
CHAPTER VII
ELECTROSPUN POLYCAPROLACTONE FIBERS FILLED WITH 

HYDROXYAPATITE NANOPARTICLES AS BONE TISSUE 
ENGINEERING SUBSTRATE

ABSTRACT

Electrospun fiber mats of polycaprolactone (PCL; Mn = 80,000 g-mof1) with 
or without the presence of hydroxyapatite (HAp) nanoparticles (at 1% w/v based on 
the volume of the PCL solution) were successfully fabricated. The potential for use 
of these electrospun fiber mats (i.e. E-PCL and E-PCL/HAp) as bone tissue 
engineering substrate was assessed by human fetal osteoblasts, hFOB, in terms of the 
proliferation, differentiation, and mineralization. Osteoblasts were grown on the E- 
PCL and E-PCL/HAp surfaces. Control surfaces were tissue culture (TC) dishes and 
porous poly(DL-lactic-co-glycolic-acid) (PLGA) disc. Scanning electron 
microscope (SEM) showed osteoblasts grew on all the tested biomaterials. 
Compared to E-PCL and E-PCL/HAp, cell proliferation at Day 7 was significantly 
higher on TC, and significantly lower on PLGA. Between E-PCL and E-PCL/HAp, 
cell proliferation was significantly higher on E-PCL/HAp. ALP activity at Day 7 
and calcium content at 4 weeks of culture were significantly lower on TC compared 
to the all other materials but there were no differences among the tested materials.
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1. INTRODUCTION

Electrostatic spinning or electrospinning is an interesting method for 
producing non-woven fibers with the average diameters in the range of sub­
micrometers down to nanometers. In this process, a continuous filament is drawn 
from a polymer solution or melts through a spinneret by high electrostatic forces and 
later deposited on a grounded conductive collector. Upon increasing the electrostatic 
field strength up to a critical value but not exceeding it, charge species accumulated 
on the surface of a pendant drop destabilize the hemispherical into a conical shape 
(commonly known as Taylor’s cone). Beyond a critical value, a charged polymer jet 
is ejected from the apex of the cone and carried to the collector screen by the 
electrostatic force. The Coulombic repulsion force is responsible for the thinning of 
the charged jet during its flights to the collector. The charged jet travels linearly for 
a short distance before undergoing a bending instability which is thought to be 
another factor contributing to the decrease in the diameter of the jet during its flight 
to the collector.

Due to high surface area to volume ratio of the electrospun fibers and high 
porosity in sub-micrometer length scale of the obtained non-woven mat, ultrafine 
electrospun fibers have been proposed as ideal materials in tissue scaffolding 
applications.1’2 The challenge in tissue engineering is the design of scaffolds that can 
mimic the structure and biological functions of the natural extracellular matrix 
(ECM). The important aspects of electrospun fibers in scaffolding applications are 
the 3D structure with interconnected pores and high porosity, which is similar to 
fibrous collagen in the natural ECM.

Selection of the materials for fabrication into scaffolds is also important. 
The scaffolds have to replace the natural ECM until the host cells can regenerate and 
synthesize a new matrix. The most commonly used synthetic polymers in scaffolding 
application are polylactide (PLA), polyglycolide (PGA), and poly(lactide-co- 
glycolide) (PLGA), due to their biodegradability and biocompatibility. Many 
published works reported on successfulness of culturing tissues using PLGA as 
scaffold material.3'8 For examples, Kang and co-worker demonstrated the feasibility 
of using PLGA microspheres as an injectable scaffold for cartilage regeneration in
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vivo in subcutaneous space of athymie mice3 and rabbit knees4 which evidence of 
forming of cartilage. Karp and co-worker reported in vitro bone growth on 2D and 
3D PLGA films and the formation of a mineralization matrix.5 However, PLGA has 
a disadvantage of fast degradation. The in vitro and in vivo half-lives of 3 types of 
porous poly(DL-lactic-co-glycolic acid) (PLGA) (85:15) foam with different 
porosities were about 11.6 and 12.5 weeks, respectively.9 This degradation study 
used porous PLGA foam from salt leaching process with ratio of monomer of 85:15, 
salt particles of 80% weight fraction and particle size of 106-150 micron. The in vitro 
degradation was done in pH 7.4 phosphate-buffered saline (PBS) at 37° c  and in vivo 
degradation was studied in rat mesentery. Due to this disadvantage, 
polycaprolactone (PCL), a biodegradable polymer with slow degradation rate 
comparing to PLGA, is the promising material for using in bone regeneration 
application which require a period of time for tissues regeneration before scaffold is 
degraded.

For the design of materials in term of biological functions, hydroxyapatite 
(HAp) is the most interesting compound to be used as substituteu ° or substrate11 in 
bone scaffolding applications. Since inorganic phase of bone consists of mainly 
calcium phosphate compounds in form of HAp, HAp is considered to be 
biocompatible and osteoconductive. There were many reports found that the 
presence of HAp help improve the proliferation and differentiation of osteoblasts.12,
13

In a previous related work, successful fabrication of electrospun mats of 
polycaprolactone (PCL) fibers and its composite with hydroxyapatite (HAp) 
nanoparticles was reported and characterized.14 Cell response in vitro of human 
osteoblasts (SaOS2) cultured on these mats was evaluated.1 It was found that 
electrospun PCL fibers mats filled with nanoparticles HAp contributed good 
attachment, proliferation, and alkaline phosphatase (ALP) activity.

The purpose of this study was to evaluate the potential use of these 
electrospun mats as scaffolding materials for bone regeneration. Human fetal 
osteoblasts (hFOB) were used in this study, in which in vitro proliferation, alkaline 
phosphatase activity, and mineralization were investigated. The results were 
compared against the surface of tissue culture dish (TC) and porous PLGA scaffold.
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PLGA was selected to be as comparing material because it was commonly used in 
scaffolding application.

