
C H A PT E R  VI
O ST E O B L A ST IC  PH E N O T Y P E  E X PR E SSIO N  OF M C 3T3-E 1 C U L T U R E D  

O N E L E C T R O SP U N  PO L Y C A PR O L A C T O N E  FIB E R  M A T S FIL L E D  
W IT H  H Y D R O X Y A PA T IT E  N A N O P A R T IC L E S

A B S T R A C T

Electrospun (e-spun) fiber mats of polycaprolactone (PCL; Mn = 80,000 
g-mol'1) 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 e-spun fiber mats as bone scaffolds was assessed by mouse 
calvaria-derived, pre-osteoblastic cells, MC3T3-E1, in terms of the attachment, 
proliferation, differentiation, and mineralization. Despite the lower number of cells 
attached at early time points, both the fibrous scaffolds supported the proliferation of 
MC3T3-E1 at similar levels to tissue-culture polystyrene plate (TCPS), with the cells 
growing on the PCL/HAp fiber mat (i.e., PCL/HAp-FS) showing the greatest 
proliferation rate on day 3 after the initial attachment period of 16 h. Alkaline 
phosphatase (ALP) activity of the cells grown on TCPS was the greatest on day 3 
after cell culture, while that of the cells grown on PCL/HAp-FS reached a maximum 
on day 5. On the other hand, the ALP activity of the cells grown on the neat PCL 
fiber mat (i.e., PCL-FS) was the lowest at any given time point. MC3T3-E1 cultured 
on the surface of PCL/HAp-FS expressed the greatest amount of osteocalcin (OC) 
gene on day 14 after cell culture and OC protein on day 21 after cell culture, 
respectively, when compared with those cultured on the surfaces of PCL-FS and 
TCPS. This corresponded to the greatest extent of mineralization for the cells grown 
on the surface of PCL/HAp-FS on day 21, followed by that for the cells grown on 
PCL-FS and TCPS, respectively.

(Key-words: electrospinning; polycaprolactone; hydroxyapatite; scaffold; osteoblast;
mineralization)
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Selected SEM and corresponding EDS 
images for calcium of MC3T3-E1- 
cultured PCL/HAp-FS on day 21
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1. IN T R O D U C T IO N

Electrospinning (e-spinning) is a process by which ultrafine fibers with 
diameters of the individual fibers in sub-micrometer down to nanometer range can be 
fabricated.1,2 This process involves the application of a high electrical potential from 
a high-voltage power supply to a polymer liquid (i.e., solution or melt) across a finite 
distance between a conductive capillary and a grounded collecting device. The 
Coulombic repulsion force between charges of the same polarity in the polymer 
liquid destabilizes the partially-spherical droplet of the polymer liquid located at the 
tip of the capillary to finally form a droplet of a conical shape (i.e., the Taylor cone). 
Further increase in the electrostatic field strength beyond a critical value causes an 
ejection of a charged stream of the polymer liquid (i.e., the charged jet) from the 
apex of the cone. Finally, ultrafine fibers, usually as a non-woven fiber mat, were 
collected on the collector. Due to their physical uniqueness, e.g., a high surface area 
to mass or volume ratio, a small inter-fibrous pore size with high porosity of the 
obtained fiber mat, vast possibilities for surface functionalization, etc., the proposed 
use for electrospun (e-spun) polymeric fibers are in areas such as filters,3 composite 
reinforcements,4’5 carriers for topical or transdermal delivery of drugs,6’7 and 
scaffolds for cell and tissue culture.8'15

The challenge in tissue engineering is the design of scaffolds that can mimic 
the structure and biological functions of the natural extracellular matrix (ECM).8' 10 
The important aspects of e-spun fibers as tissue-engineered scaffolds are the three- 
dimensional structure with interconnected pores and high porosity that resembles the 
fibrous collagen in the natural ECM. The most commonly used biodegradable, 
synthetic polymers are polylactide (PLA), polyglycolide (PGA), polycaprolactone 
(PCL), and their corresponding copolymers.16'18 PCL, due to its slow in vivo 
degradation,19 is a good candidate for further fabrication into a bone scaffold. To 
improve both the mechanical properties and osteoconductivity of PCL scaffolds, 
rigid hydroxyapatite (HAp), a synthetic calcium phosphate ceramic that mimics the 
natural apatite composition of bone and teeth, is often used as a reinforcing bioactive 
agent.20’21
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Previously, successful fabrication of e-spun PCL fiber mats containing 
calcium carbonate (CaCC>3) or hydroxyapatite (HAp) nanoparticles was reported.22 
The potential for use of these fiber mats as bone scaffolds was first assessed by an 
indirect cytotoxicity evaluation with human osteogenic sarcoma cells (SaOS-2) and 
mouse fibroblastic cells (L929). The results suggested a high potential for use of 
these fiber mats as bone scaffolds, as they posed non-toxic to the cells. These e-spun 
fiber mats as bone scaffolds were further evaluated in vitro with SaOS-2 in terms of 
the attachment, proliferation, and alkaline phosphatase (ALP) activity of the cells 
that were cultured directly on the scaffolds,11 in comparison with those of the cells on 
the corresponding solvent-cast films and a tissue-culture polystyrene plate (TCPS). 
All of the fiber mats showed much better adhesion and proliferation of the cells than 
the corresponding films and TCPS. The majority of the cells on all of the fibrous 
scaffolds was well-expanded with evidence of filopodia and attached on the fiber 
surface very well even at 1 h after cell seeding, while the majority of the cells on all 
of the film scaffolds and the glass substrate remained rounded. Among the various 
fibrous scaffolds investigated, the one that was filled with 1.0 wt.% HAp (i.e., 
PCL/l.OHAp) showed the highest ALP activity.

Osteoblast-like cells exhibited differing rates of mineralization when grown 
on different polymer surfaces.23’24 In their first report, Calvert et al,23 evaluated the 
ability of two common biodegradable, synthetic polyesters, i.e., PCL and 
poly(lactide-co-glycolide) (PLGA), as well as some of their blends in the form of 
thin films in supporting proliferation and differentiation of bone marrow stromal 
cells. They found that, at the end of 2 weeks after cell culture, while there was no 
statistical difference in the proliferation rate of the cells on any substrate, PCL was 
the only material that showed negative staining for alkaline phosphatase and 
calcification activities.23 Working on a different cell line (mouse calvaria-derived, 
pre-osteoblastic cells, MC3T3-E1), Calvert el a l24 showed in their subsequent report 
that, at 6 weeks after cell culture, while there was no statistical difference in the 
osteocalcin activity between the cells grown on PCL and PLGA films, PCL showed 
much less alkaline phosphatase activity and mineralization of the cells.

Since it was previously shown11 that all of the e-spun PCL, PCL/CaCC>3, and 
PCL/HAp fiber mats supported much better adhesion and proliferation of SaOS-2
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than the corresponding films and TCPS and, among the various fibrous scaffolds 
investigated, PCL/l.OHAp fiber mat exhibited the highest ALP activity, this study 
aimed at investigating whether PCL and, particularly, PCL/HAp composite in the 
form of e-spun fiber mats could support osteogenic differentiation of MC3T3-E1. 
The potential for use of the PCL and PCL/HAp fiber mats as bone scaffolds was 
thoroughly evaluated in terms of the attachment, proliferation, differentiation, and 
subsequent mineralization of MC3T3-E1 that were seeded or cultured on their 
surfaces. Comparisons were made with the cells that were seeded or cultured on 
TCPS.

2. E X P E R IM E N T A L  D E T A IL S

2.1. M aterials

Materials used in the fabrication of the fibrous scaffolds were 
polycaprolactone (PCL; Mn = 80,000 g-mof1; Aldrich, USA), dichloromethane 
(DCM; Carlo Erba, Italy), AZ/V-dimethylformamide [DMF; Lab-Scan (Asia), 
Thailand], and hydroxyapatite powder (HAp; synthesized following the method 
proposed by Shih et a l25). After hydrolysis from dicalcium phosphate dihydrate 
(CaHPC>4-2H20; Fluka Chemika, Switzerland), the HAp powder was annealed at 
800°c for 4 h in air. The obtained HAp powder was characterized by a Rigaku 
Rint2000 wide-angle X-ray diffractometer (WAXD) with a monochromated CuKa 
radiation (A = 1.54 Â), which confirmed the formation of HAp.22 The mean size of 
the as-synthesized HAp powder as analyzed by a JEOL JSM 5410LV scanning 
electron microscope (SEM) was 234 ± 68 nm.22

2.2. P reparation  and characterization  o f fibrous scaffolds

E-spun PCL and PCL/HAp fibrous scaffolds (hereafter, denoted as PCL-FS 
and PCL/HAp-FS, respectively) were prepared by e-spinning from neat 12% w/v 
PCL solution in 50:50 v/v DCM/DMF or the same PCL solution that contained 1%
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w/v HAp powder. To ensure a good dispersion of HAp particles within the resulting 
PCL/HAp suspension, the particles and PCL powder were first pre-mixed under 
mechanical stirring in DMF. After a certain period of time, DCM, a good solvent for 
PCL, was added. The mixture was stirred until the PCL powder dissolved 
completely and it was subsequently sonicated prior to e-spinning.

The as-prepared PCL solution or the as-prepared PCL/HAp suspension was 
contained in a glass syringe, the open end of which was connected to a blunt gauge- 
20 stainless steel hypodermic needle [outside diameter (OD) -  0.91 mm] used as the 
nozzle. An aluminum (Al) sheet wrapped around a rotating cylinder (width and OD 
of the cylinder « 15 cm; rotational speed « 50 rpm) was used as the collector. The 
distance from the tip of the needle to the surface of the Al sheet defining the 
collection distance was fixed at 10 cm. A Gamma High-Voltage Research D- 
ES30PN/M692 power supply was used to generate a high DC potential (i.e., 21 kV). 
The emitting electrode of positive polarity was connected to the needle, while the 
grounding one to the collector. The feed rate of the solution/suspension was 
controlled at ~1 mL-h'1 by means of a Kd Scientific syringe pump.

E-spinning of the as-prepared solution/suspension was carried out 
continuously for 10 h. The thickness of the obtained PCL and PCL/HAp fibrous 
scaffolds was —130 pm. Morphological appearance and size of the individual fibers 
of the scaffolds were examined by SEM. At least 100 readings of the fiber diameters 
from at least 5 SEM images were statistically analyzed using a SemAphore 4.0 
software, from which the arithmetic mean values of the individual fibers in the PCL 
and the PCL/HAp fibrous scaffolds were determined to be 0.95 and 1.26 pm, 
respectively.22 Fibrous scaffolds were ‘dried’ in vacuo at 40°c overnight to remove 
as much solvent as possible.

