
CHAPTER VI
EFFECT OF THE SURFACE TOPOGRAPHY OF ELECTROSPUN POLYfr- 

CAPROLACTONE)/POLY(3-HYDROXYBUTYRATE-C0-3- 
HYDROXYVALERATE) FIBROUS SUBSTRATES ON CULTURED BONE

CELL BEHAVIOR

6.1 Abstract

T h e  u se  o f  e le c tr o sp u n  fib ro u s  m a tr ices  a s  su b strates for c e l l / t is s u e  cu ltu re  
h a s u s u a lly  b e e n  c o n f in e d  to  th o se  c o n stitu tin g  o f  sm o o th  fib ers . H ere , w e  
d em o n str a te d  that in  v i t r o  r e sp o n se s  o f  m o u se  c a lv a r ia -d er iv ed , p r e -o s te o b la s t ic  c e l ls  
(M C 3 T 3 -E 1 )  that had b e e n  cu ltu red  o n  th e e le c tr o sp u n  fib rou s su b stra tes  m a d e  from  
th e  b len d  so lu t io n s  o f  5 0 /5 0  พ /พ  o f  p o ly (e -c a p r o la c to n e )  (P C L ) and  p o ly (3 -  
h y d r o x y b u ty r a te -c o -3 -h y d r o x y v a le r a te )  (P H B V ) o f  v a ry in g  c o n c e n tr a tio n s , ra n g in g  
fro m  4  to  14  w t% , d e p e n d e d  s tr o n g ly  o n  th e  to p o g ra p h y  o f  the in d iv id u a l fib ers . A s  
th e  c o n c e n tr a tio n  o f  th e  b le n d  so lu t io n s  in crea sed  fro m  4  to 14 w t% , th e  top o g ra p h y  
o f  the in d iv id u a l fib ers  c h a n g e d  fro m  d iscre te  b e a d s /sm o o th  f ib e r s , to  b ea d ed  
f ib e r s /sm o o th  f ib ers , and  f in a lly  to  sm o o th  fib ers  and  the a v e r a g e  d ia m eter  o f  the  
in d iv id u a l f ib ers  in crea sed  from  ~ 0 .4  to  - 1 . 8  p m . T h e  resu lts c le a r ly  sh o w e d  that 
M C 3 T 3 -E 1  p referred  th e  sm o o th  and  h y d r o p h ilic  su r fa ce  o f  th e  fib ro u s  su b strate  
from  10 w t%  P C L /P H B V  so lu t io n , a s  the c e l ls  ap p ea red  to  a tta ch , p ro lifer a te , and  
d iffe r e n tia te  o n  the su r fa ce  o f  th is  su b strate  p articu la r ly  w e ll.

(Key-words: E lec tro sp u n  fib ro u s su b strates; PC L ; P H B V ; B o n e  c e l l )

6.2 Introduction

T h e  r e p la c e m e n t o f  a  large  b o n e  d e fe c t  ( i .e . ,  th e  d e fe c t  w ith  th e s iz e  that is  
b e y o n d  th e  a b ility  o f  th e  b o n e  t is su e  to se lf -r e g e n e r a te )  req u ires th e  u se  o f  a s c a f fo ld  
w ith  a  th r e e -d im e n s io n a l p o r o u s  stru ctu re that fa v o r s  th e  in filtra tio n  o f  b o n e  c e l l s  and  
n e w  b lo o d  v e s s e ls .  T h e  m ater ia l u sed  in  th e  fab r ica tio n  o f  th e  s c a f fo ld  sh o u ld  be  
b io c o m p a t ib le  and e x h ib it  th e  rate o f  d eg ra d a tio n  that is  co m p a ra b le  to that o f  the
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n e o - t is su e . It s h o u ld  a ls o  e x h ib it  m ec h a n ic a l p rop erties th at are su ita b le  for  
m a in ta in in g  the in te g r ity  o f  th e  rep la ced  s ite  th ro u gh ou t th e  c o u r se  o f  th e  h e a lin g  
p r o c e s s . F u rth erm ore, h ig h  p o r o s ity  and su ita b ility  o f  to p o g r a p h y  and  c h e m ic a l  
fu n c t io n a lity  o f  th e  su r fa ce  o f  th e  sc a ffo ld  are im portant fa c to r s  d e te r m in in g  its  
e f fe c t iv e n e s s  w h e n  it is  in  c o n ta c t  w ith  b io lo g ic a l  e n tit ie s  in  th e  r e p la ced  s ite  
(T h o m s o n , 1995; T u z la k o g lu , 2 0 0 5 ;  K enar, 2 0 0 6 ) .

A m o n g  v a r io u s  ty p e s  o f  s c a f fo ld s , th e  o n e s  e x h ib it in g  a  fib ro u s  arch itectu re  
r e se m b lin g  the fib r illa r  structure o f  the natural ex tra ce llu la r  m a tr ix  (E C M ) o f  the  
c o n n e c t iv e  t is su e s  s h o w e d  m u ch  b etter  su p p ort fo r  the a tta ch m en t and p r o lifer a tio n  
o f  th e  cu ltu red  b o n e  c e l l s ,  w h e n  c o m p a r in g  w ith  th o se  o f  sm o o th e r  su r fa ce  ( e .g . ,  
f i lm s )  ( พ น ttic h a r e o n m o n g k o l e t  a l . ,  2 0 0 6 ) . V a r io u s  tec h n iq u e s  th at h a v e  b e e n  u sed  
to  fa b r ica te  fib rou s s c a f fo ld s  are, for  e x a m p le s , p h a se  sep a ra tio n , m e lt  b lo w in g , and  
e le c tr o sp in n in g  (W u ttic h a r e o n m o n g k o l, 2 0 0 6 ;  Z h an g , 2 0 0 5 ;  L i, 2 0 0 2 ) . L o w  to o lin g  
c o s ts , tech n ica l s im p lic ity , and  n u m erou s u n iq u e  ch ara c ter is tic s  o f  th e  o b ta in e d  
f ib r o u s  m ater ia ls  ( e .g . ,  sm a ll d ia m eters  o f  th e  in d iv id u a l f ib ers  ra n g in g  fro m  ten s  o f  
n a n o m e te r s  to f e w  m ic r o m e te r s , in te r -c o n n e c te d  p orou s stru ctu re o f  th e  o b ta in e d  
m a tr ices , and v a st  p o s s ib i l i t ie s  for  su rfa ce  fu n c tio n a liz a tio n ) m a k e  e le c tr o sp in n in g  as  
o n e  o f  th e  m o st  c o m m o n ly  u tiliz e d  fab r ica tio n  m eth o d s o f  f ib r o u s  m a tr ices  for  
b io m e d ic a l a p p lic a tio n s  (T a e p a ib o o n , 2 0 0 6 ; N o h , 2 0 0 6 ; K e n a w y , 2 0 0 3 ) . H o w e v e r ,  
th e  u s e  o f  the fib ro u s  m a tr ices  a s  su b strates for  c e ll /t is s u e  cu ltu re  h a s , th u s far, b e e n  
c o n f in in g  to th o se  c o n s is t in g  m a in ly  o f  sm o o th  in d iv id u a l f ib e r s  (T u z la k o g lu , 2 0 0 5 ;  
N o h , 2 0 0 6 ;  K e n a w y , 2 0 0 3 ) . It is  k n o w n  that m o r p h o lo g y  o f  th e  in d iv id u a l,  
e le c tr o sp u n  fib ers is  m o s t  a f fe c te d  b y  th e  v a r ia tio n  in  the c o n c e n tr a tio n , h e n c e  the  
sh ear v is c o s ity ,  o f  th e  sp in n in g  so lu t io n s  ( D e it z e l  e t  a l ., 2 0 0 1 ) .  A s  th e  sh ea r  v is c o s it y  
in c r e a se s , the m o r p h o lo g y  o f  th e  ob ta in ed  p rod u cts  w o u ld  c h a n g e  fro m  d isc r e te  
d ro p le ts , to  b ea d ed  f ib ers , and  f in a lly  to  s m o o th  fib ers o f  v a r y in g  c r o s s -se c tio n a l  
sh a p e s  ( i .e . ,  rou n d , r ib b o n -lik e , e tc .) . A d d it io n a lly , the s iz e  o f  th e  in d iv id u a l fib ers  
(fo r  b e a d e d  and s m o o th  fib ers) in c r e a se s  m o n o to n ic a lly  w ith  an in c r e a se  in  th e  sh ear  
v is c o s it y  o f  the s p in n in g  so lu t io n s  (D e itz e l e t  a l . ,  2 0 0 1 ) . S in c e  b ea d s  h a v e  u su a lly  
b e e n  c o n s id e r e d  a s  d e fe c ts  o f  th e  fib ers ( i .e ., for  b ea d ed  fib e r s), p r o p o se d  u s e s  o f  the  
e le c tr o sp u n  p ro d u cts  in  b io m e d ic a l a p p lic a tio n s  h ave  b e e n  c o n f in in g  to  th o se  
c o n s t itu t in g  o f  sm o o th  fib ers  (W u ttic h a r e o n m o n g k o l, 2 0 0 6 ;  K e n a w y , 2 0 0 3 ) .  T h e
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m a in  o b je c tiv e  o f  th e  p resen t w o r k  is  th erefo re  to  in v e s t ig a te  th e  b io lo g ic a l  r e sp o n se  
o f  m o u s e  ca lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  (M C 3 T 3 -E 1 )  that are cu ltu red  on  
e le c tr o sp u n  fib ro u s  su b strates w ith  v a r y in g  su r fa ce  to p o g r a p h ie s  o f  th e  in d iv id u a l 
f ib ers .

