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Abstract

Objectives: To evaluate effects of calcium and phosphate ions releasing from the
Polycaprolactone (PCL)-Biphasic Calcium Phosphate (BCP) scaffolds fabricated by modified Melt
Stretching and Multilayer Deposition (mMSMD) technique and the scaffold architectures on
proliferation and differentiation of osteoblasts.

Materials and Methods: The scaffolds were prepared as group A; PCL-20%BCP
(%wt), group B; PCL-30%BCP, group C; PCL-20% Tricalcium Phosphate (TCP), group D; PCL-
30% TCP and group E; 100% PCL. Amounts of calcium and phosphate ions released from the
scaffolds of group A-D, which immersed in the proliferation culture medium (PR, Alpha-MEM)
were assessed over 30 days. For the indirect cytocompatibility test, the effects of those ions on
proliferation and differentiation of osteoblasts cell lines (MC3T3-E1) were assessed by using
ELISA and mineralized matrix staining (Alizarin Red S staining, AR) after culturing the cells in
the medium with the immersed scaffolds over 21 days. The PR medium and osteogenic culture
medium (OS, Alpha-MEM + inductive reagents) alone were used as the control groups. For direct
cytocompatibility test, the cell-scaffold constructs of group A, B and E were made by seeding the
cells on the scaffold surfaces and cultured in PR and OS mediums for 30 days, whilst, the scaffolds
of group E were used as the control group. Proliferation and differentiation of those cells cultured
in both mediums were assessed using ELISA and Scanning Electron Microscope (SEM).

Results: Scaffold in group A-D could sustain release of calcium and phosphate
ions over 30 days. The maximum releasing rates of calcium ion were detected on day 14 — 21,
whilst, those of phosphate ion were detected on day 3 - 7. For cumulative release of the ions, the
scaffolds of group A and C released phosphate ion significantly higher than group B and D over

the time points (p<0.05), whilst, the profiles of calcium ion among the groups were not significantly



X

different. For the indirect cytocompatibility test of group A — D, proliferation and differentiation
markers of the cells detected by measuring the levels of Alkaline Phosphatase (ALP) and
Osteocalcin (OCN) seemed to relate to the profiles of the cumulative concentrations of the ions.
The proliferation of the cells in all groups decreased on day 7 relating to the maximum releasing of
phosphate ion, whilst, an increase of proliferation of the cells thereafter would relate to the releasing
profiles of calcium ion. The ALP activities of group A and D increased with time and the level of
group A was significantly higher than the other groups on day 21(p<0.05), whilst, those of group
B and C were stable over 21 days. The levels of OCN in group A and B were stable during the first
14 days, and then, remarkably increased on day 21, whereas, those of group C and D were stable
over the observation period. It was found that the levels of OCN in group C were greater than those
of other groups on the first 14 days, whereas, the levels in group A was higher than the other groups
on day 21. The levels of the solubilized AR staining of all groups were stable during the first 14
days, and then, remarkably increased on day 21. At that time, those levels were significantly greater
than that of the PR medium (p<0.05), but, still less than that of the OS medium. For the direct
cytocompatibility test, the SEM images demonstrated that the osteoblast cells could attach and grow
well on the surfaces of the scaffolds of group A, B, and E. In the PR medium, the viable cell
numbers in group A increased with time and reached the maximum level on day 30, whereas, those
in group B reached the maximum level on day 14, and then, decreased thereafter. It was noted that
the growth of the cells in group A and B were higher than that of group E over the time points. In
the OS medium, the proliferation rates of group A and B were not stable, but still higher than those
of group E, except only on day 21. The ALP activities in group A and B when cultured in the PR
medium were detected at the high levels on the first 7 days, then decrease on day 14 - 21 and became
remarkably increasing on day 30. In the OS medium, the ALP activities of group A and B increased
with time and reached the maximum levels on day 14, and then became stable thereafter. The OCN
levels of group A and B were stable during the first 21 days, and then, they remarkably increased
on day 30 when cultured in the PR medium, whereas, those of group E were stable over 30 days.
In the OS medium, the profiles of OCN in all groups were similar to those in the PR medium,
whereas, those of group E slightly increased on day 30. It was noted that those osteoblastic
differentiation markers of group A and B were higher than those of group E in almost all time points

over the observation period whether cultured in the PR or OS medium.



Conclusion: The PCL-BCP mMSMD scaffolds can sustain release of calcium and
phosphate ions which are essential for supporting the functions of the osteoblasts over the period
of bone formation. The PCL- 20% BCP scaffolds can release the ions in the proper concentrations
for enhancing the entire phased of the osteoblastic differentiation better than the PCL-30%BCP
mMSMD scaffolds did, whereas, the effects on the cell proliferation are not statistically different.
In addition, the morphologies of the PCL-BCP mMSMD scaffolds are more suitable for supporting
attachment, growth and differentiation of the osteoblast cells than those of the scaffolds without the

BCP filler.

Keywords: Scaffold, Polycaprolactone, Biphasic calcium phosphate,

Hydroxyapatite, Tricalcium phosphate, calcium ion, phosphate ion
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List of Tables

Table Page
Table 1 The table shows the mechanical profiles of the human bone (34), 5
the pure PCL MSMD scaffolds (2, 3) and the PCL-BCP mMSMD scaffolds.

The compressive strength of PCL-BCP mMSMD scaffolds is comparable to

the human cancellous bone and there is no statistical difference of
mechanical properties among the three types of scaffolds.
Table 2 The table shows the average accumulative concentrations (mM) of calcium 33

and phosphate ions in the culture medium.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

List of Figures

The stereomicroscope images demonstrate the morphologies of

the PCL-BCP scaffold; A: superior view, B: lateral view,

C: cross-sectional view and D: the magnified picture focuses on

the rough surface architecture of the scaffold.

A and C; the graphs demonstrate the profiles of calcium and

phosphate ions releasing in dH,O over 30 days. The maximum

release of both ions were detected on day 7 which was significantly

greater than the other days (*; ANOVA, p < 0.05) and then, the release
gradually decreased thereafter. B and D; the graphs demonstrate
cumulative the release of the ions over 30 days. The accumulation of

the releasing ions from the scaffolds increased with time.

The fabrication process of the PCL-BCP scaffolds using the mMSMD
technique; A: the PCL-BCP filament was put into a glass mold and
compressed, B: the mold was immersed in the warm dH,O allowing the
contact points of the filament to fuse together and form a 3-D scaffold.

The stereomicroscope images demonstrate the morphologies of the PCL-TCP
scaffold; A: superior view, B: lateral view, C: cross-sectional view and D: the
magnified picture focuses on the rough surface architecture of the scaffold.
The stereomicroscope images demonstrate the morphologies of the pure
PCL scaffold; A: superior view, B: lateral view, C: cross-sectional view
and D: the magnified picture focuses on the scaffold surfaces.

The indirect cytocompatibility test was done by assessing proliferation

and differentiation of the osteoblast cells seeded on tissue culture plates
and cultured in PR medium containing overlying scaffolds. On the culture
days 3, 7, 14 and 21, proliferation and differentiation of those cells were
evaluated by using WST-1 assay, measurements of ALP and OCN and AR.

PR and OS mediums alone were used as the control groups.
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Figure

Figure 7

Figure 8

Figure 9

List of Figures (Cont.)

The diagram of the direct cytocompatibility test. Assessment of growth
and differentiation of the osteoblast cells in the cell-scaffold constructs
cultured in PR and OS mediums were evaluated over 30 days.

A and B; The graphs demonstrate profiles of calcium and phosphate
ions released from the scaffolds over 30 days. The maximum release of
both ions in all groups were detected on day 7, which was significantly
greater than the other days (¥, #; ANOVA, p <0.05) and the releasing
decreased thereafter. C; Accumulative release of calcium

ion of all groups rapidly increased after day 7 until day 21, and then the
releasing rates slowed down thereafter. No significant difference was
found among the groups over the time points (ANOVA, p > 0.05).

D; Accumulative release of phosphate ion rapidly increased

from day 3 to day 7, and then, the rates slowed down thereafter.

It was found that the cumulative concentrations of group A and C were
significantly greater than those of group B and D in every time point
(*; ANOVA, p <0.05).

The bar graphs show that amounts of the cells in group A-D and in OS
medium slightly decreased on day 7, and then, remarkably increased on

day 14. On day 21, the amounts of the cells in those groups reached

their maximum levels. The cells cultured in PR medium continued increasing

since day 3 and reached the maximum level of day 14 (+ and # = significantly

greater than group A-D, ANOVA; p <0.05), then it decreased thereafter.

On day 21; ¥=PR and OS groups were significantly less than group A-D,

ANOVA; p <0.05 and £ = group B was significantly higher than group A,

ANOVA; p = 0.00.

XV

Page
17

20

21



Figure

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

List of Figures (Cont.)

The graphs demonstrate the ALP activities of group A-D and the control
groups of the medium alone over 21 days. The activity of group A

was significantly higher than the other those of the groups on day 21

(¥; ANOVA, p =0.00). The activity of group B was significantly higher

than the other groups on day 3 (*; ANOVA, p = 0.00). The activity

of the OS medium group was significantly greater than the other groups

on day 14 (£; ANOVA, p = 0.00).

The graphs demonstrate the levels of OCN over 21 days. The level of

group A had the highest concentration on day 21 (significantly higher

than the PR medium group, *; ANOVA, p = 0.00). The level of group C was
higher than those of the control groups in every time point (significantly
higher than the OS medium group on day 7, #; ANOVA, p = 0.02).

The graphs demonstrate the amounts of the solubilized AR over 21 days.

The AR levels of group A-D were significantly higher that of the PR medium
group on day 21 (*=significantly less than the other groups; ANOVA, p < 0.05).
The AR levels in the OS medium group were significantly higher than the
other groups since day 7 (#; ANOVA, p <0.05).

The SEM images of group A, B, and E on the culture day 3; A-C: cultured in PR
medium, D-F: cultured in OS medium. The osteoblast cells spread their
cytoplasmic processes attaching well to the scaffold surfaces.

The SEM images group A, B, and E on the culture day 14; A-C cultured in PR
medium, D-F: cultured in OS medium. Dense multilayer cell-sheets
throughout the scaffold surfaces of all groups were seen.

Mineralized nodules were detected in some areas (*) when the constructs

were cultured in OS medium.
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Figure

Figure 15

Figure 16

Figure 17

List of Figures (Cont.)

The SEM images group A, B and E on the culture day 21; A-C cultured
in PR medium, D-F: cultured in OS medium. Denser cell-sheets covered
the entire scaffold surfaces of all groups and the morphologies of the cells
were difficult to identify. Mineralized nodules were seen in some areas
of all groups when cultured in both mediums (arrows).

The graphs demonstrate the growth profiles of the cells in the cell-scaffold
constructs of group A, B and E cultured in the different

mediums over 30 days. A; In the PR medium, the viable cells of group A
and B were greater than that of group E in every time point (significantly
different on day 7, 21 and 30; *, #, and ¥; ANOVA, p <0.05).

B; In the OS medium, the viable cells of group A

reached the maximum on day 21 (significantly higher than day 14, K;

ANOVA, p = 0.003). The viable cells of group B slightly increased with

time and then reached the maximum level on day 30. The amounts of the cells

of group A and B were significantly higher than those of group E

on day 3, 7 and 30 (Q, B, ll; ANOVA, p <0.05).
The graphs demonstrate the ALP activities of cells in the constructs of group

A, B and E cultured in the PR and OS mediums over 30 days. A; In the PR

medium, the ALP activity of group A on day 21 was significantly lower than

other days (£; ANOVA, p =0.008). The activity of group B significantly
decreased on day 14 (€; ANOVA, p = 0.00). The activities of group A and

B were significantly higher than those of group E on day 7 and 30

(*, #;, ANOVA, p < 0.05). B; In the OS medium, the ALP activity of group A

and B reached the maximum level at day 14 (¥, ANOVA, p<0.05)), and

the activity of group B was significantly higher than group A on day 21

(u; t-test, p = 0.001). Since day 7, the activities of group E were significantly

less than those of group A and B (TT; ANOVA, p < 0.05).
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List of Figures (Cont.)

Figure Page
Figure 18 A; The graphs demonstrate the OCN levels of the cell-scaffolds constructs 30

cultured in PR medium over 30 days. The levels of group A and B were

stable until day 21, and then, increased to the maximum level on day 30.

The levels of group A and B were greater than those of group E on day

7,21 and 30 (*; ANOVA, p < 0.05). B; In OS medium, the levels of

group A and B were stable until day 21, and then, significantly increased

on day 30. The levels of group A and B were significantly greater than that

of group E on day 30 (¥, ANOVA, p<0.05).
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1. Introduction