2.3. C ell culture and cell seeding

Mouse calvaria-derived, pre-osteoblastic cells (MC3T3-E1; ATCC CRL- 
2593) were cultured as monolayer in Minimum Essential Medium with Earle’s 
Balanced Salts (MEM; Hyclone, USA), supplemented by 10% fetal bovine serum
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(FBS; BIOCHROM AG, Germany), 1% L-glutamine (Invitrogen Corp., USA), and 
1% antibiotic and antimycotic formulation [containing penicillin G sodium, 
streptomycin sulfate, and amphotericin B (Invitrogen Corp., USA)]. The medium 
was changed every other day and the cultures were maintained at 37°c in a 
humidified atmosphere containing 5% CO2. Each scaffold was cut into circular discs 
(~15 mm in diameter) and the disc specimens were placed in wells of a 24-well 
tissue-culture polystyrene plate (TCPS; Coming, USA), which were later sterilized in 
70% ethanol for 60 min. The specimens were then washed with autoclaved de
ionized water and subsequently immersed in MEM overnight. To ensure a complete 
contact between each specimen and the bottom of each well, a metal ring (~12 mm in 
diameter) was placed on top of the specimen. MC3T3-E1 from the cultures were 
trypsinized [0.25% trypsin containing 1 mM EDTA (Invitrogen Crop., USA)], 
counted by a hemacytometer (Hausser Scientific, USA), and seeded at a density of 
-36,000 cells-cm'2 on the scaffold specimens and empty wells of a TCPS (i.e., 
positive control).

For attachment study, cells were cultured in the same medium above. For 
proliferation study, cells were cultured in MEM supplemented by 2% FBS, 1% L- 
glutamine, and 1% antibiotic/antimycotic. For other studies, cells were cultured in 
MEM supplemented by 10% FBS, 1% L-glutamine, and 1% antibiotic/antimycotic 
for the first 5 days, after that the cells were cultured in the same medium with the 
presence of 5 mM glycerol-2-phosphate disodium salt hydrate (P-glycerophosphate; 
Sigma, USA) and 50 pg-mL'1 of L-ascorbic acid (Sigma, USA).

2.4. Cell attachm ent and cell proliferation

For the attachment study, the cells were allowed to attach on the fibrous 
scaffold specimens and empty wells of a TCPS for 1, 4, and 16 h. At each time 
point, the number of the attached cells was quantified by 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, USA) assay. Each 
specimen was rinsed with phosphate buffer saline (PBS; Sigma-Aldrich, USA) to 
remove unattached cells prior to MTT assay. Since no studies related to the
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e x p r e s s i o n  o f  a t t a c h m e n t  p r o t e i n s  o r  t h e  s t r e n g t h  o f  t h e  a t t a c h e d  c e l l s  w e r e  c a r r i e d  
o u t ,  t h i s  e v a l u a t i o n  o n l y  s e r v e d  a s  t h e  q u a l i t a t i v e  m e a s u r e  o f  t h e  c e l l  a t t a c h m e n t  
s t u d y .  F o r  t h e  p r o l i f e r a t i o n  s t u d y ,  t h e  c e l l s  w e r e  f i r s t  a l l o w e d  t o  a t t a c h  o n  t h e  
s p e c i m e n s  a n d  e m p t y  w e l l s  o f  a  T C P S  f o r  1 6  h .  T h e  n u m b e r  o f  t h e  p r o l i f e r a t e d  c e l l s  
w a s  d e t e r m i n e d  b y  M T T  a s s a y  o n  d a y s  1 ,  2 ,  a n d  3  a f t e r  c e l l  c u l t u r e .  M o r p h o l o g y  o f  
t h e  c e l l s  d u r i n g  t h e  a t t a c h m e n t  a n d  t h e  p r o l i f e r a t i o n  p e r i o d s  w a s  o b s e r v e d  b y  S E M .

2.5. Quantification of viable cells (MTT assay)

T h e  M T T  a s s a y  i s  b a s e d  o n  t h e  r e d u c t i o n  o f  t h e  y e l l o w  t é t r a z o l i u m  s a l t  t o  
p u r p l e  f o r m a z a n  c r y s t a l s  b y  d e h y d r o g e n a s e  e n z y m e s  s e c r e t e d  f r o m  t h e  m i t o c h o n d r i a  
o f  m e t a b o l i c a l l y  a c t i v e  c e l l s .  T h e  a m o u n t  o f  p u r p l e  f o r m a z a n  c r y s t a l s  f o r m e d  i s  
p r o p o r t i o n a l  t o  t h e  n u m b e r  o f  v i a b l e  c e l l s .  F i r s t ,  e a c h  c e l l - c u l t u r e d  s p e c i m e n  w a s  

i n c u b a t e d  a t  37°c f o r  1  h  w i t h  2 5 0  p l / w e l l  o f  M T T  s o l u t i o n  a t  0 . 5  m g - m L ' 1 w i t h o u t  
p h e n o l  r e d .  A f t e r  i n c u b a t i o n ,  M T T  s o l u t i o n  w a s  r e m o v e d .  A  b u f f e r  s o l u t i o n  
c o n t a i n i n g  d i m e t h y l s u l f o x i d e  ( D M S O ;  C a r l o  E r b a ,  I t a l y )  ( 9 0 0  p l / w e l l )  a n d  g l y c i n e  
b u f f e r  ( p H  =  1 0 )  ( 1 2 5  p L / w e l l )  w a s  a d d e d  i n t o  e a c h  w e l l  t o  d i s s o l v e  t h e  f o r m a z a n  
c r y s t a l s .  A f t e r  1 0  m i n  o f  r o t a r y  a g i t a t i o n ,  e a c h  s a m p l e  s o l u t i o n  w a s  t h e n  t r a n s f e r r e d  
i n t o  a  c u v e t t e  a n d  p l a c e d  i n  a  T h e r m o s p e c t r o n i c  G e n e s i s  1 0  U V - v i s i b l e  
s p e c t r o p h o t o m e t e r ,  f r o m  w h i c h  t h e  a b s o r b a n c e  a t  5 4 0  n m  r e p r e s e n t i n g  t h e  n u m b e r  o f  
v i a b l e  c e l l s  w a s  m e a s u r e d .  T h e  a b s o r b a n c e  i n t e n s i t y  a n d  t h e  n u m b e r  o f  v i a b l e  c e l l s  
w e r e  f i t t e d  w e l l  w i t h  a  l i n e a r  r e g r e s s i o n  l i n e  ( s e e  F i g u r e  I  i n  S u p p o r t i n g  I n f o r m a t i o n )  
a n d  t h i s  c a l i b r a t i o n  c u r v e  w a s  u s e d  t o  a r r i v e  a t  t h e  n u m b e r  o f  c e l l s  f r o m  t h e  o b s e r v e d  
u v  a b s o r b a n c e  v a l u e s .

2.6. Morphological observation of cultured cells

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

2.7. Alkaline phosphatase analysis

M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e  f i b r o u s  s c a f f o l d s  a n d  e m p t y  w e l l s  o f  a  T C P S  
f o r  1 , 2 ,  3 ,  5 ,  a n d  1 0  d a y ( s )  t o  o b s e r v e  A L P  a c t i v i t y .  E a c h  s p e c i m e n  w a s  r i n s e d  w i t h  
P B S  a f t e r  r e m o v a l  o f  t h e  c u l t u r e  m e d i u m .  A l k a l i n e  l y s i s  b u f f e r  ( 1 0  m M  T r i s - H C l ,  2  
m M  M g C b ,  0 . 1 %  T r i t o n - X 1 0 0 ,  p H  1 0 )  ( 1 0 0  p l / w e l l )  w a s  a d d e d  a n d  t h e  s p e c i m e n  
w a s  s c r a p p e d  a n d  t h e n  f r o z e n  a t  -20°c f o r  a t  l e a s t  3 0  m i n  p r i o r  t o  t h e  n e x t  s t e p .  A n  

a q u e o u s  s o l u t i o n  o f  2  m g - m L ' 1 / 7 - n i t r o p h e n y l  p h o s p h a t e  ( P N P P ;  Z y m e d  L a b o r a t o r i e s ,  
U S A )  m i x e d  w i t h  0 . 1  M  a m i n o p r o p a n o l  ( 1 0  p L / w e l l )  i n  2  m M  M g C b  ( 1 0 0  p L / w e l l )  
h a v i n g  a  p H  o f  1 0 . 5  w a s  p r e p a r e d  a n d  a d d e d  i n t o  t h e  s p e c i m e n .  I t  w a s  t h e n  
i n c u b a t e d  a t  37°c f o r  2 5  m i n .  T h e  r e a c t i o n  w a s  s t o p p e d  b y  t h e  a d d i t i o n  o f  0 . 9  
m L / w e l l  o f  5 0  m M  N a O H  a n d  t h e  e x t r a c t e d  s o l u t i o n  w a s  t r a n s f e r r e d  t o  a  c u v e t t e  a n d  
p l a c e d  i n  t h e  U V - v i s i b l e  s p e c t r o p h o t o m e t e r ,  f r o m  w h i c h  t h e  a b s o r b a n c e  a t  4 1 0  n m  
w a s  m e a s u r e d .  T h e  a m o u n t  o f  A L P  w a s  t h e n  c a l c u l a t e d  a g a i n s t  a  s t a n d a r d  c u r v e .  T o  
d e t e r m i n e  t h e  A L P  a c t i v i t y ,  t h e  a m o u n t  o f  A L P  h a d  t o  b e  n o r m a l i z e d  b y  t h e  a m o u n t  
o f  t o t a l  p r o t e i n s  s y n t h e s i z e d .  I n  t h e  p r o t e i n  a s s a y ,  e a c h  s p e c i m e n  w a s  t r e a t e d  i n  t h e  
s a m e  m a n n e r  a s  i n  t h e  A L P  a s s a y  u p  t o  t h e  p o i n t  w h e r e  i t  w a s  f r o z e n .  A f t e r  f r e e z i n g ,  
b i c i n c h o n i n i c  a c i d  ( B C A ;  P i e r c e  B i o t e c h n o l o g y ,  U S A )  s o l u t i o n  w a s  a d d e d  i n t o  t h e  
s p e c i m e n .  I t  w a s  s u b s e q u e n t l y  i n c u b a t e d  a t  37°c f o r  2 5  m i n .  T h e  a b s o r b a n c e  o f  t h e  
m e d i u m  s o l u t i o n  w a s  t h e n  m e a s u r e d  a t  5 6 2  n m  b y  t h e  U V - v i s i b l e  s p e c t r o p h o t o m e t e r  
a n d  t h e  a m o u n t  o f  t h e  t o t a l  p r o t e i n s  w a s  c a l c u l a t e d  a g a i n s t  a  s t a n d a r d  c u r v e .
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2.8. Reverse transcription-polymerase chain reaction (RT-PCR) analysis

