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2.1 P o ly (ca p ro la c to n e ) (P C L )

P o ly (c a p r o la c to n e )  c a n  b e sy n th e s iz e d  
p o ly m e r iz a tio n  o f  E -cap ro lacton e. It is  o n e  o f  th e  b io d eg ra d a b le  a lip h a tic  p o ly e s te r s  
w h ic h  is  w id e ly  u se d  in  the b io m e d ic a l a p p lic a tio n s . T h e  b io d e g r a d a tio n  o c c u r s  
th ro u g h  th e h y d r o ly s is  o f  its  a lip h a tic  ester  lin k a g e . It is  a s e m ic r y s ta llin e  p o ly m e r  
w ith  a  lo w  m e lt in g  p o in t (T m) o f  60°c and a  g la ss  tra n sitio n  tem p era tu re  (T g) o f  
-60°c (M a tta n a v ee , e t ฝ . ,  2 0 0 9 ) .  P C L  is  cu rren tly  b e in g  u se d  a s  a  part o f  w o u n d  
d r e ss in g , d eg ra d a b le  s ta p le  and in  d ru g d e liv e r y  d e v ic e s  b e c a u se  it is  rega rd ed  as a 
n o n to x ic  and  t is su e -c o m p a tib le  m ateria l w h ic h  is  ap p ro ved  b y  th e  U S  F o o d  and  D ru g  
A d m in is tr a tio n  (F D A ). T h e  d raw b ack  o f  P C L  is  its  h y d r o p h o b ic ity  that is  
u n fa v o u r a b le  for c e ll  a d h esio n  an d  g ro w th  (L in  &  L u, 2 0 0 2 ) .

h e a t

c a t a l y s t

F ig u re  2 .1 Structure o f  P o ly (c a p r o la c to n e ).

2 .2  B o v in e  S eru m  A lb u m in  (B S A )

B o v in e  seru m  a lb u m in  is  a  g lo b u la r  p ro te in  w ith  a  m o le c u la r  w e ig h t  o f  
6 6 ,4 3 0  D a  (H ira y a m a , 1 9 9 0 ). B S A  is  a  p o ly p e p tid e  c h a in  that c o m p o s e d  o f  5 8 3  
a m in o  a c id  se q u e n c e . It is  th e  m o st  ab u n d an t p ro te in  fou n d  in  p la sm a  or  c ircu la to ry  
s y s te m  and  h a s th e  p H  ra n g es from  5 -7 . It h a s g o o d  w a ter  so lu b ility . T h e  im p ortan t  
p rop erty  o f  B S A  is  th e  a b ility  to  b in d  to va r ie ty  o f  lig a n d s, w h ic h  m a k e s  it a carrier  
fo r  fa tty  a c id  in  c ir c u la tin g  p la sm a .
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2 .3  P ro te in

P ro te in s  are the b u ild in g  b lo c k s  o f  th e  c e ll  and  p la y  r o le s  in  m o s t  o f  th e  c e l l  
fu n c t io n s . T h e y  ca n  b e fo u n d  em b e d d e d  in  th e  c e ll  m em b ra n e  and  a ls o  a cc o u n t for  
m o s t  o f  the c e l l ’s dry m ass.

P rote in  is  co n stru cted  from  a  lo n g  ch a in  o f  a m in o  a c id s . E a ch  a m in o  a c id  is  
l in k e d  to o n e  an o th er  th rou gh  a  c o v a le n t  b o n d  c a lle d  p e p tid e  b on d . A s  a resu lt, 
p ro te in  is  a lso  k n o w n  as p o ly p e p tid e . A m in o  a c id  in  th e  c h a in  d e te r m in e s  the sh a p e  
o f  p rote in . T h ere  are 2 0  ty p e s  o f  a m in o  a c id s  fou n d  in p ro te in . D iffe r e n t  a m in o  a c id  
h a s  d ifferen t p rop erties  d u e  to  d iffe r e n t s id e  ch a in s . S o m e  s id e  ch a in s  are  
h y d ro p h o b ic  (n o n p o la r ) and  th e o th ers are n e g a tiv e ly , p o s it iv e ly  ch arg ed  or h a v e  
p o la r  s id e  grou p .

T h e  lo n g  c h a in  o f  p ro te in  ca n  fo ld  and b e  s ta b iliz e d  b y  m a n y  w e a k  
n o n c o v a le n t  b o n d s  b e tw e e n  d ifferen t parts o f  the c h a in . T y p e s  o f  w e a k  b on d  
a sso c ia te d  w ith  p ro te in  fo ld in g  are h y d r o g e n  b on d s, io n ic  b o n d s and  va n  der W a a ls  
attraction s. In d iv id u a l n o n c o v a le n t  b on d  a lo n e  is  a  lo t w e a k e r  than  c o v a le n t  b on d . 
H o w e v e r , m a n y  w e a k  b o n d s ca n  h o ld  tw o  re g io n  o f  p o ly p e p tid e  ch a in  togeth er .

