
CHAPTER IV
IMPROVEMENT OF DUAL-LEACHED POLYCAPROLACTONE POROUS 

SCAFFOLDS BY INCORPORATED WITH HYDROXYAPATITE FOR 
BONE TISSUE REGENERATION

4.1 Abstract

Polycaprolactone(PCL)/hydroxyaptite(HA) composite scaffolds were 
prepaed by combining solvent casting and salt particulate leaching with polymer 
leaching technique. The dual-leached scaffold was improved hydrophilicity by 
alkaline treatment (NaOH treatment). Well defined and interconnected pores were 
detected by scanning electron microscope (SEM) analysis. The water absorption 
capacity of NaOH treated PCL/HA dual-leached scaffold were most increased which 
confirmed the hydrophilicity of the scaffold was improved by NaOH treatment. The 
compressive modulus of the PCL/HA dual-leached scaffolds was greatly increased 
by the addition of HA particles. An indirect cytotoxicity evaluation of all PCL dual- 
leached scaffolds with mouse fibroblastic cells (L929) and mouse calvaria-derived 
pre-osteoblastic cell (MC3T3-E1) indicated PCL dual-leached scaffolds were posed 
as nontoxic to cells. The ability to support mouse calvaria-derived pre-osteoblastic 
cell (MC3T3-E1) attachment, proliferation, differentiation, and mineralization were 
also evaluated. Despite the viability of cells on PCL/HA dual-leached scaffold was 
lower than that on tissue-culture polystyrene plate (TCPS) and the others at early 
time points, both PCL and NaOH treated PCL/HA dual-leached scaffolds supported 
the attachment of MC3T3-E1 at significantly higher levels to TCPS. During the 
proliferation period ( day 1-3 ), all PCL dual-leached scaffolds were able to support 
the proliferation of MC3T3-E1 at higher levels to that cells on TCPS, with the cells 
grown on NaOH treated PCL/HA dual-leached scaffold showing the greatest 
proliferation rate. For mineralization, cells cultured on surfaces of NaOH treated 
PCL/HA dual-leached scaffold showed the highest mineral deposition.

(Key-words: Scaffold, PCL, Solvent casting/Particulate leaching method, 
dual- leached scaffold, Hydroxyapatite)
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4.2 Introduction

Tissue engineering originates in reconstructive surgery, a field that involves 
the replacement of organs to repair the function of damaged tissue.1 Many research 
groups are involved in tissue engineering, and tissue engineering constructs have 
significantly improved in recent years.2 One of the major topics of investigation in 
the field is scaffold fabrication. Scaffolds represent the space available for tissue 
development; they act as physical supports for cell growth before the cells are 
transplanted back to the host tissue. To be compatible with the structure of the tissue, 
scaffolds should have a specific three-dimensional shape, high porosity, a fully 
interconnected geometry, a large surface area, and structural strength. Scaffold 
porosity and interconnected geometry are fundamental characteristics necessary for 
promoting cell growth, blood vessel invasion, and effective metabolic nutrient/waste 
transport. Additionally, the highly specific surface area and high porosity of scaffolds 
allow cell attachment to occur and promote cell growth and migration and the 
effective transportation of fluids and nutrients. The mechanical properties of the 
scaffold should allow the structure to maintain its shape during tissue regeneration 
and enable the transfer of stress and load bearing.1"4

Aliphatic polyesters (e.g., polycaprolactone (PCL)5'11, poly(l-lactide) 
(PLLA)12"15, and poly(laciide-co-glycolide) (PLGA)16'17) are attractive materials for 
the construction of scaffolds to be used in tissue engineering, as they are FDA- 
approved biodegradable polymers with remarkable toughness and good 
biocompatibility.7’18'19 In particular, PCL is a semi-crystalline aliphatic polymer with 
sustained biodegradability and good biocompatibility; in addition, it is expected to be 
bioresorbable.6,10,20

Of the numerous bioceramics available, bioactive glass, silica, tricalcium 
phosphate, biphasic calcium phosphate, and hydroxyapatite (HA) have been widely 
investigated for use in bone tissue engineering.11 Hydroxyapatite (HA) is one of the 
most extensively investigated materials because its composition and structure 
resemble those of the minerals that form natural bone. HA (Ca[o(OH)2(P0 4 )ô) has 
been demonstrated to have good biocompatibility, good biological properties 
(osteoconductivity and osteoinductivity), and sufficient mechanical stability.5,10,21'27
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However, HA is difficult to mold into complex shapes and unsuitable for load- 
bearing applications because of its stiffness and brittleness.26,28

Composite materials have been widely studied and used for the 
development of scaffolds for bone tissue engineering. Composites, or nano
composite materials made with a polymeric matrix and ceramic reinforcers such as 
hydroxyaptite (HA), tricalcium phosphate (TCP), silica or bioactive glass, have been 
proposed for the fabrication of porous materials with adequate mechanical properties 
for bone tissue engineering. 11,29 The main disadvantage of polymeric scaffolds is 
their low mechanical strength; the main disadvantage of ceramic scaffolds is their 
inherent brittleness.21 One possible way to overcome these problems is to fabricate 
composite scaffolds that combine the toughness of the polymer component with the 
strength and stiffness of the ceramic component; such a composite scaffold would 
have superior mechanical properties.9,11,25,30 Wei et al. showed that introducing HA 
into HA/polymer composite scaffolds greatly increased the mechanical properties of 
the scaffold and improved its protein adsorption capacity.21 Many studies have 
confirmed that the incorporation of ceramics into polymer scaffolds can improve the 
mechanical properties and protein adsorption of the composite scaffolds. Moreover, 
the combination of polymers with bioceramics has also improved the 
osteoconducting properties of scaffolds. 10,13,15

■ e Several techniques have been developed to fabricate scaffolds. These
include solvent casting combined with particulate leaching, freeze drying, 
electrospinning, phase separation, melt molding, and combinations of these 
techniques. Solvent casting combined with particulate leaching is a technique that 
results in highly porous structures.20. The main advantage of this technique is that it 
facilitates fabrication by eliminating the need for specialized equipment.28. The 
polymer is dissolved into a suitable solvent and mixed with a porogen; then, the 
solution is cast into a 3-D mold. The porogen can consist of gelatin or paraffin 
spheres, saccharose crystals, or an inorganic salt such as sodium chloride (NaCl). 
After the solvent evaporates, the water-soluble porogen is leached away by using 
water to form the pores of the scaffold. 1,3,31

In our previous work32, a PCL scaffold with highly interconnected networks 
was fabricated with a technique involving our modified solvent casting, particulate
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leaching, and polymer leaching, with a solution of sodium chloride and polyethylene 
glycol (PEG) used as a porogen. Although this solution increased the porosity of the 
scaffold and produced an interconnected network to facilitate bone ingrowth, the 
mechanical properties of the scaffold were inferior. A scaffold should not only be 
highly porous and have good pore connectivity to ensure sufficient nutrient and 
waste transport but also have suitable mechanical properties that are comparable to 
those of the living tissue at the site of implantation.33 The aim of the present study 
was therefore to improve the mechanical properties of the dual-leached PCL scaffold 
by adding hydroxyapatite. Because PCL has a hydrophobic nature, an alkaline 
(NaOH) treatment of the PCL/HA dual-leached scaffold is required to improve the 
water retention capacity of the scaffold. The morphologic, physical, and mechanical 
properties of the PCL and PCL/HA dual-leached scaffold were investigated. Finally, 
the indirect cytotoxicity of the scaffold to L929 cells and MC3T3-E1 cells was 
investigated; additionally, the attachment, proliferation, and differentiation of 
MC3T3-E1 cells were evaluated to determine the potential of scaffolds to be used in 
bone-tissue engineering.

4 .3  E x p e r i m e n t a l

4.3.1 Materials
Polycaprolactone (PCL; MW = 80,000 gmol"1) and calcium 

hydroxide (Ca(OH)2) were purchased from Sigma-Aldrich, USA. Phosphoric acid 
(H3PO4) and chloroform were purchased from Labscan (Asia), Thailand. Sodium 
hydroxide (NaOH) was purchased from Carlo Erba, Italy. Polyethylene glycol (PEG;
MW = 1,000 gmol~^) was purchased from Merck, Germany. Sodium chloride (Ajax 
Finechem, Australia) was used as a porogen. All other chemicals were of analytical 
reagent grade and used without further purification.

4.3.2 Preparation of PCL, PCL/HA and NaOH Treated PCL/HA Scaffolds 
Hydroxyapatite powder was synthesized according to the procedure

proposed by Lee et al.34 Both neat PCL and PCL/HA dual-leached scaffolds were 
fabricated with a technique involving solvent casting, polymer leaching, and salt
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particulate leaching. Equal masses of PCL and PEG were first dissolved in 
chloroform at a concentration of 28% w/v to obtain a blended solution of the 
polymers. Next, HA powder (0-50% พ/พ of PCL) was added to the solution. NaCl 
particles were sieved to obtain particles with diameters in the range of 400-500 pm 
and added to the PCL and PCL/HA solutions (PCL: NaCl ratio=l:30). The mixture 
was then packed into Petri dishes, and a cylindrical mold with a diameter of 1.2 mm 
and a thickness of 0.8 mm was formed. The molds were placed in a fume hood 
overnight for solvent evaporation. Subsequently, the materials were immersed in 
deionized (DI) water for 48 hours; the water was changed every 8 hours to allow the 
PEG and salt particles to leach out. Scaffolds were air-dried for 24 hour and vacuum- 
dried overnight. To improve hydrophilicity, scaffolds were immersed in 1 M NaOH 
aqueous solution at 37 °c for 1 hour. The NaOH-treated scaffolds were rinsed with 
DI water and dried in vacuo for 48 hours.35’36 For purposes of sterilization, the 
scaffolds were placed in 70% v/v ethanol for 30 min and washed with sterile DI 
water.

4.3.3 Characterization of HA
For the morphological study, hydroxyapatite was mounted on brass 

stubs, coated with gold using a JEOL JFC-1100 sputtering device, and observed with 
a JEOL JSM-5200 scanning electron microscope (SEM).

The microstructural and morphological features of HA powders were 
analyzed in a JEM-2100 with an operating voltage of 200 kv. Samples for TEM 
were prepared by air-drying a drop of a sonicated ethanol suspension of particles on 
a carbon-coated copper grid.

The Ca/P ratio of the hydroxyapatite was studied by X-ray 
microanalysis using the method of Energy dispersive X-ray spectroscopy (EDS). 
EDS is an analytical technique that was used to determine the elemental composition 
of the HA.