2. EXPERIMENTAL

2.1. Materials

Materials used in the fabrication of the electrospun PCL fibrous scaffolds
and its composite with HAp nanoparticles were polycaprolactone (PCL; ^ n = 
80,000 g/mol; Aldrich, USA), dichloromethane (Carlo Erba, Italy), N,N- 
dimethylformamide (DMF; Lab-Scan (Asia), Thailand), and hydroxyapatite powder 
(HAp; synthesized following the method proposed in reference.15). After hydrolysis 
from dicalcium phosphate dihydrate (CaHP04'2H20; Fluka Chemika, Switzerland),
the HAp powder was annealed at 800°c for 4 hr in air. The obtained HAp powder 
was characterized by a Rigaku Rint2000 wide-angle X-ray diffractometer (WAXD) 
with a monochromated CuKQ radiation (A, = 1.54 Â), which confirmed the formation
of HAp.! 5 The mean particle size of the as-synthesized HAp powder as analyzed by a 
JEOL JSM 5410LV scanning electron microscope (SEM) was 234 ± 68 nm.14

Materials used in the fabrication of the porous PLGA scaffold were poly 
(DL-lactic-co-glycolic acid) (PLGA; MW = 66,000 -  107,000 g/mol;
lactide:glycolide = 75:25; Sigma, MO, USA), Chloroform (FisherBiotech, New 
Jersey, USA), Sodium Chloride (NaCl; Mallinckrodt, Kentucky, USA), and 
SigmaCoat (Sigma-Aldrich, MO, USA)

2.2. Preparation and characterization of scaffolds

Electrospun PCL fibrous scaffold (denoted as E-PCL) and its composite with 
HAp nanoparticles (denoted as E-PCL/HAp) were prepared by electrospinning from 
neat 12% w/v PCL solution in 50:50 v/v dichloromethane and DMF or PCL solution 
loaded with HAp powder at a concentration of 1.0% w/v. The mixture was stirred 
until the pellets completely dissolved and it was subsequently sonicated prior to
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e l e c t r o s p i n n i n g .
E a c h  o f  t h e  s p i n n i n g  d o p e  w a s  c o n t a i n e d  i n  a  g l a s s  s y r i n g e ,  t h e  o p e n i n g  e n d  

o f  w h i c h  w a s  c o n n e c t e d  t o  a  g a u g e  2 0  s t a i n l e s s  s t e e l  n e e d l e  [ o u t s i d e  d i a m e t e r  ( O D )  =  
0 . 9 1  m m ]  u s e d  a s  t h e  n o z z l e .  A  r o t a t i n g  d r u m  ( w i d t h  a n d  O D  o f  t h e  d r u m  =  1 4  a n d  
1 5  c m ,  r e s p e c t i v e l y ;  r o t a t i o n a l  s p e e d  =  5 0  r p m )  w a s  u s e d  a s  a  c o l l e c t o r .  T h e  o u t e r  
s u r f a c e  o f  t h e  r o t a t i n g  d r u m  w a s  s e t  1 0  c m  f r o m  t h e  t i p  o f  t h e  n e e d l e .  A  G a m m a  
H i g h  V o l t a g e  R e s e a r c h  D - E S 3 0 P N / M 6 9 2  p o w e r  s u p p l y  w a s  u s e d  t o  g e n e r a t e  a  h i g h  
D C  p o t e n t i a l .  T h e  a p p l i e d  p o t e n t i a l  a n d  t h e  c o l l e c t i o n  t i m e  w e r e  2 1  k v  a n d  1 0  h r ,  
r e s p e c t i v e l y ,  w h i l e  t h e  p o l a r i t y  o f  t h e  e m i t t i n g  e l e c t r o d e  w a s  p o s i t i v e .  A  K d  
S c i e n t i f i c  s y r i n g e  p u m p  w a s  u s e d  t o  c o n t r o l  t h e  f e e d  r a t e  o f  t h e  p o l y m e r  s o l u t i o n  a t  
a b o u t  1 m l / h r .  M o r p h o l o g i c a l  a p p e a r a n c e  o f  t h e  a s - s p u n  f i b e r s  w a s  e x a m i n e d  b y  
S E M  a n d  a n a l y z e d  u s i n g  S e m A p h o r e  4 . 0  s o f t w a r e ,  f r o m  w h i c h  t h e  a r i t h m e t i c  m e a n  
v a l u e s  o f  f i b e r  d i a m e t e r  o f  E - P C L  a n d  E - P C L / H A p  s c a f f o l d s  w e r e  0 . 9 5  p m  a n d  1 . 2 6  
p m ,  r e s p e c t i v e l y . 1 4  T h i c k n e s s  o f  E - P C L  a n d  E - P C L / H A p  s c a f f o l d s  w a s  1 3 0  p m .  
F i b r o u s  s c a f f o l d  w e r e  d r i e d  i n  v a c u o  a t  4 0 ° c  o v e r n i g h t  t o  r e m o v e  a s  m u c h  s o l v e n t  a s  
p o s s i b l e .

P o r o u s  P L G A  s c a f f o l d  w a s  f a b r i c a t e d  b y  s o l v e n t  c a s t i n g - s a l t  l e a c h i n g  
m e t h o d .  N a C l  p a r t i c l e s  ( r a n g e  o f  p a r t i c l e s  s i z e  =  2 5 0  -  4 2 5  p m )  1 . 4 5  g  w a s  p u t  i n t o  a  
b e a k e r  o f  3 0  m m  i n  d i a m e t e r  f o l l o w e d  b y  9 6 0  p i  o f  5 %  w t  o f  P L G A  s o l u t i o n  i n  
c h l o r o f o r m .  T h e  b e a k e r  w a s  c o a t e d  w i t h  S i g m a C o a t  o v e r n i g h t  b e f o r e  u s e .  A f t e r  
s o l v e n t  c o m p l e t e l y  e v a p o r a t e d ,  t h e  o b t a i n e d  f i l m  w a s  i m m e r s e d  a n d  w a s h e d  s e v e r a l  
t i m e s  w i t h  d e - i o n i z e d  w a t e r  t o  r e m o v e  N a C l .