For several decades, using autogenous bone grafting for reconstructing large bone
defects in the maxillofacial region has been considered to be the gold standard, nevertheless, its
requiring donor site operations that sometimes increases patient morbidities. Therefore, several oral
surgeons require some synthetic biodegradable scaffolds used as bone substitutes instead of the
autogenous bone for those purposes. Ideally, the scaffolds should act as temporary matrices for
extracellular matrix deposition until new bone is totally restored. The rate of degradation of the
scaffolds should be commensurate with the bone regeneration, whilst, their mechanical strength should
be maintained during that period. In addition, their structures should consist of appropriate pore size
and interconnecting pore systems for transporting nutrition and allowing bone cell in-growth
throughout the scaffolds (1). Since 2011, our research team has developed the technique of Melt
Stretching and Multilayer Deposition (MSMD) specifically for fabricating the biodegradable polymer-
based scaffolds (2-4). The MSMD scaffolds are designed to have the appropriate interconnecting pore
system for enhancing osteogenesis. The microgroove pattern, typically found on their surfaces has
proved to support attachment of osteoblasts (2). In addition, the mechanical properties of the scaffolds
are suitable for withstanding forces occurring in real circumstances of the reconstruction in the oral and
maxillofacial region(3). Recently, to make that fabricating process more practical, the steps of the
MSMD technique are simplified and it is renamed “modified MSMD (mMSMD)”. A three-dimensional
(3-D) scaffold can be fabricated only by compressing a single filament into a glass mold and immersing
in warm water. The mMSMD technique is easier to process which allowing any surgeons to instantly
build up the 3-D scaffolds on the chair side of surgical operations. Therefore, time spending for the
processing is remarkably reduced. In addition, fabricating the scaffold within the glass mold is a close
environment that can prevent contamination during the processing. For the materials, the concept of
melt blending of two materials including Poly &-caprolactone (PCL) as a major component and
Biphasic Calcium Phosphate (BCP) as a filler, is used for fabricating the composite scaffold. Poly &-
caprolactone has been approved by Food and Drug Administration (FDA) as a medical and drug
delivery device, with extensive support both in vitro and in vivo studies (5-10). It is degraded by a

hydrolytic mechanism under physiological conditions and produces a less acidic environment when



compared to other polyesters. However, PCL normally takes more than 24 months for complete
degrading, which is not commensurate with the bone remodeling process (11). Biphasic Calcium
Phosphate is a combination of a stable phase of hydroxyapatite (HA) and a soluble phase of beta-
tricalcium phosphate (TCP) in different concentrations that offering controlled bioactivities and
balanced biodegradation (12). Bioactivities, mechanical properties and degradation behaviors of BCP
are controlled by varying the ratios of the HA and TCP. With the higher ratios the TCP, the higher
degradation rates can be archived, on the other hand, with the more composition of HA, BCP has better
mechanical strength. In addition, BCP can prolong release of calcium and phosphate ions as well as
forming hydroxyl carbonate apatite layer which are essential for the process of new bone formation
(13, 14). Present of HA on surfaces of scaffolds can also change their surface charges and promote
absorption of proteins and other molecules from surrounding environment (15-17). In bone tissue, the
proteins such as osteopontin, bone sialoprotein, and osteocalcin are able to recognize HA through
highly acidic domains, resulting in promoting attachment, proliferation and differentiation of
osteogenic cells which subsequently forming new bone (15, 18-21). Additionally, the releasing calcium
ion is able to neutralize the adverse acidic by-products during degradation of the polyester-based
scaffolds (15, 22-24). Although the various ratios of the BCP have been studied extensively, its
optimum ratio for bone tissue engineering and clinical applications is still obscure. Most of the previous
studies fabricated BCP using the ratios of HA higher than TCP which is mainly for improving the
mechanical stability of the material, however, some studies demonstrated better results of the BCP
containing high ratios of TCP (25-28). Arinzeh, et al (25) performed an in vivo study to determine the
optimum ratios of HA and TCP for supporting human Mesenchymal Stem Cells (hMSC) and inducing
bone formation. Six types of ceramic including 100% HA, 100% TCP and BCP with the ratios of
HA/TCP at 76/24, 63/37, 56/44, and 20/80 were seeded with hMSC and implanted subcutaneously into
the backs of the immunodeficient genetically disordered mice. The authors found that the BCP 20/80
had the better results when compared with the other proportions of the higher ratios of HA. Lomelino,
et al (26) evaluated suitability of the BCP granules (TCP/HA = 70:30) as potential carriers for cell-
guided bone therapy. Calvarial bone defects (5 mm in diameter) of Wistar rats were filled with
autogenous bone graft, the BCP granules combined with human bone cells and the BCP granules alone.

After 45 days, the new bone formation of the defects filled with the combination of the BCP granules



and the cells were similar to those filled with the autogenous bone. Although the amounts of new bone
formation in the group of BCP granules alone were less than those of the other groups, no significant
difference was detected. Recently, in cooperation with The National Metal and Materials Technology
Center of Thailand (MTEC), BCP particles were prepared as bone substitutes in different compositions
of HA/TCP including 30/70, 40/60 and 50/50 (28). Proliferation and differentiation of mouse osteoblast
cells (MC3T3-E1) responding to those particles was assessed in vitro over 19 days. The results
indicated that the cells which were seeded on the BCP 30/70 grew faster and expressed the highest
alkaline phosphatase activity earlier than the other groups, whereas, the highest osteocalcin activity was
detected in the group of 50/50 followed by 30/70 and 40/60 respectively. Therefore, it implies that the
BCP containing a higher ratio of TCP (30/70) would support proliferation and the early phase of
differentiation of the osteoblast cells, whilst, higher HA ratios (50/50) would support the later phase.
Those effects would be due to calcium and phosphate ions, which can be released from the BCP particle.
Ma, et al (29) monitored dissolution behaviors of those ions released from plasma-sprayed HA coatings
coating disks and assessed their effects on osteoblast precursor cell lines. The authors concluded that
the cells responded differently to the different concentration of calcium and phosphate in the medium.
In the present study, BCP 30/70 was considered to be the filler in the PCL-based scaffolds, not only for
increasing bioactivities but also for improving degradation property of the scaffolds. Regarding the
mMSMD technique, BCP, which being stable at the temperature between 100-120°C, is appropriate for
the melt blending with PCL and the monofilaments of PCL-BCP blends can be fabricated
homogenously via an extruding machine (2). This study aimed to evaluate bioactivities of the PCL-
BCP scaffolds which being composed of various ratios of PCL/ BCP for supporting growth and
differentiation of the bone-forming cells. In addition, relations between the releasing ions from the

scaffolds and responses of the cells were assessed and discussed.

Background
Physical characteristics of the PCL-BCP mMSMD scaffolds
The morphologies
Similar to the MSMD technique, the maximum amounts of the BCP filler are not

exceed 30% due to an increase of fracture of the filaments (2). Regarding the previous study (30), the



PCL-BCP scaffolds using the ratios of PCL: BCP = 80:20 (PCL-20%BCP) and 70:30 (PCL-30%BCP)
has acceptable physical properties and good biocompatibility for using as bone substitutes. The
architectures of the scaffolds consist of the large interconnecting pore system and high porosity (65.73

+5.02 %) which are considered to be appropriated for new bone regeneration (31-33) (Figure 1).

S

-

Figure 1 The stereomicroscope images demonstrate the morphologies of the PCL-BCP
scaffold; A: superior view, B: lateral view, C: cross-sectional view and D: the

magnified picture focuses on the rough surface architecture of the scaffold.

The mechanical properties

Regarding the previous study (30), the mechanical properties of the scaffolds were
assessed using a universal testing machine. The result demonstrates that their mechanical properties
are similar to those of the MSMD scaffolds as previously reported (3). The scaffolds have high elasticity
and they can tolerate the compressive forces in the superior directions equal to the normal bite force.

The profiles of the mechanical properties of the PCL-BCP mMSMD scaffolds, human bone, and the



pure PCL MSMD scaffolds are comparatively demonstrated in table 1. The data shows that the
compressive strength of the mMSMD scaffolds is comparable to that of the human cancellous bone. In

addition, their properties are similar to those of the PCL MSMD scaffolds.

Table 1. The table shows the mechanical profiles of the human bone (34), the pure PCL MSMD
scaffolds (2, 3) and the PCL-BCP mMSMD scaffolds. The compressive strength of
PCL-BCP mMSMD scaffolds is comparable to the human cancellous bone and there

is no statistical difference of mechanical properties among the three types of scaffolds.

Young’s modulus (MPa) Compressive strength (MPa)
Cortical bone 7000-30000 100-200
Cancellous bone 50-500 2-12
PCL MSMD scaffolds 13.05+0.7 2.78+0.04
PCL- 20%BCP mMSMD scaffolds 15.38+0.46 3.61+0.1
PCL- 30% BCP mMSMD scaffolds 17.7243.61 3.83+0.19

The degradation behaviors

Regarding the previous study (35), the degradability of the scaffolds was evaluated in
vitro. The degradability test was done by immersing those scaffolds in the simulated body fluid (SBF)
for 60 days, whilst, the in vivo experiment (pending for publication) was done by implanting those
scaffolds subcutaneously in the back of male Wistar rats for 60 days. The result in vitro showed that
the PCL-20%BCP scaffolds had slow degradation rate (weight loss = 1.91+£0.47% on day 60). In
contrast, the in vivo degradation rates of the scaffolds were rapidly increased with time (volume lost=
30.06+6.04% on day 60) which was significantly higher than in vitro (p<0.05). The slow degradation
property of the PCL- BCP scaffolds is still an advantage because the strength of the scaffolds can be
maintained as supportive structures over the entire periods of complete bone remodeling which usually
takes around 6 months. In addition, their slow degradation could sustain longer releasing of calcium

and phosphate ions, which are essential for bone regeneration.



The capability of release calcium and phosphate ions

Those ions are considered to be the very important factors for enhancing new bone
formation supported by several previous studies(33, 36-40). Regarding the previous study(30), the
PCL-BCP scaffolds could maintain releasing calcium and phosphate ions throughout 30 days when
immersed in double distilled water (dH,O) (Figure 2). Although the maximum releasing of the ions was
detected on day 7 and the rates of releasing decreased thereafter, the amount of those ions was still

cumulatively increased with time.
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Figure 2 A and C; the graphs demonstrate the profiles of calcium and phosphate ions releasing
in dH,0 over 30 days. The maximum release of both ions were detected on day 7
which was significantly greater than the other days (*; ANOVA, p < 0.05), and then,
the release gradually decreased thereafter. B and D; the graphs demonstrate

cumulative the release of the ions over 30 days. The accumulation of the releasing

ions from the scaffolds increased with time.



Hypothesis

The PCL-BCP mMSMD scaffolds are biocompatible and they can sustain releasing
of the essential calcium and phosphate ions which indirectly support growth and differentiation of the
osteoblasts. The architectures of those scaffolds are suitable for proliferation and differentiation of the
cells directly attaching on the scaffolds. In addition, the percentages of the BCP filler in those scaffolds

would affect those properties.

Objectives of the study
The PCL-20%BCP and PCL-30%BCP mMSMD scaffolds were comparatively
assessed as follows:
- Capability to release calcium and phosphate ions
- Effects of the releasing ions and the scaffold architectures on proliferation and

differentiation of the osteoblast cells

Benefit of the study
To provide a scientific knowledge of the PCL-BCP mMSMD scaffolds being used for

bone tissue engineering and used as the bone substitutes



2. Materials and Methods

Scopes of the study

The in vitro experiments were performed for evaluating the releasing profiles and the
amounts of calcium and phosphate ions released from the PCL-BCP mMSMD scaffolds. The indirect
cytocompatibility test was performed for investigating the effects of those ions on the proliferation and
differentiation of the osteoblast cells (MC3T3-E1); by measuring the levels of specific markers of the
cells. The direct cytocompatibility test was performed for measuring those markers from the cell-
scaffold constructs to assess the capability of cells to growth and differentiate on the scaffold surfaces.
The scaffolds as the following ratios of PCL: BCP were fabricated for the experiments; group A; 80:20
(PCL-20%BCP) and group B; 70:30(PCL-30%BCP), the positive control groups; group C using PCL:
TCP= 80:20 (PCL-20%TCP) and group D=70:30 (PCL-30%TCP) and the negative control group;

group E using PCL 100% (pure PCL).

Scaffold fabrication

The PCL-BCP scaffolds were fabricated using the mMSMD technique as follows. In
brief, PCL pellets (Mn 80,000 PC, Sigma-Aldrich, USA) and BCP particles (HA: B-TCP 30/70, particle
sizes< 75 um, MTEC, Pathumthani, Thailand) were used as raw materials. The two materials were
mixed together in the ratios of PCL: BCP = 80:20 and 70:30 by weight and melted in the melting-
extruding machine (2). The PCL-BCP monofilaments were made by extruding the PCL-BCP blend
through the nozzle tip of the machine. Afterwards, the filaments were stretched to decrease their
diameters and then they were stocked for fabricating the scaffolds. To fabricate each 3-D scaffold
(Figure 3), the single filament was cut into 50 cm in length and put into a 5 cc-glass syringe, and then,
the plunger of the syringe was pushed until reaching the reference point of 3 mm above the bottom of
the syringe. The tip of the syringe was sealed by polyvinyl siloxane (3M ESPE, USA), and then,
immersed into warm dH,O. By using this technique, contacted surfaces of the filaments could be fused
together and a 3-D scaffold (diameter: 11 mm, height: 3 mm) was built. The PCL-TCP and pure PCL
scaffolds were fabricated by mixing of the PCL pellets and TCP particles (100% TCP, particle sizes<

75 wm, MTEC, Pathumthani, Thailand) or using 100% of the PCL pellets and their processing was the



same as described above. Morphologies of the scaffolds of all groups were demonstrated in figure 1, 4

and 5. The scaffolds were sterilized using ethylene oxide gas 2 weeks prior to the experiments.

A B -
)
(
>
Figure 3 The fabrication process of the PCL-BCP scaffolds using the mMSMD technique; A:

the PCL-BCP filament was put into a glass mold and compressed, B: the mold was
immersed in warm dH,O allowing the contact points of the filament to fuse together

and form a 3-D scaffold.
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Figure 4 The stereomicroscope images demonstrate the morphologies of the PCL-TCP
scaffold; A: superior view, B: lateral view, C: cross-sectional view and D: the

magnified picture focuses on the rough surface architecture of the scaffold.

Figure 5 The stereomicroscope images demonstrate the morphologies of the pure PCL scaffold;
A: superior view, B: lateral view, C: cross-sectional view and D: the magnified picture

focuses on the scaffold surfaces.
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Release of Calcium and Phosphate ions

The scaffolds of group A-D were left in proliferation culture medium [PR, Alpha-
Minimum Essential Medium (a-MEM; Gibco, Invitrogen, USA) containing 10% fetal bovine serum
(FBS) (Gibco, Invitrogen, USA), 10000 units/ml penicillin/streptomycin (Gibco, Invitrogen, USA), and
250 pg/mL fungizone (Gibco, Invitrogen, USA)] (n=25/group) for detecting the release of calcium and
phosphate ions over 30 days. In brief, the scaffolds were immersed in 2 mL of the medium per well of
a tissue culture plate, whilst, the proliferation medium and the osteogenic medium [OS, the proliferation
medium supplemented with 10 mM B-glycerophosphate (Sigma, USA), 10” M dexamethasone (Sigma,
USA) and 50 uM ascorbic acid-2 phosphate (Sigma, USA)] without the scaffolds were used as control
groups. The plate was incubated at a constant temperature of 37°C, and on day 3, 7, 14, 21 and 30
thereafter, the scaffolds were moved to the next wells and the fresh medium was added. The solution
of each previous well was collected for measuring calcium and phosphate ions using a Calcium and
Phosphate Colorimetric Assay Kit (Biovision, USA) (n=5/group/time point/testing). To detect the
calcium ion, 90 YL of the Chromogenic Reagent and 60 UL of the buffer solution were added into 50
UL of each sample solution and mixed gently in a 96-well plate. The plate was incubated away from
light for 5 min at room temperature. The absorbance (OD) of the chromophore was measured using a
microplate reader (Thermo Fisher Scientific, Germany) at 575 nm. To detect the phosphate ion, 200
UL of the sample solutions were placed in the 96-well plate. Thirty microliters of phosphate reagent
were added to each well and mixed gently, and then, the plate was incubated at room temperature for
30 min. The absorbance of Malachite Green and Ammonium Molybdate, which formed a chromogenic
complex with phosphate ions, was measured at 700 nm. The levels of OD were compared with a

standard curve to calculate the concentrations of calcium and phosphate released from the scaffolds.