The phase compositions, crystal shape, and crystal size of HA 
powders were characterized by X-ray diffraction (XRD) with a copper target. Data 
were collected over the scanning range (20) from 5 ° to 70° with a 0.02° scanning

G
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step. The average crystallite size of the prepared hydroxyapatite samples was 
determined with the Scherrer equation.

shape factor (K=0.9), X is the X-ray wavelength (for CuKd, x.= 1.5418 À), p 
represents the peak at half width (in rad), and 0 is the Bragg angle of the peak (002 
reflection of hydroxyapatite at 20=26 °).

4.3.4 Characterization of PCL, PCL/HA and NaOH Treated PCL/HA
Scaffolds
The pore morphology, pore size, and distribution and 

interconnectivity of pores were observed with a JEOL JSM-5200 scanning electron 
microscope (SEM). One cylindrical scaffold was randomly selected from each group, 
cut in the middle with a razor blade, and mounted onto an SEM stub. Cross sections 
of the scaffolds were coated with a thin film of gold using a JEOL JFC-1100E 
sputtering device 5 min prior to observation by SEM.

Porosity and pore volume of the scaffolds were measured 
gravimetrically and calculated according to the following equations:

scaffold, and p scaffold is the apparent density of the scaffold as measured by a 
Sartorius YDK01 density measurement kit. The p  PCL value was assumed to be 1.145 
g cm"1. The porosity and the pore volume of 10 specimens were measured, and an 
average value for each property was calculated. In contrast, pore size was directly 
measured from the SEM images with a SemAfore Digital slow scan image recording 
system, software version 5.0. At least 30 pores were measured, and average values 
were calculated for all of the scaffolds investigated.

In this equation, D is the average crystallite size (Â), K denotes the

Here, p  polymer is the density of the polymer used to fabricate the

o
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The scaffold specimens were cut from the moldings that had been cast 
in the Petri dishes. Thus, the specimens were cylindrical with a diameter of 15 mm 
and a height of 3 mm. The specimens were dried and weighed, and each specimen 
was immersed in 10 mL of 10 raM phosphate buffered saline solution (PBS; pH 7.4) 
at room temperature. At selected time points, the specimens were removed, carefully 
placed on the glass for 5 sec to remove excessive water, and immediately weighed. 
The amount of water retained in each specimen was determined according to the 
following equation:

(W w - Wd)W ater absorption(% ) = ----------—------------X  100Ww
where พ d and Ww are the weights of the specimen before and after 

submersion in the medium, respectively. The experiment was carried out in triplicate, 
and measurements were taken at different times over a period of 3 days.

A Mettler Toledo thermogravimetric analyzer/differential scanning 
calorimeter (TGA/DSC 1) was used to determine the actual amount of HA within the 
PCL/HA dual-leached scaffolds. Each specimen was heated from 25 ๐c  to 900 °c at 
a rate of 20 °c/min.

The compressive modulus of each scaffold was determined with a 
universal testing machine (Lloyd LRX, UK) using a 500 N loaded cell in a dry state 
at room temperature. The scaffolds were vertically compressed at a crosshead speed 
of 3 mm/min. The load was applied until the scaffolds were compressed to 
approximately 70% of their original thickness. The initial compressive modulus was 
determined as the slope of the linear portion of the stress-strain curve at a 
compressive strain of 20%.

To obtain information on pore interconnectivity, the flow resistance of 
the constructs was evaluated by sealing the scaffolds between 2 rubber rings at the 
bottom of a measuring tube filled with 10 cm of water. To keep the water level as 
even as possible during flow, the tube was kept in contact with a large-diameter 
reservoir. Before each test, the sample was preconditioned in water for 24 hours. The 
flow resistance of each scaffold was then evaluated by recording the time required 
for 10 mL of water to flow through the pores.

๐
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4.3.5 Biological Characterization of PCL, PCL/HA and NaOH Treated 
PCL/HA Scaffolds 
Cell Culture and Cell Seeding
Mouse fibroblasts (L929) and mouse calvaria-derived pre- 

osteoblastic cells (MC3T3-E1) were used as reference* cell lines. L929 cells were 
cultured as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM; Sigma- 
Aldrich, USA) supplemented with 10% fetal bovine serum (FBS; BIOCHROM AG), 
1% L-glutamine (Invitrogen Corp., USA), and a 1% antibiotic and antimycotic 
formulation [containing penicillin G sodium, streptomycin sulfate, and amphotericin 
B (Invitrogen Corp., USA)]. MC3T3-E1 cells were cultured in Minimum Essential 
Medium (with Earle’s Balanced Salts) (MEM; Hyclone, USA) supplemented with 
10% FBS, 1% L-glutamine, and 1% antibiotic and antimycotic formulation. The 
medium was replaced every 2 days, and the cultures were maintained at 37 ๐c  in a 
humidified atmosphere with 5% CO2.

Each scaffold was cut into circular discs (approximately 15 mm in 
diameter), and the disc specimens were placed in separate wells of a 24-well tissue- 
culture polystyrene plate (TCPS; Biokom Systems, Poland). The discs were later 
sterilized in 70% ethanol for 30 min, washed with autoclaved de-ionized water and 
PBS, and subsequently immersed in MEM overnight. To ensure complete contact 
between the specimens and the wells, the specimens were pressed with a metal ring 
(approximately 12 mm in diameter). MC3T3-E1 cells were trypsinized [0.25% 
trypsin containing 1 mM EDTA (Invitrogen Crop., USA)] and counted with a 
hemacytometer (Hausser Scientific, USA). MC3T3-E1 cells were seeded at a density 
of approximately 40,000 cells/well for an attachment-and-proliferation study in 
which cell viability was quantified with an Alamar blue assay. The cells were also 
seeded at a density of 80,000 cells/well for an attachment-and-proliferation study in 
which the morphologies of cultured cells, scaffold specimens, and empty control 
wells were observed. To determine indirect cytotoxicity, alkaline phosphatase 
activity, and mineralization, MC3T3-E1 cells were seeded at a density of 
approximately 40,000 cells/well on the scaffold specimens and in empty wells of the 
TCPS. The culture was maintained in an incubator at 37 ๐c  in a humidified

๐
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atmosphere with 5% C 02-
Indirect Cytotoxicity Evaluation
Two types of cells were used: 1) mouse calvaria-derived pre- 

osteoblastic cells (MC3T3-E1) and 2) mouse fibroblasts (L929). An indirect 
cytotoxicity test was conducted on the TCPS, PCL, PCL/HA, and NaOH-treated 
PCL/HA scaffolds. First, extraction media were prepared by immersing samples 
(approximately 15 mm in diameter) in a serum-free medium (SFM) for 1, 3, or 7 
days. For L929 cells, the SFM contained DMEM, 1% L-glutamine, 1% lactalbumin, 
and 1% antibiotic and antimycotic formulation. For MC3T3-E1 cells, the SFM 
contained MEM, 1% L-glutamine, 1% lactabumin, and 1% antibiotic and 
antimycotic formulation. Each extraction medium was used to evaluate the 
cytotoxicity of the scaffolds. L929 and MC3T3-E1 cells were separately cultured in 
wells of a 24-well culture plate in 10% serum-containing DMEM and MEM, 
respectively, for 16 h; this incubation period was sufficiently long to allow cell 
attachment on the plate. Cells were then starved with SFM for 24 h; subsequently, 
the medium was replaced with an extraction medium. After 24 hours of cell culture 
in the extraction medium, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) assay was carried out to determine the number of viable cells. The 
experiments were carried out in triplicate.

MTT Assay
The MTT assay is based on the reduction of yellow tétrazolium salt to 

purple formazan crystals by dehydrogenase enzymes secreted from the mitochondria 
of metabolically active cells. The amount of purple formazan crystals formed is 
proportional to the number of viable cells. First, each culture medium was aspirated 
and replaced with 400 pL/well of MTT solution at 0.5 mg/ mL in a 24-well culture 
plate. Second, the plate was incubated for 30 minutes at 37 °c. The solution was then 
aspirated, and 1 mL/well of dimethylsulfoxide (DMSO) containing 125 mL/well of 
glycine buffer (pH 10) was added to dissolve the formazan crystals. Finally, after 5 
min of rotary agitation, the absorbance of the DMSO solution at 540 nm was 
measured with a Thermospectronic GenesislO UV/Visible spectrophotometer.
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Cell Attachment and Proliferation
Cell characteristics such as adhesion and proliferation reflect the 

initial phase of cell-scaffold communication and can affect cell differentiation and 
mineralization. For the attachment study, MC3T3-E1 cells were allowed to attach to 
TCPS, PCL, PCL/HA, and NaOH-treated PCL/HA dual-leached scaffolds for 4, 8, or 
16 hours. Each sample was rinsed with PBS to remove unattached cells prior to 
morphological observation. Cell morphology was observed by SEM during the 
attachment period. For the proliferation study, the viability of cells for each specimen 
was determined after 1, 2, and 3 days of cell cuhure with the Alamar Blue assay. The 
experiments were carried out in triplicate.

Alamar Blue Assay
Resazurin, the active ingredient of the Alamar Blue reagent, is a non

toxic, cell-permeable compound that is blue and virtually non-fluorescent. Once 
inside cells, resazurin is reduced to resorufin, a red highly fluorescent compound. 
Viable cells continuously convert resazurin to resorufin, increasing the overall 
fluorescence and color of the media surrounding the cells. First, each culture medium 
was removed and replaced with 500 pL/well of 10% Alamar Blue solution in a 24- 
well culture plate. Second, the plate was incubated for 3 hours at 3 7 ° c .  Finally, the 
fluorescent emission intensity of the obtained solution was measured at 585 nm with 
the microplate reader after the sample had been excited at 570 nm.