A m o n g  th e  v a r io u s  b io c o m p a t ib le  an d  b io d e g r a d a b le  m a ter ia ls  th at h a v e  
u s u a lly  b e e n  fab r ica ted  as b o n e  s c a f fo ld s , p o ly (e -c a p r o la c to n e )  (P C L ), p o ly (3 -  
h y d r o x y b u ty r a te -c o -3 -  h y d r o x y  v a le r a te )  (P H B V ), their b le n d s  and  th e b le n d s  o f  each  
o f  th e m  w ith  a n o th er  b io c o m p a tib le  and b io d e g r a d a b le  p o ly m e r  [e .g . ,  p o ly (3"  
h y d ro x y b u ty ra te )  (P H B ), p o ly la c t id e  (P L A ), e tc .] ,  and th e ir  c o m p o s ite s  w ith  an  
o s te o c o n d u c t iv e  m ater ia l [e .g ., h y d ro x y a p a tite  (H A p )]  h a v e  b e e n  sh o w n  to  p r o v id e  
v e r y  g o o d  su p p o rt for the a tta ch m en t, p ro lifer a tio n , an d  d iffe r e n tia t io n  o f  the  
cu ltu red  b o n e  c e l l s  (C h u e n jitk u n ta w o m , 2 0 1 0 ;  S o m b a tm a n k h o n g , 2 0 0 6 ;  Ito , 2 0 0 5 ) .  
P C L , a  U S  fo o d  and d ru g a d m in istra tio n  (U S F D A )-a p p r o v e d  m ater ia l for  
c r a n io fa c ia l in d ic a tio n s , is a sy n th e tic  s e m i-c r y s ta ll in e  a lip h a tic  p o ly e s te r , w ith  lo w  
g la s s  tran sition  and  m e lt in g  tem p era tu res (N d r e u  and Y e o , 2 0 0 8 ) .  T h e  p o p u la r ity  o f  
P C L  as b o n e  s c a f fo ld in g  m ater ia l s te m s fro m  its s o lu b ility  in a w id e  ran g e  o f  
c o m m o n  o rg a n ic  s o lv e n ts , its n o n -to x ic  b io d eg ra d a tio n  p r o d u cts , and  th e  d eg ra d a tio n  
rate that is  su ita b le  fo r  h arb orin g  th e  b o n e  reg e n era tio n  ( B ô lg e n  e t  a i ,  2 0 0 5 )„  V a r io u s  
fo r m s o f  P C L , su c h  as e le c tr o sp u n  fib rou s s c a f fo ld s  (W u ttic h a r e o n m o n g k o l e t  a l . ,  
2 0 0 6 ) ,  p a r ticu la te - lea ch ed  p o ro u s  s c a f fo ld s  (C h u e n jitk u n ta w o m  e t  a l . ,  2 0 1 0 ) ,  
c e n tr ifu g a tio n -in d u c e d  p o ro u s s c a f fo ld s  (O h  e t  a l . ,  2 0 0 7 ) ,  sp ira l-  stru ctu red  p o ro u s  
s c a f fo ld s  (W a n g  e t  a l . ,  2 0 1 0 ) ,  an d  p oro u s s c a f fo ld s  m a d e  b y  p r e c is io n -e x tr u d in g  
d e p o s it io n  (P E D ) m eth o d  (S h o r  e t  a i ,  2 0 0 9 ) ,  h av e  b e e n  sh o w n  to  p r o v id e  g o o d  
su p p o rt for b o n e  reg e n era tio n  in  v i t r o  a n d /o r  in  v iv o .  O n  th e  o th er  h an d , P H B V , th e  
m o s t  c o m m o n  c o p o ly m e r ic  va ria n t o f  P H B , is  a s e m ic r y s ta llin e  a lip h a tic  p o ly e s te r  
p r o d u c e d  n a tu ra lly  in  certa in  stra in s o f  b a c ter ia  (H o lm e s , 19 85 ; G a ssn e r , 1996 ;  
S u d e sh , 2 0 0 0 ) . P H B  is  id ea l to  b e  u sed  in  v iv o ,  s in c e  its b io d e g r a d a tio n  p ro d u ct, D ,L -  
p -h y d r o x y b u ty r a te  (H B ), is  a  n o rm a l c o m p o n e n t  o f  b lo o d  an d  t is s u e s  (C h e n g  e t  a i ,  
2 0 0 6 ) .  N o tw ith s ta n d in g , P H B V  is  m o st  u tiliz e d , d u e m a in ly  to th e  p r e se n c e  o f  
h y d r o x y v a le r a te  c o m o n o m e r ic  u n it that r e d u c e s  th e  c r y s ta llin ity  and , s im u lta n e o u s ly , 
im p r o v e s  f le x ib ility  and p r o c e ssa b ility  (S u d e sh  e t a i ,  2 0 0 0 ) .  P H B V , in  v a r io u s  
fo r m s, su ch  as e le c tr o sp u n  fib ro u s  s c a f fo ld s  (S o m b a tm a n k h o n g  e t a i ,  2 0 0 6 )  and
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p a r tic u la te - le a c h e d  p o ro u s  s c a f fo ld s  (R iv a rd  e t  a l . ,  1 9 9 6 ) , h a v e  b e e n  sh o w n  to  
p r o v id e  g o o d  su p p o rt for th e  g r o w th s  o f  v a r io u s  c e ll  ty p e s , in c lu d in g  o s te o b la s ts ,  
f ib r o b la sts , S c h w a n n  c e l ls , e p ith e lia l c e l ls , an d  o v in e  c h o n d r o c y te s .

In th is  w o rk , f ib ro u s  su b stra tes  o f  v a ry in g  su r fa c e  to p o g r a p h ie s  o f  the  
in d iv id u a l fib ers  w e r e  prep ared  b y  e le c tr o sp in n in g  from  th e  b len d  s o lu t io n s  o f  5 0 /5 0  
พ /พ  P C L /P H B V  in  a  m ix tu re  o f  c h lo r o fo r m  and  A ,ALd im e th y lfo r m a m id e  (D M F ). 
T h is  w a s  a c h ie v e d  th rou gh  th e  va r ia tio n  o f  th e  c o n c e n tr a tio n  o f  th e  so lu t io n s  ( i .e ., 
b e tw e e n  4  and 14 w t% ). T h e  e f fe c t  o f  th e  so lu t io n  c o n c e n tr a tio n  o n  th e m o r p h o lo g y  
o f  the in d iv id u a l f ib ers  as w e l l  a s  the m o r p h o lo g y , m e c h a n ic a l in teg r ity , and the  
p h y s ic o -c h e m ic a l p rop erties  o f  th e  o b ta in ed  fib rou s s c a f fo ld s  w a s  e x a m in e d  in  
c o m p a r iso n  w ith  th o se  o f  th e  fib ers  o b ta in e d  from  s o lu t io n s  o f  th e  in d iv id u a l 
p o ly m e r ic  c o n stitu e n ts . T h e  p o ten tia l for u se  o f  th e se  f ib r o u s  m a tr ices  as b on e  
s c a f fo ld s  w a s  a s s e s s e d  in  v i t r o  w ith  M C 3 T 3 -E 1 , in  term s o f  th e  a tta ch m en t, 
p ro lifer a tio n , a lk a lin e  p h o sp h a ta se  (A L P ) a c t iv ity , and m in e r a liz a tio n .