M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e  f i b r o u s  s c a f f o l d s  a n d  e m p t y  w e l l s  o f  a  T C P S  
f o r  1 4  d a y s .  R N A ,  e x t r a c t e d  b y  T r i  R e a g e n t  ( M o l e c u l a r  R e s e a r c h  C e n t e r ,  U S A ) ,  w a s  
h a r v e s t e d  a n d  p o o l e d  f r o m  4  w e l l s  f o r  e a c h  t y p e  o f  s p e c i m e n s .  C h l o r o f o r m  ( 2 0 0  p L )  
w a s  a d d e d  t o  t h e  h o m o g e n i z e d  s p e c i m e n s  t o  e x t r a c t  R N A ,  f o l l o w e d  b y  p r e c i p i t a t i o n  
u s i n g  5 0 0  | i L  o f  i s o p r o p a n o l  ( S i g m a ,  U S A ) .  R N A  p e l l e t s  w e r e  w a s h e d  w i t h  7 0 %  
e t h a n o l  a n d  w e r e  d i s s o l v e d  i n  1 5  p L  o f  n u c l e a s e - f r e e  w a t e r  ( P r o m e g a ,  U S A ) .  R N A  
y i e l d s  w e r e  e v a l u a t e d  b y  t h e  U V - v i s i b l e  s p e c t r o p h o t o m e t e r  b a s e d  o n  t h e  a b s o r b a n c e  
a t  2 6 0  n m .  F i r s t  s t r a n d  D N A  w a s  r e v e r s e - t r a n s c r i b e d  f r o m  1 p g  o f  t o t a l  R N A  u s i n g  
R T  k i t  ( I m P r o m - 1 1  R e s e r v e  T r a n s c r i p t i o n  S y s t e m ,  P r o m e g a ,  U S A ) .  F o r  t h e  
a m p l i f i c a t i o n  i n  P C R ,  t h e  P C R  m i x t u r e  c o n s i s t e d  o f  1 p F  o f  c D N A ,  s e n s e  p r i m e r ,  
a n t i s e n s e  p r i m e r ,  a n d  r e a g e n t  o f  P C R  k i t  ( T a g  D N A  P o l y m e r a s e ,  Q i a g e n ,  U S A ) .  T h e  
P C R  o l i g o - n u c l e o t i d e  p r i m e r s  f o r  o s t e o c a l c i n  ( O C ) 2 6  a n d  g l y c e r a l d e h y d e - 3 -  
p h o s p h a t e  d e h y d r o g e n a s e  ( G A P D H ) 2 7  ( u s e d  a s  a n  i n t e r n a l  c o n t r o l )  a r e  s h o w n  i n  
T a b l e  1 .  T w e n t y - e i g h t  c y c l e s  w e r e  u s e d  t o  a m p l i f y  b o t h  g e n e s .  T h e  P C R  p r o d u c t s  
w e r e  a n a l y z e d  b y  s e p a r a t i o n  o n  1 . 8 %  a g a r o s e  ( U s b ,  U S A )  g e l  u s i n g  e l e c t r o p h o r e s i s  
( P o w e r  P a c  J u n i o r ,  B i o - R a d ,  U S A )  a n d  v i s u a l i z e d  w i t h  e t h i d i u m  b r o m i d e  ( E t B r ;  B i o -  
R a d ,  U S A )  s t a i n i n g .  T h e  s t a i n e d  b a n d s  w e r e  p h o t o g r a p h e d  u n d e r  u v  l i g h t  a n d  t h e  
i n t e n s i t y  w a s  q u a n t i f i e d  w i t h  S c i o n  I m a g e  S o f t w a r e .

2.9. Western blot analysis

M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e  f i b r o u s  s c a f f o l d s  a n d  e m p t y  w e l l s  o f  a  T C P S  
f o r  2 1  d a y s .  T h e  c u l t u r e d  m e d i u m  f o r  e a c h  t y p e  o f  s p e c i m e n s  w a s  c o l l e c t e d  a n d  
l y o p h i l i z e d .  E y o p h i l i z e d  m e d i u m  w a s  d i s s o l v e d  w i t h  s a m p l e  b u f f e r  ( 2 %  S D S ,  1 0 %  
g l y c e r o l ,  2 5 0  m M  T r i s - H C l ,  a n d  0 . 0 0 5 %  b r o m o p h e n o l  b l u e ) .  S u p e r n a t a n t  w a s  
c o l l e c t e d  a n d  w a s  s u b j e c t e d  t o  S D S - P A G E  u n d e r  n o n - r e d u c i n g  c o n d i t i o n ,  f o l l o w e d  
b y  t r a n s f e r r i n g  t o  P V D F  m e m b r a n e  ( M i l l i p o r e ,  U S A ) .  T h e  m e m b r a n e  w a s  b l o c k e d  
b y  i n c u b a t i n g  i n  a  b l o c k i n g  s o l u t i o n  c o n t a i n i n g  5 %  s k i m  m i l k  ( D i f c o ,  B D ,  U S A )  a n d  
0 . 1 %  T W E E N  2 0  ( F l u k a  C h e m i k a ,  S w i t z e r l a n d )  f o r  3  h .  T h e  m e m b r a n e  w a s  t h e n  
i n c u b a t e d  a n d  s h a k e n  i n  a  p r i m a r y  a n t i b o d y  s o l u t i o n  ( m o u s e  o s t e o c a l c i n  a n t i b o d y ,
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S C - 1 8 3 2 2 ;  S a n t a  C r u z  B i o t e c h n o l o g y ,  U S A )  w h i c h  w a s  d i l u t e d  i n  a  b l o c k i n g  
s o l u t i o n  a t  t h e  a n t i b o d y  t o  t h e  b l o c k i n g  s o l u t i o n  r a t i o  o f  1 : 2 0 0  v / v  f o r  1 h .  T h e  
m e m b r a n e  w a s  w a s h e d  w i t h  P B S  b e f o r e  b e i n g  i n c u b a t e d  a n d  s h a k e n  i n  a  s e c o n d a r y  
a n t i b o d y  s o l u t i o n  ( a n t i - g o a t  I g G ,  B 7 0 1 4 ;  B i o t i n  C o n j u g a t e ,  S i g m a ,  U S A )  a t  t h e  
a n t i b o d y  t o  t h e  b l o c k i n g  s o l u t i o n  r a t i o  o f  1 : 2 0 0 0  v / v  f o r  2 0  m i n .  T h e  m e m b r a n e  w a s  
a g a i n  w a s h e d  w i t h  P B S .  T h e  m e m b r a n e  w a s  i n c u b a t e d  a n d  s h a k e n  i n  s t r e p t a v i d i n  
h o r s e r a d i s h  p e r o x i d a s e  ( H R P )  c o n j u g a t e  ( Z y m e d ,  U S A )  s o l u t i o n  a t  t h e  s t r e p t a v i d i n  
H R P  t o  t h e  b l o c k i n g  s o l u t i o n  r a t i o  o f  1 : 5 0 0  v / v  f o r  3 0  m i n  a n d  w a s h e d  w i t h  P B S .  
A l l  i n c u b a t i o n s  w e r e  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e .  T h e  m e m b r a n e  w a s  t h e n  
i m m e r s e d  i n  1 m l  o f  S u p e r S i g n a l  W e s t  P i c o  c h e m i l u m i n e s c e n t  r e a g e n t  ( P i e r c e ,  
U S A ) .  T h e  s i g n a l  w a s  c a p t u r e d  w i t h  a  C L - X P o s u r e  f i l m  ( P i e r c e ,  U S A ) .

2.10. Mineralization analysis and bone nodule visualization

C a l c i u m  d e p o s i t i o n  w a s  q u a n t i f i e d  b y  a l i z a r i n  r e d  ร  ( i . e . ,  a n  a n t h r a q u i n o n e  
d e r i v a t i v e )  s t a i n i n g .  M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e  f i b r o u s  s c a f f o l d s  a n d  e m p t y  
w e l l s  o f  a  T C P S  f o r  1 4  a n d  2 1  d a y s ,  a f t e r  w h i c h  t h e  c e l l s  w e r e  f i x e d  w i t h  c o l d  
m e t h a n o l  f o r  1 0  m i n  a n d  w a s h e d  w i t h  d e i o n i z e d  w a t e r  p r i o r  t o  i m m e r s i o n  f o r  3  m i n  
i n  3 7 0  p L  o f  1 %  a l i z a r i n  r e d  ร  ( S i g m a ,  U S A )  s o l u t i o n  d i s s o l v e d  i n  1 : 1 0 0  ( v / v )  
a m m o n i u m  h y d r o x i d e / w a t e r  m i x t u r e .  E a c h  s t a i n e d  s p e c i m e n  w a s  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  a n d  a i r - d r i e d  a t  r o o m  t e m p e r a t u r e .  C a l c i u m  f o r m s  a n  
a l i z a r i n  r e d  S - c a l c i u m  c o m p l e x  i n  a  c h e l a t i n g  p r o c e s s .  T h e  s t a i n e d  s p e c i m e n  w a s  
p h o t o g r a p h e d  a n d  t h e  r e d n e s s ,  s i g n i f y i n g  t h e  a m o u n t  o f  c a l c i u m  d e p o s i t i o n ,  w a s  
q u a n t i f i e d  b y  S c i o n  I m a g e  S o f t w a r e .  T h e  i n t e n s i t y  f o r  e a c h  s p e c i m e n  w a s  s u b t r a c t e d  
w i t h  t h e  i n t e n s i t y  o f  t h e  b l a n k  s p e c i m e n .  B o n e  n o d u l e  f o r m a t i o n  o f  t h e  c e l l s  t h a t  
w e r e  c u l t u r e d  o n  t h e  f i b r o u s  s c a f f o l d s  o n  d a y  2 1  a f t e r  c e l l  c u l t u r e  w a s  o b s e r v e d  b y  
S E M  a n d  t h e  p r e s e n c e  o f  c a l c i u m  o n  t h e  c e l l - c u l t u r e d  s p e c i m e n s  w a s  c h a r a c t e r i z e d  
b y  e n e r g y  d i s p e r s i v e  X - r a y  s p e c t r o s c o p i c  ( E D S ;  L i n k  I S I S  s e r i e s  3 0 0 )  m a p p i n g .

2.11. 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
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w a s  c a r r i e d  o u t  b y  t h e  o n e - w a y  a n a l y s i s  o f  v a r i a n c e  ( o n e - w a y  A N O V A )  a n d  
S c h e f f e ’ s  p o s t  h o c  t e s t  i n  S P S S  ( S P S S ,  U S A ) .  S t a t i s t i c a l  d i f f e r e n c e  b e t w e e n  t w o  s e t s  
o f  d a t a  w a s  c o n s i d e r e d  w h e n  p  <  0 . 0 5 .