Cytocompatibility tests
1. Cell culture
Osteoblast cell lines (MC3T3-El, subclone 4, ATCC, USA) were grown in the
proliferation medium. The cells were cultivated in 5% CO, at 37 °C until reaching confluence, and then,

subculturing was conducted. The cells between passages 3—6 were used for the experiments.
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2. Indirect cytocompatibility test

The experiments were performed in order to evaluate an influence of the releasing
ions from the scaffolds on proliferation and differentiation of the osteoblast cells. The schematic
diagram of the tests was demonstrated in figure 6. On day 21, 14, 7 and 3 prior to the experiment, 1 x
10" cells were seeded into each well of the 48- well culture plates and then 200 pL of the PR medium
were added (n=5/ group/ time point/ testing). The plates were left for 3 h in 5% CO, at 37°C to allow
the cells to attach. Afterwards, the scaffolds of group A-D were immersed into each well and secured
as close as possible to the bottom of the well. The wells of the PR and OS medium without the scaffolds
were reserved for the control groups (n=5/medium/time point/testing). The plates were cultivated in
5% CO, at 37°C and the medium was changed every 3 days until the experiments.

2.1 Cell proliferation

On the day of the experiment, the cell proliferative reagent (WST-1; Roche, Germany)
was used to measure an activity of mitochondrial dehydrogenases for reflecting the number of viable
cells as per the following protocol. For each well, the scaffold and the culture medium were removed
and replaced with 200 UL of the fresh culture medium without FBS and 20 UL of WST-1 solution. The
well plates were incubated for 4 h in 5% CO, at 37°C. After that, 100 UL of the solution of each well
was transferred to a 96-well plate in duplicate and the absorbance of the formazan product of each well
was measured at 440 nm using a micro-plate reader. The levels of OD were compared with a standard
curve to infer the amounts of the cells.

2.2 Cell differentiation

On the day of experiment, after removing the medium and the scaffold, the cells on
the bottom of each well were washed two times using PBS, and then, they were lysed by freezing and
thawing for three cycles (1 cycle: at - 20 °C for 15 min and at room temperature for 15 min). After that,
200 pL of 1% Triton X-100 (Sigma, USA) in PBS were added and the mixtures were transferred into
micro-centrifuge tubes. All tubes were centrifuged at 2000 x g for 10 min, and then, the supernatant of
each tube was collected and kept at -80 °C as the cell lysis solution used for an analysis of total cellular
protein content, alkaline phosphatase activity (ALP) and osteocalcin (OCN) assay. The quantification
of total protein in the solutions were performed according to the manufacturer’s instructions (Bio-Rad

protein assay, USA) based on the method of Bradford. The absorbance at 750 nm was read using the
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micro-plate reader. The ALP activities were measured according to instructions using the commercial
kit of Alkaline Phosphatase, AMP Buffer (Human, Germany) according to the recommendation of the
International Federation of Clinical Chemistry (IFCC). Levels of the activity were calculated per one
milligram of the total cellular protein [(U/L)/mg protein]. Quantification of OCN was performed
according to the manufacturer instructions using the commercial kit of osteocalcin enzyme-linked
immunosorbent assay (Biomedical Technologies Inc., USA). The solutions were read at 450 nm
absorbance using the microplate reader and their concentrations were calculated with the serial diluted
standard solution. The OCN levels were demonstrated as ng/mg protein.

2.3 Matrix mineralization

The mineralization of the osteoblast cells were investigated by using Alizarin red S
staining (AR) (41). On the day of the experiment, the cells were fixed with 4% formaldehyde for 10
min, and then, they were washed with distilled water and covered with a 2% Alizarin red S solution
(Sigma, USA) for 5 min. After that, unincorporated dye were washed many times with distilled water
and the stained spots of calcification were observed via a light microscope. To quantify the
mineralization (42), the stained cells were incubated with 100 mM /L cetylpyridinium chloride (Sigma-
Aldrich, USA) for 1 h in order to solubilize the calcium bound AR. The solutions were collected and
read as units of AR released [1 unit is equivalent to 1 unit optical density at 570 nm measured using the

micro-plate reader].
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Scaffold in PR medium Control; medium alone
|
| | I
PCL-BCP scaffolds PCL-TCP scaffolds | |
Group A Group B Group C Group D PR medium 0S medium
(n=60) (n=60) (n=60) (n=60) (n=60) (n=60)
| | | | | ]
Culturing the osteoblast cells
On day 3, 7, 14 and 21
®  Proliferation test (WST-1) (n = 5 / group / time point)
®  Differentiation tests (n = 5 / group / time point/ testing)
O ALP
O OCN
O AR
Figure 6 The indirect cytocompatibility test was done by assessing proliferation and

differentiation of the osteoblast cells seeded on tissue culture plates and cultured in
PR medium containing overlying scaffolds. On the culture days 3, 7, 14 and 21,
proliferation and differentiation of those cells were evaluated by using WST-1 assay,
measurements of ALP, OCN and AR. PR and OS mediums alone were used as the

control groups.
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3. Direct cytocompatibility tests
The tests were performed for evaluating the capability of osteoblast cells to growth

and differentiate on the scaffold surfaces. The schematic diagram of this part was demonstrated in figure

Preparing the cell-scaffold constructs

Prior to cell seeding, the scaffolds of group A, B and D were immersed in fresh PR
medium for 24h. On day 30, 21, 14, 7 and 3 prior to the testing, the cell-scaffold constructs were made
be seeding 2 x 10° osteoblast cells onto each scaffold using the static seeding method (n = 59/ group)
(43). To ensure the seeding density of the cells throughout the scaffold, 1 x 10° cells (44) were seeded
on each side of the scaffold and left in the incubator at 37°C, 95%CO, for 3h to allow the cell to attach.
Afterwards, the scaffold was moved to the new well and the cells remaining in each well were
trypsinized and counted to assess average amount of the cells, which fail to attach on the scaffolds. The
constructs were cultivated in 500 pL of PR and OS medium in 5% CO, and 37 °C. The medium was
changed every 3 days until the experiments.

3.1 Cell attachment and morphologies

The constructs cultured in PR medium for 3, 7 and 21 days were examined (n =
3/group/time point) via SEM (JEOL Ltd, Japan). The constructs were removed from the culture plates,
rinsed with PBS, and then, fixed in 2.5% glutaraldehyde (Sigma-Aldrich, USA) in PBS for 2 h. After
that, they were dehydrated in ethanol series of 50-100% and coated with gold-palladium.
Characteristics of the cells in the constructs were descriptively assessed.

3.2 Cell proliferation

Amounts of the cells in the constructs on the culture-day 3, 7, 14, 21 and 30 were
assessed using WST-1 assay as previously described (n = 5/group/time point).

3.3 Cell differentiation

On the day of the experiment, the constructs were moved to the new wells and washed
two times in PBS. Afterwards, 200 puL of 1% Triton X-100 in PBS were added to each well, and then,
the constructs were minced into small pieces. The cells were lysed by freezing and thawing for three

cycles. The mixtures were transferred into the micro-centrifuge tubes and centrifuged at 2000 x g for
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10 min. The supernatants were collected as the cell lysis solutions and they were kept in there at -80 °C

for the analysis of total cellular protein content, ALP and OCN as previously described.



Cell-scaffold constructs
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. | .
Group A Group B Group E
PCL- 20% BCP PCL- 30% BCP Pure PCL (control)
(n=68) (n=68) (n=68)
| | |
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Figure 7

On day 3, 7, 14, 21 and 30
®  Proliferation test; WST-1 (n = 5/ group / time point)
® Differentiation test (n = 5/ group / time point / testing)

O ALP assay
O OCN assay

On day 3, 7 and 21

®  Cell attachment; SEM (n = 3 / group / time point)

The diagram of the direct cytocompatibility test. Assessment of growth and

differentiation of the osteoblast cells in the cell-scaffold constructs cultured in PR and

OS mediums were evaluated over 30 days.
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Statistical analysis

The data was analyzed using statistics analysis software (SPSS, version 14.0, USA).
One-way Analysis of Variance (ANOVA) followed by Tukey HSD was applied to compare the
differences of the amounts of calcium and phosphate ions as well as the parameters of cytocompatibility
tests among the groups. Dunnett’s T3 was performed when equal variances were not assumed. The

level of statistical significance was set at a p < 0.05.
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3. Result

Release of Calcium and Phosphate ions

The amounts of calcium and phosphate ions released from the scaffolds were
demonstrated in figure 8. The results demonstrated that the scaffolds of group A-D could release those
ions over the observation periods when immersed in the PR medium and there was no significant
difference among the groups over the time points (ANOVA, p > 0.05). It was noted that the releasing
concentrations of the experiment groups on day 7 were significantly increased greater than other days
(ANOVA, p < 0.05), and then, they decreased thereafter. However, the cumulative data demonstrated
that the accumulation of those ions continued increasing with time. There was no significant difference
of the cumulative concentrations of calcium ion among group A-D in every time point, whilst, those of

phosphate ions of group A and C were significantly higher than group B and D in every time point.
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A and B; The graphs demonstrate the profiles of calcium and phosphate ions released

from the scaffolds over 30 days. The maximum release of both ions in all groups were

detected on day 7, which was significantly greater than the other days (¥, #;, ANOVA,

p <0.05) and the releasing decreased thereafter. C; Accumulative release of calcium

ion of all groups rapidly increased after day 7 until day 21, and then, the releasing

rates slowed down thereafter. No significant difference was found among the groups

over the time points (ANOVA, p > 0.05). D; Accumulative release of phosphate ion

rapidly increased from day 3 to day 7, and then, the rates slowed down thereafter. It

was found that the cumulative concentrations of group A and C were significantly

greater than those of group B and D in every time point (*; ANOVA, p < 0.05).
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Indirect cytocompatibility
Cell prolifération
The amounts of the viable cells of all groups over the observation period were
demonstrated in figure 9. The cells of group A-D slightly decreased on day 7, and then increased
thereafter to reach the maximum growth on day 21. The highest cell numbers on day 21 was detected
in group B which was significantly higher than group A and control groups (ANOVA, p < 0.05), but,
it was not significantly higher than group C and D (ANOVA, p > 0.05). In PR group, the maximum
growth of the cells was detected on day 14 (significantly higher than other groups, ANOVA, p = 0.00),
and then, it slightly decreased on day 21. However, on day 21, the viable cell numbers in PR and OS

group were significantly less than those of the experiment groups (ANOVA, p <0.05).

Groups

61 [ Group A; PCL-20% BCP
B Group B; PCL-30% BCP
£ I Group C; PCL-20% TCP
[C] Group D; PCL-30% TCP

[l PR medium

[l 0S medium

5

Number of the cells ( x 10000 )
+
]

i

Days

Figure 9 The bar graphs show that amounts of the cells in group A-D and in OS medium slightly
decreased on day 7, and then, remarkably increased on day 14. On day 21, the amounts
of the cells in those groups reached their maximum levels. The cells cultured in PR
medium continued increasing since day 3 and reached the maximum level of day 14
(* and # = significantly greater than group A-D, ANOVA;p < 0.05), then, it decreased
thereafter. On day 21; ¥=PR and OS groups were significantly less than group A-D,
ANOVA;p < 0.05 and £ = group B was significantly higher than group A, ANOVA;

p =0.00.
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ALP activities

The levels of ALP were demonstrated in figure 10. It was found that the profiles of
ALP in group A and D were similar over the observation period. Those profiles increased with times
and reach the maximum levels on day 21. At that time, the activity of group A was significantly higher
than the other groups (ANOVA, p = 0.00). The activity of group B was significantly higher than the
other groups on day 3 (ANOVA, p = 0.00), and then, it decreased and became stable on the following
days. The ALP of group C seemed to be stable over the observation periods. On day 14, the ALP of OS
medium group was significantly higher than the other groups (ANOVA, p = 0.00), and then, it

remarkably decreased on day 21.

£ Groups

8- ] Group A; PCL-20% BCP
I Group B; PCL-30% BCP
[l Group C; PCL-20% TCP
] Group D; PCL-30% TCP
M PR medium
[l 05 medium

ALP per 1 unit protein (/1000 U/l )

Days

Figure 10 The graphs demonstrate the ALP activities of group A-D and the control groups of the
medium alone over 21 days. The activity of group A was significantly higher than the
other groups on day 21(¥;, ANOVA, p =0.00). The activity of group B was
significantly higher than the other groups on day 3 (*; ANOVA, p =0.00). The activity
of the OS medium group was significantly greater than the other groups on day 14 (£;
ANOVA, p =0.00)

OCN
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The OCN levels were demonstrated in figure 11. The OCN of all groups can be early
detected since day 7. The levels of group A, B, and the OS medium group seemed to be stable over the
first 14 days, and then increased on day 21. In contrast, those of group C and D seemed to be stable
over the observation period. It was noted that the OCN levels of the control groups were less than those
of group A and B since day 14, but, they were less than those of group C in every time point. For the
experiment groups, on day 21, the highest OCN level was detected in group A followed by group B, C

and D respectively (not significantly difference among the groups, ANOVA, p > 0.05).
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*
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=
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Figure 11 The graphs demonstrate the levels of OCN over 21 days. The level of group A had the
highest concentration on day 21 (significantly higher than the PR medium group, *;
ANOVA, p =0.00). The level of group C was higher than those of the control groups
in every time point (significantly higher than the OS medium group on day 7, #;

ANOVA, p =0.02).
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AR staining

The solubilized AR staining of group A-D and the control groups over 21 days were
demonstrated in figure 12. It was found that the levels of AR in group A-D seemed to be stable during
the first 14 days, and then, they rapidly increased on day 21 (significantly higher than the PR medium
group, but, significantly less than the OS medium group, ANOVA, p < 0.05). The levels in the OS
medium group increased with time (significantly greater than the other groups since day 7), whilst, the

levels in the PR medium group seemed to be stable over the observation period.
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Group B; PCL-30% BCP
[l Group C; PCL-20% TCP
[l Group D; PCL-30% TCP
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0.57 [l 05 medium
#
0.4+
a]
o
=
o
= 0.3
0.2+
#
0.1
LA [
3 7 14 21
Days
Figure 12 The graphs demonstrate the amounts of the solubilized AR over 21 days. The AR

levels of group A-D were significantly higher that of the PR medium group on day 21
(*=significantly less than the other groups; ANOVA, p < 0.05). The AR levels in the
OS medium group were significantly higher than the other groups since day 7 (#;
ANOVA, p <0.05).
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Direct cytocompatibility tests
Cell attachment and morphologies
The SEM pictures in figure 13-15 demonstrated the behaviors of the osteoblasts in the
cell-scaffold constructs of group A, B, and E when they were cultured in PR and OM mediums. It was
found that the cells could attach and grow well throughout the scaffold surfaces of all groups. Since
day 14, the cells grew and formed multilayer cell-sheets covering the entire surfaces. Mineralization

nodules could be observed in all groups when cultured in OS medium since day 14.
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Figure 13 The SEM images of group A, B and E on the culture day 3; A-C: cultured in PR
medium, D-F: cultured in OS medium. The osteoblast cells spread their cytoplasmic

processes attaching well to the scaffold surfaces.
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Figure 14 The SEM images group A, B and E on the culture day 14; A-C: cultured in PR
medium, D-F: cultured in OS medium. Dense multilayer cell-sheets throughout the
scaffold surfaces of all groups were seen. Mineralized nodules were detected in some

areas (*) when the constructs were cultured in the OS medium.
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Figure 15 The SEM images group A, B and E on the culture day 21; A-C: cultured in PR
medium, D-F: cultured in OS medium. Denser cell-sheets covered the entire scaffold
surfaces of all groups and the morphologies of the cells were difficult to identify.
Mineralized nodules were seen in some areas of all groups when cultured in both

mediums (arrows).

