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Abstract: We produced poro-us poly(e-caprolactone) (PCL)/hydroxyapatite (HA) composite scaffolds
for bone regeneration, which can have a tailored macro/micro-porous structure with high mechanical
properties and excellent in vitro bioactivity using non-solvent-induced phase separation (NIPS)-based
3D plotting. This innovative 3D plotting technique can create highly microporous PCL/HA composite
filaments by inducing unique phase separation in PCL/HA solutions through the non-solvent-solvent
exchange phenomenon. The PCL/HA composite scaffolds produced with various HA contents
(0 wt %, 10 wt %, 15 wt %, and 20 wt %) showed that PCL/HA composite struts with highly
microporous structures were well constructed in a controlled periodic pattern. Similar levels of
overall porosity (~78 vol %) and pore size (~248 um) were observed for all the PCL/HA composite
scaffolds, which would be highly beneficial to bone tissue regeneration. Mechanical properties,
such as ultimate tensile strength and compressive yield strength, increased with an increase in HA
content. In addition, incorporating bioactive HA particles into the PCL polymer led to remarkable
enhancements in in vitro apatite-forming ability.
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1. Introduction

There have been great advances in the design and production of porous scaffolds, with mechanical
and biological functions tailored to specific bone defects owing to the use of solid free-form fabrication
(SFF) techniques [1-5]. More specifically, SFF techniques can selectively consolidate the successive
layers of materials or add materials in a layer-by-layer sequence according to predetermined
3-D designs. This unique process can endow porous scaffolds with tightly controlled porous
structures (e.g., porosity, pore configuration, pore size, and interconnection between the pores) [2].
Accordingly, the mechanical properties and bone regeneration ability of porous scaffolds would be
maximized for bone tissue regeneration [2,3].

As a scaffold material for bone regeneration, poly(e-caprolactone) (PCL) polymer has been
extensively examined owing to its excellent mechanical properties, good cytocompatibility, and
reasonable biodegradation rate [6,7]. So far, a variety of SFF techniques have been developed to produce
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porous PCL scaffolds with controlled porous structures, including selective laser sintering [8,9], 3D
plotting [10-14], and fused deposition modelling [15,16], thus demonstrating their great potential
for use as bone scaffolds. In addition, the incorporation of bioactive, stiff inorganic materials
(e.g., calcium phosphate (CaP) ceramics, and bioactive glasses) into PCL polymer can lead to significant
enhancements in mechanical properties, bioactivity, and bone regeneration ability in vivo [8-11].
Compared to the relatively dense struts, only a few attempts have been made to create microporous
struts [17,18], despite their potential to more closely mimic the hierarchical architecture of native bones
on the macro- and micro-scales [19,20].

In this study, we produced porous PCL/HA composite scaffolds with a tailored
macro/micro-porous structure using non-solvent induced phase separation (NIPS)-based 3D plotting,
which can provide enhanced mechanical properties, cytocompatibility, and bioactivity compared to the
pure PCL scaffold. A schematic diagram of the NIPS-based 3D plotting technique, the basic concept of
which was recently developed by our group [18], is illustrated in Figure 1.
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Figure 1. Schematic diagram of the non-solvent induced phase separation (NIPS)-based 3D plotting
technique for the production of poly(e-caprolactone)(PCL)/hydroxyapatite (HA) scaffolds with
a controlled macro/micro-porous structure.

A PCL/HA composite solution is prepared by uniformly dispersing HA particles in
a PCL/tetrahydrofuran (THF) solution and then extruded through a fine nozzle in an ethanol (EtOH)
bath. This deposition process can rapidly solidify PCL/HA filaments with a unique phase separation
induced by the exchange of the solvent (THF) and non-solvent (EtOH) [21-26], thus enabling the
creation of highly microporous PCL/HA composite filaments [16]. These PCL/HA filaments can
be deposited in a layer-by-layer sequence according to a predetermined 3D design, and thus 3-D
macrochannels separated by highly microporous struts can be constructed. The effect of the HA
content on the development of the macro/micro-porous structure, mechanical properties, in vitro
cytocompatibility, and apatite-forming ability of porous PCL/HA scaffolds was examined.

2. Results and Discussion

2.1. Macroporous Structure of Porous PCL/HA Composite Scaffolds

Porous PCL/HA composite scaffolds with a controlled macro/micro-porous structure were
successfully produced using NIPS-based 3D plotting technique, in which three-dimensionally
interconnected macrochannels were constructed through the 3-D deposition of highly microporous
PCL/HA filaments in a periodic pattern. Regardless of the HA contents, all of the PCL/HA composite
scaffolds produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) demonstrated
a predetermined 3D shape without noticeable distortion (insets in Figure 2A-D). In addition, straight
PCL/HA composite filaments were well deposited in a controlled periodic pattern for all of the
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produced scaffolds, as shown in Figure 2A-D. This finding suggests that the incorporation of HA
particles into a PCL solution would have negligible influence on the solidification behavior of the
PCL/HA composite solutions by means of non-solvent-solvent exchange.