A n o th er  w e a k  fo rce  that a ffe c ts  th e  sh ap e  o f  p ro te in  fo ld in g  is  h y d ro p h o b ic  
fo r c e . T h e  a m in o  a c id  w ith  n o n p o la r  s id e  c h a in  is  c o n s id e r e d  h y d ro p h o b ic . W h en  th e  
h y d r o p h o b ic  m o le c u le s  are in  a q u eo u s  en v ir o n m e n t, th e y  ten d  to  s ta y  to g eth er  to  
m in im iz e  the e f fe c t  o f  h y d r o g e n  b on d  w ith  w a ter  m o le c u le s . T h e re fo re , the m ajor  
fa c to r  co n tr ib u tin g  to th e  fo ld in g  o f  th e  p ro te in  is  g o v e r n e d  b y  th e  d istr ib u tio n  o f  
p o la r  and  n o n p o la r  a m in o  a c id s . T h e  a m in o  a c id s  w ith  n o n p o la r  or  h y d ro p h o b ic  s id e  
c h a in s  ten d  to  c lu ster  to g e th e r  to form  th e  h y d ro p h o b ic  co re  in  th e  in terior o f  
m o le c u le  in  ord er to a v o id  th e  co n ta c t  w ith  th e  su rrou n d ed  w a ter  m o le c u le . O n  th e  
o th e r  hand , th e  a m in o  a c id s  w ith  p o lar  or  h y d ro p h ilic  s id e  ch a in s  ten d  to arrange  
th e m s e lv e s  o u ts id e  th e  m o le c u le s  s o  that th e y  can  form  h y d r o g e n  b o n d  w ith  w a ter  
m o le c u le s  e a s i ly .
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F ig u re  2 .2  P ro te in  fo ld in g .

E a ch  p ro te in  h a s a  s p e c if ic  th r e e -d im e n s io n a l stru ctu re. T h e fin a l 
c o n fo r m a tio n  is  u su a lly  th e  o n e  w ith  th e  lo w e s t  fr e e -e n e r g y . U p o n  th e  a d so rp tio n  o n  
th e  so lid  su r fa ce  w ith  d iffe r e n t h y d r o p h o b ic ity , p ro te in  ca n  u n d e r g o  c o n fo r m a tio n a l 
ch a n g e .

2 .4  P ro te in  F u n ctio n

E a ch  p ro te in  h a s its  o w n  a m in o  a c id  s e q u e n c e  w h ic h  d e te r m in e s  its  u n iq u e  
th r e e -d im e n s io n a l co n fo r m a tio n . T h e  p articu lar  p ro te in  sh ap e  a l lo w s  it to  b in d  to  
o th er  s e le c te d  m o le c u le s , for  e x a m p le , a n tib o d ie s  b in d  to  v ir u se s  fo r  d estr u c tio n . T h e  
su b sta n c e  that b in d s to p ro te in  is  c a l le d  a  liga n d . T h e  a b ility  o f  p r o te in  to  b in d  to  a  
l ig a n d  d e p e n d s  o n  a s e t  o f  n o n c o v a le n t  b o n d s. T h e  p o s it io n  o n  th e  p ro te in  w h ic h  
b in d s  to  lig a n d  is  c a lle d  b in d in g  s ite .
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F ig u re  2 .3  P ro te in  b in d in g  s ite .

2 .5  C e il M em b ra n e

C e ll m em b ra n e  is im p o rtan t to  the c e l l  b e c a u se  it fu n c t io n s  a s  a  b ou n d a ry  
that e n c lo s e s  th e  c e l l  and m a in ta in s  th e  d if fe r e n c e  b e tw e e n  th e  c y to s o l an d  the  
e n v ir o n m e n t o u ts id e  th e  c e ll.

T h e  c o m m o n  structure o f  b io lo g ic a l m em b ra n e  c o n s is t s  o f  th e  th in  f i lm  o f  
l ip id  an d  p ro te in  m o le c u le s . T h e  lip id  m o le c u le s  arran ge th e m s e lv e s  in  a  fo r m  o f  
c o n tin u o u s  d o u b le  la y er  c a lle d  lip id  b ila y er  w h ic h  a c ts  a s  a  b arrier to  w a te r -so lu b le  
su b sta n c e s . T h e  m em b ra n e  a lso  h a s  p ro te in  w h ic h  p erfo rm s o th er  fu n c t io n s  o f  th e  
m em b ra n e  su ch  a s  tran sp ortin g  m o le c u le s  acro ss  th e  m em b ra n e , s e n s in g  th e  e x tern a l  
s ig n a l an d  a llo w in g  th e  c e ll to  re sp o n d  to  its e n v ir o n m e n t or  a c t in g  a s  th e  recep to r . 
S o m e  p r o te in s  are th e  structural lin k s  w h ic h  c o n n e c t  th e  c y to s k e le to n  to  th e  
e x tra ce llu la r  m atrix . T h ere  are m a n y  d ifferen t p r o te in s  to  a l lo w  c e l l  to  fu n c t io n  an d  
in teract w ith  its en v iro n m en t.

T h ere  are tw o  m ajor c o m p o n e n ts  in  b io lo g ic a l m em b ra n e .
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F ig u re  2 .4  C e ll m em b ra n e  (h ttp ://le a m e r s .in .th /f i le /d a w o o d /P la sm a M e m b r a n e .jp g ).

2 .5 .1  L ip id  B ila v e r
L ip id  b ila y er  is  a  b a s is  o f  c e l l  m em b ra n e  stru ctu re w h ic h  m a d e  up for  

50%  o f  th e  tota l m a ss  o f  th e  c e l l  m em b ran e. T h e  rest b e lo n g s  to  the m a ss  o f  p ro te in s. 
L ip id  is  fa tty  m o le c u le s . A l l  lip id  m o le c u le s  in  c e ll  m em b ran e  are a m p h ip h ilic ,  
m e a n in g  that th e y  h a v e  b oth  h y d r o p h ilic  (w a te r - lo v in g )  en d  and  h y d r o p h o b ic  (w a ter-  
fea r in g )  en d .