3. RESULTS

3.1. Cell attachment and cell proliferation

F i g u r e  1 s h o w s  t h e  a t t a c h m e n t  o f  M C 3 T 3 - E 1  o n  t h e  s u r f a c e s  o f  T C P S ,  P C L -  
F S ,  a n d  P C L / F I A p - F S  a t  1 , 4 ,  a n d  1 6  h  a f t e r  c e l l  s e e d i n g  i n  t e r m s  o f  t h e  n u m b e r  o f  
c e l l s  a t t a c h e d .  O n  T C P S ,  t h e  n u m b e r  o f  t h e  a t t a c h e d  c e l l s  i n c r e a s e d  f r o m  - 8 0 %  a t  1 
h  a f t e r  c e l l  s e e d i n g  t o  - 9 8 %  a t  1 6  h  a f t e r  c e l l  s e e d i n g ,  b a s e d  o n  t h e  i n i t i a l  n u m b e r  o f  

c e l l s  s e e d e d  ( 3 6 , 0 0 0  c e l l s - c m ' 2 ) .  I n  c o m p a r i s o n  w i t h  t h a t  o n  T C P S ,  t h e  a t t a c h m e n t  o f  
t h e  c e l l s  o n  P C L - F S  a n d  P C L / H A p - F S  w a s  s i g n i f i c a n t l y  l o w e r .  S p e c i f i c a l l y ,  t h e  
n u m b e r  o f  c e l l s  a t t a c h e d  o n  t h e s e  f i b r o u s  s c a f f o l d s  w a s  o n l y  - 5 0 %  i n  c o m p a r i s o n  
w i t h  t h a t  o n  T C P S  a t  a n y  g i v e n  t i m e  p o i n t .  B e t w e e n  b o t h  t y p e s  o f  t h e  f i b r o u s  
s c a f f o l d s ,  t h e  n u m b e r  o f  M C 3 T 3 - E 1  a t t a c h e d  o n  P C L - F S  w a s  s l i g h t l y  b e t t e r  t h a n  t h a t  
o n  P C L / H A p - F S .

F i g u r e  2  s h o w s  t h e  p r o l i f e r a t i o n  o f  M C 3 T 3 - E 1  o n  t h e  s u r f a c e s  o f  T C P S ,  
P C L - F S ,  a n d  P C L / H A p - F S  o n  d a y  1 ,  2 ,  a n d  3  a f t e r  c e l l  c u l t u r e  i n  t e r m s  o f  t h e  
n u m b e r  o f  v i a b l e  c e l l s .  F o r  t h i s  s t u d y ,  t h e  c e l l s  w e r e  f i r s t  a l l o w e d  t o  a t t a c h  o n  t h e  
s u b s t r a t e s  f o r  1 6  h  ( d e n o t e d  a s  d a y  0  o n  t h e  f i g u r e ) .  A g a i n ,  a t  t h e  i n i t i a l  a t t a c h m e n t  
p e r i o d  o f  1 6  h ,  t h e  n u m b e r  o f  c e l l s  a t t a c h e d  o n  T C P S  w a s  - 9 8 %  a n d  - 5 0 %  o n  b o t h  
t y p e s  o f  t h e  f i b r o u s  s c a f f o l d s .  O n  T C P S ,  t h e  n u m b e r  o f  c e l l s  i n c r e a s e d  f r o m  - 1 3 5 %  
o n  d a y  1 a f t e r  c e l l  c u l t u r e  t o  - 2 1 2 %  ( i . e . ,  a n  i n c r e a s e  o f  a b o u t  2  f o l d  f r o m  t h e  i n i t i a l  
n u m b e r  o f  c e l l s  s e e d e d )  o n  d a y  3  a f t e r  c e l l  c u l t u r e .  I n  c o m p a r i s o n  w i t h  t h a t  o n  
T C P S ,  t h e  p r o l i f e r a t i o n  o f  t h e  c e l l s  o n  P C L - F S  a n d  P C L / H A p - F S  w a s  s i g n i f i c a n t l y  
l o w e r .  S p e c i f i c a l l y ,  t h e  n u m b e r  o f  c e l l s  p r o l i f e r a t e d  o n  t h e s e  f i b r o u s  s c a f f o l d s ,  a t  
a n y  g i v e n  t i m e  p o i n t ,  w a s  - 4 5  t o  - 5 5 %  i n  c o m p a r i s o n  w i t h  t h a t  o n  T C P S .  B e t w e e n  
b o t h  t y p e s  o f  t h e  f i b r o u s  s c a f f o l d s ,  t h e  p r o l i f e r a t i o n  o f  t h e  c e l l s  o n  P C L - F S  w a s  
c o m p a r a b l e  t o  t h a t  o n  P C L / H A p - F S  o n  d a y s  1 a n d  2  a f t e r  c e l l  c u l t u r e ,  b u t  t h a t  o n  
P C L / H A p - F S  w a s  s l i g h t l y  g r e a t e r  t h a n  t h a t  o n  P C L - F S  o n  d a y  3  a f t e r . c e l l  c u l t u r e .
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T h e  l e s s e r  n u m b e r  o f  c e l l s  i n  t h e  p r o l i f e r a t i o n  p e r i o d  o n  b o t h  t y p e s  o f  t h e  
f i b r o u s  s c a f f o l d s  i n  c o m p a r i s o n  w i t h  t h a t  t h a t  o n  T C P S  c o u l d  b e  d u e  t o  t h e  l e s s e r  
n u m b e r  o f  c e l l s  t h a t  w e r e  a b l e  t o  a t t a c h  o n  t h e  r o u g h  a n d  h y d r o p h o b i c  s u r f a c e  o f  t h e  
f i b r o u s  s c a f f o l d s  i n  c o m p a r i s o n  w i t h  t h e  s m o o t h e r  a n d  m o r e  h y d r o p h i l i c  s u r f a c e  o f  
T C P S .  D e s p i t e  t h e  d i s p a r i t y  i n  t h e  n u m b e r  o f  c e l l s  a t t a c h e d  o n  t h e  v a r i o u s  s u b s t r a t e s  
a t  t h e  i n i t i a l  a t t a c h m e n t  p e r i o d  o f  1 6  h ,  t h e  p e r c e n t a g e  o f  t h e  r a t i o  b e t w e e n  t h e  
n u m b e r  o f  c e l l s  a t  a n y  g i v e n  t i m e  p o i n t  t o  t h e  n u m b e r  o f  c e l l s  i n i t i a l l y  a t t a c h e d  o n  
a n y  g i v e n  s u b s t r a t e  w a s  f o u n d  t o  i n c r e a s e  i n  a  s i m i l a r  m a n n e r ,  w i t h  P C L / H A p - F S  
e x h i b i t i n g  t h e  g r e a t e s t  v a l u e  o n  d a y  3  a f t e r  c e l l  c u l t u r e .  S p e c i f i c a l l y ,  o n  d a y s  1 ,  2 ,  
a n d  3  a f t e r  c e l l  c u l t u r e ,  s u c h  p e r c e n t a g e  v a l u e s  f o r  T C P S  w e r e  1 3 7 ,  1 5 0 ,  a n d  2 1 7 % ,  
r e s p e c t i v e l y ,  t h o s e  f o r  P C L - F S  w e r e  1 2 8 ,  1 2 5 ,  a n d  1 9 4 % ,  r e s p e c t i v e l y ,  a n d  t h o s e  f o r  
P C L / H A p - F S  w e r e  1 4 0 ,  1 3 4 ,  a n d  2 3 5 % ,  r e s p e c t i v e l y .  A p p a r e n t l y ,  d e s p i t e  t h e  l o w e r  
n u m b e r  o f  a t t a c h e d  c e l l s ,  t h e  f i b r o u s  s c a f f o l d s  w e r e  a b l e  t o  s u p p o r t  t h e  p r o l i f e r a t i o n  
o f  M C 3 T 3 - E 1  a t  e s s e n t i a l l y  s i m i l a r  l e v e l s  t o  t h a t  o f  t h e  c e l l s  o n  T C P S ,  w i t h  t h e  c e l l s  
g r o w n  o n  P C L / H A p - F S  s h o w i n g  t h e  g r e a t e s t  p r o l i f e r a t i o n  r a t e  o n  d a y  3  a f t e r  t h e  
i n i t i a l  a t t a c h m e n t  p e r i o d  o f  1 6  h .

T a b l e  2  s h o w s  s e l e c t e d  S E M  i m a g e s  o f  M C 3 T 3 - E 1  t h a t  w e r e  e i t h e r  s e e d e d  o r  
c u l t u r e d  o n  t h e  s u r f a c e s  o f  g l a s s ,  P C L - F S ,  a n d  P C L / H A p - F S  a t  d i f f e r e n t  t i m e  p o i n t s .  
T h e  u s e  o f  g l a s s  a s  t h e  c o n t r o l  i n s t e a d  o f  T C P S  w a s  d u e  t o  t h e  e a s e  o f  t a k i n g  t h e  
s a m p l e s  t o  S E M  o b s e r v a t i o n .  T h e s e  i m a g e s  p r o v i d e d  s n a p  s h o t s  i n  t i m e  t h a t  
r e v e a l e d  t h e  m o r p h o l o g y  o f  t h e  c e l l s  a n d  i n t e r a c t i o n  b e t w e e n  t h e  c e l l s  a n d  t h e  t e s t e d  
s u r f a c e s .  A t  1  h  a f t e r  c e l l  s e e d i n g ,  t h e  m a j o r i t y  o f  t h e  c e l l s  o n  t h e  g l a s s  s u r f a c e  w a s  
s t i l l  r o u n d e d ,  b u t  a  c l o s e r  e x a m i n a t i o n  a r o u n d  t h e  e d g e  o f  t h e  c e l l s  r e v e a l e d  a n  
e v i d e n c e  o f  f i l o p o d i a  ( i . e . ,  s l e n d e r  c y t o p l a s m i c  p r o j e c t i o n s  e x t e n d i n g  f r o m  t h e  
l e a d i n g  e d g e  o f  m i g r a t i n g  c e l l s 2 6  t h a t  h e l p  t h e  c e l l s  d u r i n g  t h e i r  m i g r a t i o n  o v e r  t h e  
s u r f a c e  o f  a  s c a f f o l d ) .  A t  4  h  a f t e r  c e l l  s e e d i n g ,  t h e  m a j o r i t y  o f  t h e  c e l l s  s t a r t e d  t o  
e x t e n d  t h e i r  c y t o p l a s m  o v e r  t h e  g l a s s  s u r f a c e ,  a n  e v i d e n c e  o f  t h e  a b i l i t y  o f  t h e  c e l l s  
t o  a t t a c h  o n  t h e  s u r f a c e .  A t  1 6  h  a f t e r  c e l l  s e e d i n g ,  e x p a n s i o n  o f  t h e  c y t o p l a s m  o f  t h e  
m a j o r i t y  o f  t h e  c e l l s  w a s  e v i d e n t .  O n  d a y  2  a f t e r  c e l l  c u l t u r e ,  t h e  c e l l s  p r o l i f e r a t e d  t o  
c o v e r  ~ 6 0  t o  7 0 %  o f  t h e  g l a s s  s u r f a c e .