Morphological Observation o f Cultured Cells
After the culture medium was removed, the cell-cultured scaffold 

specimens were rinsed twice with PBS, and the cells were fixed with 500 pl/well of a 
3% glutaraldehyde solution diluted from a 50% glutaraldehyde solution (Sigma, 
USA) with PBS. After 30 min, the cells were r.nsed again with PBS. After the cells 
were fixed, the specimens were dehydrated in ethanol solutions of increasing 
concentration (30%, 50%, 70%, 90%, and 100%) for approximately 2 min at each 
concentration. The specimens were dried in 100% hexamethyldisilazane (HMDS; 
Sigma, USA) for 5 min and air-dried after removal of the HMDS. Once completely 
dry, the specimens were mounted on an SEM stub, coated with gold, and observed 
with a JEOL JSM-5200 scanning electron micrc scope (SEM).
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Alkaline Phosphatase Activity (ALP)
T h e  a lk a l in e  p h o s p h a ta s e  ( A L P )  a c t iv i ty  o f  M C 3 T 3 -E 1  c e l l s  w a s  

m e a s u r e d  w i th  A lk a l in e  P h o s p h a te  Y e l lo w  L iq u id .  In  th is  r e a c t io n , A L P  c a ta ly z e s  
th e  h y d r o ly s is  o f  a  c o lo r le s s  o r g a n ic  p h o s p h a te  e s te r  s u b s tr a te  ( p - n i t r o p h e n y l  
p h o s p h a te  - p N P P )  to  y ie ld  a  y e l lo w  p r o d u c t  ( p -n i t r o p h e n o l )  a n d  p h o s p h a te .  M C 3 T 3 -  
E1 c e l ls  w e r e  c u l tu re d  o n  th e  s c a f f o ld  s p e c im e n s  f o r  3 , 5 , o r  7 d a y s  to  o b s e r v e  th e  
p r o d u c t io n  o f  A L P . T h e  s p e c im e n s  w e r e  r in s e d  tw ic e  w i th  P B S  a f te r  th e  c u l tu re  
m e d iu m  w a s  r e m o v e d . A lk a l in e  ly s is  b u f f e r  (1 0  m M  T r i s -H C l ,  2 m M  M g C l2, 0 .1 %

T r i to n - X 1 0 0 , p H  10, 2 0 0  p L /w e l l )  w a s  a d d e d ,  a n d  th e  s a m p le s  w e re  s c r a p e d  a n d  
f ro z e n  a t  -2 0  ๐c  fo r  a t  le a s t  3 0  m in  b e f o r e  p r o c e e d in g .  F o r  e a c h  w e ll ,  10 p L  o f  0 .1  M  
a m in o  p r o p a n o l  w a s  m ix e d  w ith  1 0 0  p L  o f  2 m M  M g C l2; p - n i t r o p h e n y l  p h o s p h a te

w a s  a d d e d  a t  a  c o n c e n t r a t io n  o f  2  m g /m l ,  a n d  th e  r e s u l t in g  s o lu t io n  (1 1 0  p L )  w a s  
a d d e d  to  th e  s a m p le . T h e  s p e c im e n s  w e r e  in c u b a te d  a t  3 7  ๐c  fo r  15 m in . T h e  
r e a c t io n  w a s  s to p p e d  w i th  th e  a d d i t io n  o f  9 0 0  p L /w e l l  o f  5 0  m M  N a O H . T h e  
e x t r a c te d  s o lu t io n  w a s  t r a n s f e r r e d  to  a  c u v e t t e  a n d  p la c e d  in  th e  U V - v is ib le  
s p e c t r o p h o to m e te r ;  th e  a b s o rb a n c e  w a s  m e a s u r e d  a t  4 1 0  n m . T h e  a m o u n t  o f  A L P  
w a s  th e n  c a lc u la te d  a g a in s t  a  s t a n d a r d  c u r v e .  T o  c a lc u la t e  A L P  a c t iv i ty  in  th e  c e l l s ,  
th e  a m o u n t  o f  A L P  w a s  n o rm a l iz e d  b y  th e  a m o u n t  o f  to ta l  p r o te in  s y n th e s iz e d .  F o r  
th e  p r o te in  a s s a y , th e  s a m p le s  w e r e  t r e a te d  in  th e  s a m e  m a n n e r  a s  in  th e  A L P  a s s a y  
u n ti l  th e  s p e c im e n s  w e re  f ro z e n . A f te r  f re e z in g ,  b i c in c h o n in ic  a c id  ( B C A ;  P ie r c e  
B io te c h n o lo g y ,  U S A )  s o lu t io n  w a s  a d d e d  to  th e  s p e c im e n s .  T h e  s p e c im e n s  w e r e  
in c u b a te d  a t  37 °c fo r  15 m in . T h e  a b s o r b a n c e  o f  th e  m e d iu m  w a s  th e n  m e a s u r e d  a t  
5 6 2  n m  w i th  th e  U V -v is ib le  s p e c t r o p h o to m e te r ,  a n d  th e  a m o u n t  o f  th e  to ta l  p r o te in  
w a s  c a lc u la te d  a g a in s t  a  s ta n d a rd  c u r v e .

Mineralization Analysis
A liz a r in  R e d -S  is  a  c o m m o n ly  u s e d  s ta in  fo r  e v a lu a t in g  c a lc iu m  

d e p o s i t io n .  A l iz a r in  R e d -S  is a  d y e  th a t  b in d s  s e le c t iv e ly  to  c a lc iu m  s a l t s  a n d  is  
w id e ly  u s e d  f o r  m in e ra l  s ta in in g . T h e  is o la te d  o s t e o b la s t i c  c e l l s  w e re  p l a te d  in  2 4 -  
w e ll  p la te s  a t  a  c o n c e n t r a t io n  o f  4 0 ,0 0 0  c e l l s /w e l l  a n d  g r o w n  in  c u l tu re  m e d iu m . 
A f te r  2 4  h o u r s ,  th e  c u l tu re s  w e re  t r e a te d  w i th  c u l tu r e  m e d iu m  s u p p le m e n te d  w i th  5 0  
p g /m L  a s c o r b ic  a c id  (S ig m a , U S A ) ,  5 m M  P - g ly c e r o p h o s p h a te  (S ig m a , U S A ) ,  a n d

o
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0 .2  p g /m L  d e x a m e th a s o n e  ( S ig m a , U S A ) .  T h e  m e d iu m  w a s  r e p la c e d  e v e r y  2  d a y s . 
A f te r  14 a n d  21 d a y s  o f  t r e a tm e n t ,  c e l l s  w e r e  w a s h e d  w i th  P B S  a n d  f ix e d  w i th  ic e -  
c o ld  a b s o lu te  m e th a n o l  fo r  10 m in . F ix e d  c e l l s  w e r e  s ta in e d  w i th  1%  A l iz a r in  R e d  in  
d e io n iz e d  w a te r  (S ig m a , U S A ) , p H  4 .2 , fo r  2 -3  m in . A f te r  r e m o v in g  a l i z a r in  r e d -S  
s o lu t io n ,  th e  c e l l s  w e re  r in s e d  w i th  d e io n iz e d  w a te r  a n d  d r ie d  a t  ro o m  te m p e r a tu r e .  
I m a g e s  o f  e a c h  c u ltu re  w e re  c a p tu r e d ,  a n d  th e  s ta in  w a s  e x t ra c te d  w i th  1 0 %  
c e ty lp y r id in iu m  c h lo r id e  ( S ig m a , U S A )  in  10 m M  s o d iu m  p h o s p h a te  fo r  1 h o u r .  T h e  
a b s o r b a n c e  o f  th e  c o l le c te d  d y e  w a s  r e a d  a t  5 7 0  n m  in  a  s p e c t ro p h o to m e te r  ( T h e rm o  
S p e c t ro n ic s  G e n e s is lO  U V -v is ib le  s p e c t r o p h o to m e te r ) .

4 .3 .6  S ta t is t ic a l  a n a ly s is
V a lu e s  a re  e x p r e s s e d  a s  m e a n s  ±  s ta n d a r d  d e v ia t io n s .  S ta t is t ic a l  

a n a ly s e s  o f  d i f f e r e n t  d a ta  g r o u p s  w e r e  p e r f o r m e d  b y  o n e - w a y  a n a ly s is  o f  v a r ia n c e  
( A N O V A )  w i th  th e  le a s t - s ig n i f ic a n t  d i f f e r e n c e  ( L S D )  te s t  u s in g  S P S S  s o f tw a re  
v e r s io n  1 1 .5 . V a lu e s  o f p  lo w e r  th a n  0 .0 5  w e r e  c o n s id e r e d  s ta t is t ic a l ly  s ig n i f ic a n t .

4.4 Results and Discussion

4 .4 .1  C h a ra c te r iz a t io n  o f  H A
T h e  T E M  im a g e s  o f  H A  n a n o p a r t ic le s  d i s p e r s e d  in  e th a n o l  a r e  s h o w n  

in  F ig u r e  4 .1 . T h e  H A  n a n o p a r t ic le s  w e r e  a c ic u la r  c r y s ta l s  a n d  w e re  o n  a v e r a g e  14 0  
n m  lo n g  a n d  2 0  n m  w id e . T h e  X R D  p a t te r n  o f  th e  H A  p a r t i c le s  is  s h o w n  in  F ig u r e  
4 .2 . T h e  H A  n a n o p a r t ic le s  e x h ib i te d  s e v e r a l  s h a r p  p e a k s  a t  th e  2 0  r e g io n s  o f  26°, 
3 2 ° , 3 3 ° , a n d  5 3 ° , w h ic h  c o r r e s p o n d  to  th e  ( 0 0 2 ) ,  ( 3 0 0 ) ,  ( 2 1 1 ) ,  a n d  (0 0 4 )  r e f r a c t io n  
p la n e s ;  th e s e  p e a k s  a re  c o n s is te n t  w i th  th e  c r y s ta l l in e  n a tu r e  o f  H A  n a n o p a r t ic le s .  
T h e  X R D  p a t te r n  o f  th e  s y n th e s iz e d  H A  c o r r e s p o n d e d  to  a n  H A  p h a s e  ( J C P D S  c a r d  
n o . 9 - 4 3 2 ) .  F o r  H A  p o w d e rs ,  th e  c r y s ta l l i t e  s iz e  in  a  d i r e c t io n  p e r p e n d ic u la r  to  th e  
c r y s ta l lo g r a p h ic  p la n e  w a s  e s t im a te d  w i th  S c h e r r e r ’s e q u a t io n :

(0 -9 /1 )
=  FWHM - c o s  e

H e re , d is  th e  c r y s ta l l i t e  s iz e  ( n m ) , a n d  X = 0 .1 5 4 0 6  n m  f o r  C u  K a  
r a d ia t io n  o f  th e  X - ra y  b e a m . F W H M  is  th e  fu l l  w id th  a t  h a l f  m a x im u m  fo r  th e  
d i f f r a c t io n  p e a k  ( ra d ) , a n d  6 is  th e  B r a g g  a n g le  o f  th e  (0 0 2 )  d i f f r a c t io n  a n g le  (°). T h e

o
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c r y s ta l l i t e  s iz e  o f  H A , w h ic h  w a s  d e te r m in e d  f ro m  th e  in v e rs e  o f  th e  h a l f  v a lu e  
b r e a d th  o f  th e  (0 0 2 )  p e a k  o f  H A  w i th  S c h e r r e r ’s e q u a t io n ,  h a d  a  v a lu e  o f  2 7 .6 0  n m , 
a s  s h o w n  in  T a b le  4 .1 .