2 . 3  Cell culture and Cell Seeding

H u m a n  F e t a l  O s t e o b l a s t s  ( h F O B ) 1 6  a r e  a  g i f t  f r o m  D r .  T h o m a s  S p e l s b e r g  
( M a y o  C l i n i c ,  R o c h e s t e r ,  M N ) .  C e l l s  w e r e  c u l t u r e d  a s  m o n o l a y e r  i n  M i n i m u m  
E s s e n t i a l  M e d i u m  A l p h a  M e d i u m  ( w i t h  L - g l u t a m i n e ,  r i b o n u c l e o s i d e s  a n d  
d e o x y r i b o n u c l e o s i d e s ,  w i t h o u t  s o d i u m  b i c a r b o n a t e )  ( G I B C O ,  N Y ,  U S A )  
s u p p l e m e n t e d  b y  1 0 %  f e t a l  b o v i n e  s e r u m  ( F e t a l P l e x ,  a n i m a l  s e r u m  c o m p l e x ,  
G E M I N I ,  B I O - P R O D U C T S ,  U S A ) ,  a n d  1 %  P e n i c i l l i n - S t r e p t o m y c i n  ( G I B C O ,  N Y ,  
U S A ) .  F o r  m i n e r a l i z a t i o n  s t u d i e s ,  c e l l s  w e r e  c u l t u r e d  i n  m e d i a  c o n t a i n i n g  o f  5  m M
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P - g l y c e r o p h o s p h a t e  ( S i g m a ,  M O ,  U S A )  a n d  5 0  p g / m l  o f  L - a s c o r b i c  a c i d  ( F i s h e r  
S c i e n t i f i c ,  N J ,  U S A ) .  T h e  m e d i u m  w a s  r e p l a c e d  o n c e  i n  e v e r y  3  d a y s  a n d  t h e  
c u l t u r e s  w e r e  m a i n t a i n e d  a t  34°c i n  a  h u m i d i f i e d  a t m o s p h e r e  c o n t a i n i n g  5 %  C 0 2> E -

P C L ,  E - P C L / H A p  ( 3 5  m m  i n  d i a m e t e r )  a n d  P L G A  s c a f f o l d  ( 3 0  m m  i n  d i a m e t e r )  
w e r e  p l a c e d  i n  6 - w e l l  d i s h e s .  C o n t r o l  w e l l s  d i d  n o t  c o n t a i n  a n y  p o l y m e r  s c a f f o l d s  
( o n l y  s u r f a c e  o f  t i s s u e  c u l t u r e  d i s h ;  d e n o t e d  a s  T C ;  C o m i n g ,  N Y ,  U S A ) .  T h e  
s c a f f o l d  s p e c i m e n s  w e r e  w a s h e d  w i t h  d e - i o n i z e d  w a t e r  a n d  s t e r i l i z e d  b y  e x p o s i n g  
u n d e r  u l t r a  v i o l e t  l i g h t  f o r  3 0  m i n .  T o  e n s u r e  a  c o m p l e t e  c o n t a c t  b e t w e e n  E - P C L  a n d  
E - P C L / H A p  s c a f f o l d s  a n d  t h e  w e l l s ,  E - P C L  a n d  E - P C L / H A p  s c a f f o l d s  w e r e  p r e s s e d  
w i t h  a  m e t a l  r i n g  ( a b o u t  3 2  m m  i n  d i a m e t e r ) .  h F O B  f r o m  t h e  c u l t u r e s  w e r e  
t r y p s i n i z e d  w i t h  0 . 0 5 %  t r y p s i n - E D T A  ( G I B C O ,  N Y ,  U S A ) ,  c o u n t e d  b y  a  Z 1  C o u l t e r  
P a r t i c l e  C o u n t e r  ( B E C K M A N  C O U L T E R ,  C o u l t e r  E l e c t r o n i c s ,  H i a l e a h ,  F L )  a n d  
s e e d e d  a t  a  d e n s i t y  o f  a b o u t  5 x 1  o 4  c e l l s / w e l l  o n  t h e  s c a f f o l d  s p e c i m e n s  a n d  T C .

2 . 4  Cell Proliferation

C e l l  p r o l i f e r a t i o n  w a s  d e t e r m i n e d  o n  D a y  7  o f  c u l t u r e .  C e l l s  w e r e  w a s h e d  
w i t h  p h o s p h a t e  b u f f e r  s a l i n e  ( P B S )  t o  r e m o v e  n o n - a d h e r e n t  c e l l s  a n d  t r y p s i n i z e d  
w i t h  0 . 0 5 %  t r y p s i n - E D T A  a n d  t h e n  c o u n t e d  b y  a  Z 1  C o u l t e r  P a r t i c l e  C o u n t e r .

