 เไ

+ Room température. 12 h 
+ Boiling. 6 h

i Purified Riftia Tubes 1

Bleaching
NaCI02 + Sodium Acetate Butter 

80*C. 3 X 2h

1 Chitin 1

Acid Hydrolysis
HCl 3N

Boiling. 3  X 1.5 h

1 Chitin Whiskers 1

pH =6
Dialysis

1 Chitin Whiskers 1
pH = 2 5 

Homogenization
Sonication 3 x 2  min 

Filtration

Chitin Whiskers 
Suspension

Figure 2.17 C h em ica l and  m ech an ica l tre a tm en ts  o f  R if tia  tu b es  fo r th e  p rep a ra tio n  
o f  c h itin  w h isk e r.

A s F igu re  2 .1 8 , tran sm iss io n  e lec tro n  m ic ro g ra p h  rep resen ts  ch itin  
w h isk e rs  w h ic h  o b ta in ed  fro m  a d ilu te  su sp en sio n . T h e  su sp e n s io n  w as co n stitu ted  o f
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in d iv id u a l c h itin  frag m en ts  co n sis tin g  o f  s lender p a ra lle lep ip ed  ro d s  th a t had  a  b road  
d is tr ib u tio n  in  size. T h ese  fragm en ts  had  a leng th  ran g in g  from  5 00  n m  up  to  10 pm , 
and  th ey  w e re  w eak ly  d is tr ib u ted  in w id th  (a ro u n d  18 nm ). T h e  d im en s io n s  o f  the 
w h isk e rs  w e re  av e rag ed  o n  240 rep resen ta tiv e  item s.

Figure 2.18 T ra n sm iss io n  e lec tro n  m icro g rap h  fro m  a  d ilu te  su sp e n s io n  o f  ch itin  
w h isk e rs  fro m  R iftia  tu b es.

B ecau se  o f  th e ir  m ech an ica l and  b io lo g ica l p ro p ertie s , c h itin  w h iskers  
has been  e x te n s iv e ly  in co p o ra ted  in  vario u s in te re s tin g  b io m a te ria ls  su ch  as soy 
p ro te in  (L u  et al, 2 0 0 4 ), silk  fib ro in  (W o n g p an it et al, 2 0 0 7 ), and  ch ito san  
(S riu p ay o  et al, 2005).

T h a t all o f  th ese  p rev io u sly  re se a rch e s  rev ea led  c h itin  w h isk e r in 
re in fo rc in g  fie ld . H o w e v e r ch itin  is very  usefu l in  m a n y  a p p lic a tio n s  such  as w ate r 
trea tm en t, tex tile , p ap e r, co sm etic , w o u n d  d re ss in g  and  b io te c h n o lo g y  (G oosen , 
1997). E sp ec ia lly , ch itin  has an ad v an tag e  in b io c o m p a tib ility , w h ic h  b e tte r  than  
ch ito san , b e c a u se  an  ace ty l am ide  g ro u p  o f  ch itin  is s im ila r  to  an  am id e  g ro u p  o f  
p ro te in  in  liv in g  b o d y  (M u zzare li, 1985). M o reo v er, ch itin  is v e ry  in te res tin g  in 
b io m ed ica l f ie ld s  b ecau se  w h en  ap p lied  ch itin  to  h u m a n  w o u n d s an d  su rg ica l c lo th s, 
it a cce le ra te s  th e  sk in  h ea lin g  p ro cess  (U sam i et al, 1998).

F o r in s tan t, ch itin  co u ld  induce  th e  c o llag en  p ro d u c tio n  (M in am i et 
al, 1996). C o llag en  d e p o s itio n  is im p o rtan t fo r th e  p ro life ra tio n  p h ase  o f  w o u n d  
h ea lin g  p ro c e ss  w h ich  can  red u ce  sca r tissue. M o reo v e r, ch itin  w as  fo u n d  th a t less
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extensive inflammatory reaction compared with chitosan, which coated polyester 
nonwoven fabric (Kojima et al, 1998).

Wongpanit et al, (2007) mixed the chitin whiskers with silk fibroin to 
improving a dimensional stability of silk fibroin sponges by using freeze-drying 
method. The chitin whiskers were isolated from shrimp shells with the average 
aspect ratio around 10. The results revealed the chitin whiskers not only improved 
the dimensional stability, but also promoted a cell spreading. Moreover, the existence 
of chitin whiskers indicated that the sponges still cytocompatible, leading to suitable 
for tissue engineering applications.

Moreover, chitin whisker was incorporated in chitosan glycolate 
composites as wound medicaments (Muzzareli et al., 2007). They reported that 
Chitin nanofibrils were expected to conform to the wound geometry, to have 
immediate contact with cells and slowly release N-acetylglucosamine. Furthermore, 
N-acetylglucosamine is able to regulate collagen synthesis at the level of fibroblasts, 
also facilitating the granulation and repair of altered skin tissues. (Morganti et 
al. ,2008)

Then, the chitin whiskers reinforced alginate nanocomposite fibers 
were investigated in the objective of biodegradability (Wattanaphanit et al, 2008). 
The chitin whiskers were prepared from shrimp shells which gave the average aspect 
ratio about 7.5. The mechanical and the thermal properties of the nanocomposite 
fibers significantly increased at the low content of chitin whiskers. The investigation 
of biodegradability using lysozyme/Tris-HCl solution found that the chitin whiskers 
in the nanocomposite fibers accelerate the biodegradation process in the presence of 
lysozyme.
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