Figure 2. Representative field emission scanning electron microscopy (FE-SEM) images of the
macro/micro-porous PCL/HA composite scaffolds produced with various HA contents of (A) 0
wt %; (B) 10 wt %; (C) 15 wt %; and (D) 20 wt %, showing the construction of straight PCL/HA struts
and macrochannels. Insets in Figure 2A-D show representative optical images of the porous scaffolds.

Figure 3A—C illustrate representative cross-sectional images of the porous PCL/HA composite
scaffolds produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %). Basically, all
of the PCL/HA composite struts comprising scaffolds had a round geometry without severe
distortion, which would be attributed to the rapid solidification of the PCL/HA solutions through
non-solvent-solvent exchange. However, it should be noted that the PCL/HA filaments would
not be completely solidified during deposition onto the previous layers [18]. Thus, the PCL/HA
filaments could be slightly merged at the junctions, which would provide strong bonding between the
PCL/HA struts.

x-direction __ z-direction

Figure 3. Representative FE-SEM images of the macro/micro-porous PCL/HA composite scaffolds
produced with various HA contents of (A) 0 wt %; (B) 10 wt %; (C) 15 wt %; and (D) 20 wt %, showing
the cross-sectional morphology.
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The dimensions of the PCL/HA composite filaments and macrochannels produced with various
HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) were roughly measured based on the SEM images
of the scaffolds and are summarized in Table 1. The PCL/HA composite scaffolds had larger diameters
than the pure PCL scaffolds, presumably due to lower levels of shrinkage during exchange of the
solvent (THF) and non-solvent (EtOH) in the PCL/HA composite solutions. This led to a decrease in the
sizes of the macrochannels in both the x- and z-directions (Figure 3A). However, it should be noted that
all of the scaffolds had sufficiently large dimensions (in the range of 184 um x 74 pm-247 um x 83 um)
that were sufficient for favorable bone tissue regeneration [19,20].

Table 1. The porous structure (overall porosity, diameter of strut, widths of macropore, and size
of micropore) of the macro/micro-porous PCL/HA composite scaffolds produced with various HA
contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %).

HA Content [wt %] 0 10 15 20
Overall Porosity [vol %] 784+ 1.2 77.0 £ 3.5 779 £ 1.0 783+ 1.6
Diameter of Strut [pum] 219 + 16 270 £ 3 271 £ 21 273 £17
Widths of Macropore [um] 248 +16 x 83+ 18 184 +5 x 75+ 12 183+7 x 67 +9 184 +4x 174+ 6
Size of Micropore [pm] 28+12 29+1.1 23+1.0 21408

2.2. Microporous Structure of PCL/HA Composite Filaments

One of the most striking features of NIPS-based 3D plotting technique is the ability to create
microporous PCL/HA composite filaments by means of exchange of the solvent (THF) and the
non-solvent (EtOH) during deposition process [16]. All of the PCL/HA scaffolds produced with
various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) had a highly microporous structure, as
shown in Figure 4A-D. A number of micropores were uniformly formed throughout the PCL/HA
filaments, while the HA particles were well distributed in the PCL/HA composite struts without
noticeable agglomerations. These micropores would be expected to provide favorable paths for mass
transport and a large surface area for tissue regeneration in vivo when used as bone scaffolds [19,20].
The final contents of the HA incorporated into the PCL/HA composite scaffolds were 10.1 wt %,
12.1 wt %, and 25.2 wt % for the initial HA contents of 10 wt %, 15 wt %, and 20 wt %, respectively.

Figure 4. Representative FE-SEM images of the highly microporous PCL/HA composite struts
produced with various HA contents of (A) 0 wt %; (B) 10 wt %; (C) 15 wt %; and (D) 20 wt %.

All of the scaffolds produced in this study had similar ranges of pore size and overall
porosity (Table 1) regardless of the HA contents. This would be attributed to the fact that the fraction
and pore size of micropores that can be achieved using non-solvent-solvent exchange should be
primarily determined by the polymer concentration [18,21]. Thus, the microporous structure of
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porous/HA composite scaffolds produced using NIPS-based 3D plotting would be tuned if necessary
by adjusting PCL concentration.