E v e n  a t  1 h  a f t e r  c e l l  s e e d i n g ,  t h e  m a j o r i t y  o f  t h e  c e l l s  o n  t h e  P C L - F S  s u r f a c e  
s h o w e d  a n  e v i d e n c e  o f  t h e  e x t e n s i o n  o f  t h e i r  c y t o p l a s m  o n  t h e  f i b r o u s  s u r f a c e ,  w h i l e
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t h e  m a j o r i t y  o f  t h e  c e l l s  o n  t h e  P C L / H A p - F S  s u r f a c e  d i d  s o  t o  a  g r e a t e r  e x t e n t ,  
s u g g e s t i n g  t h a t  t h e  c e l l s  p r e f e r  t h e  f i b r o u s  s u r f a c e s  o f  P C L - F S  a n d  P C L / H A p - F S  
o v e r  t h a t  o f  t h e  g l a s s .  T h e  c o m p l e t e  e x p a n s i o n  o f  t h e  c y t o p l a s m  o f  t h e  m a j o r i t y  o f  
t h e  c e l l s  o n  t h e  s u r f a c e s  o f  t h e  f i b r o u s  s c a f f o l d s  w a s  e v i d e n t  a t  4  a n d  1 6  h  a f t e r  c e l l  
s e e d i n g .  O n  d a y  2  a f t e r  c e l l  c u l t u r e ,  t h e  c e l l s  p r o l i f e r a t e d  t o  c o v e r  ~ 4 0  t o  5 0 %  o f  
t h e i r  s u r f a c e s .

3.2. Alkaline phosphatase (ALP) activity

T h e  A L P  a c t i v i t y  o f  M C 3 T 3 - E 1  t h a t  w e r e  c u l t u r e d  o n  T C P S ,  P C L - F S ,  a n d  
P C L / H A p - F S  w a s  m o n i t o r e d  o n  d a y  1 ,  2 ,  3 ,  5 ,  a n d  1 0  a f t e r  c e l l  c u l t u r e  ( s e e  F i g u r e  
3 ) .  A p p a r e n t l y ,  t h e  a m o u n t  o f  A L P  s y n t h e s i z e d  b y  t h e  c e l l s  t h a t  w e r e  c u l t u r e d  o n  
T C P S  i n c r e a s e d  w i t h  t h e  i n i t i a l  i n c r e a s e  i n  t h e  t i m e  i n  c u l t u r e  b e t w e e n  d a y s  1  a n d  3 ,  
r e a c h e d  a  m a x i m u m  l e v e l  o n  d a y  3 ,  a n d  d e c r e a s e d  w i t h  f u r t h e r  i n c r e a s e  i n  t h e  t i m e  i n  
c u l t u r e  a f t e r  d a y  3 .  O n  t h e  o t h e r  h a n d ,  t h e  a m o u n t  o f  A L P  s y n t h e s i z e d  b y  t h e  c e l l s  
o n  P C L / H A p - F S  a l s o  i n c r e a s e d  w i t h  t h e  i n i t i a l  i n c r e a s e  i n  t h e  t i m e  i n  c u l t u r e  
b e t w e e n  d a y s  1  a n d  5 ,  r e a c h e d  a  m a x i m u m  l e v e l  o n  d a y  5 ,  a n d  d e c r e a s e d  
s i g n i f i c a n t l y  o n  d a y  1 0 .  I n t e r e s t i n g l y ,  o n  d a y  5 ,  t h e  a m o u n t  o f  A L P  o b s e r v e d  o n  
P C L / H A p - F S  w a s  s l i g h t l y  l o w e r  t h a n  t h a t  o b s e r v e d  o n  T C P S .  S i n c e  A L P  i s  n o t  a n  
e x c l u s i v e  p r o t e i n  s y n t h e s i z e d  b y  o s t e o b l a s t s  a s  i t  i s  a l s o  f o u n d  i n  t i s s u e s  o f  s u c h  
o r g a n s  a s  k i d n e y ,  s m a l l  i n t e s t i n e s ,  a n d  p l a c e n t a , 2 7  t h e  p r e s e n c e  o f  A L P  o f  M C 3 T 3 - E 1  
t h a t  w e r e  c u l t u r e d  o n  t h e s e  s u b s t r a t e s  c o u l d  n o t  b e  u s e d  a s  t h e  s o l e  m a r k e r  t o  c o n f i r m  
t h e  o s t e o b l a s t i c  p h e n o t y p e  o f  t h e  c e l l s .

3.3. RT-PCR analysis

G e l  e l e c t r o p h o r e s i s  f o l l o w i n g  R T - P C R  u s i n g  t h e  d e s i g n e d  p r i m e r s  s h o w n  i n  
T a b l e  1  r e v e a l e d  t h e  s n a p s h o t  i n  t i m e  f o r  t h e  e x p r e s s i o n  o f  o s t e o c a l c i n  ( O C )  g e n e ,  a n  
o s t e o b l a s t - s p e c i f i c  g e n e , 2 8 "3 0  o f  M C 3 T 3 - E 1  o n  d a y  1 4  a f t e r  t h e  c e l l s  w e r e  c u l t u r e d  o n  
T C P S ,  P C L - F S ,  a n d  P C L / H A p - F S .  T h e  e x p r e s s i o n  o f  G A P D H  g e n e  w a s  u s e d  a s  a n  
i n t e r n a l  c o n t r o l .  T h e  a m o u n t  o f  b o t h  g e n e s  w a s  s e m i - q u a n t i f i e d  b y  t h e  b a n d  
i n t e n s i t i e s  s h o w n  i n  F i g u r e  4 a  ( i . e . ,  t h e  t o p  p a n e l  s h o w s  t h e  b a n d  i n t e n s i t i e s  o f



104

G A P D H  g e n e  e x p r e s s i o n ,  w h i l e  t h e  b o t t o m  p a n e l  s h o w s  t h o s e  o f  o c  g e n e  
e x p r e s s i o n ) .  E v i d e n t l y ,  t h e  e x p r e s s i o n  o f  G A P D H  g e n e  f o r  t h e  c e l l s  t h a t  w e r e  
c u l t u r e d  o n  d i f f e r e n t  s u b s t r a t e s  w a s  s i m i l a r ,  w h i l e  t h a t  o f  o c  g e n e  f o r  t h e  c e l l s  t h a t  
w e r e  c u l t u r e d  o n  P C L / H A p - F S  s h o w e d  t h e  g r e a t e s t  i n t e n s i t y ,  f o l l o w e d  b y  t h a t  f o r  t h e  
c e l l s  t h a t  w e r e  c u l t u r e d  o n  P C L - F S  a n d  T C P S ,  r e s p e c t i v e l y .  N o r m a l i z a t i o n  o f  t h e  
b a n d  i n t e n s i t i e s  o f  o c  g e n e  t o  t h o s e  o f  G A P D H  g e n e  r e v e a l e d  m o r e  e v i d e n c e  o n  t h e  
r e l a t i v e  a m o u n t  o f  o c  g e n e  e x p r e s s e d  i n  t h e  c e l l s  w h e n  t h e y  w e r e  c u l t u r e d  o n  
d i f f e r e n t  s u r f a c e s  ( s e e  F i g u r e  4 b ) .  A p p a r e n t l y ,  o c  g e n e  e x p r e s s i o n  i n  t h e  c e l l s  t h a t  
w e r e  g r o w n  o n  P C L / H A p - F S  w a s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  g r o w n  o n  b o t h  
P C L - F S  a n d  T C P S ,  w h i l e  t h a t  o f  t h e  c e l l s  t h a t  w e r e  g r o w n  o n  P C L - F S  w a s  
s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  g r o w n  o n  T C P S .  T h e  e x p r e s s i o n  o f  o c  g e n e  i n  t h e s e  
c e l l s  c o n f i r m e d  t h e  o s t e o b l a s t i c  p h e n o t y p e  o f  t h e  c e l l s .

3.4. Western blot analysis

T h e  p r e s e n c e  o f  o c  g e n e  i n  M C 3 T 3 - E 1  t h a t  w e r e  c u l t u r e d  o n  t h e  s u r f a c e s  o f  
T C P S ,  P C L - F S ,  a n d  P C L / H A p - F S  w a s  e v i d e n t  o n  d a y  1 4  a f t e r  c e l l  c u l t u r e .  T o  
v e r i f y  t h e  a c t u a l  p r o d u c t i o n  o f  o s t e o c a l c i n  ( O C ) ,  a  n o n - c o l l a g e n o u s  p r o t e i n  
s p e c i f i c a l l y  s e c r e t e d  b y  o s t e o b l a s t s  a n d  t h o u g h t  t o  p l a y  a  r o l e  i n  m i n e r a l i z a t i o n  a n d  
c a l c i u m  i o n  h o m e o s t a s i s , 2 8 ' 3 0  w e s t e r n  b l o t  a n a l y s i s  w a s  c a r r i e d  o u t .  F i g u r e  5  s h o w s  
b a n d  i n t e n s i t i e s  o f  o c  e x p r e s s i o n  a f t e r  t h e  c e l l s  w e r e  c u l t u r e d  o n  t h e  s u r f a c e s  o f  
t h e s e  s u b s t r a t e s  f o r  2 1  d a y s .  B a s e d  o n  t h e  i n t e n s i t i e s  o f  t h e  b a n d s  s h o w n  i n  F i g u r e  5 ,  
t h e  c e l l s  t h a t  w e r e  c u l t u r e d  o n  P C L / H A p - F S  s h o w e d  t h e  g r e a t e s t  a m o u n t  o f  
s y n t h e s i z e d  o c ,  a s  r e f l e c t e d  b y  t h e  g r e a t e s t  i n t e n s i t y  o f  t h e  b a n d ,  t h a n  t h o s e  c u l t u r e d  
o n  P C L - F S  a n d  T C P S ,  r e s p e c t i v e l y .  S i m i l a r  f i n d i n g s  w e r e  o b t a i n e d  w i t h  d o t  b l o t  
a n a l y s i s  ( s e e  a d d i t i o n a l  e x p e r i m e n t  i n  S u p p o r t i n g  I n f o r m a t i o n ) .

3.5. Bone nodule formation

B o n e  n o d u l e  f o r m a t i o n  i s  o n e  o f  t h e  m a r k e r s  s p e c i f i c  t o  b o n e  c e l l  
d i f f e r e n t i a t i o n . 2 8 ’ 3 0  A l i z a r i n  r e d  ร  s t a i n i n g  w a s  u s e d  t o  c h a r a c t e r i z e  t h e  b o n e  n o d u l e  
f o r m a t i o n  o f  M C 3 T 3 - E 1  t h a t  w e r e  c u l t u r e d  o n  t h e  s u r f a c e s  o f  T C P S ,  P C L - F S ,  a n d
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P C L / H A p - F S  f o r  1 4  a n d  2 1  d a y s ,  w h i l e  S E M  v i s u a l i z a t i o n  a n d  E D S  m a p p i n g  w e r e  
u s e d  t o  c h a r a c t e r i z e d  t h e  c u l t u r e d  s p e c i m e n s  f o r  m i n e r a l i z a t i o n  o n  d a y  2 1  a f t e r  c e l l  
c u l t u r e .