T h e  m o s t  ab u n d an t lip id s  in  c e l l  m em b ra n e  are p h o sp h o lip id s . T h ey  
h a v e  o n e  h y d r o p h ilic  h ead  gro u p  w ith  tw o  h y d r o p h o b ic  h yd ro carb on  ta ils . In the  
a q u e o u s  e n v ir o n m e n t, th e  lip id  m o le c u le s  sp o n ta n e o u s ly  fo rm  in to  a b ila y e r  structure  
d u e  to  its  a m p h ip h ilic  nature. H y d r o p h ilic  m o le c u le s  c o n ta in  ch arg ed  g ro u p  that can  
fo rm  h y d r o g e n  b o n d  an d  d is s o lv e  in  w ater. H o w e v e r , h y d ro p h o b ic  m o le c u le s  h a v e  
u n ch a rg ed  grou p  that d o  n ot fa v o r a b ly  in teract w ith  w a ter  m o le c u le  and  s o  th e y  are  
in so lu b le  in  w ater . W h en  d isp e r se d  in w ater , h y d r o p h o b ic  m o le c u le s  w o u ld  form  a 
c lu s te r  to  red u ce  th e  n u m b er o f  in teracted  w a te r  m o le c u le s . W ith  th is  r ea so n , lip id  
m o le c u le s  a g g r e g a te  to  h id e  th e  h y d ro p h o b ic  ta ils  in  th e  in terior and  e x p o s e  their  
h y d r o p h ilic  h ea d s  to w ater , fo r m in g  the b ila y er  sh e e t  in  w h ic h  the h y d r o p h o b ic  ta ils  
are sa n d w ic h e d  b e tw e e n  h y d ro p h ilic  h ead s.

It is  n o t e n e r g e t ic a lly  favo rab le  to  h a v e  a tear o r  th e  free  e d g e  w h ic h  
e x p o s e d  th e h y d ro p h o b ic  m o le c u le s  to  w ater . In ord er to p reven t th is , th e  lip id s

http://leamers.in.th/file/dawood/PlasmaMembrane.jpg
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arran ge th e m s e lv e s  to  fo rm  a  se a le d  co m p a rtm en t in  w h ic h  th e  b ila y e r  is  c lo s e d  o n  
i t s e l f  to  e lim in a te  th e  free  e d g e .

a ) b)
F ig u re  2 .5  a) S tructure o f  p h o sp h o lip id  b ) T h e  e lim in a tio n  o f  lip id -b ila y e r  free  e d g e .

2 .5 .2  M em b ra n e  P rote in
A lth o u g h  th e  structure o f  c e ll  m em b ra n e  is  d e te r m in e d  b y  lip id  

b ila y e r , it is  th e  m em b ran e p ro te in s  that p erfo rm  m o st  o f  th e  fu n c t io n s . P ro te in s  
c o n s t itu te  for  50%  o f  th e  m em b ra n e  m a ss . S in c e  lip id  m o le c u le s  are m u c h  sm a lle r  
th a n  th e  p ro te in  m o le c u le s , there are a  lo t  m o re  lip id  m o le c u le s  th a n  p ro te in  
m o le c u le s . T h ere  is  a p p r o x im a te ly  o n e  p r o te in  m o le c u le  fo r  e v e r y  5 0  l ip id  m o le c u le s  
fo r  a  m em b ra n e  w ith  50%  p ro te in  b y  m a ss .

T h e  m em b ran e  p ro te in s that e x te n d  th ro u gh  lip id  b ila y e r  are c a lle d  
tran sm em b ra n e p rote in s. T ra n sm em b ra n e p ro te in s  are a m p h ip h ilic , h a v in g  b o th  
h y d r o p h o b ic  an d  h y d r o p h ilic  re g io n s . T h e  h y d ro p h o b ic  r e g io n s  in tera ct w ith  
h y d r o p h o b ic  ta ils  o f  th e  l ip id s  in  the in ter ior  o f  the b ila yer . T h e  h y d r o p h ilic  r e g io n s  
are e x p o s e d  to  w a ter  o n  e ith er  s id e  o f  th e  m em b ra n e . T ra n sm em b ra n e  p ro te in s  can  
fu n c t io n  o n  b o th  s id e s  o f  th e  m em b ran e.
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2 .6  C y to sk e le to n

C e lls  h av e  to  arrange th e m s e lv e s  in  sp a c e  and  r e sp o n se  to th e ir  
en v ir o n m e n t. T h e y  sh o u ld  b e  ab le  to  c h a n g e  th e ir  sh a p e  as th e y  d iv id e  and g ro w . 
T h is  ad a p ta tio n  is  d o n e  u n d er the f ila m e n t sy s te m  c a lle d  c y to sk e le to n .

C y to sk e le to n  h a s m a n y  fu n c t io n s  so  it ca n  b e c la s s if ie d  in to  three m a in  
ty p e s  o f  fila m en t; in term ed ia te  f ila m e n ts , m ic r o tu b u le s  and a c tin  f ila m e n ts  (A lb e r ts , 
et a l., 2 0 0 2 ) .

2 .6 .1  In term ed ia te  F ila m en ts
In term ed ia te  f ila m en ts  are r o p e lik e  fib ers  w h ic h  e x te n d  a c ro ss  the  

c y to p la sm  to  g iv e  c e l ls  th e ir  m e ch a n ica l strength  and  r es is ta n ce  to  sh ea r  stress . T h e y  
are m a d e  from  in term ed ia te  f ila m en t p ro te in s. E a ch  in term ed ia te  f ila m e n t h a s a  
d ia m eter  o f  10  nm .