Cell proliferation

The amounts of the viable cells in the cell-scaffold constructs were demonstrated in
figure 16. In the PR medium, the amounts of the cells of group A increased with time and reached the
maximum growth on day 30 (significantly higher than the other days, ANOVA, p = 0.005), whereas,
those of group B reached the maximum growth on day 14, and then, decreased thereafter. The growth
of group E increased until day 14, and then, decrease on day 21. After that, the growth increased to the
maximum level on day 30. It was noted that the growth of the cells in group A and B were greater than
those in group E in every time point. In the OS medium, the amounts of the cells of group A
significantly increased on day 7, and then, rapidly decreased on day 14 (ANOVA, p = 0.004 and 0.017
respectively). The growth reached the maximum level on day 21(significantly increased from day 14,
ANOVA, p = 0.003). The growth of the cells in group B gradually increased with time in the first 14
days, then, they slightly decreased on day 21 and reached the maximum level on day 30 (ANOVA, p

= 0.085). Similar to the cells cultured in the PR medium, the amounts of the viable cells of group A
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and B were higher than group E in every time point, except on day 21 when group E were slightly

higher than group B.
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Figure 16. The graphs demonstrate the growth profiles of the cells in the cell-scaffold constructs
of group A, B, and E cultured in the different mediums over 30 days. A; In the PR
medium, the viable cells of group A and B were greater than those of group E in every
time point (significantly different on day 7, 21 and 30; *, #, and ¥; ANOVA, p <0.05).
B; In the OS medium, the viable cells of group A reached the maximum level on day
21 (significantly higher than day 14, K; ANOVA, p=0.003). The viable cells of group
B slightly increased with time and then reached the maximum level on day 30. The

amounts of the cells of group A and B were significantly higher than those of group E

on day 3, 7 and 30 (Ct, B, lt; ANOVA, p <0.05).

ALP activities
The ALP activities of the cells in the constructs were demonstrated in figure 17. In the
PR medium, the highest ALP activity of group A was detected on day 3, and then, they decreased to
the lowest level on day 21, but, remarkably increased on day 30. The ALP of group B increased to the
maximum level on day 7, and then, significantly decreased to the lowest level on day 14, but,
remarkably increased on day 30. The activity of group E seemed to be stable over the observation
period. It was noted that the ALP activities of group A and B were greater than those of group E in

every time-point and there was no significant difference between group A and B over the observation
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period. In the OS medium, the activities of group A and B increased with time to reach their maximum
levels on day 14 and they seemed to be stable thereafter. On day 21, the activity of group B was
significantly higher than group A. It was noted that the activities of group A and B were higher than

those of group E over the observation period (significantly different from since day 7, ANOVA, p <

0.05)
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Figure 17 The graphs demonstrate the ALP activities of cells in the constructs of group A, B and

E cultured in the PR and OS mediums over 30 days. A; In the PR medium, the ALP
activity of group A on day 21 was significantly lower than other days (£; ANOVA, p
=0.008). The activity of group B significantly decreased on day 14 (€; ANOVA, p =
0.00). The activities of group A and B were significantly higher than those of group E
on day 7 and 30 (*, #; ANOVA, p <0.05). B; In the OS medium, the ALP activity of
group A and B reached the maximum level at day 14 (¥; ANOVA, p<0.05)), and the
activity of group B was significantly higher than group A on day 21 (u; t-test, p =
0.001). Since day 7, the activities of group E were significantly less than those of

group A and B (TT; ANOVA, p <0.05).
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OCN

The expression of OCN of the cells in the constructs of group A, B, and E, were
demonstrated in figure 18. In the PR medium, the OCN levels of group A and B can be detected since
day 7, they were stable until day 21, and then, significantly increased to the maximum levels on day 30
(ANOVA, p < 0.05). In contrast, the OCN levels of group E seemed to be stable over the observation
period. Except day 14, the levels of group A and B were higher than those of group E. In the OS
medium, the profiles of the OCN levels of group A and B were similar to those in the PR medium. The
OCN level of group A and B were stable until day 21and reached the maximum levels on day 30
(ANOVA, p < 0.05). The OCN levels of group E gradually increased since day 14 and reached the
maximum level on day 30 (ANOVA, p = 0.016). The levels of group E were less than those of group
A and B on day 7, 14 and 30.
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Figure 18 A; The graphs demonstrate the OCN levels of the cell-scaffolds constructs cultured in
PR medium over 30 days. The levels of group A and B were stable until day 21, and
then, increased to the maximum level on day 30. The levels of group A and B were
greater than those of group E on day 7, 21 and 30 (*; ANOVA, p < 0.05) B; In the OS
medium, the levels of group A and B were stable until day 21, and then, significantly
increased on day 30. The levels of group A and B were significantly greater than that

of group E on day 30 (%, ANOVA, p<0.05).
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4. Discussion

This study was performed in order to evaluate direct and indirect effects of the
bioactivities of the PCL-BCP mMSMD scaffolds on osteoblastic responses. The two different ceramic
fillers in the PCL-based scaffolds were used including BCP which composing of the static phase of HA
at 30% and the soluble phase of TCP at 70% and 100% TCP filler. By comparing to the PCL-TCP
scaffolds and the pure PCL scaffolds, therefore, the actions of the BCP can be elucidated. Two main
experiments were performed including direct and indirect cytocompatibility tests to confirm the actions
of BCP filler as well as the effects of the architectures of the mMSMD scaffolds on growth and
differentiation of the cells. For the indirect cytocompatibility test, the releasing profiles of calcium and
phosphate ions were assessed when the scaffolds were immersed in the proliferation medium. The PCL-
TCP scaffolds were used for comparing the amounts of the releasing ions with the PCL-BCP scaffolds,
whilst, the osteogenic medium and the proliferative medium alone were served as the positive and
negative control groups respectively. In addition, measuring proliferation and differentiation of the
osteoblast cells cultured in the mediums of each group is performed to assess the indirect effects of the
releasing ions on the cells. By measuring the amounts of the ions in the medium instead of dH,0O, their
total concentrations that truly influencing proliferation and differentiation of the osteoblast cells are
assessed. In addition, those concentrations can be compared with those in an osteogenic medium which
considered to be the optimum concentrations for inducing the differentiation of the cells. In this study,
the entire phases of the osteoblastic differentiation were assessed including measuring ALP for the
early differentiation and OCN for the late differentiation. In addition, the AR was used for assessing
the mineralized nodule formation to infer that the cultured cells could produce bone-like matrix. The
direct cytocompatibility test was performed to evaluate the influence of the scaffold morphologies
rather than the releasing ions on the cellular responses. Therefore, the PCL-TCP scaffolds were not
used for comparing with the PCL-BCP scaffolds and the pure PCL scaffolds without bioactive filler
were used as the negative control instead. In this experiment, growth and differentiation of the cells
attaching on the surfaces of the scaffolds were evaluated, except, measuring the solubilized AR. The

matrix mineralization was not assessed in order to avoid its false positive from absorbing excessive
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staining of the scaffolds and staining carbonate apatite layers (6) which occasionally occurred on the

surfaces of the scaffolds when immersed in the culture solutions.

Regarding the results, the PCL-BCP scaffolds containing the BCP filler of 20% and
30% could sustain release of calcium and phosphate ions throughout 30 days. Interestingly, there was
no statistical difference of the amounts of the calcium ions and their releasing profiles among the groups
of the PCL-BCP and the PCL-TCP scaffolds. Moreover, the cumulative concentrations of the phosphate
ions released from the PCL-20%BCP scaffolds and the PCL-20%TCP scaffolds were significantly
higher than those from the scaffolds using the fillers of 30%. Theoretically, TCP can be solubilized
easier than BCP, hence, at the same ratios, the PCL- TCP scaffolds would release more calcium and
phosphate ions into the medium when compared with the PCL-BCP scaffolds. It turned out that there
was no statistical difference of the releasing concentrations of the calcium ions among the groups,
whilst, the releasing profiles of the phosphate ions were 20%BCP>20%TCP>30%o0f TCP and
30%BCP. Therefore, it implies that using of TCP filler and BCP filler has the similar capacities of
releasing calcium and phosphate ions and increasing the fillers up to 30% as a limitation would not
enhance the release. These phenomena could be explained that the saturated solution would slow down
the release of the ions and it affected the releasing phosphate ion more than the calcium ions particularly
in the culture medium. In addition, the amounts of the fillers of 20% and 30% are slightly different

leading to a difficulty in explain the phenomena.

Some previous studies demonstrated the effect of calcium and phosphate ions on
behaviors of bone cells (37, 38, 45, 46). For the effect of calcium ion, Maeno, et al (46) investigated
the effect of various concentrations of calcium ion on functions of cultured mouse primary osteoblasts.
The result showed that the low concentration of calcium ion of 2-4 mM and 6-8 mM providing suitable
conditions for proliferation and differentiation of the cells respectively. Godwin and Soltoff (38)
reported a relationship between extracellular calcium concentration and chemotaxis of MC3T3-El
osteoblast cell line. They found that the rate of chemotaxis of the cells correlated with an increase of
the calcium concentration within the range of 1.8 to 5 mM. For the effect of phosphate ion, Beck, et al
(45) reported that inorganic phosphate is a signaling molecule for altering gene expression of the
osteoblast cells during their differentiation. By using microarray analysis of phosphate-treated MC3T3-

E1 osteoblast cell, they identified that some multiple genes such as Nrf2 which associating with the



33

osteoblast differentiation were upregulated by an increase in the concentration of phosphate ion.
Bingham and Raisz (37) examined the effect of increasing phosphate ion in the range of 1.5 to 4.5 mM
on bone growth and mineralization by using fetal rat long bones in organ cultures. They also found that
increasing amounts of phosphate ion resulted in increase of collagen content and calcification of the
cultures. However, addition of high concentration of phosphate ranging from 5 to 7mM was reported
to induce in vitro osteoblast apoptosis and non-physiological mineral deposition (47). The optimal
concentrations of calcium and phosphate ions may vary according to the cellular stages of proliferation
and differentiation and there is no optimal concentration that universally stimulate the cells toward
successful osteogenesis (48). Regarding the results of our study, the accumulative concentrations of

calcium and phosphate ions in the culture medium are demonstrated in table 2.

Table 2 The table shows the average accumulative concentrations (mM) of calcium and

phosphate ions in the culture medium.

Calcium ion (mM) Phosphate ion (mM)
Pay 20%BCP 30%BCP 20%TCP 30%TCP 20%BCP 30%BCP 20%TCP 30%TCP
3 0.85 0.83 0.85 0.84 0.086 0.078 0.084 0.074
7 0.88 0.86 0.87 0.87 0.120 0.101 0.115 0.101
14 1.07 1.06 1.08 1.07 0.122 0.102 0.115 0.101
21 1.25 1.24 1.26 1.25 0.126 0.104 0.119 0.101
30 1.31 1.27 1.35 1.31 0.131 0.106 0.125 0.104

Although the data shows that the concentrations of those ions are lower than the optimum ranges for
supporting the functions of osteoblasts, the responses of the osteoblast cells seemed to relate to the
releasing ion concentrations and the ratios of the ceramic fillers in the scaffolds. The burst release of
the phosphate ion on day 7 related to the decrease of the proliferation of the cells, whilst, that of calcium
ion after day 7 related to the increase of their proliferation. It implies that the concentrations of
phosphate ion on day 7 produced an inappropriate environment for the growth of the forming cells, on

the other hand, the decrease of the releasing rate thereafter would promote their proliferation. In
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contrast, the increase of calcium ion would promote the cell proliferation since day 7. When compared
the viable cell number between the PCL-BCP groups and the PCL-TCP groups, it was found that there
was no statistical difference among the groups. Therefore, the solubilization of the TCP filler does not
have any advantage for promoting the growth of the osteoblasts when compared with the BCP filler.
Regarding the aspects of the cell differentiation, it was found that the groups of PCL-BCP scaffolds
seem to have the better result in stimulating the ALP activity of the cells over the observation period
when compared with the PCL-TCP scaffolds, especially the activities in the PCL-20%BCP group which
increasing with time and being remarkably greater than the other groups on day 21. The indicative
markers of the late differentiation of the cells including OCN and AR indicated that the groups of PCL-
20%BCP and PCL-20%TCP scaffolds were dominant. The levels of OCN in both groups were detected
at the higher levels since day 7 when compared with the other ratios. In addition, the level in PCL-
20%BCP group remarkably increased to the maximum level on day 21 which was higher than the other
groups. Similarly, the profiles of the solubilized AR indicated that both scaffolds could indirectly
enhance the degrees of mineralization of the osteoblasts greater than the other groups. Therefore, the
composition of the PCL-based scaffolds using 20% of BCP and TCP fillers would have some
advantages for promoting new bone regeneration and the extending experiments for evaluating those

effects should be performed both in vitro and in animal models.