F i g u r e  6 a  s h o w s  p h o t o g r a p h i c  i m a g e s  o f  a l i z a r i n  r e d  ร  s t a i n i n g  o f  t h e  c e l l s  
c u l t u r e d  o n  t h e  d i f f e r e n t  s u r f a c e s  o n  d a y s  1 4  a n d  2 1 .  I n  t h e  p r e s e n c e  o f  c a l c i u m ,  t h e  
s t a i n i n g  p r o d u c t ,  i . e . ,  a n  a l i z a r i n  r e d  S - c a l c i u m  c h e l a t i n g  p r o d u c t ,  a p p e a r e d  r e d .  
Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  r e s u l t s  s h o w n  i n  F i g u r e  6 a  w a s  c a r r i e d  o u t  b y  
d e t e r m i n i n g  t h e  n u m b e r  o f  r e d  p i x e l s  o b s e r v e d  i n  e a c h  i m a g e  u s i n g  a n  i m a g e -  
a n a l y t i c a l  s o f t w a r e  a n d  t h e  r e s u l t s  o f  t h e  a n a l y s i s  a r e  s h o w n  i n  F i g u r e  6 b .  O n  d a y  1 4  
a f t e r  c e l l  c u l t u r e ,  t h e  a m o u n t  o f  t h e  r e d  p i x e l s  o b s e r v e d  f o r  P C L / F l A p - F S  w a s  t h e  
g r e a t e s t ,  f o l l o w e d  b y  t h a t  o b s e r v e d  f o r  P C L - F S  a n d  T O P S ,  r e s p e c t i v e l y .  M a r k e d  
i n c r e a s e  i n  t h e  a m o u n t  o f  t h e  r e d  p i x e l s  w a s  o b s e r v e d  f o r  a l l  o f  t h e  s u b s t r a t e s  
i n v e s t i g a t e d  o n  d a y  2 1 .  E v i d e n t l y ,  t h e  c e l l s  t h a t  w e r e  c u l t u r e d  o n  t h e  s u r f a c e  o f  
P C L / H A p - F S  s h o w e d  t h e  m o s t  p o s i t i v e  s t a i n i n g  f o r  c a l c i u m  d e p o s i t i o n ,  f o l l o w e d  b y  
t h o s e  o n  t h e  s u r f a c e s  o f  P C L - F S  a n d  T C P S ,  r e s p e c t i v e l y .

M i n e r a l i z a t i o n  o f  M C 3 T 3 - E 1  t h a t  w e r e  c u l t u r e d  o n  P C L - F S  a n d  P C L / H A p -  
F S  o n  d a y  2 1  w a s  f u r t h e r  c h a r a c t e r i z e d  b y  S E M  a n d  E D S  i m a g i n g .  F i g u r e  7  s h o w s  
s e l e c t e d  S E M  i m a g e s  o f  c e l l - c u l t u r e d  f i b r o u s  s c a f f o l d i n g  s p e c i m e n s .  T r a c e s  o f  
i n d i v i d u a l  P C L  f i b e r s  w a s  s t i l l  i n t a c t  i n  t h e s e  i m a g e s ,  b u t ,  a f t e r  2 1  d a y s  i n  c e l l  
c u l t u r e ,  r e m n a n t  o f  s o l i d  r e s i d u e s  w a s  e v i d e n t  i n  t h e  p o r e s  a s  w e l l  a s  o n  t h e  s u r f a c e  
o f  t h e  i n d i v i d u a l  f i b e r s ,  p o s s i b l y  a n  e v i d e n c e  o f  t h e  p r o t e i n  m a t r i x  r e s i d u e s  p r o d u c e d  
b y  t h e  c e l l s .  C o m p a r e d  w i t h  t h e  c e l l s  t h a t  w e r e  c u l t u r e d  o n  t h e  s u r f a c e s  o f  t h e s e  
f i b r o u s  s c a f f o l d s  a t  e a r l i e r  t i m e  p o i n t s  ( s e e  T a b l e  2 ) ,  t h e  f o r m a t i o n  o f  n o d u l e s  w a s  
e v i d e n t  o n  t h e  s u r f a c e s  o f  t h e  c e l l s .  A p p a r e n t l y  o n  t h e  m a j o r i t y  o f  t h e  S E M  i m a g e s  
o b s e r v e d ,  t h e  n u m b e r  o f  n o d u l e s  o n  t h e  s u r f a c e  o f  t h e  c e l l s  t h a t  w e r e  c u l t u r e d  o n  
P C L / H A p - F S  w a s  g r e a t e r  t h a n  t h a t  o n  t h e  P C L - F S  c o u n t e r p a r t .  T h e  f o r m a t i o n  o f  
b o n e  n o d u l e s  w a s  c o n f i r m e d  f u r t h e r  b y  E D S  m a p p i n g .  F i g u r e  8  s h o w s  s e l e c t e d  S E M  
a n d  i t s  c o r r e s p o n d i n g  E D S  i m a g e s  o f  c e l l - c u l t u r e d  f i b r o u s  s c a f f o l d i n g  s p e c i m e n s  
( i . e . ,  s i m i l a r  t o  t h o s e  s h o w n  i n  F i g u r e  7 ,  b u t  w i t h o u t  t h e  g o l d - c o a t i n g ) .  E l e m e n t a l  
c a l c i u m  w a s  c l e a r l y  o b s e r v e d  o n  t h e  s u r f a c e s  o f  t h e  c e l l s ,  t h e  r e s u l t  t h a t  c o n f i r m e d  
t h e  f u l l  o s t e o b l a s t i c  p h e n o t y p e  o f  M C 3 T 3 - E 1  w h e n  t h e y  w e r e  c u l t u r e d  o n  t h e  
s u r f a c e s  o f  t h e s e  f i b r o u s  s c a f f o l d s .
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4. FURTHER DISCUSSION

I n  o u r  p r e v i o u s  r e p o r t , 11  t h e  e - s p u n  P C L  f i b e r  m a t s  a n d  t h e  o n e s  t h a t  
c o n t a i n e d  e i t h e r  C a C 0 3  o r  H A p  n a n o p a r t i c l e s  ( i . e . ,  P C L / C a C 0 3  a n d  P C L / H A p )  
e x h i b i t e d  m u c h  b e t t e r  s u p p o r t  f o r  t h e  a d h e s i o n  a n d  t h e  p r o l i f e r a t i o n  o f  h u m a n  
o s t e o g e n i c  s a r c o m a  c e l l s  ( S a O S - 2 )  t h a n  t h e  c o r r e s p o n d i n g  s o l v e n t - c a s t  f i l m s  a n d  
T C P S ,  a n d  a m o n g  t h e  v a r i o u s  f i b r o u s  s c a f f o l d s  i n v e s t i g a t e d ,  t h e  o n e s  c o n t a i n i n g  1 . 0  
w t . %  H A p  ( i . e . ,  P C L / l . O H A p )  s h o w e d  t h e  g r e a t e s t  A L P  a c t i v i t y .  O n  t h e  c o n t r a r y ,  
d i f f e r e n t  s u r f a c e  m i c r o t o p o g r a p h i e s  o f  c o m m e r c i a l l y  p u r e  t i t a n i u m  ( c p T i )  d i s c s  ( i . e . ,  
g r o o v e d  v e r s u s  r o u g h e n e d )  o n l y  a f f e c t e d  t h e  e x p r e s s i o n  o f  t r a n s c r i p t i o n  f a c t o r  C b f a l  
a n d  b o n e  s i a l o p r o t e i n  ( B S P I I )  g e n e s  a n d  s u b s e q u e n t  m i n e r a l i z a t i o n  o f  o s t e o b l a s t s  
( i . e . ,  U M R - 1 0 6 - 0 1 - B S P  a n d  p r i m a r y  r a t  c a l v a r i a l  o s t e o b l a s t s )  t h a t  w e r e  g r o w n  o n  
t h e m ,  b u t  t h e y  d i d  n o t  a f f e c t  b o t h  t h e  a t t a c h m e n t  a n d  t h e  p r o l i f e r a t i o n  o f  t h e  c e l l s . 3 1

I n  c o n t r a s t  t o  w h a t  w a s  o b s e r v e d  i n  o u r  p r e v i o u s  r e p o r t , 11 t h e  a b i l i t y  o f  t h e  e -  
s p u n  P C L  f i b e r  m a t s  ( i . e . ,  P C L - F S )  a n d  t h e  o n e s  c o n t a i n i n g  1 . 0  w t . %  H A p  ( i . e . ,  
P C L / H A p - F S )  i n  s u p p o r t i n g  t h e  a d h e s i o n  a n d  t h e  p r o l i f e r a t i o n  o f  m o u s e  c a l v a r i a -  
d e r i v e d ,  p r e - o s t e o b l a s t i c  c e l l s ,  M C 3 T 3 - E 1 ,  w a s  l e s s  t h a n  T C P S .  S p e c i f i c a l l y ,  t h e  
n u m b e r  o f  c e l l s  a t t a c h e d  a n d  p r o l i f e r a t e d  o n  t h e  f i b r o u s  s c a f f o l d s  a t  a n y  g i v e n  t i m e  
p o i n t  w a s  - 5 0 %  i n  c o m p a r i s o n  w i t h  t h a t  o n  T C P S .  T h e  l e s s e r  n u m b e r  o f  M C 3 T 3 - E 1  
a t t a c h e d  o n  b o t h  t h e  f i b r o u s  s c a f f o l d s  c o u l d  b e  d u e  t o  t h e  h y d r o p h o b i c i t y  o f  t h e  
s c a f f o l d s  i n  c o m p a r i s o n  w i t h  T C P S ,  s i n c e  M C 3 T 3 - E 1  w e r e  r e p o r t e d  t o  a d h e r e  b e t t e r  
o n  a  h y d r o p h i l i c  s u r f a c e . 3 2  H o w e v e r ,  d e s p i t e  t h e  l e s s e r  n u m b e r  o f  t h e  a t t a c h e d  c e l l s ,  
b o t h  t h e  f i b r o u s  s c a f f o l d s  w e r e  a b l e  t o  s u p p o r t  t h e  p r o l i f e r a t i o n  o f  M C 3 T 3 - E 1  a t  
s i m i l a r  l e v e l s  t o  t h a t  o f  t h e  c e l l s  o n  T C P S ,  w i t h  t h e  c e l l s  g r o w i n g  o n  P C L / H A p - F S  
s h o w i n g  t h e  g r e a t e s t  p r o l i f e r a t i o n  r a t e  o n  d a y  3  a f t e r  t h e  i n i t i a l  a t t a c h m e n t  p e r i o d  o f  
1 6  h .  I n  t h i s  w o r k ,  w e  p a i d  a  p a r t i c u l a r  i n t e r e s t  o n  t h e  a b i l i t y  o f  t h e  f i b r o u s  s c a f f o l d s  
i n  s u p p o r t i n g  t h e  f u l l  o s t e o g e n i c  d i f f e r e n t i a t i o n  o f  M C 3 T 3 - E 1 .