6.3 Experimental

6 .3 .1  M ater ia ls
P o ly (s -c a p r o la c to n e )  (P C L ; M w =  8 0 ,0 0 0  g -m o l'1) an d  p o ly (3 -  

h y d r o x y b u ty r a te -c o -3 -h y d r o x y v a le r a te )  (P H B V ; M w =  6 8 0 ,0 0 0  g -m o l ') w e r e  
p u rch a sed  from  S ig m a -A ld r ic h , U S A . A /A -d im e th y lfo r m a m id e  (D M F ),  
d ic h lo r o m e th a n e  (D C M ), an d  c h lo ro fo rm  w ere  p u rch a sed  fro m  L a b sca n  (A s ia ) ,  
T h a ila n d . A ll o th er  c h e m ic a ls  w e r e  a n a ly tica l reag en t gra d e and  u se d  w ith o u t  further  
p u r if ica tio n .

6 .3 .2  P reparation  o f  F ib ro u s  S u b strates
B le n d  so lu t io n s  o f  5 0 /5 0  พ /พ  P C L /P H B V  o f  v a r y in g  c o n c e n tr a tio n s  

ra n g in g  from  4  to  14 w t%  w e r e  p repared  in  8 0 /2 0  v /v  c h lo r o fo r m /D M F  at room  
tem p era tu re  (2 5  ะ!ะ 1 °C ). P C L  so lu t io n  at 12 w t%  w a s  p rep ared  in  5 0 /5 0  v /v  
D C M /D M F  at r o o m  tem p era tu re  and P H B V  so lu t io n  at 14 w t%  w a s  prep ared  in  

c h lo r o fo r m  at 5 0  ๐c  (S a n g sa n o h  e t  a i ,  2 0 0 7 ) . E le c tr o sp in n in g  o f  th e se  s o lu t io n s  w a s
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carried  o u t u s in g  a ty p ic a l m eth o d . B r ie f ly , e a c h  o f  th e  so lu t io n s  w a s  c o n ta in e d  in  a 
g la ss  sy r in g e , th e  o p e n  en d  o f  w h ic h  w a s  c o n n e c te d  to a g a u g e - 2 0  s ta in le s s  stee l  
n e e d le  (o .d . =  0 .9 1  m m ), u sed  a s  th e  n o z z le . A n  a lu m in u m  ( A l)  sh e e t  w rap p ed  
arou n d  a  ro ta tin g  d ru m  (w id th  an d  o .d . o f  th e  d ru m  ~  15 cm ; ro ta tio n a l sp e e d  ~  50  
rpm ) w a s  e m p lo y e d  a s  a  c o lle c to r . T h e  d is ta n c e  fr o m  th e tip  o f  th e  n e e d le  to  th e  outer  
su rfa ce  o f  the A l sh e e t  w a s  se t  at 10 cm . A  G a m m a  H ig h -V o lta g e  R esea rch  D - 
E S 3 0 P N /M 6 9 2  p o w e r  su p p ly  w a s  u se d  to g en e r a te  a h ig h  D C  p o te n tia l ( i .e . ,  21 k v  
for th e  b le n d  and P C L  so lu t io n s  an d  12 k v  for th e  P H B V  so lu t io n ) . T h e  em ittin g  
e le c tr o d e  (+ )  o f  th e  p o w e r  su p p ly  w a s  a tta ch ed  to  th e  n e e d le , w h ile  the g ro u n d in g  
o n e  w a s  to  th e  c o lle c to r . A  K d S c ie n t if ic  sy r in g e  p u m p  w a s  u se d  to  m a in ta in  th e  feed  
rate o f  th e  so lu t io n  at ~1 m L -h '1. T h e  so lu t io n s  w e r e  e le c tr o sp u n  c o n s e c u t iv e ly  for  
~ 1 0  h.

6 .3 .3  C h a ra cter iza tio n
T h e  v is c o s it ie s  o f  th e  p o ly m e r  so lu t io n s  w e r e  m ea su red  b y a 

B r o o k fie ld  D V III U ltra  rh e o m e te r  at room  tem p era tu re  and 2 0  rpm  ro ta tio n a l sp eed  
o f  th e  sp in d le  (ท =  5 ).

T h e  su r fa c e  to p o g r a p h ie s  and s iz e s  o f  the in d iv id u a l f ib ers  a s  w e ll as 
th o se  o f  th e  b ea d s  ( in  c a s e  o f  th e  b ea d e d  f ib e r s )  o f  the o b ta in e d  fib ro u s su b strates  
w er e  a n a ly z e d  b y  a JE O L  J S M -5 4 1 0 L V  sc a n n in g  e le c tr o n  m ic r o s c o p e  (S E M ). For  
ea c h  sa m p le , th e  s iz e s  o f  th e  in d iv id u a l fib ers  (a n d  b ead s, w h e r e  a p p lic a b le )  w ere  
m ea su red  from  v a r io u s  p o s it io n s  o f  at le a s t  f iv e  d ifferen t S E M  im a g e s  by  

S e m A p h o r e  4 .0  so ftw a r e  (ท >  5 0 ) .  A d d it io n a lly , the th ic k n e s s e s  o f  th e  fib rou s  
su b stra tes  w ere  m ea su red  b y  a  M itu to y o  d ig ita l m ic r o m e te r  (ท =  5 ).

T h e c h e m ic a l in te g r ity  o f  th e  o b ta in e d  f ib ers  w a s  id e n tifie d  b y a 
N ic o le t  N E X U S 4 0 7  F ou rier- tran sfo rm  in frared  sp ec tro m eter  eq u ip p e d  w ith  the 
atten u a ted  total r e f le c t io n  m o d e  (A T R -F T IR ), at a  r e so lu tio n  o f  4  c m ' 1 o v e r  a 
w a v e n u m b e r  ran g e  o f  4 0 0 0  to  4 0 0  c m '1.

S ta tic  w a ter  c o n ta c t  a n g le s  o f  th e  o b ta in ed  fib ro u s  su b stra tes  w ere  
m ea su red  b y  a K R Ü S S  D S A  1 0 0  drop  sh a p e  a n a ly s is  sy s te m . T en  d ro p le ts  o f  
d is t ille d  w a ter  (1 0  p L )  w e r e  p la c e d  ra n d o m ly  at d ifferen t p o s it io n s  o f  e a c h  sam p le . 
T h e  p ro jected  im a g e s  o f  th e  d r o p le ts , after th e y  had  b een  a l lo w e d  to s ta y  o n  the



62

su b stra tes  until n o  further c h a n g e  in  th eir  sh a p e s  w a s  o b se r v e d , w er e  a n a ly z e d  for the  
c o n ta c t  a n g le s , an d  th e  d ata  w e r e  a v era g ed .

T h e  m e c h a n ic a l in teg r ity , in  term s o f  the te n s i le  stren g th  and  Y o u n g ’s 
m o d u lu s , o f  th e  o b ta in e d  fib ro u s su b stra tes  (recta n g u lar  sh a p e , 10 m m  X 1 0 0  m m )  
w a s  a s s e s s e d  u s in g  a  L lo y d  L R X  u n iv ersa l te s t in g  m a ch in e  (g a u g e  len g th  =  5 0  m m  
an d  c r o ssh e a d  sp e e d  =  2 0  m n v m in '1) (ท =  5).

T h e  true d e n s it ie s  o f  th e  o b ta in ed  fib rou s s c a f fo ld s  ( /S c a f f o ld )  w ere  
m e a su r e d  o n  ~ 1  g  sa m p le s  u s in g  a Q u a n ta ch ro m e U ltr a p y c n o m e te r -1 0 0 0  g a s  
p y c n o m e te r  (ท =  5 ) . O n  th e  b a s is  o f  th e  o b ta in e d  data, p o r o s it ie s  and  p ore v o lu m e s  o f  
th e  m a tr ices  ca n  b e  r e s p e c t iv e ly  c a lc u la te d  from  the f o l lo w in g  e x p r e ss io n s:  ( 1  

Acaffold/Pbolymer) x  1 0 0  an d  (^Acaffold - 1 //v>lymer), w h ere  Aolymer rep resen ts  th e  bulk  
d e n s ity  o f  the p o ly m e r ic  c o n s t itu e n t(s ) . H ere , PPCL, P p h b v , and  A 3ci7PHBV(50/50 พ/พ) 

w e r e  tak en  as 1 .1 4 5 , 1 .2 5 0 , and  1 .1 9 8  g e m '3, r e sp e c tiv e ly .