2 . 5  Alkaline phosphatase (ALP) activity assay

O n  D a y  7  o f  c u l t u r e ,  A L P  w a s  h a r v e s t e d  b y  s c r a p p i n g  c e l l s  w i t h  5 0 0  p i  o f  
h a r v e s t i n g  b u f f e r  p e r  w e l l  c o n s i s t i n g  o f  1 0  m M  T r i s  C l  ( F i s h e r  B i o t e c h ,  N J ,  U S A ) ,  
0 . 2 %  N o n i d e t P 4 0  ( R o c h e  D i a g n o s t i c s  C o r p o r a t i o n ,  I N ,  U S A ) ,  a n d  2  m M  
p h e n y l m e t h y l s u l f o n y l  f l u o r i d e  ( M P  B i o m e d i c a l s ,  O H ,  U S A ) .  T h e  e x t r a c t e d  s o l u t i o n  
w a s  s o n i c a t e d  a n d  c e n t r i f u g e d  a t  2 , 0 0 0  r p m ,  1 0  m i n ,  a n d  4 °  c . T h e  8 p i  o f  
s u p e r n a t a n t  w a s  m i x e d  w i t h  1 9 2  p i  o f  r e a g e n t  o f  A l k a l i n e  P h o s p h a t a s e  k i t  
( S T A N B I O  L A B O R A T O R Y ,  0 9 0 0 - 1 5 1 ,  T X ,  U S A ) .  T h e  O D  a t  4 0 5  n m  w a s  
m e a s u r e d  w i t h  a  s p e c t r o p h o t o m e t e r  ( B E C K M A N  C O U L T E R ,  A D 3 4 0 ) .  T h e  o b t a i n e d  
A L P  v a l u e  w a s  n o r m a l i z e d  w i t h  D N A  c o n t e n t .
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D N A  a s s a y

T h e  r e m a i n i n g  s a m p l e s  l e f t  o v e r  f r o m  A L P  a s s a y  w a s  m i x e d  w i t h  e q u a l  
a m o u n t  o f  0 . 8  N  p e r c h l o r i c  a c i d  ( P C A )  ( S i g m a - A l d r i c h ,  M O ,  U S A )  a n d  v o r t e x  u n t i l  
t h e  s o l u t i o n  w a s  c l o u d y .  I t  w a s  p u t  o n  i c e  f o r  1 5  m i n  a n d  t h e n  c e n t r i f u g e d  a t  1 0 , 0 0 0  
R P M  f o r  1 0  m i n .  T h e  s u p e r n a t a n t  w a s  r e m o v e d .  T h e  5 0 0  p i  o f  0 . 4  N  P C A  w a s  
a d d e d .  T h e  s o l u t i o n  w a s  a g a i n  v o r t e x  a n d  c e n t r i f u g e d  f o r  1 0  m i n  a t  1 0 , 0 0 0  R P M  
t h e n  t h e  s u p e r n a t a n t  w a s  r e m o v e d  a n d  1 m l  o f  0 . 4  N  P C A  w a s  a d d e d .  T h e  s o l u t i o n  
w a s  b o i l e d  f o r  3 0  m i n  t h e n  c o o l  o n  i c e  a n d  c e n t r i f u g e d  a t  1 0 , 0 0 0  R P M  f o r  1 0  m i n .  
T h e  5 0 0  p i  o f  s u p e r n a t a n t  w a s  m i x e d  w i t h  1 m l  o f  a c e t i c  a c i d  s o l u t i o n  ( A l f a  A e s a r ,  
M A ,  U S A )  c o n t a i n i n g  o f  0 . 0 1 5  g  o f  d i p h e n y l a m i n e  ( A l d r i c h ,  M O ,  U S A ) ,  5  p i  o f  
1 . 6 %  a c e t a l d e h y d e  ( S i g m a - A l d r i c h ,  M O ,  U S A ) ,  a n d  1 . 5 %  v / v  o f  s u l f u r i c  a c i d  ( F l u k a ,  
G e r m a n y ) .  T h e  s o l u t i o n  w a s  v o r t e x  a n d  l e f t  o v e r n i g h t  b e f o r e  m e a s u r i n g  O D  a t  6 0 0  
n m  w i t h  a  s p e c t r o p h o t o m e t e r .  T h e  c o n c e n t r a t i o n  o f  D N A  o f  u n k n o w n  w a s  c a l c u l a t e d  
f r o m  s t a n d a r d  c u r v e  w h i c h  p l o t  b e t w e e n  t h e  O D  a n d  s t a n d a r d  C T D N A  
c o n c e n t r a t i o n .

2 . 6  Morphological Observation of Cultured Cells

A t  l h ,  2 4  h ,  7 2 h ,  a n d  4  w e e k s  o f  c u l t u r e ,  m o r p h o l o g i c a l  o f  c u l t u r e d  c e l l s  
w e r e  o b s e r v e d  b y  a  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  ( S E M ) .  C e l l s  w e r e  f i x e d  w i t h  3 %  
f o r m a l d e h y d e  s o l u t i o n ,  w h i c h  w a s  d i l u t e d  f r o m  3 7 %  f o r m a l d e h y d e  s o l u t i o n  ( F i s h e r  
S c i e n t i f i c ,  N J ,  U S A ) .  A f t e r  3 0  m i n ,  t h e y  w e r e  r i n s e d  w i t h  p h o s p h a t e  b u f f e r  s a l i n e  
( P B S ) .  A f t e r  c e l l  f i x a t i o n ,  t h e  s p e c i m e n s  w e r e  d e h y d r a t e d  i n  a n  e t h a n o l  s o l u t i o n  o f  
v a r y i n g  c o n c e n t r a t i o n  ( i . e .  3 0 ,  5 0 ,  7 0 ,  9 0 % ,  a n d  a b s o l u t e  e t h a n o l ,  r e s p e c t i v e l y )  f o r  
a b o u t  2  m i n  a t  e a c h  c o n c e n t r a t i o n .  T h e  s p e c i m e n s  w e r e  t h e n  d r i e d  i n  a i r .  A f t e r  
c o m p l e t e l y  d r i e d ,  t h e  s p e c i m e n s  w e r e  c o a t e d  w i t h  p l a t i n u m ,  a n d  o b s e r v e d  b y  a  S E M  
( J E O L 6 5 0 0 F ) .