A n a l y s e s  o f  t h e  e x p r e s s i o n  p a t t e r n s  o f  r e g u l a t i n g  g e n e s  a n d  b o n e - r e l a t e d  
p r o t e i n s  r e v e a l e d  t h r e e  s e q u e n t i a l  s t a g e s  d u r i n g  t h e  p r o l i f e r a t i o n  a n d  t h e  
d i f f e r e n t i a t i o n  o f  M C 3 T 3 - E 1  i n c l u d i n g  p r o l i f e r a t i o n ,  b o n e  m a t r i x  f o r m a t i o n  a n d  
m a t u r a t i o n ,  a n d  m i n e r a l i z a t i o n . 2 8 ’3 0  T h e r e  e x i s t  t w o  r e s t r i c t i o n  p o i n t s  t o  w h i c h  t h e  
c e l l s  c a n  p r o g r e s s  b u t  c a n n o t  d e v e l o p  f u r t h e r  w i t h o u t  f u r t h e r  s i g n a l s :  t h e  f i r s t  w h e n
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p r o l i f e r a t i o n  i s  d o w n - r e g u l a t e d  a n d  g e n e - e x p r e s s i o n  a s s o c i a t e d  w i t h  t h e  e x t r a c e l l u l a r  
m a t r i x  m a t u r a t i o n  i s  i n d u c e d  a n d  t h e  s e c o n d  w h e n  m i n e r a l i z a t i o n  o c c u r s . 2 8 , 3 0  
I n i t i a l l y ,  a c t i v e l y  p r o l i f e r a t i n g  c e l l s  p r o d u c e  a  f i b r o n e c t i n / t y p e  I  c o l l a g e n , 2 8  t y p e  I  
c o l l a g e n / T G F - p i ,  o r  f i b r o n e c t i n / o s t e o n e c t i n  e x t r a c e l l u l a r  m a t r i x . 3 0  D u r i n g  t h e  b o n e  
m a t r i x  f o r m a t i o n  a n d  m a t u r a t i o n  p e r i o d ,  t h e  e x p r e s s i o n s  o f  t y p e  I  c o l l a g e n ,  

f i b r o n e c t i n ,  T G F - p i ,  a n d  o s t e o n e c t i n  w e r e  e v i d e n t . 3 0  T h e  d o w n - r e g u l a t i o n  o f  t h e  
p r o l i f e r a t i o n  p e r i o d  a n d  t h e  u p - r e g u l a t i o n  o f  t h e  m a t r i x  m a t u r a t i o n  a n d  
m i n e r a l i z a t i o n  i s  m a r k e d  b y  a  t e m p o r a l  s e q u e n c e  o f  e v e n t s  i n  w h i c h  t h e r e  i s  a n  
e n h a n c e d  e x p r e s s i o n  o f  A L P  i m m e d i a t e l y  f o l l o w i n g  t h e  p r o l i f e r a t i o n  p e r i o d  a n d  a n  
i n c r e a s e d  e x p r e s s i o n  o f  o s t e o p o n t i n  a n d  o c  a t  t h e  o n s e t  o f  m i n e r a l i z a t i o n . 2 8  
H o w e v e r ,  i t  w a s  a l s o  s u g g e s t e d  t h a t  A L P  i s  h i g h l y  e x p r e s s e d  d u r i n g  t h e  e a r l y  m a t r i x  
f o r m a t i o n  a n d  m a t u r a t i o n  p e r i o d ,  f o l l o w e d  b y  a  d e c r e a s e  i n  i t s  a c t i v i t y ,  a n d ,  d u r i n g  
t h e  m i n e r a l i z a t i o n  p e r i o d ,  t h e  e x p r e s s i o n  o f  o c  a n d  t h e  n u m b e r  o f  n o d u l e s  a r e  
h i g h . 3 0

T h o u g h  i t s  e x a c t  f u n c t i o n  i s  n o t  k n o w n ,  A L P  i s  b e l i e v e d  t o  p r o v i d e  i n o r g a n i c  
p h o s p h a t e  f o r  m i n e r a l i z a t i o n . 2 4  B a s e d  o n  t h e  r e s u l t s  s h o w n  i n  F i g u r e  2 ,  t h e  n u m b e r  
o f  c e l l s  p r o l i f e r a t e d  o n  T C P S  w a s  - 2 1 2 %  b a s e d  o n  t h e  i n i t i a l  n u m b e r  o f  c e l l s  s e e d e d  

( 3 6 , 0 0 0  c e l l s - c m ' 2 ) .  A s s u m i n g  t h a t  t h e  p r o d u c t i o n  o f  A L P  s h o u l d  b e g i n  a s  s o o n  a s  
c e l l - t o - c e l l  c o n t a c t s  w e r e  e s t a b l i s h e d  ( v i z .  t h e  c e s s a t i o n  o f  t h e  p r o l i f e r a t i o n  p e r i o d ) , 2 8  
t h e  a m o u n t  o f  A L P  s y n t h e s i z e d  b y  t h e  c e l l s  o n  T C P S  s h o u l d  b e  t h e  g r e a t e s t ,  a t  a n y  
g i v e n  t i m e  p o i n t .  W i t h  r e g a r d s  t o  t h e  f i b r o u s  s c a f f o l d s ,  s i n c e  t h e  n u m b e r  o f  c e l l s  
p r o l i f e r a t e d  o n  t h e s e  s u r f a c e s  w a s  a b o u t  t h e  s a m e  [ i . e . ,  b e t w e e n  - 5 3  a n d  1 0 3 %  f o r  
P C L - F S  a n d  b e t w e e n  - 5 0  a n d  1 1 7 %  f o r  P C L / H A p - F S ,  b a s e d  o n  t h e  i n i t i a l  n u m b e r  

o f  c e l l s  s e e d e d  ( 3 6 , 0 0 0  c e l l s - c m ' 2 ) ,  f o r  t h e  c e l l s  t h a t  w e r e  c u l t u r e d  b e t w e e n  1  a n d  3  
d a y s ] ,  i t  i s  e x p e c t e d  t h a t  t h e  a m o u n t  o f  A L P  s y n t h e s i z e d  b y  t h e  c e l l s  t h a t  w e r e  
c u l t u r e d  o n  t h e s e  f i b r o u s  s c a f f o l d s  s h o u l d  b e  a t  s i m i l a r  l e v e l s .  T h i s  i s ,  h o w e v e r ,  n o t  
t h e  c a s e ,  s i n c e  t h e  c e l l s  o n  P C L / H A p - F S  e x h i b i t e d  m u c h  g r e a t e r  A L P  a c t i v i t y  t h a n  
P C L - F S ,  a n d  t h e  a m o u n t  o f  A L P  s y n t h e s i z e d  b y  t h e  c e l l s  o n  P C L / H A p - F S  o n  d a y  5  
w a s  c l o s e  t o  t h a t  o b s e r v e d  o n  T C P S .  T h e  e n h a n c e m e n t  i n  t h e  A L P  a c t i v i t y  o f  t h e  
c e l l s  g r o w n  o n  t h e  s u r f a c e  o f  P C L / H A p - F S  s h o u l d  b e  d u e  t o  t h e  p r e s e n c e  o f  H A p  
t h a t  w a s  s h o w n  t o  p r o m o t e  t h e  A L P  a c t i v i t y  o f  h u m a n  p u l p  f i b r o b l a s t s . 2 7
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D u e  t o  t h e  m u c h  g r e a t e r  n u m b e r  o f  M C 3 T 3 - E 1  a t t a c h e d  a n d  p r o l i f e r a t e d  o n  
T C P S ,  A L P  a c t i v i t y  o f  t h e  c e l l s  g r o w n  o n  T C P S  r e a c h e d  a  m a x i m a l  v a l u e  o n  d a y  3  
a f t e r  c e l l  c u l t u r e ,  w h i l e  t h a t  o f  t h e  c e l l s  g r o w n  o n  P C L / H A p - F S  d i d  s o  o n  d a y  5 .  
I n t e r e s t i n g l y ,  t h e  A L P  a c t i v i t y  o f  t h e  c e l l s  g r o w n  o n  P C L - F S  w a s  t h e  l o w e s t  a t  a n y  
g i v e n  t i m e  p o i n t ,  d e s p i t e  t h e  r e l a t i v e l y  g r e a t e r  n u m b e r  o f  c e l l s  a t t a c h e d  o n  i t s  s u r f a c e  
t h a n  t h a t  o n  t h e  P C L / H A p - F S  c o u n t e r p a r t .  T h i s  o b s e r v a t i o n  i s  i n  l i n e  w i t h  e a r l i e r  
r e p o r t s  b y  C a l v e r t  e t  a l  23,24 I n  t h e i r  f i r s t  r e p o r t , 2 3  n e g a t i v e  s t a i n i n g  f o r  A L P  w a s  
o b s e r v e d  f o r  t h e  b o n e  m a r r o w  s t r o m a l  c e l l s  ( N e w  Z e a l a n d  w h i t e  r a b b i t s )  t h a t  h a d  
b e e n  g r o w n  o n  P C L - c o a t e d  g l a s s  s u r f a c e  f o r  1 0  d a y s ,  w h i l e  t h o s e  g r o w n  o n  t h e  
u n c o a t e d  g l a s s  s u r f a c e  e x h i b i t e d  t h e  h i g h e s t  s t a i n i n g  f o r  A L P .  I n  t h e i r  s u b s e q u e n t  
w o r k , 2 4  t h e  e x p r e s s i o n  o f  b o t h  t h e  A L P  g e n e s  ( o n  d a y  4  a f t e r  c e l l  c u l t u r e )  a n d  t h e  
A L P  ( a t  6  w e e k s  a f t e r  c e l l  c u l t u r e )  o f  M C 3 T 3 - E 1  g r o w n  o n  t h e  P C L - c o a t e d  g l a s s  
s u r f a c e  w a s  m a r k e d l y  l e s s  t h a n  t h a t  o n  t h e  u n c o a t e d  g l a s s  s u r f a c e .