ล

Figure 4 .1  T E M  im a g e s  o f  h y d r o x y a p t i t e  p o w d e r  a t  ( a )1 0 0 0 0 x  m a g n i f i c a t io n  
( b )2 0 0 0 0 x  m a g n if ic a t io n .

o
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(a )

(b) -
Figure 4.2 (a )  X R D  p a t te r n  o f  h y d r o x y a p a t i t e  p o w d e r  (b )  D i f f r a c t io n  p a t te r n  o f  H A  
c o r r e s p o n d in g  to  J C P D S  c a r d  n o . 9 -4 3 2 .

Table 4.1 C ry s ta l l i te  s iz e  o f  h y d r o x y a p a t i t e  p o w d e r

C ry s ta l  p la n e  
(0 0 2 ) 2  0(°) F W H M C r y s ta l l i t e  s iz e  

(n m )
H A 2 5 .9 4 1 0 .3 1 3 2 7 .6 0

๐
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4 .4 .2  C h a r a c te r i z a t io n  o f  P C L , P C L /H A  a n d  N a O H  tr e a te d  P C L /H A  
s c a f fo ld s
Microstructure Observation
T a b le  4 .2  s h o w s  th e  S E M  m ic r o g r a p h s  o f  th e  m ic r o p o r o u s  s c a f fo ld s  

f o rm e d  b y  P C L -P E G  a n d  P C L - P E G /H A  b le n d s  a f te r  le a c h in g  in  a q u e o u s  m e d iu m . 
W e ll- d e f in e d  a n d  in te r c o n n e c te d  p o re s  w e r e  p r o d u c e d  w h e n  b o th  s a l t  a n d  P E G  w e re  
u s e d , a s  d e te c te d  b y  S E M  a n a ly s is  o f  th e  P C L  d u a l - le a c h e d  s c a f f o ld .  T h e  
in te r c o n n e c te d  p o re s  w e r e  f o r m e d  in  th e  s c a f f o ld s  a f te r  P E G  w a s  le a c h e d  o u t .  S E M  
im a g e s  o f  P C L /H A  a n d  N a O H - t r e a te d  P C L /H A  d u a l- le a c h e d  s c a f f o ld s  s h o w e d  th a t  
b o th  s c a f fo ld  ty p e s  h a d  a  s im i la r  p o r o u s  s t r u c tu r e .  In  c o n tr a s t ,  th e  P C L  d u a l - le a c h e d  
s c a f fo ld  h a d  a  d i f f e r e n t  p o r o u s  s t r u c tu r e .  T h e  p o re  d im e n s io n s  o f  th e  P C L , P C L /H A , 
a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  w e re  in  th e  r a n g e  o f  4 5 2 ± 3 1 p m , 
44 1  ± 2 3  p m , a n d  4 5 0 ± 2 9  p m , r e s p e c t iv e ly  ( T a b le  4 .3 ) . T h e  p o r e  s iz e  o f  th e  P C L  
d u a l- le a c h e d  s c a f fo ld  w a s  la r g e r  th a n  th a t  o f  th e  P C L /H A  o r  N a O H - t r e a t e d  P C L /H A  
d u a l- le a c h e d  s c a f fo ld s ,  a n d  m o re  in te r c o n n e c te d  c h a n n e ls  w e r e  d i s t r ib u te d  
th ro u g h o u t  th e  P C L  d u a l - le a c h e d  s c a f f o ld .  S E M  im a g e s  r e v e a le d  th a t  th e  P C L /H A  
a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  h a d  lo w e r  m ic r o p o r o s i t i e s  th a n  
th e  P C L  d u a l- le a c h e d  s c a f f o ld ,  in d ic a t in g  th a t  H A  p a r t ic le s  a f f e c te d  th e  p r o c e s s in g  
o f  th e  s c a f fo ld . M o re o v e r ,  th e  im a g e s  s h o w e d  th a t  th e  m a c r o p o r e  in te r c o n n e c t iv i ty  
a n d  th e  p re s e n c e  o f  H A  p a r t i c le  a g g r e g a te s  d is t r ib u te d  w i th in  a n d  o n  th e  P C L  m a tr ix  
w e re  m a in ta in e d .

o
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Table 4.2 S E M  im a g e s  a t  5 0 x , 2 0 0 x , a n d  7 5 0 x  m a g n i f i c a t io n  i l lu s t r a t in g  th e  
m ic r o s t r u c tu r e s  o f  th e  P C L , P C L /H A , N a O H  t r e a te d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s

PCL

PCL/HA

NaOH
treated

PCL/HA

Scaffolds 50x

Table 4.3 P o re  s iz e  o f  th e  P C L  a n d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s :  a ,b ,c  are 
s ig n i f ic a n t ly  d i f f e r e n t  a t  p  <  0 .0 5  fo r  a n  in d iv id u a l  f e a tu r e ;  * o n e  w a y  A N O V A  w ith  
T u k e y  H S D , a n d  ท =  3 0  f o r  p o re  s iz e

S c a f f o ld s P o r e  S iz e  
( p m )

P C L 4 5 2 ± 3 1

P C L /5 0 %  H A 4 4 1 ± 2 3
N a O H  tr e a te d  
P C L /5 0 %  H A 4 5 0 ± 2 9
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Actual Amount o f HA, Density, Porosity, and Pore Volume
T h e  a c tu a l  a m o u n t  o f  H A  a n d  th e  d e n s i ty ,  p o r o s i ty ,  a n d  p o r e  v o lu m e  

o f  th e  p r e p a r e d  P C L /H A  s c a f f o ld s  a r e  s h o w n  in  T a b le  4 .4  a s  f u n c t io n s  o f  th e  in it ia l  
H A  c o n te n t  ( 0 -5 0 %  พ /พ ) .  B a s e d  o n  th e  T G A  in f o r m a t io n  o n  th e  c h a r  c o n te n ts  a t 9 0 0  
°c in  th e  th e rm o g ra m s ,  th e  a c tu a l  a m o u n ts  o f  H A  p a r t i c le s  w i th in  th e  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s  c o u ld  b e  d e te rm in e d .  F o r  th e  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  th a t 
h a d  b e e n  p r e p a r e d  w i th  in i t ia l  H A  c o n te n ts  o f  1 0 % , 2 0 % , 3 0 % , 4 0 % , a n d  5 0 %  พ /พ , 
th e  a c tu a l  a m o u n ts  o f  H A  w e r e  d e te rm in e d  to  b e  5 .2 % , 8 .8 % , 1 5 .9 8 % , 2 2 .9 5 % , a n d  
2 9 .2 8 %  พ /พ , r e s p e c t iv e ly .  A s  th e  in it ia l  H A  c o n te n t  in c r e a s e d ,  th e  d if f e r e n c e  
b e tw e e n  th e  in it ia l  a n d  a c tu a l  c o n te n t  d e c re a s e d .

T h e  p o r o s i ty  v a lu e s  o f  th e  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  w e r e  in  th e  
ra n g e  o f  7 1 -9 3 %  (ท= 1 0 ) . T h e  d e n s i ty  in c re a s e d  w i th  in c r e a s in g  in i t i a l  H A  c o n te n t:  
f ro m  a p p r o x im a te ly  0 .0 8 5  g / c m 3 fo r  th e  P C L  d u a l - le a c h e d  s c a f f o ld  to  a p p r o x im a te ly  
0 .3 2 8  g /c m 3 fo r  th e  s c a f fo ld  p r e p a r e d  w ith  a n  in i t ia l  H A  c o n te n t  o f  5 0 %  (ท= 1 0 ) . T h e  
p o ro s i ty  d e c r e a s e d  f ro m  9 2 .6 %  fo r  th e  P C L  s c a f f o ld  to  7 2 .6 %  fo r  th e  P C L /5 0 % H A  
s c a f fo ld , a n d  th e  p o re  v o lu m e  d e c r e a s e d  f ro m  1 0 .9  c m 3g _l fo r  th e  P C L  s c a f f o ld  to  2 .3  
c m 3g ’ ' fo r  th e  P C L /5 0 % H A  s c a f fo ld . T h e  p o re  v o lu m e  in c r e a s e d  w i th  in c re a s in g  
p o ro s ity . T h e  p r e s e n c e  o f  H A  in c re a s e d  th e  d e n s i ty  b u t  d e c r e a s e d  th e  p o r o s i ty  o f  th e  
s c a f fo ld s .  T h e  p o ro s i ty  v a lu e s  d e c r e a s e d  in  th e  p r e s e n c e  o f  H A , a s  H A  p a r t i c le s  c a n  
o c c u p y  th e  f re e  s p a c e  a v a i la b le  in  p o re so

๐
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Table 4.4 D e n s i ty ,  p e r c e n ta g e  o f  p o r o s i ty ,  p o re  v o lu m e , a n d  c o m p r e s s iv e  m o d u lu s  
o f  th e  P C L  a n d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s :  a ,b ,c ,d ,  e , f  a r e  s ig n i f ic a n t ly  
d i f f e re n t  a t p  <  0 .0 5  f o r  a n  in d iv id u a l  f e a tu re ;  * o n e  w a y  A N O V A  w i th  T u k e y  H S D , 
a n d  ท =  10 fo r  p o r o s i ty  p o re  v o lu m e . ท =  3 0  fo r  p o re  s iz e

Scaffolds Actual Density* Porosity* Pore volume* Compressive
HA(%) (g/cni ) (%) (cm3/g) modulus

PCL/No
HA - 0.0853±0.0063c'd 92.55±0.55c'd’e,f 10.9104±0.8774b'c-d- 57.72±8.24

PCL/10 
% HA 5.2214 0 .1 107±0.0153d,e 90.33±1.34d,e'f 8 .3 3 09± 1.3 976a,cd'e'f 73.84±2.32

PCL/20 
% HA 8.824 0.1380±0.0258a,e 87.95±2.41ฟ 6.6334±1.475a’be,f 105.93±0.61

PCL/30 
% HA 15.9817 0.1552±0.0292a-b 86.44±2.55a,b,e'f 5.7621±1.1570a,b,e'f 148.94±21.46

PCL/40 
% HA 22.954 0.3135±0.0286a-b 72.62±2.50a'b'c,d 2.3427±0.3224a,b,c'd 197.20±9.64

PCL/50 
% HA 29.2891 0.3276±0.0396a'b 71.39±3.46a,b'c,d 2.2202±0.3820a’b,c,d 257.60±24.10

Water Absorption Capacity
F ig u r e  4 .3  i l lu s t r a te s  th e  w a te r  a b s o rp t io n  c a p a c i t i e s  o f  th e  P C L , 