2.3. Mechanical Properties

To evaluate the structural integrity of the macro/micro-porous PCL/HA composite scaffolds as
bone scaffolds, their mechanical properties were characterized using tensile strength tests. Figure 5A-D
display representative stress versus strain responses of the macro/micro-porous PCL/HA composite
scaffolds produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %). Basically, all of
the scaffolds demonstrated similar fracture behaviors, namely, an initial elastic response, followed by
a considerable plastic deformation before fracture, which is a typical characteristic of highly porous
polymers [27].
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Figure 5. Representative stress versus strain responses of the macro/micro-porous PCL/HA composite
scaffolds produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) under tension.

However, ultimate tensile strength and elastic modulus was increased by the incorporation of the
stiff HA particles into the PCL polymer, as shown in Figure 6A,B. As the HA content increased from
0 wt % to 20 wt %, the ultimate tensile strength and elastic modulus increased from 1.25 £ 0.2 MPa to
1.63 + 0.1 MPa (Figure 6A) and 5.71 & 0.6 MPa to 6.73 & 1.6 MPa (Figure 6B), respectively. It should be
noted that the composite scaffolds produced with high HA contents of 15 wt % and 20 wt % showed
higher ultimate tensile strengths than those produced HA contents of 0 wt % and 10 wt %, which were
statistically significant (p < 0.01).
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Figure 6. (A) Ultimate tensile strength and (B) elastic modulus of the macro/micro-porous PCL/HA
composite scaffolds (HA content = 0 wt %, 10 wt %, 15 wt %, and 20 wt %).
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In addition, compressive strength tests were conducted for the macro/micro-porous PCL/HA
composite scaffolds. Figure 7A shows representative compressive stress versus strain responses of
the composite scaffolds produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %).
All of the scaffolds showed a typical characteristic of ductile polymers, that is, an initial elastic response
was followed by a plateau and rapid increase in stress due to densification [27-29]. The compressive
yield strength increased significantly from 0.36 &= 0.066 MPa to 0.57 £ 0.136 MPa with an increase in
HA content from 0 wt % to 20 wt %, as shown in Figure 7B.
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Figure 7. (A) Representative stress versus strain responses of the macro/micro-porous PCL/HA
composite scaffolds produced with various HA contents (0 wt % (PCL), 10 wt % (HA10), 15 wt %
(HA15), and 20 wt % (HA20)) under compression and (B) compressive yield strength of the scaffolds.
The right graph in Figure 8A displays the stress versus strain responses during the early stage of

compressive loading.
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Figure 8. Representative confocal laser scanning microscopy (CLSM) images of the MC3T3-E1 cells on
macro/micro-porous PCL/HA composite scaffolds produced with various HA contents of (A) 0 wt %;
(B) 10 wt %; (C) 15 wt %; and (D) 20 wt % after 24 h of cell culturing (scale = 100 um).

The uniform distribution of stiff HA particles in the PCL polymer is the likely reason for
enhancements in mechanical properties, including ultimate tensile strength and compressive yield
strengths. More specifically, HA phase can have much higher stiffness than flexible PCL polymer, thus
more effectively retaining applied loads, as is often the case with organic/inorganic composites [28,29].

2.4. Cytocompatibility

The cytocompatibility of the macro/micro-porous PCL/HA composite scaffolds was assessed
by in vitro cell tests in terms of attachment, proliferation, and differentiation of MC3T3-E1 cells.
Figure 8A-D shows representative CLSM images of the MC3T3 cells attached on the PCL /HA scaffolds
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produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) after 24 h of culturing,
where the red and blue colors represent the actin and nucleus, respectively. Basically, the cells adhered
to and spread actively on the surfaces of the scaffolds, suggesting good cytocompatibility.

The effect of the HA content in the PCL/HA composite struts on the cell proliferation and
differentiation was examined by MTS assay and ALP activity, respectively, as shown in Figure 9A,B.
After 5 days of cell culturing, the scaffold with an HA content of 10 wt % showed the highest level of
cell viability, which is statistically significant (p < 0.05) when compared to other scaffolds. In addition,
after 7 days of cell culture, the composite scaffolds showed slightly higher ALP activities than the pure
PCL scaffold; however, no statistically significant differences were observed between the scaffolds.
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Figure 9. (A) Cell viability and (B) ALP activity of the MC3T3-E1 cells that were cultured for 5 days and
7 days, respectively, on the macro/micro-porous PCL/HA composite scaffolds (HA content = 0 wt %,
10 wt %, 15 wt %, and 20 wt %).

The ALP activity, which was evaluated using a basal medium instead of an osteogenic culture
media, showed a similar trend with a little statistically significant difference, as summarized in Table 2.

Table 2. Alkaline phosphatase (ALP) activity of the MC3T3-E1 cells that were cultured for 7 days on
the macro/micro-porous PCL/HA composite scaffolds (HA content = 0 wt %, 10 wt %, 15 wt %, and 20

wt %) using a basal medium.