6 .3 .4  C e ll C u ltu rin g
M o u s e  ca lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  (M C 3 T 3 -E 1 ;  A T C C  

C R L -2 5 9 3 )  w e r e  cu ltu red  in  m in im u m  e s se n tia l m ed iu m  w ith  E a r le ’s B a la n c e d  S a lts  
(M E M ; H y C lo n e , U S A ) ,  su p p le m e n te d  b y  10%  feta l b o v in e  seru m  (F B S ; B io c h r o m , 
U K ), 1% L - g lu ta m in e  (In v itr o g e n , U S A ) , and  1% a n tib io tic  and a n tim y c o tic  
fo r m u la tio n  (c o n ta in in g  p e n ic il l in  G  so d iu m , s tre p to m y c in  su lfa te , and am p h o ter ic in  
B; In v itro g en , U S A ) .  T h e  m e d iu m  w a s  r e p la ced  o n  ev e r y  o th er  d a y  and th e  cu ltu res  

w e r e  m a in ta in ed  at 3 7  °c in  a  h u m id if ie d  a tm o sp h ere  c o n ta in in g  5%  C O 2. F ib rou s  
su b stra te  s p e c im e n s  (c ircu la r  d is c s ,  ~ 1 5  m m  in  d iam eter) w e r e  p la ced  in  w e l ls  o f  a 
2 4 - w e l l  t is su e -c u ltu r e  p o ly s ty r e n e  p la te  (T C P S ; C o m in g , U S A )  and su b se q u e n tly  
s te r iliz e d  in 70%  e th a n o l for 9 0  m in . T h e  sp e c im e n s  w e r e  th en  w a sh e d  w ith  
a u to c la v e d  d e io n iz e d  w a ter  and  th e n  im m e r se d  in  M E M  o v er n ig h t. A  m eta l r in g  (~ 1 2  
m m  in  d ia m eter) w a s  p la ced  o n  to p  o f  e a c h  s p e c im e n  to  en su re  a g o o d  c o n ta c t  o f  the  
s p e c im e n  w ith  th e  b o tto m  o f  e a c h  w e l l .  M C 3 T 3 -E 1  from  the cu ltu res  w ere  
tr y p s in iz e d  (0 .2 5 %  try p sin  c o n ta in in g  1 m M  eth y le n e d ia m in e te tr a a c e tic  acid  
(E D T A );  In v itro g en , U S A ) , c o u n te d  b y  a H a u sser  S c ie n t if ic  h em a c y to m e te r , and
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s e e d e d  at - 4 0 ,0 0 0  c e l l s  c m ' 2 o n  e a c h  o f  th e  sp e c im e n  and th e  e m p ty  w e l ls  o f  a  T C P S  
( i .e . ,  p o s it iv e  co n tr o l) .

In th e  a tta ch m en t an d  the p ro lifera tio n  s tu d ie s , c e l ls  w er e  cu ltu red  in 
th e  sa m e  m e d ia  a s  m e n tio n e d  a b o v e . For o th er s tu d ie s , c e l l s  w e r e  cu ltu red  in  M F M  
su p p le m e n te d  b y  2%  F B S , 1% L -g lu ta m in e , and  1% a n tib io tic  and  a n tim y c o tic  
d u rin g  th e  first 3 d , a fter  w h ic h  th e y  w e r e  cu ltu red  in  th e  sa m e  m e d iu m , b ut w ith  the  
a d d it io n  o f  an o s te o g e n ic  su p p le m e n t [ i.e ., 5 m M  g ly c e r o l-2 -p h o sp h a te  d iso d iu m  salt 
h yd ra te  ( /^ g ly c e r o p h o sp h a te ;  S ig m a -A ld r ic h , U S A )  and 5 0  p g -m L ' 1 L -a sc o r b ic  acid  
(S ig m a -A ld r ic h , U S A )] .

6 .3 .5  C e ll  A tta ch m en t an d  C e ll P ro lifera tion
T h e  c e l l s  w e r e  a l lo w e d  to  attach  o n  the fib ro u s su b strate s p e c im e n s  

and  e m p ty  w e l ls  o f  a  T C P S  for 2 , 4 , and 6  h  in  th e  a ttach m en t stu d y  ( ท =  4 ) . A t each  
t im e  p o in t , th e  n u m b er o f  th e  attach ed  c e l ls  w a s  q u a n tified  b y  a 3 - (4 ,5 -  
d im e th y lth ia z o l-2 -y l) -2 ,5 -d ip h e n y l- te tr a z o liu m  b rom id e  (M T T ; S ig m a -A ld r ic h ,  
U S A )  a ssa y . A d d it io n a lly , th e  c e l l s  w er e  first a l lo w e d  to  attach  o n  the sp e c im e n s  and  
e m p ty  w e l ls  o f  a T C P S  for  16 h , and th en  m easu red  at 2 4  h. T h e n u m b er  o f  the  
p ro lifer a te d  c e l l s  w a s  a lso  d e term in ed  b y  M T T  a ssa y  o n  d a y s  1, 2 , and  3 a fter c e ll  
cu ltu r in g  (ท =  4 ) .  T h e  ap p ea ra n ce  o f  th e  c e l l s  du rin g th e a tta ch m en t and  the  
p ro life r a tio n  p e r io d s  w a s  ch a ra cter ized  b y  S E M  (d isc u sse d  later).

6 .3 .6  Q u a n tific a tio n  o f  V ia b le  C e lls  (M T T  A ssa y )
M T T  a ssa y  is  a  c e l l  q u a n tifica tio n  m eth o d  that m ea su res  th e  a c tiv ity  

o f  m ito c h o n d r ia  in  th eir  a b ility  to  red u ce  a te tr a z o liu m -b a se d  c o m p o u n d , M T T , to a 
p u rp lish  fo rm a za n  p rod u ct. T h e  a m o u n t o f  p u rp lish  form aza n  p rod u ct is  p rop o rtio n a l 
to  th e  n u m b er  o f  v ia b le  c e l l s .  E a ch  c e ll-c u ltu r e d  sp e c im e n  w a s  in cu b ated  at 37 °c for  
30 m in  w ith  M T T  s o lu t io n  and  th e  form aza n  p rod u ct w a s  th en  d is s o lv e d  in  a  m ix tu re  
o f  d im e th y ls u lfo x id e  (D M S O ; C a rlo  Erba, Ita ly ) (900 p L /w e ll )  and g ly c in e  b u ffer  
(p H  =  10) (125 p L /w e ll ) .  T h e  a b so rb a n ce  o f  the su p ernatan t w a s  e v a lu a te d  w ith  a 
T h e r m o sp e c tr o n ic  G e n e s is lO  U V -v is ib le  sp e c tro p h o to m eter  at 570 nm . T h e  o b se r v e d  
u v  a b so r b a n c e  v a lu e s  w er e  c o n v e r te d  to  th e  n u m b ers o f  c e l ls  u s in g  p red eterm in ed  
stan d ard  ca lib r a tio n  c u rv es .
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6 .3 .7  M o r p h o lo g ic a l O b se rv a tio n  o f  C u ltu red  C e lls
E a ch  c e ll-c u ltu r e d  sp e c im e n , a fter rem o v a l o f  th e  cu ltu re  m e d iu m , 

w a s  r in sed  w ith  P B S  tw ic e  an d  th e  c e lls  w e r e  th en  f ix e d  w ith  3%  g lu ta ra ld eh y d e  
s o lu t io n  (E le c tr o n  M ic r o sc o p y  S c ie n c e , U S A )  at 5 0 0  p L /w e ll  for 3 0  m in . T h e  
sp e c im e n  w a s  r in sed  aga in  w ith  P B S  and d eh yd ra ted  in  e th a n o lic  s o lu t io n s  o f  
v a r y in g  c o n c e n tr a tio n s  ( i .e .,  3 0 , 5 0 , 7 0 , and  9 0  vo l% , r e sp e c t iv e ly )  an d  in  pure 
e th a n o l for ~ 2  m in  ea ch . It w a s  d r ied  in 100%  h a x a m e th y ld is ila z a n e  (H M D S ; S ig m a -  
A ld r ic h , U S A )  for  5 m in  and f in a lly  in  air, a fter  r em o v a l o f  H M D S . T h e  s p e c im e n s  
w e r e  th en  o b se r v e d  b y  S E M  an d  th e m o r p h o lo g y  o f  the c e l ls  that h as b e e n  cu ltured  
o n  a  g la s s  su b stra te  (1 2  m m  in  d iam eter; M e n z e l, G erm a n y ) w a s  u se d  a s  p o s it iv e  
co n tro l.