2 . 7  Calcium content assay

C a l c i u m  d e p o s i t i o n  f r o m  c u l t u r e d  c e l l s  w a s  e v a l u a t e d  a t  4  w e e k s  o f  c u l t u r e .  
C e l l s  o n  e a c h  s c a f f o l d  w e r e  i n c u b a t e d  t w i c e  f o r  3 0  m i n  i n  5 %  t r i c h l o r o a c e t i c  a c i d
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( T C A )  ( L a b C h e m  I n c . ,  P A ) .  C a l c i u m  e x t r a c t  w a s  m i x e d  w i t h  r e a g e n t s  o f  a  c a l c i u m  
k i t  ( C a l c i u m  L i q u i c o l o r :  A r s e n a z o ,  S T A N B I O  L a b o r a t o r y ,  T X ,  U S A )  a n d  m e a s u r e d  
c o l o r i m e t r i c a l l y  a t  5 5 0  n m  u s i n g  a  s p e c t r o p h o t o m e t e r  ( B E C K M A N  C O U L T E R ,  
A D 3 4 0 ) .

2 . 8  Energy Dispersive Spectroscopy (EDS)

C e l l s  w e r e  c u l t u r e d  o n  e a c h  m a t e r i a l  f o r  4  w e e k s  t h e n  w e r e  f i x e d  w i t h  3 %  
f o r m a l d e h y d e  s o l u t i o n .  A f t e r  3 0  m i n ,  t h e y  w e r e  r i n s e d  w i t h  p h o s p h a t e  b u f f e r  s a l i n e  
( P B S ) .  A f t e r  c e l l  f i x a t i o n ,  t h e  s p e c i m e n s  w e r e  d e h y d r a t e d  i n  a n  e t h a n o l  s o l u t i o n  o f  
v a r y i n g  c o n c e n t r a t i o n  ( i . e .  3 0 ,  5 0 ,  7 0 ,  9 0 % ,  a n d  a b s o l u t e  e t h a n o l ,  r e s p e c t i v e l y )  f o r  
a b o u t  2  m i n  a t  e a c h  c o n c e n t r a t i o n .  T h e  s p e c i m e n s  w e r e  t h e n  d r i e d  i n  a i r .  A f t e r  
c o m p l e t e l y  d r i e d ,  t h e  s p e c i m e n s  w e r e  c o a t e d  w i t h  c a r b o n .  T h e  m a p p i n g  o f  c a l c i u m  
e l e m e n t  w a s  o b s e r v e d  b y  E D S  ( N o r a n  S y s t e m  S i x  S o f t w a r e ) .

2 . 9  Statistical analysis

A l l  v a l u e s  w e r e  e x p r e s s e d  a s  m e a n  ±  s t a n d a r d  d e v i a t i o n .  S t a t i s t i c a l  a n a l y s i s  
w a s  d o n e  b y  o n e - w a y  A N O V A  f o l l o w e d  b y  S N K  t e s t ,  a n d  t h e  s i g n i f i c a n c e  w a s  
c o n s i d e r e d  w h e n  p  <  0 . 0 5 .

3 . R E S U L T S

3 . 1  Cell Proliferation

F i g u r e  1  s h o w s  c e l l  p r o l i f e r a t i o n  o n  T C ,  E - P C L ,  E - P C L / H A p  a n d  P L G A  a t  
D a y  7  o f  c u l t u r e .  C e l l  p r o l i f e r a t i o n  o n  T C  w a s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o n  E -  
P C L / H A p ,  E - P C L  a n d  P L G A  ( p < 0 .0 5 ) .  C o m p a r i n g  a m o n g  p o l y m e r  s c a f f o l d s ,  E -  
P C L / H A p  a l l o w e d  h i g h e r  p r o l i f e r a t i o n  t h a n  E - P C L  ( p < 0 .0 5 )  a n d  E - P C L  a l l o w e d  
h i g h e r  p r o l i f e r a t i o n  t h a n  P L G A  ( p < 0 .0 5 ) .  A l l  v a l u e s  s h o w n  i n  F i g u r e  1  w e r e  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r .
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3 . 2  Alkaline phosphatase (ALP) activity

T h e  A L P  a c t i v i t y  o f  h F O B  c u l t u r e d  o n  T C  a n d  e a c h  s c a f f o l d  w a s  e v a l u a t e d  
a t  D a y  7  ( s e e  F i g u r e  2 ) .  T h e  A L P  a c t i v i t y  w a s  s i g n i f i c a n t l y  l o w e r  o n  T C  c o m p a r e d  t o  
a l l  t y p e  o f  s c a f f o l d s  ( p < 0 .0 5 ) .  H o w e v e r ,  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  a m o n g  
E - P C L ,  E - P C L / H A p  a n d  P L G A  ( p < 0 .0 5 ) .

3 . 3  Morphological observation of cultured cells

T o  o b s e r v e  c e l l  m o r p h o l o g y  a n d  i n t e r a c t i o n  b e t w e e n  c e l l s  a n d  s c a f f o l d s ,  t h e  
s p e c i m e n s  w i t h  c e l l  c u l t u r e s  w e r e  v i s u a l i z e d  b y  S E M  a t  d i f f e r e n t  t i m e s  o f  c u l t u r e  i . e .  
1 ,  2 4 ,  7 2  h  a n d  4  w e e k s  ( s e e  T a b l e  1 ) .  A t  e a r l y  t i m e  p o i n t s  ( 1  h  a n d  2 4  h ) ,  c e l l s  
s p r e a d  w i d e r  o n  E - P C L  a n d  E - P C L / E L A p  c o m p a r e d  t o  P L G A .  O n  a l l  s u b s t r a t e s ,  c e l l s  
c o n t i n u e d  t o  p r o l i f e r a t e .  B y  4  w e e k s ,  t h e  s u r f a c e s  w e r e  f u l l y  c o v e r e d  w i t h  c e l l s  a n d  
m a t r i c e s .