P C L /H A , a n d  N a O H - t r e a te d  P C L /H A  s c a f fo ld s  in  0.1 M  P B S  a t r o o m  te m p e r a tu r e  
o v e r  th e  ç o u rs e  o f  3 d a y s . T h e  P C L  a n d  P C L /H A  s c a f f o ld s  h a d  s im i l a r  w a te r  
a b s o rp t io n  c a p a c i t ie s .  T h e  w a te r  a b s o r p t io n  ra te  in c re a s e d  r a p id ly  in  th e  f i r s t  h o u r  
a n d  s lig h t ly  in c r e a s e d  o v e r  th e  c o u r s e  o f  3 d a y s . T h e  r a te  o f  tlfe  P C L /5 0 % H A  
s c a f fo ld  in c re a s e d  r a p id ly  in  th e  f i r s t  12 h o u r s  a n d  c o n t in u e d  to  in c re a s e  u n t i l  th e  3 
d a y  t im e p o in t . T h e  r a te  o f  th e  N a O H - t r e a te d  P C L /5 0 % H A  s c a f f o ld  in c r e a s e d  r a p id ly  
in  th e  f irs t  h o u r  a n d  c o n t in u e d  to  in c re a s e  fo r  3 d a y s . T h e  w a te r  a b s o r p t io n  c a p a c i t i e s  
o f  th e  P C L /H A  s c a f f o ld s  w e r e  lo w e r  th a n  th e  w a te r  a b s o r p t io n  c a p a c i t i e s  o f  th e  P C L  
s c a f fo ld s  a t  a ll t im e  p o in ts .  W ith  in c r e a s in g  p e rc e n ta g e s  o f  H A , th e  w a te r  a b s o r p t io n  
c a p a c i t ie s  o f  th e  s c a f fo ld s  d e c r e a s e d .  T h e  w a te r  a b s o r p t io n  c a p a c i ty  o f  th e  N a O H -  
tr e a te d  P C L /5 0 % H A  s c a f f o ld  w a s  h ig h e r  th a n  th a t  o f  th e  P C L /5 0 % H A  s c a f f o ld  a n d  
s ig n if ic a n tly  h ig h e r  th a n  th a t  o f  th e  P C L /4 0 % H A  s c a f fo ld  a t  12 h o u r s .  M o r e o v e r ,  th e  
N a O H - tr e a te d  P C L /5 0 % H A  s c a f f o ld  h a d  a  h ig h e r  w a te r  r e te n t io n  c a p a c i ty  th a n  th e  
o th e r  s c a f fo ld s . T h e s e  d a ta  c o n f i r m  th a t  a lk a l in e  t r e a tm e n t s  im p r o v e  th e  
h y d ro p h il ic i ty  o f  th e  s c a f fo ld s .

Ü
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(a)

(b)

Figure 4.3 ( a ) W a te r  a b s o rp t io n  c a p a c i ty  o f  P C L  a n d  P C L /H A  d u a l - le a c h e d  
s c a f fo ld s  in  0.1 M  P B S  a t ro o m  te m p e r a tu r e  o v e r  12 h . (b)W a te r  a b s o rp t io n  c a p a c i ty  
o f  P C L  a n d  P C L /H A  d u a l- le a c h e d  s c a f f o ld s  in  0 .1  M  P B S  a t  r o o m  te m p e ra tu re  o v e r  
3 d a y s .

๐
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Compressive Modulus
T h e  m e c h a n ic a l  p ro p e r t ie s  o f  p o r o u s  s c a f f o ld s  a r e  g e n e r a l ly  e v a lu a te d  

w ith  c o m p r e s s iv e  te s ts .  T h e  c o m p re s s iv e  m o d u l i  o f  th e  P C L  a n d  P C L /H A  s c a f fo ld s  
a re  s h o w n  in  T a b le  4 .4 . T h e  P C L /H A  s c a f fo ld s  h a d  a  h ig h e r  c o m p r e s s iv e  m o d u lu s  
th a n  th e  P C L  s c a f fo ld s .  T h e  c o m p re s s iv e  m o d u lu s  in c re a s e d  f ro m  5 8  k P a  fo r  th e  
P C L  s c a f fo ld  to  7 4 , 1 0 6 , 1 4 9 , 1 9 7 , a n d  2 5 8  k P a  fo r  th e  P C L /1 0 % H A , P C L /2 0 % H A , 
P C L /3 0 % H A , P C L /4 0 % H A , a n d  P C L /5 0 % H A  s c a f f o ld s ,  r e s p e c t iv e ly .  I n c re a s in g  
p e r c e n ta g e s  o f  a d d e d  H A  r e s u l te d  in  in c re a s in g  c o m p r e s s iv e  p r o p e r t i e s  o f  th e  P C L  
s c a f fo ld s .  T h is  f in d in g  m a y  h a v e  b e e n  d u e  to  a  s t r e n g th e n in g  e f f e c t  c a u s e d  b y  
in c re a s in g  a d d i t io n s  o f  H A , r e s u l t in g  in  a  r e d u c e d  p o r o s i ty  o f  th e  s c a f f o ld .  C a i e t  a l .41 
r e p o r te d  th a t  th e  te n s i le ,  c o m p re s s iv e ,  a n d  s h e a r  m o d u l i  o f  c r o s s l in k e d  p o ly (e -  
c a p r o la c to n e )  d i a c r y la te ( P C L D A ) /H A  n a n o c o m p o s i te s  w e re  g r e a t ly  e n h a n c e d  b y  
in c o r p o ra t in g  H A  n a n o p a r t ic le s  in to  th e  p o ly m e r  m a tr ic e s .  J o h a r i  e t  a l . "  a lso  
r e p o r te d  th a t  th e  c o m p r e s s iv e  s tr e n g th  o f  p o ly ( e - c a p r o la c to n e ) /n a n o - f lu o r id a te d  
h y d r o x y a p a t i t e ( P C L /F H A )  s c a f fo ld s  in c re a s e d  w h e n  th e  w e ig h t  r a t io  o f  F H A  w a s  
in c re a s e d .

Tabic 4.4 D e n s ity ,  p e r c e n ta g e  o f  p o ro s i ty ,  p o re  v o lu m e , a n d  c o m p r e s s iv e  m o d u lu s  
o f  th e  P C L  a n d  P C L /H A  d u a l- le a c h e d  s c a f fo ld s :  a , b , c , d , e , f  a r e  s ig n if ic a n t ly  
d i f f e re n t  a t  p  <  0 .0 5  fo r  a n  in d iv id u a l  fe a tu re ;  * o n e  w a y  A N O V A  w i th  T u k e y  H S D , 
a n d  ท =  10 fo r  p o r o s i ty  p o r e  v o lu m e . ท =  3 0  fo r  p o r e  s iz e

Scaffolds Actual
HA(%)

Density*
(g /ctn )

Porosity*
(%)

Pore volume*
(cm3/g)

Compressive
modulus

PCL/No
HA - 0.0853±0f 0063°-d 92.55±0.55c’d-ef 10.9104±0.8774b'c,d’ 57.72±8.24

PCL/10 
% HA 5.2214 0 .1 107±0.0153d'e 90.33±1.34d,e'f 8.3309±1.3976a,c'd’e,r 73.84±2.32

PCL/20 
% HA 8.824 0.1380±0.0258a'e 87.95±2.41ฟ 6.6334±1.475a'b,e'f 105.93±0.61

PCL/30 
% HA 15.9817 0.1552±0.0292a’b 86.44±2.55aAe-f 5.7621±1.1570a’b'e,f 148.94±21.46

PCL/40 
% HA 22.954 0.3135±0.0286a,b 72.62±2.50a'b,c'd 2.3427±0.3224aAc'd 197.20±9.64

PCL/50 
% HA 29.2891 0.3276±0.0396ab 71.39±3.46a,b'c'd 2.2202±0.3820a,b’c,d 257.60±24.10
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Flow Resistance
F ig u re  4 .4  d e p ic t s  th e  f lo w  re s is ta n c e  o f  th e  P C L , P C L /H A , a n d  

N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s .  T h e  f lo w  r e s i s ta n c e  r a n g e d  f ro m  9 .9 0  
to  1 3 .0 3  s e c /1 0  m L  ( f o r  a  d i s ta n c e  o f  1 5 -5 0  c m )  fo r  th e  P C L  d u a l - le a c h e d  s c a f fo ld ,  
f ro m  1 2 .4 7  to  1 6 .5 7 ’s e c /1 0  m L  ( f o r  a  d i s ta n c e  o f  1 5 -5 0  c m )  fo r  th e  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld , a n d  f r o m  1 3 .7 3  to  1 8 .2 7  s e c /1 0  m L  ( fo r  a  d i s ta n c e  o f  1 5 -5 0  c m )  fo r  
th e  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f fo ld .

F o r  a l l  o f  th e  m e a s u r e d  d i s ta n c e s ,  th e  f lo w  r e s i s ta n c e  w a s  s ig n i f ic a n t ly  
lo w e r  fo r  th e  P C L  d u a l - le a c h e d  s c a f f o ld s  th a n  f o r  th e  P C L /H A  a n d  N a O H - tr e a te d  
P C L /H A  d u a l- le a c h e d  s c a f fo ld s .  T h e  lo w e r  p o r o s i ty  m a y  a c c o u n t  f o r  th e  in c r e a s e d  
f lo w  r e s is ta n c e  o b s e r v e d  fo r  th e  P C L /H A  a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  
s c a f fo ld s .