Regarding the direct cytocompatibility experiments, the SEM images demonstrated
that the mMSMD scaffolds could support attachment, proliferation as well as differentiation of the
osteoblast cells regardless of the compositions of materials. However, it was found that the PCL-BCP
scaffolds had the better results for those purposes when compared with the pure PCL scaffolds whether
cultured in PR or OS mediums. For the cell proliferation, growth of the cells in the PCL-30%BCP
scaffolds was faster than that in the PCL-20%BCP scaffolds when the constructs were cultured in the
PR medium. In contrast, in the OS medium, the cells in the PCL-20%BCP scaffolds had the faster
result. For the ALP activities, the cells in the PCL-20% scaffolds expressed ALP earlier than those in
the PCL-30%scaffolds when the constructs were cultured in the PR medium. However, the cells of both
groups had the same profiles of the ALP activities when cultured in the OS medium. For the levels of
OCN, the cells of both groups when cultured in both mediums had similar profiles of the expression. It

was noted that the cells in the PCL-20%BCP scaffolds had the better osteoblastic differentiation due to
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the higher levels of ALP and OCN in the earlier days of the experiments when compared with those in
the PCL-30%BCP scaffolds even the constructs were cultured in the medium without supporting
substances for the cell differentiation. However, the direct cytocompatibility of the PCL-20%TCP
scaffolds is not yet evaluated and compared with those of the PCL-20%BCP scaffolds. Therefore, that
extending experiments should be done in the future to confirm that which one is the optimum filler for

the PCL-based mMSMD scaffolds.
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5. Conclusion

The technique of mMSMD is very practical to fabricate PCL- ceramics 3-D scaffolds.
The architectures of the scaffolds are appropriate for supporting attachment and functions of
osteoblasts. The calcium and phosphate ions, which are essential for process of new bone formation,
can sustain their release from the scaffolds over the period of bone formation. In addition, the release
of those ions would influence the activities of the cells. The PCL-20%BCP scaffolds have the better
indirect and direct support to the entire phases of the osteoblastic differentiation when compared with

the PCL-30%BCP scaffolds.
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Physical characteristics

and biocompatibility of the
polycaprolactone-biphasic calcium
phosphate scaffolds fabricated
using the modified melt stretching
and multilayer deposition
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Abstract

Physical properties and biocompatibility of polycaprolactone (PCL)-biphasic calcium phosphate (BCP) scaffolds fabri-
cated by the modified melt stretching and multilayer deposition (mMSMD) technique were evaluated in vitro. The
PCL-BCP scaffold specimens included group A; PCL: BCP (wt%) = 80:20 and group B; 70:30. Mechanical properties
of the scaffolds were assessed using a universal testing machine. Degradation behaviors of the scaffolds were assessed
over 60 days. The amount of calcium and phosphate ions released from the scaffolds was detected over 30 days.
Attachment and growth of osteoblasts on the scaffolds and indirect cytocompatibility to those cells were evaluated.
The results showed that the scaffolds of both groups could withstand compressive forces on their superior aspect very
well; however, their lateral aspect could only withstand light forces. Degradation of the scaffolds over 2 months was low
(group A=1.92£047% and group B=29+1.3%, p >0.05). The concentrations of calcium and phosphate ions
released from the scaffolds of both groups significantly increased on day 7 (p < 0.05). Growth of the cells seemed
to relate to accumulative increase in those ions. All results between the two ratios of the scaffolds were not statistically
different.

Keywords
Scaffold, biphasic calcium phosphate, hydroxyapatite, tricalcium phosphate, polycarprolactone

totally restored. The rate of degradation should be
commensurate with bone regeneration, whilst the
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transporting nutrition and bone cell in-growth through-
out the scaffolds.' Our research team developed the
novel technique of melt stretching and multilayer
deposition (MSMD) specifically for fabricating 3D
scaffolds for bone regeneration.®* The MSMD scaf-
folds are specifically designed to be an appropriate
interconnecting pore system for enhancing osteogen-
esis. A microgroove pattern, typically found on their
surfaces, proved to support attachment of osteoblasts.”
In addition, the mechanical properties of the scaffolds
are suitable for withstanding forces occurring in real
circumstances of reconstruction in the oral and max-
illofacial region.” Recently, to make the fabricating
process easier and more practical, the steps of
MSMD were simplified and were thus called, “modified
MSMD (mMSMD)”, for fabricating the novel poly-g-
caprolactone (PCL)-biphasic calcium phosphate (BCP)
3D scaffolds. PCL and BCP are very popular biomater-
ials and are widely used for bone tissue engineering,
thus the combination of the two materials are targeted
for their synergistic properties. PCL has been approved
by the Food and Drug Administration (FDA) as a
medical and drug delivery device, having extensive sup-
port both in vitro and in vivo studies.*”’ It degrades by
a hydrolytic mechanism under physiological conditions
and produces a less acidic environment when compared
to other polyesters. However, since it possesses hydro-
phobic properties, PCL normally takes more than 24
months for complete degrading,® which is not commen-
surate with the bone remodeling process. Currently,
PCL-based scaffolds are usually combined with some
ceramic fillers for enhancing bioactivities and accelerat-
ing degradation rates, and some of the products are
available on the market. One of them is the PCL scaf-
fold containing 20% PB-tricalcium phosphate (B-TCP)
fabricated by fused deposition modeling (FDM).
These scaffolds have been proven to support prolifer-
ation and differentiation of the osteoprogenitor cell and
in vivo bone formation.”'® The major advantage of the
PCL-TCP scaffolds is that a calcium-rich layer forming
on their surfaces during dissolution of the TCP serves
as a template for hydroxyapatite growth. Thus, osteo-
blasts can grow and differentiate on that apatite layer
to form an extracellular matrix. In addition, it is
claimed that the surrounding bone comes in direct con-
tact with the surface of the layer.'” BCP, another popu-
lar ceramic used for that purpose, is a combination of
two ceramic phases aiming for controlled bioactivity
and balanced biodegradation.”” BCP consists of the
stable phase of hydroxyapatite (HA) and the more
soluble phase of B-TCP. In the living tissue, acidic con-
dition initiates partial dissolution of HA causing
releasing of Ca®*, HPO4>~, and PO4’~ and increasing
supersaturation with respect to calcium phosphate
phase. Consequently, a hydroxyl carbonate apatite

(HCA) layer slowly forms and bonds with bone.”

Although various composition ratios have been studied
extensively in vitro and in vivo, the optimum ratio of
BCP for using as bone substitutes or scaffolds for bone
tissue engineering is still obscure. Most of the previous
studies fabricated BCP using higher ratios of HA than
those of TCP in order to improve mechanical stability
of the materials, but some studies supported better
results by using higher ratios of TCP.?>? Arinzeh
et al.”® performed an in vivo study to determine the
optimum ratio of HA and TCP that induced human
mesenchymal stem cells (hMSC) and promoted new
bone formation. Six types of ceramics including 100%
HA, 100% TCP and HA/TCP at the ratios of 76/24, 63/
37, 56/44, and 20/80 seeded with hMSC were implanted
subcutaneously into the backs of severely immunodefi-
cient genetically disordered mice. The results showed
that ceramics containing a high ratio of TCP (HA/
TCP=20/80) induced more hMSC and bone formation
than those containing high ratios of HA. Lomelino
et al.” evaluated the suitability of BCP granule (B-
TCP/HA =70:30) as a potential carrier for cell-guided
bone therapy. Calvarial bone defects (5mm in diam-
eter) in Wistar rats were filled with autogenous bone
grafts, the BCP granules and the granules combined
with human bone cells. The results showed that levels
of new bone formation over 45 days of the BCP gran-
ules combined with the cells were similar to those of the
autogenous bone, whilst those of the BCP granules
alone were less than those two groups; however, no
significant difference was detected. Recently, our insti-
tute in corporate with The National Metal and
Materials Technology Center of Thailand (MTEC) pre-
pared BCP particles as a bone substitute in different
compositions of HA/B-TCP with ratios of 30/70, 40/
60, and 50/50.%%" Proliferation and differentiation of
the mouse osteoblast (MC3T3-El) seeded on those par-
ticles were assessed in vitro over 19 days. The results
indicated that the cells on BCP 30/70 grew fastest and
expressed the highest alkaline phosphatase activity ear-
lier than the other groups. However, on day 19, the
highest osteocalcin activity was detected in the 50/50
group followed by the 30/70 and 40/60 group, respect-
ively. Therefore, it implies that BCP containing the
higher ratios of TCP at 30/70 would support prolifer-
ation and early phases of differentiation of the osteo-
blast cells, whilst the higher HA ratio (50/50) would
support the late phase of differentiation. In this study,
BCP 30/70 seemed to be the best ratio for influencing
entire phases of the bone formation. However, the limi-
tations of BCP with high ratios of TCP are mainly due
to its weak mechanical properties. Tadashi et al.**
found that the number of micro-cracks found in BCP
composite block grafts increased with higher ratios of
B-TCP. They concluded that higher ratios of B-TCP

Downioaded from jbs. sagepub.com by guest on April 24, 2018

45



1462

Journal of Biomaterials Applications 30(10)

would decrease the mechanical strength of BCP. In our
opinion, combining BCP 30/70 with PCL for fabricat-
ing biodegradable scaffolds was a good strategy, not
only for increasing bioactivity but also for improving
the degradation properties of the scaffolds. In addition,
when using the BCP as a filler for PCL-based scaffolds,
the effects of its poor mechanical properties would be
eliminated. Regarding using either the MSMD or
mMSMD technique, which utilizes a melt-blending
concept, the two materials could be easily mixed due
to the fact that BCP is stable when the temperature is in
the range of 100-120°C and at which temperature PCL
can melt. Therefore, the melted blend of PCL and BCP
can be extruded to be a filament and the 3D scaffolds
can be built by using those filaments.™ Initially, we
hypothesized that the PCL matrix, which supports the
BCP fillers, would diminish its brittle property, whilst
the bioactivities and degradation behaviors of the PCL
scaffolds would be improved by the action of the filler.
In this study, the fabrication technique of mMSMD
was introduced and in vitro physical characteristics
and biocompatibility of the PCL-BCP mMSMD scaf-
folds were assessed.

Materials and methods
Scaffold fabrication and study groups

The study groups were divided into two groups accord-
ing to the ratios of PCL-BCP: group A = 80:20 ratio and
group B=70:30. The PCL-BCP scaffolds were fabri-
cated using the mMSMD technique as follows. In
brief, PCL pellets (M,,80,000 PC, Sigma Aldrich, USA)
and BCP microparticles (HA: B-TCP =30:70, particle
size < 75 um, MTEC, Thailand) were used as the raw
materials. The two materials were mixed together with
the following ratios of PCL: BCP=80:20 and 70:30 by
weight, and then melted in the melting-extruding
machine.” The PCL-BCP monofilaments were made
by extruding the PCL-BCP blend through the nozzle
tip of the machine. After that the filaments were
stretched to decrease their diameters and were stocked
for fabricating the scaffolds.” To fabricate each 3D scaf-
fold (Figure 1), a single filament was cut to be 50cm in
length, put into a 5 cc-glass syringe as a mold, and then
compressed by pushing the plunger of the syringe until
reaching the reference point of 3 mm above its tip. The
tip was sealed by polyvinyl siloxane (3M ESPE, USA),
and then the syringe was immerged into warm double
distilled water to allow contacted points of the filaments
to fuse together and form a 3D scaffold. The scaffolds
were removed from the molds and used as the testing
specimens (diameter: 11 mm, height: 3mm). The speci-
mens used for the cellular experiments were sterilized
using ethylene oxide gas.

(@) (b)

Figure |. The fabrication process of PCL-BCP scaffolds using
the mMSMD technique: (a) the PCL-BCP filament was put into a
glass mold and compressed, (b) the mold was immersed into
warm water allowing the contact points of the filament to fuse
together and form a 3D scaffold.

Physical characteristic evaluations

Scaffold morphologies. Architecture and surface morph-
ology of the scaffolds was examined using a stereo-
microscope (Nikon SMZ1300, Japan) and a scanning
electron microscope (SEM; JEOL Ltd, Japan) (n=3/
group). Micro-computer tomography (pCT; pCT35,
SCANCO Medical AG, Switzerland) and its analysis
software (WCT 35 Version 4.1) was used to evaluate
the porosity of the scatfolds (n =3/group). The porosity
(%) was calculated by the following equation

Total volume — Scaffold volume y

100
Total volume

Mechanical properties. The scaffolds were immersed in
simulated body fluid (SBF) and incubated at 37°C
for 24h before the experiments. SBF prepared in
accordance with Kokubo et al.’s study’' consisted of
ion concentrations nearly equal to those of human
blood plasma. Compressive forces were applied on
the superior aspect and lateral aspect (n=5/group/
aspect) of the scaffolds for assessing their compressive
strength using a universal testing machine (Lloyd
Instrument Ltd., UK). For the superior aspect, each
soaked scaffold was horizontally placed on the flat test-
ing platform against the compressing probe (15.77 mm
diameter; 5 kN load cell). Vertical force from 0 to 400 N
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Figure 2. Compression test of the scaffolds: vertical force (arrows) was applied to the superior aspect (a) and lateral aspect

(b) of the scaffolds.

was applied to the superior aspect of the scaffold at a
cross-head speed of 10 mm/min (Figure 2(a)). For the
lateral aspect, each soaked scaffold was vertically
immobilized using a custom-made holder, then the ver-
tical force was applied until reaching the limited max-
imum strain at 30% (Figure 2(b)). The stress-strain
behaviors were assessed by load-displacement curves
using data analysis software (Nexygen, UK).

Degradability. The scaffolds of each group were
immersed in SBF over 60 days for assessment of their
degradation in terms of weight loss (%). Each scaffold
was weighed (Wd0) using an analytical balance

(Satorius, Germany) before immersing in 2mL of

SBF/ well in 24-well tissue culture plates (Nunc,
Denmark). The plates were incubated at a constant
temperature of 37°C. The scaffolds were collected on
day 15, 30, 45, and 60 for measuring their weight loss
(n=>5/group/time point). At each time point, each
scaffold was blotted with filter paper. After being
freeze-dried in freeze drying and vacuum concentration
equipment (LaboGene ApS, Germany) for 24h, its
dried weight (Wdt) was measured. Weight loss of the
scaffold was calculated using the following equation

% Weight loss = 100 x (Wd0 — Wdt)/Wd0

Release of calcium and phosphate ions. The scaffolds
of each group were left in distilled water (dH,O)
(n=25/group) and in culture medium (alpha-minimum
essential medium (e-MEM) (Gibco, Invitrogen, USA)
containing 10% fetal bovine serum (FBS) (Gibco,
Invitrogen, USA), 10,000 units/mL penicillin/strepto-
mycin (Gibco, Invitrogen, USA), and 250 pg/mL fungi-
zone (Gibco, Invitrogen, USA)) (n=25/group) for
detecting release of calcium and phosphate ions over
30 days. The scaffolds were immersed in 2mL of each
solution per well in the tissue culture plates, and then

the plates were incubated at a constant temperature of
37°C. On day 3, 7, 14, 21, and 30 thereafter, the scaf-
folds were moved into next wells and the fresh solutions
were added. The solution of each previous well was
collected for measuring calcium and phosphate ions
using a calcium and phosphate colorimetric assay kit
(Biovision, USA) (n=5/group/time point/testing). To
detect the calcium ion, 90puL of the chromogenic
reagent and 60 pL of the buffer solution were added
into 50 pL/well of the sample solutions and mixed
gently in a 96-well plate (Nunc, Denmark). The plate
was incubated away from light for Smin at room tem-
perature. The absorbance (OD) of the chromophore
was measured using a microplate reader (Thermo
Fisher Scientific, Germany) at 575nm. To detect the
phosphate ion, 200pL/well of the sample solutions
were placed in a 96-well plate. Thirty microliters of
phosphate reagent were added into each well and
mixed gently. The plate was incubated at room tem-
perature for 30min. The absorbance of malachite
green and ammonium molybdate formed a chromo-
genic complex with phosphate ions, which was mea-
sured at 700nm. The levels of OD were compared
with a standard curve to calculate the concentration
of calcium and phosphate released from the scaffolds.

Biocompatibility in vitro

Cell culture. Osteoblast cell lines (MC3T3-El, subclone
4, ATCC, USA) were grown in the culture medium.
The cells were cultivated in 5% CO, at 37°C until
reaching confluence and then subculturing was con-
ducted. The cells between passages 3 and 6 were used
for the experiments.