3 . 4  Calcium content

T o  s t u d y  t h e  a m o u n t  o f  m i n e r a l i z a t i o n  o f  h F O B  c u l t u r e d  o n  s c a f f o l d s ,  
c a l c i u m  c o n t e n t  a s s a y  w a s  u s e d .  F i g u r e  3  s h o w s  c a l c i u m  c o n t e n t  o f  h F O B  c u l t u r e d  
o n  T C ,  E - P C L ,  E - P C L / H A p  a n d  P L G A  a t  4  w e e k s .  C a l c i u m  c o n t e n t  a t  4  w e e k s  f r o m  
h F O B  c u l t u r e d  o n  E - P C L ,  E - P C L / H A p ,  a n d  P L G A  w a s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  
o n  T C  ( p < 0 .0 5 ) .  H o w e v e r ,  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  a m o n g  E - P C L ,  E -  
P C L / H A p ,  a n d  P L G A .

3 . 5  Energy Dispersive Spectroscopy (EDS)

N o t  o n l y  c a l c i u m  c o n t e n t  a s s a y  t h a t  u s e d  t o  e v a l u a t e  t h e  a m o u n t  o f  c a l c i u m .  
C a l c i u m  d e p o s i t i o n  w a s  c o n f i r m e d  b y  E D S .  T h e  s p e c i m e n s  w i t h  a n d  w i t h o u t  c e l l  
c u l t u r e  w e r e  o b s e r v e d  w i t h  E D S  t o  s h o w  i f  t h e r e  w e r e  c a l c i u m  o n  s u r f a c e .  A s  s e e n  i n  
T a b l e  2 ,  c o l u m n  ( A ) ,  t h e r e  w a s  n o  c a l c i u m  p e a k s  s h o w n  w h e r e a s  t h e r e  w e r e  c a l c i u m  
p e a k s  ( a t  a b o u t  3 . 6 9 2  a n d  4 . 0 3 8  k V )  a p p e a r e d  i n  t h e  s p e c t r a  i n  c o l u m n  ( B )  f o r  a l l
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s c a f f o l d s .  I t  w a s  c l e a r e d  t h a t  c a l c i u m  d e p o s i t i o n  w a s  o c c u r r e d  f o r  a l l  s c a f f o l d s .  I t  
m i g h t  b e  q u e s t i o n a b l e  w h y  t h e r e  w a s  n o  c a l c i u m  p e a k  s h o w n  f o r  E - P C L / H A p  
s u r f a c e  w i t h o u t  c e l l  c u l t u r e  e v e n  t h o u g h  H A p  i s  c a l c i u m  p h o s p h a t e  c o m p o u n d .  I t  
c o u l d  b e  b e c a u s e  t h e  a m o u n t  o f  c a l c i u m  f r o m  H A p  w a s  n o t  h i g h  e n o u g h  f o r  
d e t e c t i n g .

T h e  c a l c i u m  m a p p i n g  w e r e  a l s o  p e r f o r m e d  w h i c h  l o c a t i o n s  o f  c a l c i u m  
a p p e a r a n c e  r e p r e s e n t e d  b y  r e d  d o t s .  C a l c i u m  w a s  a p p e a r e d  o n  s u r f a c e  o f  a l l  t e s t e d  
m a t e r i a l s  ( s e e  c o l u m n  ( C ) ,  ( D )  a n d  ( E ) ) .  T h e  i m a g e s  i n  c o l u m n  ( C )  w e r e  S E M  
i m a g e s  o f  s c a f f o l d  w i t h  c e l l  c u l t u r e  a t  4  w e e k s .  T h e  i m a g e s  i n  c o l u m n  ( D )  w e r e  
c a l c i u m  m a p p i n g  f o r  t h e  S E M  i m a g e s  f r o m  c o l u m n  ( C ) .  T h e  o v e r l a i d  i m a g e s  o f  ( C )  
a n d  ( D )  a r e  s h o w n  i n  c o l u m n  ( E ) .  E v i d e n t l y ,  c a l c i u m  d e p o s i t i o n  a p p e a r e d  o n  a l l  
s c a f f o l d s  w i t h  4  w e e k s  o f  c u l t u r e .

4 . DISCUSSIONS

I n  a  p r e v i o u s  r e l a t e d  w o r k , 1 , 1 4  s u c c e s s f u l  f a b r i c a t i o n s  o f  e l e c t r o s p u n  m a t s  o f  
p o l y c a p r o l a c t o n e  ( P C L )  f i b e r s  a n d  i t s  c o m p o s i t e  w i t h  h y d r o x y a p a t i t e  ( H A p )  
n a n o p a r t i c l e s  w a s  r e p o r t e d  a n d  c h a r a c t e r i z e d .  I n d i r e c t  c y t o t o x i c i t y  e v a l u a t i o n  o f  t h e  
E - P C L  a n d  E - P C L / H A p  m a t s  r e v e a l e d  t h a t  t h e s e  f i b r o u s  m a t s  p o s e d  n o  t h r e a t s  t o  t h e  
c e l l s .  C e l l  r e s p o n s e s  i n  v i t r o  i n  t e r m s  o f  a t t a c h m e n t ,  p r o l i f e r a t i o n ,  a n d  a l k a l i n e  
p h o s p h a t a s e  ( A L P )  a c t i v i t y  o f  h u m a n  o s t e o b l a s t s  ( S a O S 2 )  c u l t u r e d  o n  t h e s e s  m a t s  
w e r e  e v a l u a t e d .  I n  t h e  p r e s e n t  w o r k ,  t h e  p o t e n t i a l  u s e  o f  t h e s e  e l e c t r o s p u n  m a t s  a s  
s c a f f o l d i n g  m a t e r i a l s  f o r  b o n e  r e g e n e r a t i o n  w a s  e v a l u a t e d  i n  v i t r o  w i t h  h F O B  c e l l s .