■ ■ I  Distance = 15 cm ' 
V ////A  Distance = 20 cm I 
RSftaj Distance = 25 cm 
Rg&fl Distance = 30 cm 
■ m  Distance = 40cm tlfllll Distance = 50 cm I

Figure 4.4 F lo w  r e s i s ta n c e  o f  th e  P C L , P C L /H A , a n d  N a O H  t r e a t e d  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s .
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4 .4 .3  B io lo g ic a l  E v a lu a t io n  o f  P C L , P C L /H A  a n d  N a O H  T re a te d  P C L /H A
S c a f fo ld s
Indirect Cytotoxicity Evaluation
I n d i r e c t  c y to to x ic i ty  w a s  te s te d  fo r  H A  p o w d e r ,  P C L , P C L /H A , a n d  

N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  w i th  m o u s e  c a lv a r ia - d e r iv e d  
p r e o s te o b la s t ic  c e l l s  (M C 3 T 3 -E 1 )  a n d  m o u s e  f ib r o b la s ts  c e l l s  (L 9 2 9 ) . A l th o u g h  w e  
w e r e  in te r e s te d  in  u s in g  th e  p r e p a r e d  s c a f f o ld s  a s  p o te n t ia l  b o n e  s c a f fo ld s ,  it w a s  
n e c e s s a r y  to  t e s t  th e  m a te r ia ls  w i th  L 9 2 9  c e l l s  to  c o m p ly  w i th  th e  IS O  1 0 9 9 3 -5  
s ta n d a r d  te s t  m e th o d . F o r  b o th  ty p e s  o f  c e l l s ,  a p p r o x im a te ly  4 0 ,0 0 0  c e l l s /w e l l  w e r e  
s e e d e d  in  e m p ty  w e l ls  o f  a  T C P S . F ig u r e  4 .5  a )  a n d  4 .5  b )  s h o w  th e  v ia b i l i ty  o f  th e  
c e l ls  o b ta in e d  f ro m  th e  M T T  a s s a y  a f te r  th e  c e l l s  h a d  b e e n  c u l tu r e d  w i th  th e  1-, 3 - ,  o r  
7 - d a y  e x t r a c t io n  m e d ia .  T h e  v ia b i l i ty  o f  th e  c e l l s  f ro m  th e  M T T  a s s a y  w a s  c o m p a r e d  
to  th e  v ia b i l i ty  o f  c e l l s  c u l tu re d  w i th  f r e s h  S F M  ( c o n t r o l  T C P S ) .  T h e  v ia b i l i ty  o f  th e  
c e l l s  w a s  r e p o r te d  a s  a  p e r c e n ta g e  o f  th e  c o n tr o l  v a lu e .  T h e  v ia b i l i ty  r a t io  o f  c e l l s  
c u l tu re d  w i th  e x t r a c t io n  m e d ia  f ro m  th e  P C L  d u a l - le a c h e d  s c a f fo ld s  ( a n d  w i th  
c o n tr o l  T C P S )  w a s  g re a te r  th a n  8 0 % . T h is  f in d in g  s u g g e s ts  th a t  n o n e  o f  th e  P C L  
d u a l - le a c h e d  s c a f fo ld s  is  c y to to x ic .

45

o
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I  -

3d

Im m e rs io n  tim e

■  Control(TCPS)
I----- I PCL

E3 PCL/HA 
I I NaOH treated PCL/HA

■  HA

(a)

Immersion tim e^j
mm  Control(TCPS)
โ— 3  PCL 
E isa  PCL/HA 
I 1 NaOH treated PCL/HA mm HA

(b )

F ig u r e  4 .5  I n d i r e c t  c y to to x ic  e v a lu a t io n  o f  T C P S , th e  P C L , th e  P C L /H A , th e  N a O H  
t r e a te d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s  a n d  H A  b a s e d  o n  v i a b i l i t y  o f  (a )  m o u s e  
f ib r o b la s ts  ( L 9 2 9 )  a n d  (b )  p r e - o s te o b la s t  ( M C 3 T 3 - E 1 )  th a t  h a d  b e e n  c u l tu re d  w ith  
th e  e x t r a c t io n  m e d ia  f ro m  e a c h  o f  th e se  m a te r ia ls  a g a in s t  th e  v i a b i l i t y  o f  th e  c e lls  
th a t  h a d  b e e n  c u l tu re d  w i th  th e  r e s p e c tiv e  c u l tu re  m e d ia  fo r  e a c h  d a y  a s  a  f u n c t io n  o f  
th e  in c u b a t io n  t im e  o f  th e  e x t r a c t io n  a n d  th e  c u l tu r e  m e d ia  o f  1, 3 , o r  7 d . S ta t is t ic a l  
s ig n if ic a n c e :  *p <  0 .0 5  c o m p a r e d  w ith  c o n tro l  a n d  np  <  0 .0 5  c o m p a r e d  to  th e  P C L  
s c a f fo ld s  a t  a n y  g iv e n  t im e  p o in t .

o
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Cell attachment and cell proliferation
M C 3 T 3 -E 1  c e l l s  w e r e  u s e d  to  te s t  th e  a b i l i ty  o f  P C L /H A  d u a l - le a c h e d  

s c a f fo ld s  to  s u p p o r t  b o th  th e  a t t a c h m e n t  a n d  th e  p r o l i f e r a t io n  o f  b o n e  c e l l s .  T h e  c e l ls  
w e re  e i th e r  s e e d e d  o r  c u l tu r e d  o n  th e  s u r fa c e s  o f  th e  P C L  d u a l - le a c h e d  s c a f f o ld s  o r  
T C P S  (c o n tro l)  f o r  4 , 8 o r  16 h o u r s  o r  fo r  1, 2 , o r  3 d a y s .  F ig u r e  4 .6  s h o w s  th e  
a t ta c h m e n t o f  M C 3 T 3 -E 1  c e l l s  o n  th e  s u r fa c e  o f  th e  T C P S  a n d  P C L  d u a l - le a c h e d  
s c a f fo ld s  a f te r  4 , 8 , a n d  16 h o u r s  o f  c e l l  c u l tu re .  T h e  a t t a c h m e n t  is  e x p r e s s e d  in  te r m s  
o f  th e  v ia b i l i ty  o f  c e l ls  (%  v ia b i l i ty  r e la t iv e  to  T C P S  a t  4  h o u r s ) .  T h e  v i a b i l i t y  o f  
c e l ls  o n  th e  s c a f f o ld s  w a s  q u a n t i f i e d  b y  f lu o re s c e n t  e m is s io n  in te n s i ty  f ro m  th e  
A la rm a r  B lu e  a s s a y . O n  T C P S , th e  n u m b e r  o f  c e lls  in c r e a s e d  f ro m  1 0 0 %  a t  4  h o u r s  
o f  c e ll  c u l tu re  to  1 3 3 %  a t  16 h o u r s  o f  c e ll  c u l tu re  f ro m  a n  in i t ia l  s e e d in g  d e n s i ty  o f  
4 0 ,0 0 0  c e l ls /w e l l .  T h e  v i a b i l i t y  o f  c e l l s  o n  P C L  a n d  N a O H - t r e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s  w a s  s ig n i f ic a n t ly  h ig h e r  th a n  th e  v ia b i l i ty  o f  c e l l s  p la te d  o n  T C P S ;  
th e  v ia b i l i ty  o f  c e l l s  o n  P C L /H A  d u a l - le a c h e d  s c a f fo ld s  w a s  s l ig h t ly  lo w e r  a t  a ll  t im e  
p o in ts .  T h e  v ia b i l i ty  o f  c e l l s  o n  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld  w a s  
s l ig h t ly  lo w e r  th a n  th a t  o f  c e l l s  o n  P C L  a f te r  4 a n d  8 h o u r s ;  h o w e v e r ,  th e  v i a b i l i t y  o f  
c e lls  o n  th e  N a O H - tr e a te d  P C L /H A  d u a l- le a c h e d  s c a f fo ld  w a s  s l ig h t ly  h ig h e r  th a n  
th a t  o f  c e lls  o n  P C L  a t  16  h o u r s .  T h e  n u m b e r  o f  c e lls  in  th e  a t t a c h m e n t  p e r io d  o n  th e  
P C L /H A  d u a l- le a c h e d  s c a f f o ld  w a s  lo w e r  th a n  th e  n u m b e r  o f  c e l l s  o n  th e  N a O H -  
tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s ,  p o s s ib ly  d u e  to  th e  lo w e r  n u m b e r  o f  c e l l s  
th a t  w e re  a b le  to  a t t a c h  to  th e  r o u g h  a n d  h y d ro p h o b ic  s u r f a c e  o f  th e  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s .  In  c o n t r a s t ,  th e  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  
h a v e  s m o o th e r  m o r e  h y d r o p h i l i c  s u r f a c e s .

F ig u r e  4 .7  s h o w s  th e  p r o l i f e r a t io n  o f  M C 3 T 3 - E 1  c e l l s  o n  th e  s u r fa c e  
o f  T C P S  a n d  th e  P C L  d u a l - le a c h e d  s c a f fo ld s  o n  d a y s  1, 2 ,  a n d  3 . P r o l i f e r a t io n  is  
e x p re s s e d  in  t e r m s  o f  th e  v ia b i l i t y  o f  c e l ls  (%  r e la t iv e  to  T C P S  a t  d a y  1). T h e  
v ia b i l i ty  o f  c e l ls  o n  e a c h  s c a f fo ld  w a s  q u a n t if ie d  b y  f lu o r e s c e n t  e m is s io n  in te n s i ty  
f ro m  th e  A la rm a r  B lu e  a s s a y . O n  T C P S ,  th e  n u m b e r  o f  c e l l s  in c r e a s e d  f r o m  1 0 0 %  o n  
d a y  1 o f  c e ll c u l tu r e  to  1 4 7 %  o n  d a y  3 f ro m  a n  in i t ia l  s e e d in g  d e n s i ty  o f  4 0 ,0 0 0  
c e l ls /w e l l .  T h e  v ia b i l i ty  o f  c e l l s  o n  a l l  P C L  d u a l- le a c h e d  s c a f f o ld s  w a s  s ig n i f ic a n t ly  
h ig h e r  th a n  th e  v ia b i l i ty  o f  c e l l s  o n  T C P S  a t a ll t im e  p o in ts .  O n  d a y  1, th e  v i a b i l i t y  o f  
c e lls  o n  th e  P C L /H A  a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  w a s
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s ig n i f ic a n t ly  lo w e r  th a n  th e  v ia b i l i t y  o f  th e  c e l l s  o n  th e  P C L  d u a l- le a c h e d  s c a f f o ld ;  in  
c o n tr a s t ,  th e  v ia b i l i ty  o f  c e l l s  o n  th e  P C L /H A  a n d  N a O H - tr e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f f o ld s  w a s  g r e a te r  th a n  th e  v ia b i l i ty  o f  th e  c e l l s  o n  o f  th e  P C L  d u a l-  
le a c h e d  s c a f f o ld  o n  d a y s  2 a n d  3 . A ll P C L  d u a l - le a c h e d  s c a f fo ld s  w e r e  a b le  to  
s u p p o r t  th e  p r o l i f e r a t io n  o f  c e l l s  a t  s ig n i f ic a n t ly  h ig h e r  le v e ls  th a n  T C P S .  T h is  
f in d in g  s u g g e s ts  th a t  th e  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  p ro v id e d  b e t te r  s u p p o r t  fo r  
b o n e  c e l l  a d h e s io n  a n d  p r o l i f e r a t io n .  T h e  b e t te r  s u p p o r t  o f  th e  N a O H - t r e a te d  
P C L /H A  d u a l- le a c h e d  s c a f fo ld  f o r  b o n e  c e ll  c u l tu r e  c a n  b e  a t t r ib u te d  to  th e  p r e s e n c e  
o f  H A  a n d  th e  im p ro v e d  h y d r o p h i l ic i ty  o f  th e  s c a f f o ld  p r o m o te d  b y  N a O H  t r e a tm e n t .

m m  Control(TCPS)
I----- 1 PCL
E z a  PCL/HA
t I NaOH treated PCL/HA

F ig u r e  4 .6  A tta c h m e n t  o f  M C 3 T 3 - E 1  th a t  h a d  b e e n  s e e d e d  o r  c u l tu re d  o n  th e  
s u r f a c e s  o f  T C P S , th e  P C L , th e  P C L /H A  a n d  th e  N a O H  t r e a te d  P C L /H A  d u a l -  
le a c h e d  s c a f f o ld s  fo r  4 , 8 , o r  1 6 h . S ta t is t ic a l  s ig n i f ic a n c e :  *p <  0 .0 5  c o m p a r e d  w i th  
c o n tr o l  a n d  up  <  0 .0 5  c o m p a re d  to  th e  P C L  s c a f f o ld s  a t  a n y  g iv e n  tim e .
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■ ■  ContrôlerCPS)
I ] PCL 
Kôæi PCL/HA
I I NaOH treated PCL/HA

F ig u r e  4 .7  P r o l i f e r a t io n  o f  M C 3 T 3 -E 1  th a t  h a d  b e e n  s e e d e d  o r  c u l tu r e d  o n  th e  
s u r f a c e s  o f  T C P S , th e  P C L , th e  P C L /H A  a n d  th e  N a O H  t r e a te d  P C L /H A  d u a l-  
l e a c h e d  s c a f f o ld s  fo r  1, 2 , o r  3 d . S ta t is t ic a l  s ig n i f ic a n c e :  *p <  0 .0 5  c o m p a r e d  w ith  
c o n tr o l  a n d  up  <  0 .0 5  c o m p a r e d  to  th e  P C L  s c a f f o ld s  a t  a n y  g iv e n  t im e .