2 .6 .2  M icro tu b u les
M ic r o tu b u le s  are lo n g , h o l lo w  c y lin d e r s  m a d e  fro m  th e  p ro te in  c a lle d  

tu b u lin . W ith  th e d ia m eter  o f  2 5  n m , it is  m o re  r ig id  th an  actin . T h e  c y lin d e r s  u s u a lly  
h a v e  o n e  en d  attach  to  th e  cen ter  c a lle d  m ic r o tu b u le -o r g a n iz in g  c e n te r  (M T O C ) or  
c e n tr o so m e . M ic r o tu b u le s  d eterm in e  th e  p o s it io n  o f  o r g a n e lle s  and  co n tro l 
in tra ce llu la r  transport.

2 .6 .3  A c tin  F ila m e n ts
A c tin  f ila m e n ts  are d o u b le  h e lix  m o le c u le  m a d e  fro m  the p ro te in  

c a lle d  actin . T h e  a ctin  f ila m e n ts  h a v e  f le x ib le  stru ctu res. W ith  th e  d ia m eter  o f  5 - 9  
n m , it is  a lso  k n o w n  a s m ic r o fila m e n t. T h e y  ca n  arrange in to  a  n e tw o r k  and  are  
h ig h ly  co n cen tra te  in  th e  co r tex  b en ea th  th e  p la sm a  m em b ran e . A c t in  f ila m e n ts  
d eterm in e  th e  sh a p e  o f  th e  c e ll  and its m o tio n .

T h e  n u c lé a t io n  o f  a c tin  f ila m e n ts  m o s t ly  o c c u r s  at th e  c e l l  m em b ran e. 
A s  a  resu lt, th e  a c tin  f ila m e n ts  are fo u n d  to b e  d e n se  arou n d  th e  c e ll  p er ip h ery . T h e

Cell-surface receptor is one of the transmembrane proteins which can
bind to the signal molecules in the extracellular region outside the cell and generate
the intracellular signal in cytosol or inside the cell.
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atta ch m en t o f  a c tin  f ila m e n ts  to  o n e  an oth er  or to  th e  c e ll  m e m b r a n e  d e te r m in e s  the  
m o v e m e n t  and th e  c e l l  su rface . A c t in  stru ctu res can  form  d iffe r e n t ty p e s  o f  c e ll  
su r fa ce  p ro jec tio n , fo r  e x a m p le , a  sp ik e -lik e  sh a p e  ( f i lo p o d ia )  or a  fla t sh e e t- lik e  
sh a p e  ( la m e llip o d ia ) . T h e  actin  n u c lé a t io n  is  co n tr o lle d  b y  th e  ex tern a l s ig n a l. T h is  
a llo w s  th e  c e l ls  to  c h a n g e  its sh ap e  in  resp on d  to  th e  en v iro n m en t.

H o w e v e r , th ese  f ila m e n ts  are n o t e f fe c t iv e  o n  th e ir  o w n . T h e y  n eed  
th e  a c c e ss o r y  p ro te in  to  h e lp  lin k in g  th em  to  o th er  c e ll  c o m p o n e n ts  to  fu n c tio n .

2 .7  E x tra ce llu la r  M a tr ix

T issu e s  are n o t  m ad e e n tir e ly  from  c e ll s .  T h ere is  a  v o lu m e  f i l le d  b y  a  
n etw o rk  o f  m a c r o m o le c u le s  su ch  a s  p ro te in s an d  p o ly sa c c h a r id e s  c a lle d  e x tra ce llu la r  
m atrix . E x tra ce llu lar  m atr ix  is  th e  part o f  th e  t is su e  o u ts id e  th e  c e l l .  T h e n e tw o r k  o f  
se c r e te d  ex tra ce llu la r  m a c r o m o le c u le s  h as m a n y  fu n c tio n s . E x tra ce llu la r  m atrix  
p r o v id e s  an  o r g a n iz e d  e n v iro n m en t and su p p ort that th e  c e l l  can  m o v e  and  
c o m m u n ic a te  w ith  o n e  an oth er. O rg a n ism  is  m a d e  from  d iffe r e n t ty p e s  o f  t is su e .

In  c o n n e c t iv e  t is su e , th e  c e l l s  are d istr ib u ted  w ith in  th e  m atrix . T h e  m atrix  
h a s a  lo t  o f  f ib ro u s p o ly m e r  su ch  a s  c o lla g e n . It is  a lso  th e  m atr ix  that b ears the  
m e c h a n ic a l lo a d  o n  th e  tis su e .

E x tra ce llu la r  m atrix  d o e s  n o t  o n ly  fu n c t io n  as th e  s c a f fo ld  to  s ta b iliz e  th e  
stru ctu re o f  th e  t is su e  b ut it a lso  h a s  a ro le  in  c o n tr o llin g  c e ll  b e h a v io r , p ro lifer a tio n  
an d  sh ap e.

T h e  m a c r o m o le c u le s  in  th e  m atrix  are p ro d u ced  by th e  c e l l  in s id e . E x a m p le s  
o f  m a c r o m o le c u le s  are p ro te in s, in c lu d in g  c o l la g e n , e la stin  an d  fib ro n ec tin .