I n  t h i s  s t u d y ,  t h e  p o t e n t i a l  o f  E - P C L  a n d  E - P C L / H A p  a s  c a n d i d a t e s  f o r  b o n e  
s c a f f o l d  w a s  i n v e s t i g a t e d .  T h e  p r o l i f e r a t i o n ,  a l k a l i n e  p h o s p h a t a s e  a c t i v i t y ,  a n d  
m i n e r a l i z a t i o n  w e r e  i n v e s t i g a t e d  w i t h  h u m a n  f e t a l  o s t e o b l a s t s  ( h F O B )  c u l t u r e d  o n  
T C  ( i . e . ,  c o n t r o l ) ,  e l e c t r o s p u n  P C L  f i b r o u s  s c a f f o l d  ( E - P C L ) ,  e l e c t r o s p u n  P C L / H A p  
f i b r o u s  s c a f f o l d  ( E - P C L / H A p ) ,  a n d  p o r o u s  P L G A  s c a f f o l d  ( P L G A )  ( i . e . ,  a n o t h e r  
c o n t r o l ) .

F o r  th e  p r o l i f e r a t io n ,  th e  r e s u l t  s h o w e d  th a t  a l l  s c a f fo ld s  s u p p o r te d  c e ll
g r o w th .  C e l l  p r o l i f e r a t io n  o n  T C  w a s  th e  h ig h e s t  ( p < 0 . 0 5 ). H o w e v e r ,  E - P C L /H A p
c o n tr ib u te d  th e  h ig h e s t  p r o l i f e r a t io n  c o m p a r in g  a m o n g  a ll s c a f fo ld s  ( p < 0 . 0 5 )
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w h e r e a s  P L G A  s h o w e d  t h e  l o w e s t  p r o l i f e r a t i o n  ( p < 0 .0 5 ) .  T h e  g o o d  p r o l i f e r a t i o n  o f  
o s t e o b l a s t s  o n  E - P C L / H A p  m i g h t  b e  d u e  t o  t h e  p r e s e n c e  o f  H A p .  S i n c e  t h e  i n o r g a n i c  
p h a s e  o f  b o n e  i s  c a l c i u m  p h o s p h a t e  c o m p o u n d s  m a i n l y  i n  f o r m  o f  H A p ,  H A p  i s  
k n o w n  t o  b e  o s t e o c o n d u c t i v e .  T h e r e  w e r e  m a n y  r e p o r t s  f o u n d  t h a t  H A p  h e l p  i n c r e a s e  
p r o l i f e r a t i o n  o f  o s t e o b l a s t s . 1 2 ' 1 3 ,  1 7 1 9  T h e  a b i l i t y  f o r  a  s c a f f o l d  t o  s u p p o r t  
d i f f e r e n t i a t i o n  a n d  m i n e r a l i z a t i o n ,  i n  a d d i t i o n  t o  p r o l i f e r a t i o n ,  i s  a n o t h e r  i m p o r t a n t  
a s p e c t  s u g g e s t i n g  a c t u a l  a p p l i c a b i l i t y  o f  t h e  s c a f f o l d .  T h e  A L P  a c t i v i t y  w a s  
i n v e s t i g a t e d  d u e  t o  A L P  i s  o n e  i n d i c a t o r  f o r  e a r l y  d i f f e r e n t i a t i o n  p r o c e s s .  F o r  
e v a l u a t i o n  o f  m i n e r a l i z a t i o n  o r  c a l c i u m  d e p o s i t i o n ,  c a l c i u m  c o n t e n t  a s s a y  a n d  E D S  
f o r  d e t e c t i o n  o f  c a l c i u m  e l e m e n t  w e r e  c a r r i e d  o u t .  F r o m  t h e  r e s u l t s  o f  A L P  a c t i v i t y  
a n d  c a l c i u m  c o n t e n t  s t u d y ,  a l l  s c a f f o l d s  p r o m o t e d  d i f f e r e n t i a t i o n  a n d  m i n e r a l i z a t i o n  
b e t t e r  t h a n  t h a t  o f  T C  ( p < 0 .0 5 ) .  H o w e v e r ,  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  a m o n g  
e a c h  s c a f f o l d  ( p < 0 .0 5 ) .  T h e  3 D  s t r u c t u r e  o f  e a c h  s c a f f o l d  m i g h t  b e  t h e  r e a s o n  o f  
g o o d  d i f f e r e n t i a t i o n  a n d  m i n e r a l i z a t i o n  o f  h F O B  c u l t u r e d  o n  t h e m .

T h e  o b t a i n e d  r e s u l t s  s h o w e d  t h a t  E - P C L / H A p  i s  a  g o o d  c a n d i d a t e  t o  b e  a s  a  
b o n e  s c a f f o l d  b e c a u s e  i t  s u p p o r t e d  c e l l  p r o l i f e r a t i o n ,  d i f f e r e n t i a t i o n ,  a n d  
m i n e r a l i z a t i o n  o f  h F O B .  E - P C L / H A p  s h o w e d  s u p e r i o r  p r o p e r t y  i n  c o n t r i b u t i o n  o f  
p r o l i f e r a t i o n  t h a n  t h e  o t h e r  s c a f f o l d s  a s  w e l l .