Morphologies of cell attachment and proliferation. On days
21, 14, 7, and 3 before the experiment, the cells were
seeded on the scaffolds of each group (n=2/group/time
point) according to the following protocol. Prior to the
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Figure 3. The macro- and micro-structures of the scaffold. The stereomicroscope pictures show that the scaffold had a large and
irregular interconnecting pore system: (a) superior aspect, (b) lateral aspect, (c) cross-sectional aspect, (d) The SEM picture shows
that the surface of the scaffold had the pattern of irregular microgrooves.

cell seeding, the scaffolds were immersed in the culture
medium for 24 h, after that cell-scaffold constructs were
made by seeding 1 x 10° cells/scaffold. The constructs
were cultivated in 5% CO, at 37°C until the experi-
ment. On the day of experiment, the constructs were
rinsed with phosphate buffer saline (PBS), and then
fixed in 2.5% glutaraldehyde in PBS for 2h.
Afterwards, they were dehydrated in ethanol series of
60-100%, then dried and coated with gold-palladium.
Characteristics of the cells on the scaffolds were exam-
ined by SEM.

Cytocompatibility test. The experiment was performed in
order to evaluate an influence of the releasing ions from
the scaffolds on growth of the osteoblast cells. On days
21, 14, 7, and 3 before the experiment, 1 x 10* of the
cells were seeded into each well of the 48-well culture
plates (Nunc, Denmark) and then 200 puL of the culture
medium were added. The plates were left for 3h in 5%
CO, at 37°C to allow for cell attachment. After that,
the scaffolds of both groups were immerged into each
well and secured as close to the bottom of the well as
possible (n=5/ group/ time point). The medium with-
out the scaffold was reserved as the control group
(n=>5/time point). The plates were cultivated in 5%

CO, at 37°C and the medium was changed every 3
days until the experiment. On the day of experiment,
the cell proliferative reagent (WST-1, Roche, Germany)
was used to measure activity of mitochondrial dehydro-
genases for reflecting the number of viable cells as per
the following protocol. For each well, the scaffold and
the medium were removed and replaced with 200 pL of
the fresh culture medium without FBS and 20 uL of
WST-1 solution. The plates were incubated for 4h in
5% CO, at 37°C. After that, 100 pL of the solution of
each well was transferred to a 96-well plate in duplicate
and the absorbance of the formazan product of each
well was measured at 440nm using a micro-plate
reader. The levels of OD were compared with a stand-
ard curve to infer the amounts of the cells.

Statistical analysis. The data was analyzed using statis-
tics analysis software (SPSS, version 14.0, USA).
Macroscopic features of the scaffolds and morphologies
of the cells in the cell-scaffold constructs were assessed
descriptively. Paired -test was applied to compare the
differences of the mechanical parameters between the
two groups. One-way analysis of variance (ANOVA)
followed by Tukey HSD was applied to compare the
differences of the percent weight loss, amount of
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Table |. Summary of the mechanical properties of the scaffolds. For the superior aspect, compressive strength and the Young's

modulus of group A were slightly less than those of group B, but no

significant difference was found. Regarding the strain at maximum

load, the scaffolds of both groups had high elasticity and there was no significant difference found. For the lateral aspect, the data of the
maximum load and the compressive strength show that the lateral aspects of the scaffolds of both groups could withstand the minimal

forces. The Young's modulus of group A was significantly less than

group B (* = significant difference).

Superior aspect

Lateral aspect

Strain at
Compressive maximum Young’s Maximum Compressive Young’s

Groups strength (MPa) load (%) modulus (MPa) load (N) strength (MPa) modulus (MPa)
A 3.61+0.10 4940+ 346 15.38+0.46 1229+342 0.12+0.04 1.09+048
B 3.83+0.19 50.31+4.70 17.72+ 3.6l 21.56+947 0.21 £0.10 274+ 1.00
p-Value 0.95 0.76 0.24 0.10 0.13 0.02*¢
calcium and phosphate ions, and numbers of cells for
the time intervals within each group. Dunnett’s T3 test Groups
was performed when equal variances were not assumed. 59 1PCL-8CP 80:20
The paired r-test was applied to compare the differences EPL-BGR 7030
of those parameters between the two groups at each . 4|
time point. The level of statistical significance was set £
at a p<0.05. E

£ 3

=

E
Results < 24
The physical characteristics =
Scaffold morphologies. The architectures and the surface !
morphologies of the scaffolds were demonstrated in
Figure 3. The average porosity of the scaffolds mea- 0 p s pe pa
sured by pCT was 73.19£3.31%. Days

Mechanical properties. The mechanical properties of the
scaffolds were demonstrated in Table 1. The data
showed that the scaffolds of both groups could with-
stand the vertical compressive force in the superior dir-
ection up to 400 N. The scaffolds could be compressed,
and then they could recover to their initial dimensions
without distortion. The compressive strength and
Young's modulus of both groups were not significantly
different. Their strain at maximum load was high and
no significant difference between the groups was found.
In contrast, the scaffolds of both groups could not with-
stand the compressive force in the lateral direction. The
maximum load and compressive strength of the lateral
aspects of the scaffolds were low. The scaffolds col-
lapsed when reaching a strain of 30%.

Degradability. The degradation of the scaffolds was
demonstrated in Figure 4. Over 60 days, the scaffolds
of both groups slightly degraded with time and no sig-
nificant difference between the groups was found at
each time point (paired 7-test, p > 0.05). On day 60,
the maximum percentages of weight loss in group A
and group B=1.92+0.47 and 2.9 £ 1.30, respectively.

Figure 4. The graph demonstrated that the scaffolds of group
A gradually degraded over 60 days, whilst the degradation rate of
the scaffolds of group B increased after 45 days. However, the
total weight loss of both groups was low.

Release of calcium and phosphate ions. The concentrations
of calcium and phosphate ions released from the scaf-
folds were demonstrated in Figure 5 and 6. The results
demonstrated that the scaffolds of both groups could
release calcium and phosphate ions over the observa-
tion periods when immerged in both dH,O and the
culture medium. However, there was no significant dif-
ference between the two groups at each time point (r-
test, p>0.05). The releasing concentrations of those
ions in both groups on day 7 significantly increased
more than other days (ANOVA, p<0.05), and then
decreased thereafter. In addition, their concentrations
in the culture medium were greater than in dH,O at
every time point, except those of group A on day 7.
However, no significant difference was found (r-test,
p > 0.05). The cumulative data demonstrated that the
accumulation of calcium and phosphate ions of both
groups increased with time in both solutions. It was
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Figure 5. The graphs demonstrate the profiles of releasing calcium and phosphate ions in dH2O (a, c) and the culture medium (b, d)
over 30 days. The maximum release of both ions were detected on day 7, which was significantly greater than any other day (ANOVA:
group A, *=p < 0.05 and group B, #=p < 0.05), and then the releasing gradually decreased thereafter.

found that the releasing rates of both ions in dH,O
remarkably increased in the first 14 days and then grad-
ually decreased thereafter. In contrast, those rates in
the culture medium continued increasing with time
after the first 14 days. In addition, the concentrations
of phosphate ions in group A were significantly higher
than those of group B at all time-points.

Biocompatibility in vitro

Morpholagies of cell attachment and proliferation. The SEM
pictures demonstrated that the osteoblast cells could
attach and grow well throughout the surfaces of the
scaffolds (Figure 7). Since day 3 after seeding, it was
found that the cells grew in multilayers and formed
dense cell-sheets covering the surfaces.

Cytocompatibility test. The amounts of viable cells in both
groups at all observation time points were demon-
strated in Figure 8. The amounts of the cells of both
groups slightly decreased on day 7, and then increased
thereafter to reach the maximum growth on day 21.
In the control group, the maximum growth of the

cells was detected on day 14, and then it decreased on
day 21. It was found that the amounts of the cells in the
control group on day 7 and 14 were significantly greater
than those of group A and B (ANOVA, p <0.05). In
contrast, on day 21 those of group A and B were sig-
nificantly greater than that of the control group
(ANOVA, p=10.00).

Discussion

This study introduced a new technique for fabricating
polymer-—ceramic composite scaffolds. By simplifying
the MSMD technique, the mMSMD technique is
easier to process allowing surgeons to instantly build
3D scaffolds on the chair side of surgical operations.
Therefore, the processing time is remarkably reduced.
In addition, fabricating the scaffold within the glass
mold is a closed environment preventing contamination
during the processing. However, similar to the MSMD
technique, the maximum amounts of the BCP filler
cannot exceed 30% due to possible fractures of the
filaments.” Therefore, in this study, the ratios of
PCL-BCP at 70:30 and 80:20 were selected for the
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Figure 6. The graphs demonstrate cumulative release of calcium and phosphate ions in dH,O (a and c) and the culture medium (b
and d) over 30 days. The data shows that accumulation of the releasing ions increased with time in both solutions. It was noted that in
the culture medium, the concentrations of phosphate ions in group A were significantly higher than those of group B at each time point

(=p = 0.03).

experiments for evaluating activities of the BCP filler.
Regarding the results of this study, the PCL-BCP
mMSMD scaffolds had acceptable physical properties
and good biocompatibility for use as the bone substi-
tute. The architecture of the scaffolds consisted of a
large interconnecting pore system with high porosity,
which was considered to be appropriate for new bone
regeneration.®> > The mechanical properties of the
mMSMD scaffolds were similar to those of the
MSMD scaffolds as previously reported.ig The PCL-
BCP mMSMD scaffolds had high elasticity and they
could tolerate compressive forces in the superior direc-
tions equal to the normal bite force. Nevertheless, the
lateral aspects of the scaffolds is still the weak point
that can only tolerate minimal compressive forces,
therefore, any lateral excessive forces in real grafting
situations should be avoided. The profiles of the mech-
anical properties of PCL-BCP mMSMD scaffolds,
human bone, and the PCL MSMD scaffolds are com-
paratively demonstrated in Table 2. The data shows
that the compressive strength of the mMSMD scaffolds
is comparable to that of human cancellous bone. In
addition, their properties are similar to those of the

PCL MSMD scaffolds and there is no statistical differ-
ence between the ratios of PCL: BCP =80:20 and 70:
30. Therefore, it implies that the addition of the BCP
filler does not compromise that property of the PCL-
based scaffolds.

Regarding the degradation test, the PCL-BCP
mMSMD scaffolds had a slow degradation rate simi-
lar to the PCL-MSMD scaffolds;? therefore, the result
was against the initial hypothesis due to the fact that
the BCP filler did not accelerate the degradation rate
of the PCL-based scaffolds. Two possible reasons
could be that, firstly, the proportions of the BCP
filler were not enough for accelerating the structural
degradation of the PCL matrix and secondly, the com-
position of nonresorbable HA in the BCP might
retard the degradation process of the scaffolds.
However, in our opinion, the slow degradation prop-
erty of the PCL-BCP scaffolds is still an advantage
because the strength of the scaffolds can be main-
tained as supportive structures over the entire periods
of complete bone remodeling which usually takes
around 6 months. In addition, the slow degradation
rate of those scaffolds would sustain longer releasing
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Figure 7. The SEM pictures of the cell-scaffold constructs: (a), (c), (e), (g) group A, and (b), (d), (f), (h) group B. Since day 3, the cells
formed dense multilayer cell-sheets covering entire surfaces of the scaffolds and this feature increased with time.

of calcium and phosphate ions, which are essential
supports for bone regeneration.

Regarding the previous studies, the degradability of
the PCL-ceramic scaffolds were intensively investi-
gated.'” ! The shortest period of 28 days was to observe
the degradation behaviors of the PCL-20%TCP scaf-
folds in vitro in terms of their weight loss and forming
apatite layer on the surfaces when immerged in simu-
lated body fluid."” The longer periods were observed

in vitro and in rabbit models when those scaffolds
were immerged in culture medium or implanted in the
calvarial defects.'™'® It is found that the results of those
in vitro studies and our study are corresponding. Within
the first 8 weeks (60 days), the percentages of weight loss
of the scaffolds were very low (less than 5%).'7!°
However, their degradation rates are remarkably
increased (higher than 30% of volume loss) in the
living tissue'® due to the fact that the cellular responses
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Figure 8. The bar graph shows that the amounts of cells in group A and B slightly decreased on day 7, and then remarkably increased
on day |14. On day 21, the amounts of the cells in group A and B continued to increase, whilst those of the control group decreased. (*
and # show that the control group was significantly greater than group A and B, p=0.00 and 0.01 respectively, and ¥ shows that the

control group was significanty less than group A and B, p =0.00).

Table 2. The table shows the mechanical profiles of the human
bone,”' the PCL MSMD scaffolds and the PCL-BCP mMSMD
scaffolds.>* The compressive strength of PCL-BCP mMSMD
scaffolds was comparable to human cancellous bone and there
was no statistical difference of the mechanical properties among
the three types of scaffolds.

Young's Compressive
modulus (MPa) strength (MPa)
Cortical bone 7000-30,000 100-200
Cancellous bone 50-500 2-12
PCL MSMD scaffolds 1305+£0.7 2.78+£0.04
PCL-BCP mMSMD 1538+0.46 3.61+0.1
scaffolds 80:20
PCL-BCP mMSMD 17724361 3.83+0.19

scaffolds 70:30

are more dominant. Therefore, the extending experi-
ment should be performed in the animal models in
order to elucidate degradation behaviors as well as bio-
compatibility of the PCL-BCP mMSMD scaffolds in
the real circumstances of bone reconstruction.

This study revealed that the PCL-BCP scaffolds
could maintain releasing calcium and phosphate ions
throughout the 30 days. Although the maximum releas-
ing of the ions was detected on day 7 and the rates of
releasing decreased thereafter, the amounts of those
jons still cumulatively increased with time.
Theoretically, the more the BCP amount in the com-
posite, the higher the calcium and phosphate could be
released. Unexpectedly, the results showed that the
accumulation of those ions of the PCL-20%BCP scaf-
folds was greater than that of the PCL-30%BCP scaf-
folds. It could be described that the saturated solution

Table 3. The table shows the average accumulative concen-
trations (mM) of calcium and phosphate ions releasing from the
scaffolds of both groups in the culture medium.