6 .3 .8  A lk a lin e  P h o sp h a ta se  (A L P ) A n a ly s is
M C 3 T 3 -E 1  w e r e  cu ltu red  o n  th e  fib rou s s c a f fo ld  M C 3 T 3 -E 1  w ere  

cu ltu red  on  th e  fib ro u s  su b stra te  sp e c im e n s  an d  e m p ty  w e l ls  o f  a T C P S  for  3 and  7 d 
to  d e term in e  A L P  a c tiv ity  ( ท =  4 ) . E ach  sp e c im e n , after r em o v a l o f  th e  cu ltu re  
m e d iu m , w a s  r in sed  w ith  P B S . A lk a lin e  ly s is  b u ffer  (1 0  m M  T r is-H C l, 2  m M  M g C L ,
0 .1 %  T r ito n -X  1 0 0 , pH  1 0 ) ( 1 0 0  p L /w e ll )  w a s  ad d ed  an d  the s p e c im e n  w as  

scra p p ed , so n ic a te d , and then  fr o z e n  at -2 0  ° c  for  ~ 3 0  m in . A n  a q u e o u s  s o lu t io n  o f  2 
m g -m L "1 p -n itr o p h e n y l p h o sp h a te  (P N P P ; In v itro g en , U S A )  m ix e d  w ith  0.1 M  
a m in o p r o p a n o l (1 0  p L /w e ll)  in  2  m M  M g C L  (1 0 0  p M /w e ll)  w a s  a d d e d  in to  the 
s p e c im e n , w h ic h  w a s  th en  in cu b a ted  at 3 7  ° c  for  3 0  m in . A n  a q u e o u s  so lu t io n  o f  
N a O H  (5 0  n M  at 0 .9  m L /w e ll)  w a s  ad d ed  an d  th e ex tracted  so lu t io n  w a s  m easu red  
sp e c tr o p h o to m e tr ic a lly  at 4 1 0  nra. T h e am o u n t o f  A L P  w a s  c a lc u la te d  a g a in st a 
p red eterm in ed  standard  c u rv e  an d  then  n o r m a liz e d  b y  th e  a m o u n t o f  to ta l p ro te in s  
sy n th e s iz e d . F or th e p rote in  a s sa y , each  sp e c im e n  w a s  treated  in  the sa m e  m an n er  as  
in  th e  A L P  a s sa y  up to  th e  p o in t  w h ere  it w a s  fro zen . A fter  fr e e z in g , a  b ic in c h o n in ic  
a c id  (B C A ; P ie r c e  B io te c h n o lo g y , U S A ) s o lu t io n  w a s  ad d ed  in to  th e  sp e c im e n  and  
in cu b a ted  at 3 7  ° c  for 3 0  m in . T h e  a b so rb a n ce  o f  th e  m e d iu m  so lu t io n  w a s  then  
m ea su red  sp e c tr o p h o to m e tr ic a lly  at 5 6 2  n m , and  the am o u n t o f  th e  to ta l p ro te in s w a s  
c a lc u la te d  a g a in st  a  p red eterm in ed  standard cu r v e .
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6 .3 .9  M in e r a liz a tio n  A n a ly s is
C a lc iu m  d e p o s it io n  w a s  in v e s t ig a te d  b y  A liz a r in  R e d -S  (S ig m a -  

A ld r ic h , U S A )  sta in in g . M C 3 T 3 -E 1  had b e e n  cu ltu red  on  th e f ib r o u s  su b strate  
s p e c im e n s  an d  em p ty  w e l ls  o f  a T C P S  for  14 d (ท =  4 ) , a fter  that th e  c e l l s  w er e  f ix e d  
w ith  c o ld  m eth a n o l for 10 m in , w a sh ed  w ith  d e io n iz e d  w a ter , and im m e r se d  in  1%  
A liz a r in  R e d -S  so lu t io n  in  a m ix tu re  o f  0 .4  m L  a m m o n iu m  h y d r o x id e /4 0  m L  w ater  
for  3 m in . E a ch  sta in ed  s p e c im e n  w a s  w a sh e d  sev era l t im e s  w ith  d e io n iz e d  w ater  and  
a ir-d ried  at ro o m  tem p era tu re. T h e  sta in e d  sp e c im e n  w a s  p h o to g ra p h e d  and the  
r e d n e ss , s ig n ify in g  th e a m o u n t o f  c a lc iu m  d e p o s it io n , w a s  q u a n tified  b y  d esta in in g  
w ith  10%  c e ty lp y r id in iu m  c h lo r id e  m o n o h y d ra te  (S ig m a -A ld r ic h , U S A )  in  10 m M  
s o d iu m  p h o sp h a te  at roo m  tem p era tu re for 15 m in  and sp e c tr o p h o to m e tic a lly  read at 
5 7 0  n m .

6 .3 .1 0  S ta tis tica l A n a ly s is
A ll  v a lu e s  w er e  p resen ted  as m e a n s  ะ!: stan dard  d e v ia tio n s . 

S ig n if ic a n c e  b e tw e e n  tw o  d ata  se ts  w a s  d e term in ed  b y  o n e -w a y  A N O V A  a n a ly s is ,  
u s in g  /- te s t  for  a ll a n a ly se s , e x c e p t  for th e  a tta ch m en t, p ro lifer a tio n , an d  A L P  a c tiv ity  
a n a ly t ic a l s tu d ie s . S c h e f f e ’s te st  w a s  a p p lie d  to th e  th ree  s tu d ie s . T h e  sta tistica l 
s ig n if ic a n c e  w a s  a c c e p te d  at a  0 .0 5  c o n f id e n c e  le v e l.

6.4 Results and Discussion

6 .4 .1  C h a racter iza tio n  o f  P o ly m e r  S o lu t io n s  and  F ib rou s S u b stra tes
A s  p r e v io u s ly  m e n tio n e d , sh ear v is c o s ity  m a jo r ly  a ffe c ts  th e  

m o r p h o lo g y  o f  the in d iv id u a l e lec tr o sp u n  fib ers (D e it z e l  e t a l ,  2 0 0 1 ) .  Prior to  
e le c tr o sp in n in g , the P C L /P H B V  so lu t io n s  w e r e  m ea su red  for  th e  sh ea r  v is c o s it ie s  
( s e e  T a b le  6 .1 ) . A s  th e  to ta l c o n cen tra tio n  o f  the b len d  so lu t io n s  in c r e a se d  from  4  to  
14 w t% , th e  sh ear  v is c o s ity  in crea sed  fro m  - 2 9 0  to  - 5 8 0  m P a s .  E le c tr o sp in n in g  o f  
th e s e  so lu t io n s  w a s  carr ied  o u t under th e  e le c tr ic  f ie ld  o f  21 k V /1 0  c m  ( se e  F ig u re
6 .1  for th e  rep resen ta tiv e  S E M  im a g e s  o f  the o b ta in ed  p ro d u cts). A t 4  w t% , a 
c o m b in a tio n  o f  d iscre te  b ea d s  ( - 1 6  p m  o n  a v e r a g e )  and  sm o o th  fib ers  ( - 0 . 4  p m  on  
a v e r a g e )  w a s  ob ta in ed . A t  6  and  8 w t% , a c o m b in a tio n  o f  b ea d ed  an d  sm o o th  fib ers
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w a s  e v id e n t. A t th e se  c o n cen tra tio n s , th e  s iz e s  o f  th e  b ead s w e r e  in  th e  ran ge o f  2 . 6 -
3 .4  p m  o n  a v era g e , w h i le  th o se  o f  th e  fib ers  w ere  in  th e  ran g e  o f  0 .5 - 0 .6  p m  on  
a v e r a g e . T h e  d e n s it ie s  o f  th e  b ead s that w er e  o b se r v e d  o n  th e e le c tr o sp u n  p ro d u cts  o f  
4 , 6 , and  8 w t%  P C L /P H B V  so lu t io n s  w er e  1 4 2 0 , 3 4 8 0 , and  3 0 2 0  b ea d s-m m  o n  
a v e r a g e , r e sp e c tiv e ly . B e tw e e n  10 and  14 w t% , o n ly  sm o o th  fib e r s  w e r e  gen era ted . 
T h e  s iz e  o f  th e se  fib ers  in crea sed  from  ~ 0 .8  p m  o n  a v era g e  at 10  w t%  to  - 1 . 8  p m  on  
a v e r a g e  at 14 w t% . It sh o u ld  b e  m e n tio n e d  at th is  p o in t  that th e  b le n d  c o m p o s it io n  o f  
5 0 /5 0  พ /พ  b e tw e e n  P C L  an d  P H B V  w a s  c h o se n  o n  th e b a s is  o f  p re lim in a ry  resu lts , 
w h ic h  sh o w e d  that th e  f ib ers  that had  b e e n  o b ta in ed  fro m  o th er  b le n d  c o m p o s it io n s  
w e r e  v ery  n o n u n ifo rm  (r e su lts  n ot s h o w n ). T h is  m a y  ar ise  from  th e  im m isc ib le  o f  the  
tw o  p o ly m e r s  (la ter  d isc u s s io n ) .