2 .7 .1  C o lla g e n
C o lla g e n  is  a  fib rou s p ro te in  se c r e te d  b y  c e l l s  in  c o n n e c t iv e  t is su e  or  

oth er  c e l l  ty p e s . It is  a  m a in  c o m p o n e n t  in  sk in  an d  b o n e . C o lla g e n  h a s a lo n g , trip le  
h e lix  structure. It c o m p o s e s  o f  th ree  p o ly p e p tid e  ch a in s  or a  c h a in s  w o u n d  arou n d  
o n e  a n o th er  (F r ie ss , 1 9 9 8 ). T h e  m ajor  a m in o  a c id  fou n d  in  c o l la g e n  is  p ro lin e  and  
g ly c in e . T h e  r in g  stru ctu re o f  p ro lin e  s ta b iliz e s  th e  h e lica l c o n fo r m a tio n  o f  a  ch a in . 
G ly c in e , a s  th e  sm a lle s t  a m in o  a c id , a l lo w s  th ree  a  ch a in s  to  p a ck  to g e th e r  c lo s e ly .
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E a c h  in d iv id u a l c o lla g e n  p o ly p e p tid e  c h a in s  are p ro d u c e d  fro m  
r ib o so m e s  and  th e n  in jec ted  to  e n d o p la sm ic  re ticu lu m  (E R ) a s  p r o -a  c h a in s . E a ch  
p r o -a  ch a in s  are H -b o n d e d  to g e th e r  in  e n d o p la sm ic  r e t ic u lu m  to  form  tr ip le  h e lix  
m o le c u le  c a lle d  p r o c o lla g e n . T h e  p ro p ep tid e  c le a v a g e  at th e  en d  o f  p r o c o lla g e n  
m o le c u le  o u ts id e  th e  c e ll  b y  p r o te o ly t ic  e n z y m e  c o n v e r ts  p r o c o lla g e n  in to  c o l la g e n  
m o le c u le s .

2 .7 .2  E la stin
E la s t ic  fib er  n e tw o rk  in  th e  ex tra ce llu la r  m a tr ix  p r o v id e s  e la s t ic ity  to  

th e  t is su e  w h e n  it is  stre tch ed . E la stin  is  th e  m a in  c o m p o n e n t  o f  e la s t ic  f ib er . It i s  a  
p ro te in  w h ic h  i s  r ic h  in  p ro lin e  an d  g ly c in e .

T h e  p recu rsor o f  e la s t in  is  k n o w n  a s tro p o e la stin . A fte r  tr o p o e la s tin s  
are secre ted , th e y  c r o ss - lin k e d  to  o n e  a n o th er  to  form  a n e tw o r k  o f  e la s tin  f ib ers  an d  
sh e e ts .

2 .7 .3  F ib r o n e c tin
T h ere  are o th er  p ro te in s  apart from  c o l la g e n  fo u n d  in  e x tra ce llu la r  

m atr ix . M a n y  o f  th o se  p ro te in s  h a v e  m u lt ip le  d o m a in s  w h ic h  fu n c tio n  a s  s p e c if ic  
b in d in g  s ite  for  o th er  m a c r o m o le c u le s  in  th e  m atr ix  an d  fo r  recep to r  o n  c e l l  su rfa ce . 
T h e se  p ro te in s h e lp  o r g a n iz in g  th e  m atr ix  a s  w e l l  a s  h e lp  a tta ch in g  th e  c e l l  o n to  it 
an d  th e y  are k n o w n  as f ib ro n ectin .

F ib ro n e c tin  is  a  la rg e  g ly c o p r o te in . It is  a  d im er  w h ic h  h a s  tw o  large  
su b u n its  that are c o n n e c te d  to g e th e r  at o n e  en d  b y  d isu lf id e  b o n d . E a ch  su b u n it  
c o n ta in s  m a n y  d o m a in s  that are sep ara ted  b y  th e  f le x ib le  p o ly p e p tid e  ch a in . E a ch  
d o m a in  fu n c t io n s  d ifferen tly . S o m e  d o m a in  b in d s  to  c o l la g e n  m o le c u le s . O th ers  su c h  
a s  c e ll-b in d in g  d o m a in  can  b in d  to  the recep to r  o n  the c e ll  su rfa ce .

It is  fo u n d  th at c e ll  ca n  b in d  to  c e ll-b in d in g  d o m a in  b e c a u s e  c e l l 
b in d in g  d o m a in  c o n ta in s  th e  s p e c if ic  tr ip ep tid e  s e q u e n c e  k n o w n  a s A r g -G ly -A s p  or 
R G D  se q u e n c e .
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a) b) c)

Figure 2.6 a,b) Fibronectin structure c) The RGD sequence in fibronectin.

2.8 Arg-Gly-Asp or RGD Sequence

This short peptide sequence can bind to cell’s binding site. Fibronectin is 
not the only protein containing the RGD sequence. This sequence can be found in 
many extracellular matrix proteins, for example, fibrinogen (blood-clotting factor).

The RGD sequence of the protein on extracellular matrix can help cell to 
bind to extracellular matrix because it can be recognized by a family of cell-surface 
receptors called integrin.

Although bovine serum albumin (BSA) itself does not contain integrin 
binding site, Ponik and coworker reported that osteoblasts which were cultured on 
BSA for 5 hours could secrete fibronectin or extracellular matrix proteins that 
contain binding site for focal adhesion (Ponik & Pavalko, 2004).

2.9 Integrin

For the cell to attach to the extracellular matrix, it requires a linkage or the 
transmembrane cell adhesion proteins to act as matrix receptor which tie the matrix 
to cell’s cytoskeleton. The principal cell-surface receptor which binds cell to most 
extracellular matrix proteins, including collagen, fibronectin and laminin, is called 
integrin.
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Integrin is the main receptor protein in which cell uses to bind and respond 
to extracellular matrix. Integrin composed of two subunits called a and p. The a and 
p subunits are held together by noncovalent bond.

Integrins function as transmembrane linkers, connecting between 
cytoskeleton (mostly actin) inside the cell and the extracellular matrix. After integrin 
binds to its ligand in the matrix, the tail of p subunit in the cytosol binds to 
intracellular anchor proteins such as talin, a-actinin and filamin. Theses anchor 
proteins bind directly to actin, linking the integrin to actin filament. The linkage 
could create the clustering of integrin to form the focal adhesion.

mallix ri nding

Figure 2.7 The structure of integrin.