Calcium ion (mM) Phosphate ion (mM)

Day Group A Group B Group A Group B
3 0.84 0.83 0.087 0.078
7 1.99 1.98 0211 0.192
14 295 2.94 0.259 0.237
21 3.85 3.85 0312 0.286
30 475 472 0.352 0.324

would slow down the release of the ions and it affected
the releasing phosphate ion more than the calcium ions
particularly in the culture medium. Therefore, it might
imply that increasing the amount of BCP filler up to
30% as a limitation would not increase the release of
calcium and phosphate ions. Several previous studies
supported that calcium-phosphate biomaterials are
considered to have osteoinductive property mainly
relating with the release of calcium and phosphate
ions.*®*° The effect of those ions are essential for the
functions of osteoblast cells and subsequent new bone
formation. The calcium ion has potent signals for
migration and maturation of pre-osteoblasts required
for the bone remodeling process.*! ** Moreover, this
ion induces expression of osteoinductive growth factors
including BMP-2 and BMP-4.** The phosphate ion is
identified as an important signaling molecule that regu-
lates proliferation rate of the cells and bone matrix min-
eralization. However, some studies demonstrated that
those effects were concentration dependence.® !
Maeno et al.*® investigated the effect of various
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concentrations of calcium ions on functions of cultured
mouse primary osteoblasts. The results showed that
low concentration of calcium 1ons of 2-4mM and 6-
8mM provided suitable conditions for proliferation
and differentiation of the cells respectively. Godwin
and Soltoff*® reported a relation between extracellular
calcium concentrations and chemotaxis of MC3T3-El
osteoblast cell lines. They found that the rates of
chemotaxis of the cells correlated with an increase of
the calcium concentration within the range of 1.8
SmM. The other studies reported the maximal effects
of calcium ions were in the range of 3-10 mM*” and 2—
8 mM.** Beck et al.*” reported that inorganic phos-
phate is a signaling molecule for altering gene expres-
sion of osteoblast cells during their differentiation. By
using microarray analysis of phosphate-treated
MC3T3-E1 osteoblast cells, they identified that some
multiple genes such as Nrf2, which associated with
the osteoblast differentiation, were upregulated by an
increase in the concentration of phosphate ions.
Bingham and Raisz’' examined the effect of increasing
phosphate ions in the range of 1.54.5mM on bone
growth and mineralization by using fetal rat long
bones in organ cultures. They also found that increas-
ing amounts of phosphate ion resulted in increased col-
lagen content and calcification of the cultures.
However, addition of high concentration of phosphate
ranging from 5 to 7mM was reported to induce in vitro
osteoblast apoptosis and non-physiological mineral
deposition.”> The optimal concentrations of calcium
and phosphate ions may vary according to the cellular
stages of proliferation and differentiation and there is
no optimal concentration that universally stimulate the
cells toward successful osteogenesis.” Regarding our
study, the accumulative concentrations of calcium and
phosphate ions in the culture medium over the obser-
vation periods were demonstrated in the Table 3. The
data shows that the concentrations of calcium ion in the
culture medium since day 14 are in the ranges of a
suitable environment for supporting the functions of
the osteoblasts, whilst those of the phosphate ion
seem to be less than the optimum levels. However,
the responses of the osteoblast cells would relate to
the releasing profiles of those ions. The burst releasing
ions on day 7 seemed to produce an inappropriate
environment for the growth of the cells; however, a
decrease of their releasing rate thereafter would pro-
mote proliferation of the cells. For the clinical rele-
vance, the effects of those ions on the differentiation
of the bone forming cells directly attaching to the sur-
faces of the scaffolds should be intensively evaluated
both in vitro and in animal models.

This study proved that the PCL-BCP mMSMD
scaffolds could act as not only an osteoconductive
framework for new bone regeneration, but also they

had osteoinductive properties due to their ability to
release calcium and phosphate ions that supporting
the growth of osteoblasts. In addition, the physical
characteristics and the cellular responses of the PCL—
BCP scaffolds were not different between using the
ratios of 80:20 and 70:30. Therefore, regarding the eco-
nomical and practical aspects in terms of saving the
filler material and being an easier fabricating process,
the ratio of PCL: BCP at 80: 20 1s considered to be
more suitable rather than 70:30.

Conclusion

The technique of mMSMD is very practical for fabri-
cating the PCL-BCP 3D scaffolds. Its major advan-
tages include chair-side fabrication and preventing
contamination. BCP is suitable to be a good filler in
PCL-based scaffolds and the ratio of PCL: BCP at
80:20 is appropriate for bulk processing. The scaffolds
have proven to be biocompatible in vitro and their
physical properties would be suitable for intra-oral
bone reconstructions. Calcium and phosphate ions,
which are essential for new bone formation, can sustain
releasing over the period of normal bone formation. In
addition, the releasing ions seem to relate to prolifer-
ation of the osteoblast cells.
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Abstract
Objective: To evaluate indirect effects of calcium and phosphate ions releasing from the Polycaprolactone (PCL) — Biphasic
Calcium Phosphate (BCP) scaffolds fabricated by modified Melt Stretching and Multilayer Deposition (mMSMD) technique on
proliferation and differentiation of osteoblasts.
Materials and Methods: The scatfolds were prepared as group A; PCL-202BCP and group B: PCL-30%BCP (%wt). Amount

of calcium and phosphate ions releasing from the scaffolds of both groups which immersed in culture medium (@-MEM) were

sessed over 30 days. The effects of those ions on proliferation and differentiation of the osteoblasts cell lines (MC3T3-E1) were
assessed using ELISA after culturing the cells in the medium with the immersed scaffolds over 21 days. The medium without
scaffolds was used as the control group for all experiments.

Results: The release of calcium and phosphate ions from both groups remarkably increased on day 7 (p<0.05) and then stable
since day 14. No difference of their releasing profiles between the groups was detected (p>0.05). The accumulative increase of
those ions in both groups corresponded to their profiles of the cell proliferation and the levels of osteocalcin (OCN), but, the
relationship was not found with the profiles of alkaline phosphatase (ALP). The ALP activity of group A increased with time and
it was significantly higher than those of group B and the control group on day 21 (p<0.05). In addition, the OCN levels of group
A were higher than those of the other groups over the observation period.

Conclusion: PCL-BCP mMSMD scaffolds can su

ain the releases of calcium and phosphate ions over the period of bone
formation which are essential for supporting proliferation and differentiation of the osteoblasts. Those ions released from the PCL-
209%BCP scaffolds would support the early and late phase of osteoblastic differentiation better than the PCL-30%BCP scaffolds,

whereas, their effects on the cell proliferation are not different.

Keywords: Scaffold, Biphasic calcium phosphate, Hydroxyapatite, Tricalcium phosphate, calcium and phosphate ions

Introduction scaffolds should act as temporary matrices for

extracellular matrix deposition until the new bone is

For several decades, autogenous bone grafting for
reconstructing large bone defects in maxillofacial
region 1s still considered to be the gold standard,
nevertheless, its requiring donor site operations
sometimes increase patient morbidities. Therefore,
several researchers play attention to develop synthetic
biodegradable scaffolds used as bone substitutes
mstead of the autogenous bone aiming for

reconstructing intra—oral bone defects. Ideally, the

totally restored. The rate of degradation should be
commensurate  with  bone  regeneration  whilst
mechanical strength of the scaffolds should be
maintained during this period. In addition, their
structures should consist of appropriate pore size and
interconnecting pore systems for transporting nutrition
and bone cell in-growth throughout the scaffolds
(Salgado, Coutinho, & Reis, 2004). For those

purposes, our research team developed the novel
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technique of Melt Stretching and Multilayer Deposition
(MSMD) specitically for fabricating the biodegradable
polymer—based scaffolds (Thuaksuban,
Nuntanaranont, Pattanachot, Suttapreyasri, & Cheung,
2011; Thuaksuban et al., 2013). The MSMD
scaffolds are designed to be an appropriate
interconnecting  pore  system  for  enhancing
osteogenesis. A microgroove pattern, typically found
on their surfaces has proved to support attachment of
osteoblasts (Thuaksuban et al., 2011). In addition,
the mechanical properties of the scatffolds are suitable
for withstanding forees occurring in real circumstances
of the reconstruction in the oral and maxillofacial
region (Thuaksuban et al., 2013). Recently, to make
that fabricating process more practical, the steps of
MSMD were simplified and so was renamed “modified
MSMD (mMSMD)”. A three—dimensional (3-D)
scaffold can be fabricated only by compressing a single
filament into a glass mold and immersing in warm
water. The mMSMD technique is casier to process
which allowing any surgeons to instantly build up the
3-D scaffolds on chair side of the surgical operations.
Therefore, time spending for the processing is
remarkably reduced. In addition, fabricating the
scaffold within the glass mold is a close environment
that can prevent contamination during the processing.
The concept of melt-blending of two materials which
are Poly E-caprolactone (PCL) as a major component
and Biphasic Calcium Phosphate (BCP) as a filler is
used for fabricating the composite scatfold. PCL has
been approved by the Food and Drug Administration
(FDA) as a medical and drug delivery device, with
extensive support both in vitro and in vivo studies
(Engelberg & Kohn, 1991; Lei, Rai, Ho, & Teoh,
2007; Rai, Teoh, & Ho, 2005; Schantz et al., 2003;
Tay et al., 2007). It is degraded by a hydrolytic
mechanism  under physiological conditions  and
produces a less acidic environment when compared to

other polyesters. However, PCL normally takes more

than 24 months for complete degrading, which is not
commensurate  with the bone remodeling process
(an. Hutmacher, Schantz, Woodruff, & Teoh,
2009). BCP is a combination of a stable phase of
hydroxyapatite (HA) and a soluble phase of beta—
tricalcium  phosphate  (B-TCP) in  different
concentrations that ottering controlled bioactivities and
balanced  biodegradation  (Dorozhkin,  2010).
Although the various composition ratios of these two
materials have been studied extensively, the optimum
ratio of BCP for clinical applications is still obscure.
Most of the previous studies fabricated BCP using the
ratios of HA higher than -TCP which are mainly for
improving mechanical stability of the materials,
however, some studies demonstrated better results of
those with the higher ratios of TCP (Armzeh, Tran,
Mealary, & Daculsi, 2005; Ebrahimi, Pripatnanont,
Suttapreyasri, & Monmaturapoj, 2014; Lomelino Rde
et al., 2012; Nery, LeGeros, Lynch, & Lee, 1992).
Arinzeh et al (Arinzeh et al., 2005) performed an in
vivo study to determine the optimum ratio of HA and
TCP for supporting human mesenchymal stem cells
(hMSC) and inducing bone formation. Six types of
ceramic including 100% HA, 100% TCP and BCP
with the ratios of HA/TCP at 76/24, 63/37, 56/44,
and 20/80 were seeded with hMSC and implanted
subcutancously  into  the backs of severely
immunodeficient genetically disordered mice. The
authors found that the BCP 20/80 had the better
results when compared with the other proportions with
the higher ratios of HA. Lomelino, et al (Lomelino
Rde et al., 2012) evaluated the suitability of BCP
granules (B-TCP/HA = 70:30) as potential carriers
for cell-guided bone therapy. Calvarial bone defects
(5 mm in diameter) of Wistar rats were filled with
autogenous bone graft, the BCP granules combined
with human bone cells and the BCP granules alone.
After 45 days, the new bone formation of the defects

filled with the combimnation of the BCP granules and
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the cells were similar to those filled with the
autogenous bone. Although the amounts of new bone
formation in the group BCP granules alone were less
than those of the other groups, but no significant
difference was detected. Recently, in cooperation with
The National Metal and Materals Technology Center
of Thailand (MTEC), BCP particles were prepared as
bone substitutes in different compositions of HA/ -
TCP including 30/70, 40/60 and 50/50 (Ebrahimi
et al., 2014). Proliferation and differentiation of
mouse ostcoblast cells (MC3T3-E1) responding to
those particles was assessed in vitro over 19 days. The
results indicated that the cells which were seeded on
the BCP 30/70 grew faster and expressed the highest
alkaline phosphatase activity earlier than the other
groups, whereas, the highest Osteocalcin activity was
detected in the 50/50 group followed by 30/70 and
40/60 respectively. Therefore, it implies that the BCP
containing higher ratios of TCP (30/70) would
support  proliferation and the early phase of
ditferentiation of the osteoblast cells, whilst, higher
HA ratios (50/50) would support the later phase.
Those effects would be due to calcium and phosphate
tons which can be released from the BCP particle. Ma
et al (Ma et al., 2005) monitored dissolution
behaviors of those ions released from plasma—sprayed
HA coatings coating disks and assessed their effects on
osteoblast precursor cell lines. The authors concluded
that the cells responded differently to the different
concentration of calcium and phosphate in the medium.
In our opinion, BCP 30/70 is suitable to be used as
the filler in the PCL-based scatfolds, not only for
increasing  bioactivities, but also for improving
degradation property of the scaffolds. Regarding the
mMSMD technique, BCP, which being stable within
the temperature between 100-120°C, is appropriate
for the melt blending with PCL and the monofilaments
of PCL-BCP blends can be fabricated homogenously

via an extruding machine (Thuaksuban et al., 2011).
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In this study, the bioactivities of the PCL-BCP
scaffolds for supporting bone-forming cells were
evaluated. Relations between the releasing ions from
the scaffolds and growth and differentiation of the cells

were observed and discussed.

Materials and Methods

Scaffold fabrication and study groups

The study groups were divided group A using the
ratio of PCL: BCP = 80:20 (PCL-20%BCP) and
group B = 70:30 (PCL-30%BCP). The PCL-BCP

scaffolds were fabricated using the mMSMD technique

as follows. In brief, PCL pellets (A\«’Iu 80,000 PC,
Sigma Aldrich, USA) and BCP particles (HA: B-TCP
30/70, particle sizes< 75 pm, MTEC, Pathumthani,
Thailand) were used as raw materials. The two
materials were mixed together in the ratios of PCL:
BCP = 80:20 and 70:30 by weight and melted in a
melting—extruding machine (Thuaksuban et al.,
2011). The PCL-BCP monofilaments were made by
extruding the PCL-BCP blend through the nozzle tip
of the machine. After that, the filaments were stretched
to decrease their diameter and then they were stocked
for fabricating the scaffolds. To fabricate a 3-D
scatfold (Figure 1), the single filament was cut into
50 cm in length and put into a 5 ce—glass syringe, and
then, the plunger of the syringe was pushed until
reaching the reference point of 3 mm above the bottom
of the syringe. The tip of the syringe was sealed by
polyvinyl siloxane (3M ESPE, USA), and then, it was
immerged into warm double distilled water. By using
this method, contacted surfaces of the filaments could
be fused together and the 3-D scaffold (diameter: 11
mm, height: 3 mm) was built. Morphologies of the
scaffold specimens of all groups were demonstrated in
figure 2. The specimens were sterilized using ethylene

oxide gas 2 weeks prior to the experiments.
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Figure 1 The fabrication process of the PCL-BCP scaffolds using the mMSMD technique; A: the PCL-BCP filament was put

into a glass mold and compressed, B: the mold was immersed into warm water allowing the contact points of the

filament to fuse together and form a 3-D scaffold.

Figure 2 The stereomicroscope images demonstrated the morphologies of the PCL-BCP scaffold specimens; A: superior view,

B: lateral view, C: cross-sectional view and D: the magnified picture focuses on the rough surface architecture

of the scaffold.