F rom  th e se  S E M  im a g e s , th e  in d iv id u a l fib ers  in  a ll o f  th e  fib ro u s  
su b stra tes  w ere  ran d o m ly  a lig n e d  and th e y  ap p eared  to  c o n g lu tin a te  to  o n e  a n o th er  at 
to u c h in g  p o in ts . W h ile  th e  random  a lig n m e n t re la ted  d irec tly  to  th e  s lo w  rota tio n a l 
sp e e d  o f  th e  c o l le c t io n  d e v ic e  u se d  d u rin g  th e  fib er  c o l le c t io n ,  th e  partial 
c o n g lu tin a tio n  w a s  d u e  to  th e  rather sh ort c o lle c t io n  d is ta n c e , h e n c e  in c o m p le te  
e v a p o ra tio n  o f  the s o lv e n t  from  the j e t  se g m e n ts  d u rin g  their f l ig h ts  to  the c o lle c to r  
( D e it z e l  e t  a l . ,  2 0 0 1 ) . E le c tr o sp in n in g  o f  the n eat P C L  and  P H B V  so lu t io n s  w a s  a lso  
carried  ou t for  c o m p a r iso n  ( se e  F ig u re  6 .1 ) . T h e  o b ta in ed  fib ers  sh ared  e s s e n tia lly  
th e  sa m e  fea tu res as th o s e  from  the 1 0 - 1 4  w t%  P C L /P H B V  s o lu t io n s . T h e  s iz e s  o f  
th e se  fib ers  w er e  - 1 . 0  an d  - 2 . 2  p m  o n  a v era g e , r e sp e c tiv e ly . U p o n  c o n s e c u t iv e  
sp in n in g  for - 1 0  h, th e  th ic k n e sse s  o f  th e  b len d  fib ro u s  s c a f fo ld s  ran g ed  b e tw e e n  - 9 0  
an d  - 1 1 0  p m  o n  a v e r a g e , w h ile  th o se  o f  th e  P C L  and  th e P H B V  cou n terp arts w e r e  
- 1 2 0  and  - 9 0  p m  o n  a v e r a g e , r e sp e c tiv e ly . T h e  actu a l s iz e s  o f  th e  fib ers  and  b ea d s , 
w h e r e  a p p lic a b le , are a lso  su m m a rized  in  T a b le  6 .1 .
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Table 6.1 Viscosities of PCL/PHBV, PCL, and PHBV solutions as well as physical 
and physico-chemical characteristics of the obtained electrospun fibrous substrates

Sample Viscosity
(mPa-s)

Fiber Diameter 
(pm)

Bead size 
(pm)

Water Contact 
Angle (deg)

4% PCL/PHBV 292 ±3 0.44 ± 0.09 15.56 ±0.95 121 ±2
6% PCL/PHBV 343 ±4 0.51 ±0.03 2.57 ±0.34 117 ± 1
8% PCL/PHBV 371 ±3 0.58 ±0.02 3.36 ±0.23 106 ±3
10% PCL/PHBV 434 ±5 0.77 ±0.02 - 85 ±2
12% PCL/PHBV 528 ±5 1.08 ±0.06 - 90 ± 1
14% PCL/PHBV 581 ±7 1.79 ±0.05 - 99 ± 1
12% PCL 451 ±3 0.96 ± 0.04 - 103 ± 1
14% PHBV 621 ±2 2.19 ±0.07 - 1 15 dr 3
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Figure 6.1 Representative SEM images (scale bar = 5 pm and magnification = 
3500x) of the electrospun fibrous scaffolds from 4-14 wt% PCL/PHBV, 12 wt% 
PCL, and 14 wt% PHBV solutions.
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The chemical integrity of the PCL/PHBV fibers was investigated by 
ATR-FTIR (see Figure 6.2). Those of the neat PCL and PHBV counterparts are also 
shown for comparison. The absorption peak, centering around 1724 cm"1, belonging 
to the stretching vibrations associated with the crystalline conformations of the 
carbonyl ester (C=0) (Vamell et al., 1981), was evident in all of the IR spectra. For 
the blend fibers, the way in which this peak increased in its intensity with an increase 
in the total concentration of the solutions is indicative of the increase in the total 
crystallinity. Referring to Figure 6.2, since all of the characteristic peaks of the neat 
polymers can be observed in the IR spectra of the blend fibers, the existence of both 
PCL and PHBV components within the blend fibers was confirmed. Furthermore, 
since no peak shifts and/nor new absorption peaks were observed for the blend 
fibers, it is expected that specific interactions between PCL and PHBV molecules 
were inexistent. Qiu et al. (2005) showed that solvent-cast PCL/PHBV blend films 
exhibited distinctive and unchanged glass transition and melting temperatures of 
either component, which is indicative of an immiscible polymer blend.
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Figure 6.2 ATR-FTIR spectra of the obtained electrospun fibrous scaffolds.

Physico-chemistry, in terms of water contact angles, of all of the 
fibrous substrates was investigated (see Table 6.1). When the size of the plated water 
droplet is much greater than those of the underlying fibers of a fibrous substrate, both 
the size and the topography of the underlying, individual fibers play major roles in 
controlling the contact angle of the water droplet (Yoon, 2008; Tong, 2011). For the 
beaded fibers, as the size of the beads decreased (corresponding to the increase in the 
solution concentration), the water contact angle was found to increase, hence the 
decrease in the wettability. As the beads disappeared completely (i.e., smooth fibers), 
a suddeh decrease in the water contact angles, hence a sudden increase in the 
wettability, was observed (Yoon et al., 2008). For the smooth fibers, the increase in 
the sizes of the fibers was responsible for the observed increase in the water contact
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angles, hence the decrease in the wettability (Tong et al., 2011). Here, as the total 
concentration of the PCL/PHBV solutions increased from 4 to 8 wt%, the average 
water contact angle of the obtained beaded fibers decreased from -121 to -106°. A 
sharp improvement in the wettability was observed when the smooth fibers were first 
appeared at 10 wt%, but, as the concentration of the blend solutions increased from 
10 to 14 wt%, the average water contact angle of the obtained smooth fibers 
increased again from -85 to -99°. Evidently, the fibrous scaffold that had been 
obtained from the 10 wt% blend solution exhibited the greatest wettability. Based on 
the SEM images of the PCL/PHBV fibrous scaffolds in Figure 6.1, it can be 
postulated that the smoother the surface of the fibrous scaffolds, the better the 
wettability. For comparison, the water contact angle values of the PCL and the 
PHBV fibrous scaffolds were -103 and~l 15° pm on average, respectively.