T h e  f a s t e s t  d e v e l o p m e n t  i n  t h e  A L P  a c t i v i t y  o f  t h e  c e l l s  g r o w n  o n  T C P S  w a s  
o b v i o u s l y  d u e  t o  t h e  g r e a t e s t  n u m b e r  o f  c e l l s  g r o w n  o n  i t s  s u r f a c e .  I t  i s  l i k e l y  t h a t  
t h e  u p - r e g u l a t i o n  f o r  t h e  p r o d u c t i o n  o f  A L P  w a s  t r i g g e r e d  b y  c e l l u l a r  c o n t a c t s  ( w h e n  
t h e  c e l l s  r e a c h  t h e  c o n f l u e n c e )  a n d / o r  b y  t h e  e x p r e s s i o n  o f  a m p l e  a m o u n t  o f  e a r l y  

m a t r i x  p r o t e i n s  ( e . g . ,  t y p e  I  c o l l a g e n ,  f i b r o n e c t i n ,  a n d / o r  T G F - p i ) . 2 8 ’ 3 0  O n  d a y s  1 
a n d  2 ,  t h e  g r e a t e r  e x p r e s s i o n  o f  A L P  o f  t h e  c e l l s  g r o w n  o n  P C L / H A p - F S  i n  
c o m p a r i s o n  w i t h  t h a t  o n  T C P S  s h o u l d  b e  a  r e s u l t  o f  t h e  p r e s e n c e  o f  H A p  t h a t  h e l p s  
t r i g g e r  t h e  e x p r e s s i o n  o f  A L P , 2 7  w h i l e  t h e  d e l a y  i n  i t s  m a x i m a l  e x p r e s s i o n ,  i n  
c o m p a r i s o n  w i t h  t h a t  o n  T C P S ,  s h o u l d  b e  d u e  t o  t h e  l o w e r  n u m b e r  o f  c e l l s  o n  d a y  3  
s u c h  t h a t  a d d i t i o n a l  2  d a y s  w e r e  r e q u i r e d  f o r  t h e  c e l l s  t o  p r o l i f e r a t e  m o r e ,  l e a d i n g  t o  
t h e  m a r k e d  i n c r e a s e  i n  t h e  t o t a l  a m o u n t  o f  A L P  s y n t h e s i z e d .  T h e  d e c r e a s e  i n  t h e  
A L P  a c t i v i t y ,  a f t e r  t h e  m a x i m a l  e x p r e s s i o n  o f  A L P  o n  d a y  3  f o r  t h e  c e l l s  g r o w n  o n  
T C P S  a n d  o n  d a y  5  f o r  t h o s e  g r o w n  o n  P C L / H A p - F S ,  w i t h  f u r t h e r  i n c r e a s e  i n  t h e  
c u l t u r i n g  t i m e  w a s  i n  g e n e r a l  a c c o r d  w i t h  t h a t  o b s e r v e d  b y  C h o i  e t  a l , 3 0

T h e  g r e a t e r  e x p r e s s i o n  f o r  b o t h  t h e  o c  g e n e  a n d  t h e  o c  p r o t e i n  o n  d a y s  1 4  
a n d  2 1 ,  r e s p e c t i v e l y ,  o f  M C 3 T 3 - E 1  a f t e r  b e i n g  c u l t u r e d  o n  t h e  s u r f a c e  o f  P C L / H A p -  
F S  t h a n  t h a t  o n  t h e  s u r f a c e s  o f  P C L - F S  a n d  T C P S  w a s  e v i d e n t ,  o c , o r  y -  
c a r b o x y g l u t a m i c  a c i d  o r  G l a  p r o t e i n ,  i s  a n  a b u n d a n t  C a 2 +  b i n d i n g  p r o t e i n  c o m m o n l y
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f o u n d  i n  t h e  o r g a n i c  m a t r i x  o f  b o n e ,  d e n t i n ,  a n d  o t h e r  m i n e r a l i z e d  t i s s u e s . 2 9  I t  
c o n s t i t u t e s  ~ 2  t o  3 %  o f  t h e  t o t a l  p r o t e i n  c o n t e n t  f o u n d  i n  b o n e . 2 4 , 3 3  o c  i s  p o s t u l a t e d  
t o  p l a y  a n  i m p o r t a n t  r o l e  i n  m i n e r a l i z a t i o n  b y  i t s  a b i l i t y  t o  b i n d  b o t h  c a l c i u m  a n d  
H A p 2 9  a n d  i t  w a s  r e p o r t e d  t h a t  c o a t i n g  t h e  g l a s s  s u r f a c e  w i t h  H A p  a n d  s e r u m  p r o t e i n  
i n c r e a s e d  t h e  A L P  a c t i v i t y ,  p r o m o t e d  t h e  p r o l i f e r a t i o n  r a t e ,  a n d  e n h a n c e d  
m i n e r a l i z e d  e x t r a c e l l u l a r  m a t r i x  o f  M C 3 T 3 - E 1 ,  p e r h a p s  t h r o u g h  i n c r e a s e d  a d s o r p t i o n  
o f  f i b r o n e c t i n , 3 4  w h i c h  i s  o n e  o f  t h e  p r o t e i n s  s e c r e t e d  b y  p r o l i f e r a t i n g  c e l l s . 2 8 , 3 0  D u e  
t o  t h e  o b s e r v e d  a m o u n t s  o f  b o t h  t h e  o c  g e n e  a n d  t h e  o c  p r o t e i n  f o r  t h e  c e l l s  g r o w n  
o n  t h e  s u r f a c e s  o f  t h e  f i b r o u s  s c a f f o l d s  a n d  T C P S ,  i t  i s  e x p e c t e d  t h a t  t h e  e x t e n t  o f  
m i n e r a l i z a t i o n  s h o u l d  b e  t h e  g r e a t e s t  f o r  t h e  c e l l s  g r o w n  o n  P C L / H A p - F S ,  f o l l o w e d  
b y  t h a t  o n  P C L - F S  a n d  T C P S ,  r e s p e c t i v e l y ,  w h i c h  i s  e x a c t l y  w h a t  w a s  o b s e r v e d  
h e r e .

5. C O N C L U SIO N S

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

F i g u r e  5  W e s t e r n  b l o t  a n a l y s i s  f o r  e x p r e s s i o n  o f  o s t e o c a l c i n  ( O C )  b y  M C 3 T 3 - E 1  
o n  d a y  2 1  a f t e r  b e i n g  c u l t u r e d  o n  t h e  s u r f a c e s  o f  T C P S ,  P C L - F S ,  a n d  
P C L / H A p - F S .  T h e  i n t e n s i t y  o f  e a c h  b a n d  w a s  s e m i - q u a n t i f i e d .

F i g u r e  6  A l i z a r i n  r e d  ร  s t a i n i n g  f o r  m i n e r a l i z a t i o n  a s s e s s m e n t  o f  M C 3 T 3 - E 1  o n  
d a y s  1 4  a n d  2 1  a f t e r  b e i n g  c u l t u r e d  o n  t h e  s u r f a c e s  o f  T C P S ,  P C L - F S ,  
a n d  P C L / H A p - F S :  ( a )  p h o t o g r a p h i c  i m a g e s  o f  s t a i n e d  s p e c i m e n s  a n d  ( b )  
c o r r e s p o n d i n g  a n a l y s i s  f o r  t h e  n u m b e r  r e d  p i x e l s  o b s e r v e d  f o r  e a c h  
f i b r o u s  s c a f f o l d i n g  s p e c i m e n .  *  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 P S .  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  P C L - F S .

F i g u r e  7  S e l e c t e d  S E M  i m a g e s  ( m a g n i f i c a t i o n  =  7 5 0 x ;  s c a l e  b a r  =  1 0  p m )  o f  
c u l t u r e d  f i b r o u s  s c a f f o l d i n g  s p e c i m e n s ,  i . e . ,  ( a )  P C L - F S  a n d  ( b )  
P C L / H A p - F S ,  o n  d a y  2 1  a f t e r  M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e i r  
s u r f a c e s .

F i g u r e  8  S e l e c t e d  S E M  i m a g e s  a n d  t h e i r  c o r r e s p o n d i n g  E D S  i m a g e s  f o r  c a l c i u m  
o f  c u l t u r e d  f i b r o u s  s c a f f o l d i n g  s p e c i m e n s ,  i . e . ,  ( a )  P C L - F S  a n d  ( b )
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P C L / H A p - F S ,  o n  d a y  2 1  a f t e r  M C 3 T 3 - E 1  w e r e  c u l t u r e d  o n  t h e i r  
s u r f a c e s .
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Figure 6.1 A t t a c h m e n t  o f  M C 3 T 3 - E 1  t h a t  w e r e  s e e d e d  o n  t h e  s u r f a c e s  o f  T C P S ,  
P C L - F S ,  a n d  P C L / H A p - F S  a s  a  f u n c t i o n  o f  c e l l  s e e d i n g  t i m e .  * 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 P S .
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Figure 6.2 P r o l i f e r a t i o n  o f  M C 3 T 3 - E 1  t h a t  w e r e  c u l t u r e d  o n  t h e  s u r f a c e s  o f  T C P S ,  
P C L - F S ,  a n d  P C L / H A p - F S  a s  a  f u n c t i o n  o f  t h e  t i m e  i n  c u l t u r e .  ^ 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 P S .
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Figure 6.3 Alkaline phosphatase (ALP) activity of MC3T3-E1 that were cultured on
the surfaces of TCPS, PCL-FS, and PCL/HAp-FS at various time points after cell
culture. Ŝignificant atp  <  0.05 with respect to TCPS.
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Figure 6.4 Expression of osteocalcin (OC) gene in MC3T3-E1 on day 14 after being 
cultured on the surfaces of TCPS, PCL-FS, and PCL/HAp-FS. The intensity of each 
band in (a) was semi-quantified and (b) after normalizing with that of GAPDH.
* Significant at p < 0.05 with respect to TCPS. Significant at p < 0.05 with respect
to PCL-FS.
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Figure 6.5 Western blot analysis for expression of osteocalcin (OC) by MC3T3-E1 
on day 21 after being cultured on the surfaces of TCPS, PCL-FS, and PCL/HAp-FS. 
The intensity of each band was semi-quantified.



121

(b)
Figure 6.6 Alizarin red ร staining for mineralization assessment of MC3T3-E1 on 
days 14 and 21 after being cultured on the surfaces of TCPS, PCL-FS, and 
PCL/HAp-FS: (a) photographic images of stained specimens and (b) corresponding 
analysis for the number red pixels observed for each fibrous scaffolding specimen. 
*Significant atp < 0.05 with respect to TCPS. Significant atp < 0.05 with respect
to PCL-FS.
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Figure 6.7 Selected SEM images (magnification = 750x; scale bar = 10 (am) of 
cultured fibrous scaffolding specimens, i.e., (a) PCL-FS and (b) PCL/HAp-FS, on 
day 21 after MC3T3-E1 were cultured on their surfaces.
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(a)

(b)

Figure 6.8 Selected SEM images and their corresponding EDS images for calcium 
of cultured fibrous scaffolding specimens, i.e., (a) PCL-FS and (b) PCL/HAp-FS, on 
day 21 after MC3T3-E1 were cultured on their surfaces.



Table 6.1 Primers for PCR amplification

Gene Primer sequence Size (Position)

o c
F:5'CTTGGGTTCTGACTGGGTGT3' 
R: 5 '  AGGGAGGATCA AGTCCCG3 ' 525 bp

GAPDH F:5 ' ACTTTGTCAAGCTCATTTCC3 ' 
R:5 ' T GC AGCG AACTTT ATTGATG3 ' 269 bp
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