Cell Morphology
T a b le  4 .5  a n d  4 .6  s h o w  s e le c te d  S E M  im a g e s  ( m a g n if ic a t io n  =  

3 5 0 0 X ; s c a le  b a r  =  5 p m )  o f  M C 3 T 3 -E 1  c e l l s  th a t  w e r e  e i th e r  s e e d e d  o r  c u l tu re d  o n  
th e  s u r f a c e s  o f  g la s s ,  P C L , P C L /H A , a n d  N a O H - t r e a te d  P C L /H A  d u a l- le a c h e d  
s c a f f o ld s  a t  d i f f e r e n t  t im e  p o in ts .  U s in g  th e s e  im a g e s ,  w e  w e r e  a b le  to  in v e s t ig a te  
c e ll  m o r p h o lo g y  a n d  th e  in te r a c t io n s  b e tw e e n  c e l l s .  F o u r  h o u r s  a f te r  c e l l  s e e d in g , th e  
m a jo r i ty  o f  c e l l s  o n  th e  g la s s  s u r fa c e  d is p la y e d  a  r o u n d e d  m o r p h o lo g y  a n d  s ta r te d  to  
e x te n d  th e i r  c y to p la s m . E ig h t  h o u rs  a f te r  c e l l  s e e d in g ,  th e  m a jo r i ty  o f  c e l l s  o n  th e  
g la s s  s u r f a c e  h a d  e x te n d e d  th e i r  c y to p la s m  o n  th e  s u r f a c e .  W i th in  16 h o u r s  o f  c e ll  
s e e d in g ,  th e  m a jo r i ty  o f  c e l l s  h a d  e x p a n d e d  o n  th e  s u r f a c e .  F o u r  h o u r s  a f te r  s e e d in g , 
th e  m a jo r i ty  o f  c e l l s  th a t  w e r e  s e e d e d  o n  th e  s u r f a c e  o f  a ll s c a f f o ld s  h a d  e x p a n d e d  o n  
th e  s u r fa c e . E ig h t  h o u r s  a f te r  c e ll  s e e d in g , th e  m a jo r i ty  o f  c e l l s  s h o w e d  e v id e n c e  o f  
e x te n s io n  a n d  e x p a n s io n  o n  th e  s u r fa c e . S ix te e n  h o u r s  a f te r  c e ll  s e e d in g ,  th e  c e lls  o n  
th e  P C L /H A  a n d  N a O H - t r e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  h a d  e x p a n d e d  th e  
m o s t. A t  1 , 2 ,  a n d  3 d a y s  a f te r  c e ll s e e d in g , a  m a jo r i ty  o f  th e  c e l l s  o n  th e  s u r fa c e s  o f
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a ll  ty p e s  o f  s c a f f o ld s  h a d  e x p a n d e d .  T h e  g r e a te s t  e x p a n s io n  w a s  o b s e r v e d  o n  th e  
s u r fa c e  o f  th e  N a O H - tr e a te d  P C L /H A  d u a l- le a c h e d  s c a f fo ld  a t  a l l  t im e  p o in ts .

T a b l e  4 .5  A t ta c h m e n t  o f  M C 3 T 3 - E 1  th a t  h a d  b e e n  s e e d e d  o r  c u l tu r e d  o n  th e  
s u r fa c e s  o f  g la s s  a n d  th e  P C L  d u a l - le a c h e d  s c a f fo ld s  fo r  4 , 8 , o r  16 h . S e le c t e d  S E M  
im a g e s  o f  c u l tu re d  s p e c im e n s ,  i .e .,  g la s s  ( i .e .,  c o n tro l) ,  P C L , P C L /H A , a n d  t r e a te d  
N a O H  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  a t  th re e  d if f e re n t  t im e  p o in ts  a f te r  M C 3 T 3 -E 1  
w e re  s e e d e d  o r  c u l tu re d  o n  th e i r  s u r f a c e s  (m a g n if ic a t io n  =  3 5 0 0 X ;  s c a le  b a r  =  5 p m )

Substrate

G lass

PCL

P C L /H A

N aO H
treated

P C L /H A

C u lturing tim e
4  hou r
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T a b l e  4 .6  P r o l i f e r a t io n  o f  M C 3 T 3 - E 1  th a t  h a d  b e e n  s e e d e d  o r  c u l tu r e d  o n  th e  
s u r f a c e s  o f  T C P S  a n d  th e  P C L  d u a l - le a c h e d  s c a f f o ld s  fo r  1, 2 , o r  3 d . S e le c t e d  S E M  
im a g e s  o f  c u l tu re d  s p e c im e n s ,  i .e .,  g la s s  ( i .e . ,  c o n t r o l ) ,  P C L , P C L /H A , a n d  N a O H  
t r e a te d  P C L /H A  d u a l- le a c h e d  s c a f f o ld s  a t  th r e e  d i f f e r e n t  t im e  p o in ts  a f te r  M C 3 T 3 -  
E1 w e r e  s e e d e d  o r  c u l tu re d  o n  th e i r  s u r f a c e s  ( m a g n if ic a t io n  =  3 5 0 0 X ; s c a le  b a r  =  5 
p m )

Alkaline Phosphatase (ALP) Activity
T h e  s e c r e t io n  o f  a lk a l in e  p h o s p h a ta s e  (A L P )  b y  o s t e o b la s t s  is  a n  

im p o r ta n t  in d ic a to r  o f  th e  a c t iv i ty  o f  th e  c e l l s  o n  a  s c a f fo ld . T h e  A L P  a c t iv i ty  o f  
M C 3 T 3 -E 1  c e l ls  c u l tu re d  o n  P C L  s c a f f o ld s  fo r  3 , 5 , a n d  7 d a y s  w a s  m e a s u r e d .  T h e  
A L P  a c t iv i ty  o f  M C 3 T 3 -E 1  c e l l s  o n  T C P S  ( c o n t r o ls ) ,  P C L , P C L /H A , a n d  N a O H -  
t r e a te d  P C L /H A  d u a l- le a c h e d  s c a f f o ld s  w a s  m e a s u r e d  a t  3 , 5 , a n d  7 d a y s  o f  c u l tu re

o
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( s e e  F ig u r e  4 .8 ) .  T h e  A L P  a c t iv i ty  o f  c e l l s  c u l tu r e d  o n  P C L  s c a f f o ld s  w a s  lo w e r  th a n  
th a t  o f  c e l l s  c u l tu r e d  o n  T C P S  a t a ll t im e  p o in ts ;  th e  o n ly  e x c e p t io n  o c c u r r e d  w i th  th e  
P C L  d u a l - le a c h e d  s c a f fo ld  o n  d a y  3 . T h e  A L P  a c t iv i ty  o f  th e  c e l ls  c u l tu re d  o n  
P C L /H A  a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  w a s  s ig n if ic a n t ly  lo w e r  
th a n  th e  A L P  a c t iv i ty  o f  th e  c e lls  c u l tu r e d  o n  th e  P C L  s c a f f o ld  a t  a ll t im e  p o in ts .  
B e c a u s e  A L P  a c t iv i ty  c a n  a lso  b e  d e te c te d  in  s e v e ra l  n o n - c a lc i f i e d  t i s s u e s  a n d  o r g a n s  
s u c h  a s  th e  k id n e y ,  s m a ll  in te s t in e s , a n d  p la c e n ta ,  it is  p o s s ib le  th a t  th e  A L P  a c t iv i ty  
o f  M C 3 T 3 -E 1  c e l l s  th a t  w e re  c u l tu re d  o n  s c a f f o ld s  m ig h t  n o t  h a v e  b e e n  a  m a rk e r  o f  
th e  c a lc i f i c a t io n  p r o c e s s .43^ 7

■ ■  TCPS 
ท - า  PCL 
B281 PCL/HA
1 1 PCL/HA NaOH treated

F ig u r e  4 .8  A lk a l in e  p h o s p h a ta s e  (A L P )  a c t iv i ty  o f  M C 3 T 3 - E 1  th a t  w e re  c u l tu re d  o n  
th e  s u r fa c e s  o f  T C P S , th e  P C L , P C L /H A  a n d  th e  N a O H  tr e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f f o ld s  fo r  3 , 5 , o r  7 d . S ta t is t ic a l  s ig n i f ic a n c e :  *p <  0 .0 5  c o m p a re d  w i th  
c o n t r o l  a n d  #p < 0 .0 5  c o m p a re d  to  th e  P C L  s c a f f o ld s  a t  a n y  g iv e n  t im e .