2.10 Cell Junction

Cell junction is the point where cell and matrix is in contact with each other 
in all tissue.

2.10.1 Anchoring Junction
The lipid bilayer alone cannot provide enough force to attach cell to 

extracellular matrix. Anchoring junction mechanically helps cells and their
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cytoskeletons to attach to extracellular matrix by forming a membrane-spanning 
structure that tie to actin filament inside the cell.

Anchoring junction is composed of two classes of protein: 
intracellular anchor protein and transmembrane adhesion protein.

2.10.2 Intracellular Anchor Protein
Intracellular anchor proteins are at the cytoplasmic side of cell 

membrane to link actin filaments to the junctional complex. Examples of 
intracellular anchor protein are talin, a-actinin, filamin and vinculin.

2.10.3 Transmembrane Adhesion Protein
Transmembrane adhesion proteins have a tail that can connect to 

intracellular anchor proteins inside the cell and the other part of transmembrane 
adhesion protein is on the outside of cell to connect to extracellular matrix. Example 
of transmembrane adhesion protein is integrin.

Figure 2.8 The focal adhesion complex (Mitra, Hanson, & Schlaepfer, 2005).
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2.11 The Process of Cell Adhesion

2.11.1 Binding of Integrin to Extracellular Matrix Protein
Extracellular matrix proteins that contain ROD sequence such as

fibronectin can be recognized by integrin which has the specific binding site for this 
tripeptide sequence.

2.11.2 Clustering of Integrin
The clustering by transmembrane adhesion protein of integrin can 

form a structure called focal adhesion. Focal adhesion binds cell to extracellular 
matrix and allow cell to pull on the substratum that it is bound to.

2.11.3 Focal Adhesion Links Intracellular Portion of Integrin to Actin 
Cytoskeleton

The function of actin cytoskeleton is to change the shape of the 
membrane. The effectiveness of the structure depends on the attachment of actin 
filament to the protein at the membrane. Actin helps connect the internal structure of 
a cell to extracellular matrix.

Focal adhesion ฝ!oพร cell to hold on to extracellular matrix via 
integrin that links intracellularly to actin filaments. When cells are cultured on a 
scaffold coated with extracellular matrix protein, they attach to substratum through 
focal adhesion where bundles of actin filament are. The extracellular domains of 
transmembrane adhesion protein, integrin, bind to extracellular matrix protein, while 
the intracellular domains bind indirectly to bundles of actin filament through the 
intracellular anchor proteins known as talin, a-actinin, filamin and vinculin.

2.11.4 Cell Proliferation on The Substrate
Focal contact does not only anchor cell to its substratum, but it also 

sends the signal from extracellular matrix to the inside of cell. The clustering of 
integrin generates focal adhesion kinase (FAK). FAK is sensitive to the type of 
substratum and can regulate the growth, proliferation, morphology and movement of 
cell in response to the extracellular environment by regulating the actin filament 
(Hall, Fu, Schaller, & Kwang).
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Poly(caprolactone) is a FDA-approved biomaterial. It has good 
biocompatibility and biodegradability which make it desirable for biomedical 
applications such as tissue-engineering and drug delivery. However, 
poly(caprolactone) has a limitation that is a high hydrophobicity which is not suitable 
for cell growth and proliferation.

Cell adhesion and growth can be affected by the hydrophobicity or 
wettability of the surface that they attach to. There are many researches showing that 
cells prefer to attach and grow on a hydrophilic surface more than the hydrophobic 
one (Olah, et ฟ.).

In order to improve the surface wettability, the modification is done by 
immobilizing the polar group onto the surface of poly(caprolactone).

2.12.1 Hydrolysis
The ester group (-COO-) on polyester can be hydrolyzed to carboxylic 

acid (-COOH) or hydroxyl group (-OH) under alkaline condition.
Gümüçderelioglu et al. treated the poly(caprolactone) surface with 

NaOH to produce hydrophilic membrane. Their result showed that NaOH treated 
PCL had higher hydrophilicity than the neat PCL. This was proved by the decreasing 
in water contact angle from 64.3 ± 2.0° in neat PCL to 31.2 ± 1.4° in NaOH treated 
PCL (Gümüçderelioglu, Kaya, & Beçkardeç, 2011).

2.12.2 Aminolysis
Aminolysis is the introduction of amino group onto polyester surface 

by diamine. An amino group at one end of diamine molecule can react with -COO- 
group of polyester to form a covdent linkage called amide bond, -CONH-. The 
remaining amino group at the other end of diamine can be used to connect to 
biomolecules.

Zhu et al. introduced the amino group onto poly(caprolactone) surface 
by the reaction of 1,6 -hexanediamine and the ester group on PCL. The endothelial 
cell culture showed that the aminolyzed PCL surface slightly improved the 
cytocompatibility (Zhu, Gao, Liu, & Shen, 2002).

2.12 Surface Modification of Poly(caprolactone)
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2.13 Immobilization of Biomolecules on Polyester Surface

Although polyesters are biocompatible, they are still not very appealing for 
the cells to attach to. In nature, cells bind to extracellular matrix because they sense 
the extracellular matrix protein. In order to make the synthetic scaffold more 
preferable to cell, the introduction of biomolecules is made. There are many 
biomolecules that are used to immobilized on substratum surface, for example, 
bovine serum albumin, collagen, gelatin, chitosan, fibronectin and RGD sequence- 
containing peptide (Mattanavee, et al., 2009; Peesan, Supaphol, & Rujiravanit, 2007; 
Sunami, Ito, Tanaka, Yamamoto, & Shimomura, 2006; Yu, Ying, & Jin, 2004; Zhu, 
et ฝ., 2 0 0 2 ).