Release of Calcium and Phosphate ions
The scaffolds of each group were left in the

proliferation  culture  medium  [Alpha—Minimum

Essential Medium (a-MEM; Gibco, Invitrogen,
USA) containing 10% fetal bovine serum (FBS)
(Gibco, USA), 10000

Invitrogen, units/ml

penicillin/streptomycin  (Gibeo, Invitrogen, USA),
and 250 pg/mL fungizone (Gibeo, Invitrogen, USA)]
(n=25/group) for detecting release of calcium and
phosphate ions over 30 days. In brief, the scatfolds
were immersed in 2 mL of the medium per well in a

tissue culture plate and the plate was incubated at a



constant temperature of 37°C, whilst, the mediums
without the scaffolds were used as a control group. On
day 3, 7, 14, 21 and 30 thereafter, the scatfolds were
moved into the next wells and the fresh medium was
added. The solution of ecach previous well was
collected for measuring calcium and phosphate ions
using a Calcium and Phosphate Colorimetric Assay Kit
(Biovision, USA) (n=5/group/time point/testing).
To detect the calcium ion, 90 pL of the Chromogenic
Reagent and 60 pL of the buffer solution were added
into 50 pL of each sample solution and mixed gently
in a 96-well plate. The plate was incubated away from
light for 5 min at room temperature. The absorbance
(OD) of the chromophore was measured using a
microplate  reader  (Thermo  Fisher  Scientific,
Gemmny) at 575 nm. To detect the phosphate ion,
200 pL of the sample solutions were placed in the
96-well plate, Thirty microliters of phosphate reagent
were added into each well and mixed gently, and then,
the plate was incubated at room temperature for 30
min. The absorbance of Malachite Green and
Ammonium Molybdate which formed a chromogenic
complex with phosphate ions was measured at 700
nm. The levels of OD were compared with a standard
curve to calculate the concentrations of calcium and
phosphate released from the scatfolds.

Biocompatibility in vitro

Cell culture

Osteoblast cell lines (MC3T3-E1, subclone 4,
ATCC, USA) were grown in the proliferation medium.
The cells were cultivated in 5% CO, at 37 °C until
reaching confluence, and then, subculturing was
conducted. The cells between passages 3—6 were used
for the experiments.

Cytocompatibility tests

The indirect cytocompatibility experiments were
performed in order to evaluate an influence of the
releasing ions from the scaffolds on proliferation and

ditferentiation of the osteoblast cells. On day 21, 14,
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7 and 3 prior to the experiment, 1 x 10" cells were
seeded into each well of the 48— well culture plates
and then 200 pL of the proliferation medium were
added (n=5/ group/ time point/ testing). The plate
were left for 3 h in 5% CO; at 37°C to allow for the
cell attachment. After that, the scaffolds of both groups
were immerged into each well and secured as close to
the bottom of the well as possible. Five wells without
the scaffold were reserved as the control group. The
plates were cultivated in 5% CO, at 37°C and the
medium  was changed every 3 days until the
experiments.

Cell proliferation; On the day of the experiment,
the cell proliferative reagent (WST-1; Roche,
Germany) was used to measure an activity of
mitochondrial  dehydrogenases  for reflecting  the
number of viable cells as per the following protocol.
For each well, the scaffold and culture medium were
removed and replaced with 200 uL of the fresh culture
medium without FBS and 20 pL of WST-1 solution.
The well plates were incubated for 4 h in 5% CO, at
37°C. After that, 100 pL of the solution of cach well
was transferred to a 96—well plate in duplicate and the
absorbance of the formazan product of cach well was
measured at 440 nm using a micro-plate reader. The
levels of OD were compared with a standard curve to
infer the amounts of the cells.

Cell differentiation; On the day of experiment,
after removing the medium and the scattold, the cells
on the bottom of each well were washed two times
using PBS, and then, they were lysed by freezing and
thawing for three eycles (1 cyele: at — 20 °C for 15
min and at room temperature for 15 min). After that,
200 pL of 1% Triton X-100 (Sigma, USA) in PBS
were added and the mixtures were transferred into
micro—centrituge tubes. All tubes were centrifuged at
2000 x g for 10 min, and then, the supernatant of

&

each tube was collected and kept at —80 °C as the cell

lysis solution used for an analysis of total cellular
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protein content, alkaline phosphatase activity (ALP)
and osteocalcin assay (OCN). The quantification of
total protein in the solutions were performed according
to the manufacturer’s instructions (Bio-Rad protein
assay, USA) based on the method of Bradford. The
absorbance at 750 nm was read using the micro—plate
reader. The ALP activities were measured according to
instructions using the commercial kit of Alkaline
Phosphatase, AMP Buffer (Human, Germany)
according to the recommendation of the International
Federation of Clinical Chemistry (IFCC). Levels of
the activity were calculated per one milligram of the
total  cellular  protein  [(U/L)/mg  protein].
Quantification of OCN was performed according to the
manufacturer instructions using the commercial kit of
osteocalcin  enzyme-linked immunosorbent assay
(Biomedical Technologies Inc., USA). The solutions
were read at 450 nm absorbance using the microplate
reader and their concentrations were calculated with
the serial diluted standard solution. The OCN levels

were demonstrated as ng/mg protein.

Statistical analysis
The data was analyzed using statistics analysis

software (SPSS, version 14.0, USA). One-way
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Analysis of Variance (ANOVA) followed by Tukey
HSD was applied to compare the differences of the
amounts of lons and the parameters of
cytocompatibility tests among the experiment groups
and the control group. Dunnett’s T3 was performed
when equal variances were not assumed. The level of

statistical significance was set at a p < 0.05.

Results

Release of Caleium and Phosphate ions

The concentrations of calcium and phosphate ions
released from the scaffolds were demonstrated in figure
3. The results demonstrated that the scaffolds of both
groups could release those ions over the observation
periods when immerged in the culture medium. In
addition, there was no significant difference between
the experiment groups over the time points (p > 0.05).
It was noted that the releasing concentrations on day 7
were significantly increased more than other days (p <
0.05) and then decreased thereafter. The cumulative
data demonstrated that the accumulation of those ions
continued increasing with time and no significant

difference was found between the experiment groups

(p > 0.05).
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Figure 3 A and B: The graphs demonstrate profiles of calcium and phosphate ions released from the scaffolds over 30 days. The
maximum release of both ions were detected on day 7, which was significantly greater than the other days (%, #;
ANOVA, p < 0.05). The releasing decreased thereafter until reaching the lowest level on day 30. C and D; Accumulation
of the released ions rapidly increased on day 7 and continued increasing with time thereafter. Since day 7, the amounts
of those ions of the experiment groups were significantly greater that those in the culture medium (*; ANOVA, p <

0.05). In addition, there was no significant difference of those ions between the experiments groups over the observation

periods.
Cytocompatibility tests day 21. For the control group, the amounts of the cells
Cell proliteration on day 7 and 14 were significantly greater than those

The amounts of the viable cells at all observation  of the experiment groups (p < 0.05). The maximum
time points were demonstrated in figure 4. It was  growth of the cells was detected on day 14, but, it
found that the amounts of the cells of the experiment  decreased on day 21 (significantly less than the
groups slightly decreased on day 7, and then continued  experiment groups; p =0.00)

increasing thereafter to reach the maximum growth on
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6

Number of the cells ( x 10000 )

Days

Groups

PCL-20% BCP
¥ PCL-30% BCP
Proliferation medium

Figure 4 The bar graph shows that amounts of the cells in all groups slightly decreased on day 7, and then remarkably increased

on day 14. On day 21, the amounts of the cells in proliferation medium + PCL-20% BCP scaffold and proliferation

medium + PCL-30% BCP scaffold continued increased, whilst, those of the cells in proliferation medium alone

decreased. (* and # = the viable cell number in proliferation medium was significantly greater than the other sroups;

ANOVA, p = 0.00 and 0.01 respectively. ¥ = the viable cell number in proliferation medium was significantly less than

the other groups; ANOVA, p = 0.00).

Cell differentiation

The ALP activities of the cell-scaffold constructs
were demonstrated in  figure 5. The results
demonstrated  that the ALP levels of group A
remarkably increased with time until reaching the
maximum level on day 21 (p>0.05). The maximum
ALP level of group B was found only on day 3, but,
it significantly decreased on day 7 and seemed to be
stable on the following days (p>0.05). The ALP levels

of the control group seemed to be stable duning the

observation periods. The OCN levels of those scaffolds
were demonstrated in figure 6. It was found that the
OCN levels of the experiment groups slightly
decreased on day 14, but they remarkably increased
thereafter. The maximum OCN level of the control
group was detected on day 7, and then it decreased
thereafter. It was noted that the OCN levels of the
experiment groups were greater than those of the

control group since day 14.
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Figure 5 The bar graphs demonstrate ALP activities of the cell-scaffold constructs over 21 days. On day 3, the lowest levels of
ALP were detected in proliferation medium + PCL—209% BCP scaffold, whilst, the maximum level was found in
proliferation medium + PCL-30% BCP scaffold (significantly greater than the other groups, *; p = 0.00). On day 7,
ALP activity of proliferation medium + 209 BCP scaffold significantly increased (#; p = 0.029), whilst, that of
proliferation medium + PCL-30% BCP scaffold significantly decreased (B; p = 0.001). On day 14, the levels of all
groups slightly increased. On day 21, the ALP activity of proliferation medium + PCL-20% BCP scaffold significantly
increase greater than those of the other groups (¥ p = 0.00), whilst, the ALP activity of proliferation medium + PCL-

309 BCP scaffold and the cells in proliferation medium alone significantly decreased (€ and £; p = 0.003).
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Figure 6 The bar graphs demonstrate the OCN levels of the cell-scaffolds constructs over 21 days. On day 7, the maximum level
of OCN was detected in proliferation medium + PCL—-209% BCP scaffold followed by the cells in proliferation medium
alone and proliferation medium + PCL-30% BCP scaffold. On day 14, the levels of all groups slightly decreased. On
day 21, those levels of proliferation medium + PCL-209% BCP scaffold and proliferation medium + PCL-30% BCP
scaffold remarkably increase (* = significantly greater than the cells in proliferation medium, p = 0.006), whilst, the

OCN level of the cells in proliferation medium alone was stable.
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Discussion

This study revealed the indirect effects of the
calcium and phosphate ions released from the PCL-
BCP mMSMD scatfolds on the growth and
differentiation of the osteoblasts. Similar to the MSMD
technique, the maximum amounts of the BCP filler are
not exceed 30 9% due to an increase of fracture of the
filaments (Thuaksuban et al., 2011). Therefore, the
ratios of PCL-BCP at 70:30 and 80:20 were used for
the experiments to evaluate the activities of the BCP
filler. The result showed that the scaffolds of both
ratios could sustain release of calcium and phosphate
ions throughout 30 days. Although the maximum
releasing of the ions was detected on day 7 and the
rates of releasing decreased thereafter, the amount of
those 1ons still cumulatively increased with time.
Moreover, the cumulative concentrations of the
experiment groups were significantly greater than those
of the standard culture medium  since day 7.
Interestingly, there were no significant differences of
the amounts of those ions and the profiles of their
releasing between the experiment groups over the
observation periods. Therefore, it implies that the ratio
of 70:30 did not show any evident of more advantage
in term of releasing more calcium and phosphate 1ons
when compared with the ratio of 80:20. Regarding the
result of the cell proliferation, the concentration of the
caleium and phosphate 1ons seemed to correlate with
the protiles of the cell growth. The burst releasing 1ons
on day 7 seemed to produce an inappropriate
environment for the growth of the cells, but decrease
of the releasing rate thereafter would promote the cell
proliferation until the day 21. Regarding the results of
the cell differentiation, the ALP levels of the ratio of
80:20 continued increasing with time until reaching
the maximum level on day 21, while, this profile was
not found in the groups of the ratio 70:30 and in the

proliferation medium alone. The OCN levels of the

experiment groups demonstrated the correlation of the
ion concentrations and the changing profiles of OCN
expression. It was found that the OCN levels of the
ratio of 80:20 were higher than those of the ratio
70:30 over all time points. Therefore, it can be
concluded that the ions released form the PCL-
20%BCP  scaffolds would be more suitable for
supporting both of the carly and late differentiation of
the osteoblasts when compared with the PCL-
309 BCP scaffolds, whilst, the effects of the two ratios
on the cell proliferation were not different. Some
previous studies demonstrated the effeet of caleium and
phosphate ions on behaviors of bone cells (Beck,
Moran, & Knecht, 2003; Bingham & Raisz, 1974;
Godwin & Soltoff, 1997; Maeno et al., 2005). For
the effect of calcium ion, Maeno, et al (Maeno et al.,
2005 ) investigated the effect of various concentrations
of calcium ion on functions of cultured mouse primary
osteoblasts.  The result showed that the low
concentration of calcium ion of 2-4 mM and 6-8 mM
providing suitable conditions for proliferation and
differentiation of the cells respectively. Godwin and
Soltoft (Godwin & Seoltoff, 1997) reported a
relationship between extracellular caleium
concentration and chemotaxis of MC3T3-El
osteoblast cell line. They found that the rate of
chemotaxis of the cells correlated with an increase of
the calctum concentration within the range of 1.8 to 5
mM. For the effect of phosphate ion, Beck, et al (Beck
et al., 2003) reported that inorganic phosphate is a
signaling molecule for altering gene expression of the
osteoblast cells during their differentiation. By using
microarray analysis of phosphate—treated MC3T3-E1
osteoblast cell, they identified that some multiple genes
such as Nrf2 which associating with the osteoblast
differentiation were upregulated by an increase in the
concentration of phosphate ion. Bingham and Raisz
(Bingham & Raisz, 1974) examined the effect of

increasing phosphate 1on in the range of 1.5 to 4.5
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mM on bone growth and mineralization by using fetal
rat long bones in organ cultures. They also found that
increasing amounts of phosphate ion resulted in
increased collagen content and caleification of the
cultures. Regarding the results of our study, it can
implies that the accumulative concentrations of
calcium ion in the medium since day 14 are in the
ranges of suitable environment for supporting growth
of the osteoblast (Godwin & Soltoff, 1997; Maeno et
al., 2005), whilst, those of the phosphate ion scem to
be less than the optimum levels. Regarding economical
and practical aspect in terms of saving the filler
material and easier fabricating process, the ratio of
PCL: BCP at 80: 20 is considered to be more suitable

and it will be used for our future experiments.

Conclusion

The technique of mMSMD is very practical to
fabricate PCL-BCP 3-D scaffolds. This study proves
that the PCL-BCP mMSMD scaffolds have the
osteoinductive property due to their sustainable release
of the essential caleium and phosphate 1ons for
supporting  proliferation and differentiation of the
osteoblasts over the period of normal bone formation.
The concentration of those ions released from the
PCL-20%BCP scaffolds would be better for supporting
the entire phases of the osteoblastic differentiation

when compared with the PCL-30%BCP scatfolds.
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