The mechanical integrity in terms of the tensile strength, Young’s 
modulus, and elongation at break of the fibrous scaffolds is also investigated (see 
Table 6.2). For the blend fibrous substrates, the tensile strength and the elongation at 
break values were found to increase (i.e., from -0.98 to -1.95 MPa on average for 
the tensile strength and from -1.4 to -4.9% on average for the elongation at break), 
while that of the Young’s modulus was found to decrease (i.e., from -162 to -103 
MPa on average), with an increase in the total concentration of the PCL/PHBV 
solutions from 4 to 14 wt%. Interestingly, the neat PCL fibrous scaffolds exhibited 
the greatest values of the tensile strength and the elongation at break (i.e., -2.41 MPa 
and -5.7% on average, respectively) and, at the same time, they showed the lowest 
value of the Young’s modulus (i.e., -82.4 MPa on average). The property values of 
the neat PHBV fibrous scaffolds, on the other hand, were relatively moderate (see 
Table 6.2).
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Table 6.2 Mechanical characteristics of the obtained electrospun fibrous substrates

Sample Tensile Strenght 
(MPa)

Young’s Modulus 
(MPa)

Elongation at 
Break (MPa)

4% PCL/PHBV 0.98 ± 0.06 162.1 ±4.6 1.4 ±0.2
6% PCL/PHBV 1.21 ±0.38 145.6 ±3.7 2.3 ±0.6
8% PCL/PHBV 1.58 ±0.17 139.2 ±3.8 2.8 ±0.4
10% PCL/PHBV 1.84 ±0.09 112.3 ± 1.9 4.3 ± 0.7
12% PCL/PHBV 1.87 ± 0.11 108.8 ±2.2 4.5 ±0.5
14% PCL/PHBV 1.95 ±0.26 102.7 ±2.6 4.9 ±0.2
12% PCL 2.41 ±0.36 82.4 ±5.6 5.7 ±0.8
14% PHBV 1.79 ± 0.13 126.7 ±7.1 3.8 ± 0.3

The true densities, porosities, and pore volumes of the obtained 
fibrous substrates were investigated (see Table 6.3). For the blend fibrous scaffolds, 
the true density was found to increase (i.e., from ~2.3 X 10'2 to ~3.9 X 10'2 g-cnf3 on 
average), while those of the porosity and the pore volume were found to decrease 
(i.e., from -98.1 to -96.7% on average for the porosity and from -42.6 to -24.6 
cm^g'1 on average for the pore volume), with an increase in the total concentration 
of the PCL/PHBV solutions from 4 to 14 wt%. The results imply that, as the total 
concentration of the blend solutions increased, the packing of the underlying fibers 
also increased. Among all of the fibrous scaffolds investigated, those made of PCL 
exhibited the lowest porosity value, while those made of PHBV were the greatest 
(see Table 6.3).
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Table 6.3 True densities, porosities, and pore volumes of the obtained electrospun 
fibrous substrates

Sample True Density 
(xlO'2 g-cnf3)

Porosity (%) Pore Volume 
(cm3-g ')

4% PCL/PHBV 2.30 ±0.26 98.1 ±0.5 42.6 ±3.2
6% PCL/PHBV 2.61 ±0.15 97.8 ±0.3 33.2 ±2.5
8% PCL/PHBV 2.86 ±0.54 97.6 ± 0.7 34.1 ±3.0
10% PCL/PHBV 3.19 ±0.23 97.3 ± 0.4 30.5 ± 1.7
12% PCL/PHBV 3.57 ±0.39 97.0 ±0.7 27.2 ± 1.7
14% PCL/PHBV 3.93 ±0.38 96.7 ±0.6 24.6 ± 2.4
12% PCL 4.69 ±0.11 95.9 ±0.4 20.6 ±2.1
14% PHBV 2.13 ±0.17 98.3 ± 0.2 46.1 ±2.6

6.4.2 Cell Attachment and Cell Proliferation
Adherence of MC3T3-E1 after having been seeded on the surfaces of 

TCPS and all types of the fibrous scaffolds for 2, 4, and 6 h is quantitatively shown 
in Figure 6.3. For any given type of the substrates, the number of the cells increased 
with an increase in the cell seeding time. At 2 h, the numbers of the cells on the 
surfaces of almost all types of the fibrous scaffolds, except for those of the scaffolds 
from 4 wt% PCL/PHBV and 14 wt% PHBV solutions which exhibited significantly 
lower values, were equivalent to that on TCPS. At 4 h, the numbers of the cells on 
the surfaces of the fibrous scaffolds from 4, 10, and 12 wt% PCL/PHBV and 12 wt% 
PCL solutions were equivalent to that on TCPS. At 6 h, only the numbers of the cells 
on the surfaces of the fibrous scaffolds from 10 and 12 wt% PCL/PHBV solutions 
were equivalent to that on TCPS. Among the various types of the fibrous scaffolds, 
the ones from 10 and 12 wt% PCL/PHBV and 12 wt% PCL solutions, regardless of 
the cell seeding time, appeared to support the attachment of the investigated bone 
cells slightly better than the others.
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Figure 6.3 Attachment of MC3T3-E1 that were seeded on the surfaces of TCPS and 
various types of fibrous substrates as a function of cell seeding time. * Significance at 
p  < 0.05 with respect to TCPS.

A quantitative analysis of the proliferation of MC3T3-E1 alter having 
been cultured on the surfaces of TCPS and all types of fibrous substrates for 1-3 
days is shown in Figure 6.4. For any given type of substrate, the number of the cells 
increased with an increase in the cell culturing time. On day 1, the numbers of the 
cells on the surfaces of the fibrous scaffolds from 6-12 wt% PCL/PHBV were 
equivalent to that on TCPS. On days 2 and 3, the numbers of the cells on the surfaces 
of the fibrous scaffolds from 6, 10, and 14 wt% PCL/PHBV and 12 wt% PCI 
solutions were equivalent to that on TCPS. Nevertheless, the average number of the 
cells proliferated on the surface of the fibrous scaffold from 10 wt% PCL/PHBV 
solution was greater than those on the surfaces of the other types of the fibrous 
scaffolds. Particularly on day 3, the average number of the cells on the surface of the 
fibrous scaffold from 10 wt% PCL/PHBV solution was significantly greater than that 
of the fibrous scaffold from 12 wt% PCL and slightly greater than that on TCPS.
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Figure 6.4 Proliferation of MC3T3-E1 that were cultured on the surfaces of TCPS 
and various types of fibrous substrates as a function of cell culturing time.
* Significance at p <  0.05 with respect to TCPS. Significance at p  < 0.05 with respect 
to the fibrous substrate from 12 wt% PCL solution.

Though not totally relevant, Kumbar et al. (2008) demonstrated that 
biological response of human skin fibroblasts (hSF) that had been cultured on the 
surfaces of poly(lactic acid-co-glycolic acid) (PLAGA) fibrous scaffolds was, oil 
many aspects, fiber size-dependent. Specifically, the PLAGA fibrous scaffolds with 
the diameters of the underlying fibers ranging between 250 and 1200 nm showed 
significantly greater support for the proliferation and the expression of collagen III of 
the cultured hSF than the matrices with lower or larger fiber diameters. However, no 
particular trends were observed on the production of collagen I and elastin with the 
variation in the fiber diameter (Kumbar et al., 2008). Khang et al. (1999), prepared 
poly(L-lactide-co-glycolide) (PLGA) films with chemogradient wettability by a 
corona treatment and found that fibroblasts adhered, spread, and grew particularly 
better onto positions with moderate hydrophilicity (i.e., the water contact angle of
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-55°). Based on these studies (Kumbar, 2008; Khang, 1999), both the size of the 
underlying fibers and hence the wettability of a fibrous scaffold should play 
important role in mediating the cell behavior. Here, the mouse bone cells appeared to 
attach and proliferate well on the surface of the fibrous substrate from 10 wt% 
PCL/PHBV solution, which exhibited the lowest water contact angle of -85° on 
average.