5 . C O N C LU S IO N

I n  t h e  p r e s e n t  c o n t r i b u t i o n ,  e l e c t r o s p i n n i n g  w a s  u s e d  t o  f a b r i c a t e  

e l e c t r o s p u n  f i b e r  m a t s  o f  p o l y c a p r o l a c t o n e  ( P C L ;  M n =  8 0 , 0 0 0  g - m o l ' 1 )  w i t h  o r  
w i t h o u t  t h e  p r e s e n c e  o f  h y d r o x y a p a t i t e  ( H A p )  n a n o p a r t i c l e s  f r o m  t h e  n e a t  P C L  
s o l u t i o n  ( i . e . ,  1 2 %  w / v  i n  5 0 : 5 0  v / v  d i c h l o r o m e t h a n e / A G V - d i m e t h y l f o r m a m i d e )  o r  t h e  
P C L  s o l u t i o n  t h a t  c o n t a i n e d  1 %  w / v  o f  H A p  n a n o p a r t i c l e s .  T h e s e  f i b e r  m a t s  ( i . e . ,  E -  
P C L  f o r  t h e  n e a t  e l e c t r o s p u n  P C L  f i b e r  m a t  a n d  E - P C L / H A p  f o r  t h e  e l e c t r o s p u n  P C L  
f i b e r  m a t  c o n t a i n i n g  H A p  n a n o p a r t i c l e s )  w e r e  u s e d  a s  s u b s t r a t e s  f o r  t h e  c u l t u r e  o f  
h u m a n  f e t a l  o s t e o b l a s t s ,  h F O B .  C o n t r o l  s u r f a c e s  w e r e  t i s s u e  c u l t u r e  ( T C )  d i s h e s  a n d  
p o r o u s  p o l y ( D L - l a c t i c - c o - g l y c o l i c - a c i d )  ( P L G A )  d i s c .  E - P C L  a n d  E - P C L / H A p  h a v e  
a  p o t e n t i a l  t o  b e  u s e d  i n  b o n e  t i s s u e  e n g i n e e r i n g  w i t h  t h e  e v i d e n c e  t h a t  E - P C L  a n d  E -  
P C L / H A p  s u p p o r t e d  g r o w t h ,  d i f f e r e n t i a t i o n  a n d  m i n e r a l i z a t i o n  o f  h u m a n  f e t a l
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o s t e o b l a s t s  ( h F O B ) .  T h e s e  s u b s t r a t e s  a l l o w e d  i n c r e a s e d  d i f f e r e n t i a t i o n  a n d  m a t r i x  
m i n e r a l i z a t i o n  o f  h F O B  c o m p a r e d  t o  T C .  I n  a d d i t i o n ,  E - P C L / H A p  s h o w e d  h i g h e r  
c e l l  p r o l i f e r a t i o n  t h a n  t h a t  o f  E - P C L  a n d  P L G A .

A C K N O W L E D G M E N T S

T h e  a u t h o r s  a c k n o w l e d g e  p a r t i a l  s u p p o r t  r e c e i v e d  f r o m  1 )  t h e  N a t i o n a l  
R e s e a r c h  C o u n c i l  o f  T h a i l a n d ,  2 )  C h u l a l o n g k o m  U n i v e r s i t y  ( t h r o u g h  i n v e n t i o n  a n d  
r e s e a r c h  g r a n t s  f r o m  t h e  R a t c h a d a p e s e k  S o m p h o t  E n d o w m e n t  F u n d ) ,  3 )  t h e  
P e t r o l e u m  a n d  P e t r o c h e m i c a l  T e c h n o l o g y  C o n s o r t i u m  [ t h r o u g h  a  T h a i  g o v e r n m e n t a l  
l o a n  f r o m  A s i a n  D e v e l o p m e n t  B a n k  ( A D B ) ] ,  a n d  4 )  t h e  P e t r o l e u m  a n d  
P e t r o c h e m i c a l  C o l l e g e  ( P P C ) ,  C h u l a l o n g k o m  U n i v e r s i t y .  P W  a c k n o w l e d g e s  a  
d o c t o r a l  s c h o l a r s h i p  r e c e i v e d  f r o m  t h e  D e v e l o p m e n t  a n d  P r o m o t i o n  o f  S c i e n c e  a n d  
T e c h n o l o g y  T a l e n t s  P r o j e c t ,  t h e  I n s t i t u t e  f o r  t h e  P r o m o t i o n  o f  T e a c h i n g  S c i e n c e  a n d  
T e c h n o l o g y .
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C A P T IO N  O F  FIG U R ES

F i g u r e  1  P r o l i f e r a t i o n  o f  h F O B  o n  T C ,  E - P C L ,  E - P C L / F L A p  a n d  P L G A  a t  D a y  7 .  
F i g u r e  2  A L P  a c t i v i t y  o f  h F O B  c u l t u r e d  o n  T C ,  E - P C L ,  E - P C L / H A p  a n d  P L G A

a t  D a y  7 .  *  S i g n i f i c a n t  a t  p <  0 . 0 5  w i t h  r e s p e c t  t o  T C .
F i g u r e  3  C a l c i u m  c o n t e n t  o f  4  w e e k s  c u l t u r e s  o f  h F O B  o n  T C ,  E - P C L ,  E -  

P C L / H A p  a n d  P L G A .  * S i g n i f i c a n t  a t / 7  <  0 . 0 5  w i t h  r e s p e c t  t o  T C .
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F igure 7.1 Proliferation of hFOB on TC, E-PCL, E-PCL/HAp and PLGA at Day 7.
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F igure 7.2 ALP activity of hFOB cultured on TC, E-PCL, E-PCL/HAp and PLGA 
at Day 7. * Significant at p < 0.05 with respect to TC.
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F igure 7.3 Calcium content of 4 weeks cultures of hFOB on TC, E-PCL, E- 
PCL/HAp and PLGA. ^Significant at jtว < 0.05 with respect to TC.
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