๐
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Mineralization
A liz a r in  R e d  ร  s ta in in g  w a s  u s e d  to  q u a n t i f y  th e  m in e ra l  d e p o s i t io n  o f  

M C 3 T 3 -E 1  c e l l s  th a t  w e r e  c u l tu r e d  o n  th e  s u r fa c e s  o f  T C P S ,  P C L , P C L /H A , a n d  
N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f fo ld s  fo r  14 a n d  21 d a y s . T a b le  4 .7  s h o w s  
p h o to g ra p h s  o f  th e  s ta in e d  s p e c im e n s .  In  th e  p re s e n c e  o f  c a lc iu m , th e  A l iz a r in  R e d  
S -c a lc iu m  c h e la t in g  p r o d u c t  a p p e a r e d  re d . O n  d a y  14 o f  c e ll  c u l tu r e ,  th e  r e d  s ta in in g  
w a s  g re a te s t  fo r  th e  N a O H - tr e a te d  P C L /H A  d u a l- le a c h e d  s c a f f o ld s ,  f o l lo w e d  b y  th e  
P C L /H A , P C L , a n d  T C P S , in  th a t  o rd e r .  A n  in c re a s e  in  th e  r e d  s ta in in g  w a s  o b s e rv e d  
fo r  a ll s u r fa c e s  o n  d a y  2 1 . A  q u a n t i ta t iv e  a n a ly s is  o f  th e  r e s u l t s  s h o w n  in  L ig u re  4 .9  
w a s  c a r r ie d  o u t  b y  e lu t io n  o f  c a lc iu m  w ith  c e ty lp y r id in iu m  c h lo r id e  a n d  
s p e c t ro p h o to m e tr ic  m e a s u r e m e n t  a t  5 7 0  n m . T h e  a b s o r b a n c e  m e a s u r e d  o n  d a y  14 
c o r ro b o ra te d  th e  a f o r e m e n t io n e d  d a ta ;  th e  h ig h e s t  in te n s i ty  o f  s ta in in g  w a s  o b s e r v e d  
fo r  th e  N a O H - tr e a te d  P C L /H A , f o l lo w e d  b y  P C L /H A , P C L , a n d  T C P S ,  in  th a t  o rd e r . 
W h e n  th e  c u l tu re  w a s  c o n t in u e d  u n ti l  21 d a y s , a  s ig n i f ic a n t ly  g r e a te r  a m o u n t  o f  
c a lc iu m  d e p o s i t io n  w a s  o b s e r v e d  fo r  th e  P C L /H A  a n d  N a O H - t r e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s  th a n  fo r  th e  P C L  s c a f fo ld  a n d  T C P S .

F ig u r e  4 .9  Q u a n t i f ic a t io n  o f  m in e ra l  d e p o s i t io n  in  M C 3 T 3 -E 1  b y  th e  m e th o d  o f  
A l iz a r in  R e d -S  s ta in in g . S ta t is t ic a l  s ig n if ic a n c e :  *p <  0 .0 5  c o m p a r e d  w i th  c o n t r o l  
a n d  up  <  0 .0 5  c o m p a r e d  to  th e  P C L  s c a f f o ld s  a t  a n y  g iv e n  t im e  p o in t .



100

T a b l e  4 .7  I m a g e s  o f  A l iz a r in  R e d -S  s ta in in g  f o r  th e  m in e r a l i z a t io n  in  M C 3 T 3 - E 1  o n  
th e  T C P S ,  th e  P C L , th e  P C L /H A  a n d  th e  N a O H  tr e a te d  P C L /H A  d u a l- le a c h e d  
s c a f f o ld s  a t  14 a n d  21 d ay

D a y C o n tr o l (T C P S ) P C L P C L /H A
N a O H
tr e a te d

P C L /H A

14

+
C e ll # ^ Ü l # #

D a y

C e ll # # #

21

+
C e ll # # # #

D a y

C e ll

âii§|&mm
# §
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4 .5  C o n c lu s io n

A  P C L /H A  d u a l - le a c h e d  s c a f fo ld  w a s  p r e p a r e d  b y  c o m b in in g  s o lv e n t  
c a s t in g  a n d  s a l t  p a r t i c u la t e  le a c h in g  w ith  a  p o ly m e r  l e a c h in g  t e c h n iq u e .  T o  im p ro v e  
th e  h y d r o p h i l ic i ty  o f  th e  P C L /H A  d u a l - le a c h e d  s c a f f o ld ,  "the  P C L /H A  s c a f fo ld  w a s  
t r e a te d  w i th  a n  a lk a l in e  s o lu t io n . T h e  P C L , P C L /H A , a n d  N a O H - t r e a te d  P C L /H A  
d u a l - le a c h e d  s c a f f o ld s  h a v e  b e e n  e x te n s iv e ly  c h a r a c te r iz e d  in  te r m s  o f  th e rm a l,  
p h y s ic a l ,  a n d  m e c h a n ic a l  p r o p e r t ie s  s u c h  a s  m o r p h o lo g y ,  a c tu a l  H A  a m o u n t, 
c o m p r e s s iv e  m o d u lu s ,  a n d  w a te r  a b s o rp t io n  c a p a c i ty .  T h e  c o m p r e s s iv e  m o d u lu s  
in c r e a s e d  f ro m  5 8  k P a  f o r  th e  P C L  s c a f fo ld  to  2 5 8  k P a  f o r  th e  P C L /H A  d u a l- le a c h e d  
s c a f fo ld s .  T h e  m e c h a n ic a l  p ro p e r t ie s  o f  th e  P C L /H A  d u a l - le a c h e d  s c a f fo ld  w e re  
g r e a t ly  im p ro v e d  b y  in c o r p o r a t in g  H A  p a r t i c le s  a s  f i l le r s .  A n  in d i r e c t  e v a lu a t io n  o f  
th e  c y to to x ic i ty  o f  th e s e  s c a f fo ld s  w ith  m o u s e  f ib r o b la s t i c  c e l l s  ( L 9 2 9 )  a n d  m o u s e  
c a lv a r ia - d e r iv e d  p r e - o s te o b la s t ic  c e ll  ( M C 3 T 3 - E 1 )  d e m o n s t r a te d  th e  
b io c o m p a t ib i l i ty  o f  th e s e  m a te r ia ls  fo r  b o th  c e l l  ty p e s .  T h e  a b i l i t y  o f  th e s e  s c a f fo ld s  
to  s e rv e  a s  b o n e  s c a f f o ld s  w a s  fu r th e r  a s s e s s e d  in vitro b y  m e a s u r in g  th e  a t ta c h m e n t ,  
p r o l i f e r a t io n ,  a lk a l in e  p h o s p h a ta s e  (A L P )  a c t iv i ty ,  a n d  m in e r a l i z a t i o n  o f  M C 3 T 3 -E 1  
c e lls  s e e d e d  o r  c u l tu r e d  a t  d i f f e r e n t  t im e s . T h e  r e s u l t s  s h o w e d  th a t  th e  c e l l s  c u l tu re d  
o n  b o th  th e  P C L  a n d  N a O H - tr e a te d  P C L /H A  d u a l - le a c h e d  s c a f f o ld s  e x h ib i te d  b e t te r  
a d h e s io n  th a n  th e  cel^g c u l tu r e d  o n  th e  T C P S  a n d  th e  N a O H - t r e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s ;  s im i la r ly ,  th e  c e lls  c u l tu r e d  o n  b o th  th e  P C L  a n d  N a O H - tr e a te d  
P C L /H A  d u a l - le a c h e d  s c a f f o ld s  e x h ib i te d  b e t te r  p r o l i f e r a t io n  th a n  th e  T C P S  a n d  
o th e r  s c a f fo ld s .  C e l l s  th a t  w e re  c u l tu re d  o n  d u a l - l e a c h e d  s c a f f o ld s  f o r  4  h o u r s  
a p p e a re d  to  e x p a n d  a n d  a t t a c h  to  th e  s c a f fo ld  s u r f a c e ,  w h e r e a s  c e l l s  th a t  w e r e  s e e d e d  
o n  th e  g la s s  s u b s t r a te  r e ta in e d  a  ro u n d  m o r p h o lo g y .  T h e  c e l l s  th a t  w e r e  c u l tu re d  o n  
N a O H - tr e a te d  P C L /H A  d u a l- le a c h e d  s c a f fo ld s  e x p a n d e d  th e  m o s t  o n  th e  s u r fa c e  o f  
th e  s c a f fo ld .  T h e  a s s e s s m e n ts  o f  m in e r a l i z a t io n  o f  M C 3 T 3 - E 1  c e l l s  s h o w e d  th a t  o n  
d a y s  14 a n d  2 1 , th e  s ta in in g  f o r  c a lc iu m  d e p o s i t io n  o f  h ig h e s t  in te n s i ty  w a s  o b s e rv e d  
fo r  c e l l s  g r o w n  o n  th e  N a O H - tr e a te d  P C L /H A  s c a f f o ld ,  f o l lo w e d  b y  P C L /H A , P C L , 
a n d  T C P S , in  th a t  o r d e r .  O u r  re su lts  in d ic a te  th a t  N a O H - t r e a te d  P C L /H A  d u a l-  
le a c h e d  s c a f fo ld s  h a v e  s u p e r io r  m e c h a n ic a l  p r o p e r t i e s  a n d  h y d r o p h i l ic i ty ;  in

๐
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a d d i t io n , th e ir  a b i l i ty  to  s u p p o r t  M C 3 T 3 - E 1  c e ll  a t t a c h m e n t ,  p r o l i f e r a t io n ,  a n d  
m in e ra l iz a t io n  m a k e s  th e m  p o te n t ia l ly  u s e f u l  a s  b o n e  s c a f f o ld in g  m a te r ia l .

4 .6  A c k n o w le d g e m e n t s

T h is  r e s e a rc h  w o rk  w a s  p a r t i a l ly  s u p p o r te d  b y  th e  f o l lo w in g  f u n d in g  
s o u rc e s :  1) T h e  T h a i la n d  R e s e a r c h  F u n d  (T R F , g ra n t  n o . D B G 5 2 8 0 0 1 5  a n d  a  
d o c to ra l  s c h o la r s h ip  r e c e iv e d  f ro m  th e  R o y a l  G o ld e n  J u b i le e  P h .D . P ro g r a m , 
P H D /0 1 0 0 /2 5 5 1 ) ; 2 )  th e  " I n te g r a te d  I n n o v a t io n  A c a d e m ic  C e n te r :  I IA C
( R E S _ 0 1 _ 5 4 _ 6 3 ) " ,  C h u la lo n g k o r n  U n iv e r s i ty  C e n te n a ry  A c a d e m ic  D e v e lo p m e n t  
P ro je c t ,  C h u la lo n g k o rn  U n iv e r s i ty ;  3 )  th e  P e tro le u m  a n d  P e t r o c h e m ic a l  C o l le g e  
( P P C ) , C h u la lo n g k o rn  U n iv e r s i ty ;  4 )  th e  N a t io n a l  C e n te r  o f  E x c e l le n c e  fo r  
P e tro le u m , P e tr o c h e m ic a ls ,  a n d  A d v a n c e d  M a te r ia ls ,  T h a i la n d ;  a n d  5 )  th e  
D e p a r tm e n t  o f  A n a to m y , F a c u l ty  o f  D e n t i s t r y ,  C h u la lo n g k o rn  U n iv e r s i ty .
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