Humu»$ccutc‘s NUih as protein, 
en/yme. polysaccharide or amino acid etc.

Figure 2.9 The aminolysis and immobilization of biomolecules on polyester surface.

After the aminolysis of PCL, Zhu et al. further immobilized biomolecules 
such as gelatin, chitosan and collagen. The result showed that after the 
immobilization of biomolecules, cell attachment and proliferation were clearly 
improved (Zhu, et al., 2002).
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2.14 SemicrystaUine Polymer

Semicrystalline polymers have both crystalline and amorphous regions. 
Crystallization in polymer can be found in polyamides, polyester and stereoregular 
vinyl polymers. Crystallization profoundly affects the physical and mechanical 
properties of the polymer. Moreover, crystallinity can lead to the formation of 
different surface topology (Gtimüçderelioglu, et ฟ., 2 0 1 1 ).

2.14.1 Effect of Heat Treatment on Crystallization
The processing variable can affect the thermal history of the materials. 

The thermal history determines how polymer chains line up and crystallize. After the 
processing and cooling of the polymer, the primary degree of crystallinity is set. 
However, the crystallinity can change. As the materials are subjected to heat, the 
chains slowly relax and the stress locking them is reduced. These molecular 
relaxations can be performed in the controlled manner by exposing the materials to 
the second heat-set treatment. This treatment is also known as annealing or 
secondary crystallization ("Effects of Conditioning Nylon Filaments,").

Annealing can be done by heating the materials in hot ฟr oven. The 
annealing temperature is controlled to be higher than the glass transition temperature 
(Tg) where the molecules are ฟ!owed to move slightly, but lower than the melting 
point (Tm).

Once the chains are untwisted, they have more chance to align with 
the neighboring molecules and reorganized. As a result, anne^ng can give the 
materials higher degree of crystallinity.

2.15 Surface Topolography

Surface topography or surface roughness has an effect on cell behavior and
growth.

2.15.1 Effect of Casting Solvent on Surface Topography
Many works have found that changing the solvent system in film 

casting could alter the surface characteristic of the membrane (Gümüijderelioglu, et
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al., 2011; Hongliang, 2004; Tang, et al., 2004). This could be explained by the 
difference in solubility parameter between the casting solvent and polymer.

2.15.1.2 Solubility Parameter
Solubility parameter (Ô) is a numerical value that indicates 

the degree of interaction between materials (Bordes, et ah). Solubility parameter can 
be defined as:

The term AE/V is the cohesive energy density where AE is 
the heat of vaporization and V is the volume. Cohesive energy density is the amount 
of energy required to remove a unit volume of molecules from their neighbors which, 
in turns, can reflect the strength of intermolecular interactions per unit volume. The 
conventional unit of solubility parameter is (calories/cm3)1/2.

For material to dissolve, it needs the same energy to separate 
the molecules from each other to be surrounded by the solvent. The square root of 
cohesive energy density could indicate about the solubility behavior.

The solvents with the similar value of solubility parameter as 
the polymer are regarded as a good solvent for that polymer. On the other hand, the 
solvents whose solubility parameters are very different from the polymer are referred 
to as poor solvent when poor solubility is observed (Hongliang, 2004).

In good solvent, the solvent molecules can interact well with 
the polymer chains and perform self-avoiding random walk where the polymer 
chains extend. However, in poor solvent condition, polymer chains have the self- 
intersecting random walk where the molecular chains cluster together in order to 
avoid the contact with the solvent, forming the phase separation.

Phase separation can cause the pore formation in polymer 
membrane upon the solvent evaporation during the film casting, making the film 
surface rougher. The higher the difference in solubility parameter between the 
solvent and the polymer, the rougher the surface of the membrane would be.
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2.16 Protein Adsorption on Various Polymer Surface Topography

Membranes of different surface topography have captured the interest of 
biomedical applications. In 2002, Lin and coworker (Lin & Lu, 2002) showed that 
one way to create a porous poly(caprolactone) film with different porosity is by 
solvent-casting-leaching method. In this method, the pores in poly(caprolactone) 
membrane occurred by leaching out water-soluble polymeric porogen, poly(ethylene 
glycol) (PEG). By using various weight fraction of PEG to PCL, the porosity was 
varied. They found that the number of pores increased as they increased the initial 
loading of porogens (PEG). The result from DSC thermal analysis showed that the 
glass transition temperature (Tg), the melting temperature (Tm) and the heat of fusion 
of the PCL membrane did not depend on the amount of PEG, meaning that there was 
no interaction between PCL and PEG.

There are many other biocompatible materials used for scaffold application. 
Sangsanoh et al. (Sangsanoh, et al., 2007) investigated the biocompatibility of 
poly(3-hydroxybutyrate) (PHB), poly(3 -hydroxybutyrate-co-3hydroxyvalerate) 
(PHBV) and poly(caprolactone) (PCL). They reported that PHB, PHBV and PCL 
were nontoxic to mouse fibroblasts and human osteoblasts.

In 2002, Zhu et ฟ. (Zhu, et al-, 2002) introduced the amino group on the 
surface of poly(caprolactone) via aminolysis using the reaction of 1 ,6 -hexanediamine 
and the ester group of PCL. After the aminolysis, the endothelial cell culture showed 
the slight improvement of cytocompatibility. The active NH2 group was further used 
to immobilize biocompatible macromolecules such as gelatin, chitosan and collagen. 
After the macromolecule immobilization, the cell attachment and growth were 
greatly improved. The cytocompatibility was shown to be better when proteins were 
immobilized on the substrate.