Because the adsorption of proteins is influenced by the 
hydrophilicity/hydrophobicity of a surface, the surface with a certain value of water 
contact angle would favor the adsorption of certain proteins, which may or may not 
act as cellular mediators. Additionally, both the size and the topography of the 
underlying fibers of a fibrous scaffold could influence directly the organization of 
organelles within the attached cells. Different organizations of the organelles could 
result in different chemo-signaling pathways that influence directly the cell behavior. 
While the effect of different surface topographies on wettability, adsorption of 
proteins, and responses of the cultured bone cells should be a subject of thorough 
investigations, the effect of different organizations of organelles, in response to 
difference surface topographies, on certain behaviors of the cultured bone cells can 
be rationalized from an existing published report (Wang et al., 2011). In an attempt 
to investigate the effect of fiber alignment on the responses of MG63 human 
osteosarcoma cells that had been cultured on the surfaces of randomly-aligned and 
well-aligned poly(L-lactic acid) (PLLA) fibrous scaffolds, Wang et al. (2011) found 
that the cells on the well-aligned fibrous scaffold elongated their cytoplasms along 
the fiber axis, but they appeared to attach, proliferate, and differentiate better on the 
randomly-aligned fibrous scaffold. This exemplifies the importance of surface 
topography of a scaffold on cellular behavior.

Selected SEM images to reveal the morphologies of MC3T3-E1 thaï 
had been cultured on the surfaces of glass and all types of the fibrous substrates for 
various time intervals are shown in Figure 6.5. At 2 h after cell seeding, most of the 
cells on almost all types of the fibrous substrates were still round, except for those on 
the surfaces of the fibrous substrates from 6 wt% PCL/PHBV, 10 wt% PCL/PHBV, 
and 12 wt% PCL solutions that showed slight expansion of their cytoplasms. At this
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time point, the cells on the control glass substrate were also still round, but 
cytoplasmic process in the form of filopodia was clearly visible. At 4 and 6 h after 
cell seeding, the cells on all types of substrates became more expanded. Interestingly, 
the cells on the fibrous substrate from 14 wt% PHBV solution were very small and, 
due to the large size of the individual fibers, appeared to elongate their cytoplasms 
along the fiber axis. On days 1 and 2 after cell culturing, the cells, in their expanded 
morphology, proliferated well to cover ~30 to -40% of the surfaces on almost all of 
the fibrous substrates. On day 3, full expansion of the cells on all types of the 
substrates was evidence. Strikingly, the most expansion of the cells was observed for 
the cells on the fibrous substrate from 10 wt% PCL/PHBV solution, which 
proliferated to cover -70% on the surface. Noticeably, the cells on the fibrous 
substrate from 14 wt% PHBV solution grew in their size, but still exhibited the 
elongation of their cytoplasms along the fiber axis. Based on the results shown in 
Figure 6.5, the fibrous substrate from 10 wt% PCL/PHBV solution was clearly the 
best among the investigated fibrous substrates to support the growth of MC3T3-E1.
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Figure 6.5 Representative SEM images (scale bar = 10 (im and magnification = 
1500x) of MC3T3-E1 that were seeded/cultured on the surfaces of a glass substrate 
(control) and various types of the fibrous substrates at various time points.

6.4.3 Alkaline Phosphatase (ALP) Activity
The expression of ALP from MC3T3-E1 that had been cultured on 

TCPS and all types of the fibrous substrates for 3 and 7 d is shown in Figure 6.6. On 
day 3, the ALP activity of the cells that had been grown on the surfaces of TCPS and 
the fibrous substrates from 6, 10, and 14 wt% PCL/PHBV and 12 wt% PCL solutions
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was statistically the same, which appeared to be greater than that of the cells on the 
rest of the fibrous substrates. On day 7, increases in the ALP activity of the cells that 
had been grown on all types of substrates was evident. Strikingly, only the cells that 
had been grown on the surfaces of the fibrous substrates from 10 wt% PCL/PHBV 
and 12 wt% PCL solutions exhibited the ALP activity in the levels that arc 
statistically equivalent to the cells that had been grown on TOPS, while the cells that 
had been grown on the surfaces of all other fibrous substrates showed much lower 
values. Since ALP usually secretes from normal bone cells during the early matrix 
formation and maturation period and is triggered by cellular contacts (when the cells 
reached the confluence) and/or by the expression of ample amounts of early matrix 
proteins (e.g., type I collagen, fibronectin, and/or TGF-/71) (พนttichareonmongkol, 
2006; Choi, 1996), it is logical to note that the fibrous substrates from 10 wt% 
PCL/PHBV and 12 wt% PCL solutions were both able to up-regulate the ALP 
production of MC3T3-E1 much better than the rest of the investigated fibrous 
substrates. Between the two types of the fibrous substrates, the one from 10 wt% 
PCL/PHBV solution was able to support the ALP production of the cells slightly 
better than the one from 12 wt% PCL solution (based on the basis of the average 
values of the obtained results.
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Figure 6.6 ALP activity of MC3T3-E1 that were cultured on the surfaces of TCPS 
and various types of the fibrous substrates at various time points after cell culturing. 
*Significance at p  < 0.05 with respect to TCPS. Significance at p  < 0.05 with respect 
to the fibrous substrate from 12 wt% PCL solution.

6.4.4 Mineralization
The ability to promote the bone formation is the utmost important 

character of a bone scaffold. Here, photographic images of Alizarin Red ร staining of 
MC3T3-E1 that had been cultured on TCPS and all types of the fibrous substrates for 
14 days, along with their quantitative analyses, are shown in Figure 6.7. Due to the 
presence of calcium ions in the mineralized tissues, the staining product with 
Alizarin Red ร appeared red. According to the obtained results, the cells that had 
been cultured on all types of the fibrous substrates stained positively for calcium 
deposition along with those that had been cultured on the fibrous substrate from 10 
wt% PCL/PHBV solution exhibiting the greatest intensity, followed by those that 
had been cultured on the fibrous scaffold from 12 wt% PCL solution. Interestingly, 
despite the high attachment, high proliferation, and high expression of ALP for the
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cells that had been grown on TCPS, mineralization of the cells on this control surface 
on day 14 was the lowest.

(a)

TCPS 6% PCL/PHBV

8% PCL/PHBV 10% PCL/PHBV ใ 2% PCL/PHBV

14% PCL/PHBV 12% PCL 14% PHBV

TCPS 4% 6% 8% 10% 12% 14% 12% 14%
p e u  p e u  p e u  p e u  p e u  p e u  PCL PHBV
PHBV PHBV PHBV PHBV PHBV PHBV

Figure 6.7 Alizarin Red ร staining for mineralization of MC3T3-E1 on day 14 alter 
being cultured on the surfaces of TCPS and various types of the fibrous substrates: 
(a) photographic images of the stained specimens and (b) the corresponding 
quantitative analyses. *Significance at p  < 0.05 with respect to TCPS. ^Significance 
at p  < 0.05 with respect to the fibrous substrate from 12 wt% PCL solution.
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All of the obtained results emphasize the importance of thorough 
investigation for the efficacy of a bone scaffold, as the mineralization of the bone 
cells does not depend totally on the ability of the scaffold in promoting the 
attachment, the proliferation, and/or the secretion of ALP of the cells. The obtained 
results also imply that both the topography (i.e., patterning and/or roughness) and the 
physicochemical characteristic (i.e., hydrophilicity/hydrophobicity) of the surface of 
a scaffold are important factors determining the efficacy of the scaffolds. To this end, 
it should also be emphasized that before a scaffold that has been evaluated as 
positive for promoting infiltration, attachment, proliferation, and differentiation of 
the target cells in vitro can be used in vivo, it should also be tested for inflammatory 
reactions because it has recently been demonstrated that in vitro inflammatory 
response of a scaffold by macrophages is also surface-topography-dependent (Saino 
et al., 2011).

6.5 Conclusions

The fibrous substrates with different morphologies of the individual fibers 
were prepared from solutions of 50/50 พ/พ PCL/PHBV in 80/20 v/v 
chloroform/DMF by electrospinning. As the concentration of the solutions increased 
from 4 to 14 wt%, the topography of the individual fibers changed from discrete 
beads/smooth fibers, to beaded fibers/smooth fibers, and finally to smooth fibers and 
the size of the individual fibers increased from ~0.4 to -1.8 pm on average. Among 
the various fibrous substrates, the one prepared from 10 wt% PCL/PHBV solution 
exhibited the lowest static water contact angles of -85° on average. Likely because 
of the smoothness of the obtained fibrous substrate and the lowest water contact 
angles of its surface, the fibrous substrate from 10 wt% PCL/PHBV solution, with 
the average fiber diameter of -0.8 pm, was the best at promoting the attachment, 
proliferation, and differentiation of the cultured mouse bone cells (MC3T3-E1). This 
type of fibrous matrix could be used as scaffolding substrates for calvarial defects.
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