Another biomaterial called poly(L-lactic acid) or PLLA was studied by Zhu 
et al. (Zhu, Gao, Liu, He, & Shen, 2004) in 2004 for its properties on endothelium 
regeneration after aminolysis and immobilization of biomacromolecules. The result 
showed that the surface NH2 density increased with the increasing concentration of 
1,6-hexanediamine and aminolyzing time. Also, the surface roughness increased
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after aminolysis. The cell proliferation of both aminilyzed and biomacromolecule- 
immobilized PLLA films were proved to be better than the control PLLA.

Mattanavee et al. (Mattanavee, Supaphol, & Hoven) investigated the 
immobilization of biomolecules on PCL surface. The PCL film was aminolyzed by 
1,6-hexanediamine (HMD). The aminolyzed PCL was immersed in N J f - 
disuccinimidyl carbonate (DSC) to activate the aminolyzed PCL. The activated 
aminolyzed PCL was then transferred to collagen or chitosan solution to immobilize 
biomolecules on the surface. The water contact angles of the films were examined. It 
was reported that after aminolysis, water contact angle decreased from 85 °/50 0 in 
virgin PCL to 73 °/42 0 in aminolyzed PCL. After the activation of aminolyzed PCL 
by DSC, the water contact angle became 89 °/40 °. The surface of activated 
aminolyzed PCL was more hydrophobic showing that the hydrophilic amino groups 
were converted to hydrophobic succinimidyl ester group. After the immobilization 
with biomolecules, the surface became hydrophilic again. The water contact angles 
were 61 °/0 0 and 72 °/0 0 in collagen-immobilized and chitosan-immobitized PCL 
film, respectively.

biomolecules:

PCL Aminolyzed PCL Activated Aminolyzed PCL-
aminolyzed PCL Biomolecule

Figure 2.10 The aminolysis and biomolecule immobilization on PCL film 
(Mattanavee, et ฟ.).

In 2004, Tang et al (Tang, et al., 2004). studied the surface properties of 
solvent-cast PCL films. PCL was dissolved in different solvent systems, chloroform, 
tetrahydrofuran, acetone and ethyl acetate. The SEM result showed that the surface 
morphology of the film casting from high dissolution solvent system (chloroform and 
tetrahydrofuran) gives the smooth aggregate structure while the film casting from the
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less efficient solvent (acetone and ethyl acetate) gives the rougher surface and some 
filamentous structures.

Yu et al. (2004) (Yu, et al., 2004) studied the influence of hydrophobicity of 
silicon substrate on the adsorption of bovine serum ฟbumin (BSA). The contact 
angle of hydrophilic silicon surface was 5±1° and for hydrophobic surface, it was 
80±1°. It was found that BSA preferably adsorbed onto the hydrophobic surface. 
This was explained by the hydrophobic interaction that as the protein arrived on 
hydrophobic surface, it rearranged the structure in order to expose the inner 
hydrophobic group to the surface.

In 2006, Sunami et al. (รนทami, et al., 2006) examined the adsorption of a 
protein called fibronectin on the surface of honeycomb PCL film compared to a flat 
PCL film. Honeycomb film was a film with the formation of hexagonally-packed 
porous structure. After 24 hours of endothelial cell culture, cell number on 
honeycomb film was greater than the flat film. Moreover, the adsorbed protein was 
observed and fibronectin showed a site-selective adsorption behavior. They adsorbed 
on the inside of the pores. So, fibronectin in the flat film with no pore was hardly 
seen. The result showed that the cell number on honeycomb film was four times 
larger than flat film since focal adhesion points were mainly found inside the pore 
and endothelial cell adhered to the adsorped fibronectin.

In the same year, Yamamoto et al. (Yamamoto, et al-, 2006) studied the 
effect of the fibronectin concentration on the amount of protein adsorped on 
honeycomb PCL film and on flat PCL film. Different fibronectin concentrations (0- 
1000 pg/ml) were adsorbed on the film for 24 hours. The amount of fibronectin 
adsorbed on both the flat and honeycomb films increased linearly with the incubation 
time and saturated after 1 hour. The adsorbed fibronectin on flat film increased with 
the increasing fibronectin concentration and then saturated when fibronectin-coating 
concentration was 600 pg/ml. The amount of adsorbed fibronectin on the surface of 
honeycomb film was found to be twice of the flat film due to the higher surface area 
of the honeycomb film.

In 2008, Arai et al. (Arai, Tanaka, Yamamoto, & Shimomura, 2008) 
investigated the effect of pore size of the fibronectin-immobilized PCL film to the
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morphology and adhesion of cardiac myocytes. The films were prepared to have pore 
size ranging from 4 to 13 pm. Knowing that the size of cardiac myocyte was about 7 
to 10 pm in diameter, the film pore size was grouped into sub-cellular size (4 pm), 
cellular size ( 8  pm) and over-cellular size (12 pm). The result of cell adhesion and 
proliferation was done by observing vinculin, a protein in focal adhesion complex. In 
the film with sub-cellular and cellular pore size, vinculin was faint after the first day 
of cell culture. It was after day 3 that vinculin clusters were clear and cells grew. 
However, for the film with overcellular pore size, vinculin were well-organized and 
did not depend on cell culture time.

In 2011, Gümü§derelioglu et al. (Gümü§derelioglu, et al., 2011) studied the 
effect of surface topography to fibroblast behavior. Surface topography may function 
as the anchor point of cells. They found that fibroblasts prefer rougher surface and 
higher porosity.
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