HA Content [wt %] 0 10 15 20

ALP Acivity
[p-NP/mg protein/h]

0.0245 £ 0.0025 0.0288 £ 0.002 0.0342 + 0.003 0.0284 £ 0.005

These findings suggest that all of the PCL/HA composite scaffolds have good cytocompatibility
in vitro; however, the incorporation of the bioactive HA particles would be expected to enhance the
biocompatibility in vivo when used as scaffolds [30,31]. In addition, longer periods of time for cell
culturing would be required to more clearly demonstrate the utility of bioactive HA phase. It should
be also noted that a number of micropores created in the PCL/HA filaments, uniquely obtained in this
study, would provide favorable paths for mass transport and large surface areas for cell attachment,
proliferation, and differentiation, thus leading to fast bone tissue regeneration in vivo [19,20].

2.5. In Vitro Apatite-Forming Ability

To evaluate the potential of the macro/micro-porous PCL/HA composite scaffolds for use in bone
tissue regeneration, in vitro apatite-forming ability was examined with a simulated body fluid (SBF)
test, which is an indicator of the in vivo bioactivity of biomaterials [32,33]. Figure 10A-H presents
representative SEM images of the macro/micro-porous PCL/HA composite scaffolds produced with
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various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) after soaking in the SBF solution
for 3 days and 7 days. The pure PCL scaffold showed negligible apatite crystal precipitation after
soaking in the SBF solution for 3 days (Figure 10A). On the other hand, even with the lowest HA
content of 10 wt %, apatite crystals started to precipitate on the surface of the PCL/HA composite
struts (Figure 10C). This precipitation of apatite crystals became more vigorous as the HA content
increased (Figure 10E,G). After the soaking for 7 days, the pure PCL scaffold also showed the
precipitation of apatite crystals (Figure 10B); however, the surfaces of the PCL strut were partially
covered with apatite crystals (the inset in Figure 10B). The surfaces of the PCL/HA composite struts
with high HA contents of 15 wt % and 20 wt % were entirely covered with apatite crystals (the insets
in Figure 10FH).

Figure 10. Representative SEM images of the macro/micro-porous PCL/HA composite scaffolds
with various HA contents of 0 wt % (A,B); 10 wt % (C,D); 15 wt % (E,F); and 20 wt % (G,H) after
soaking in an simulated body fluid (SBF) solution for 3 days (A,C,E,G) and 7 days (B,D,F H). (Scale in
insets = 20 um). Insets show the high-magnification SEM images of the struts.

EDS analyses revealed strong peaks corresponding to Ca, P, and O elements, confirming the
precipitation of apatite crystals, as shown in Figure 11. This finding suggests that the bioactivity of
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the macro/micro-porous PCL/HA composite scaffolds can be enhanced significantly through the
introduction of the bioactive HA particles into the PCL polymer.

Relative intensity [Arb. Unit]

Energy [KeV]

Figure 11. Representative EDS spectrum of the macro/micro-porous PCL/HA composite scaffold
produced with a HA content of 20 wt % after soaking in an SBF solution for 3 days.

3. Materials and Methods

3.1. PCL/HA Composite Solutions Preparation

Unless specified otherwise, all reagents were purchased from Sigma-Aldrich (Sigma Aldrich,
St. Louis, MO, USA). PCL solutions at a concentration of 10% w/v were prepared by dissolving
PCL pellets (Mn = 80,000) in tetrahydrofuran (THF) at 40 °C using magnetic stirring for 24 h.
Subsequently, the predetermined amounts of HA powders (OssGen Co., Daegu, Korea) with a mean
particle size of ~0.5 um were added to the PCL/THF solutions to prepare PCL/HA composite solutions
with various HA contents (10 wt %, 15 wt %, and 20 wt % in relation to the PCL polymer), followed by
magnetic stirring for 24 h at 40 °C.

3.2. PCL/HA Composite Scaffolds Production Using 3D Plotting

The prepared PCL/HA composite solutions with various HA contents (0 wt %, 10 wt %, 15 wt %,
and 20 wt %) were extruded through a nozzle with a diameter of ~640 um and then deposited at
a constant speed of 3 mm/s in an ethanol (EtOH) bath at room temperature using a computer-controlled
robot (Ez-ROBO5, Iwashita, Japan). To produce 3-dimensionally interconnected macropores in
a periodic pattern, the extruded PCL/HA filaments were deposited at a stacking sequence of 0°/90°,
while the distance between the deposited PCL/HA filaments was 500 um for all the samples.

3.3. Macro/Micro-Porous Structure Evaluation

The macro/micro-porous structures of the PCL/HA composite scaffolds, which had dimensions
of ~14 mm X 14 mm X 1.4 mm, produced with various HA contents (0 wt %, 10 wt %, 15 wt %, and
20 wt %), were characterized by field emission scanning electron microscopy (FE-SEM; JSM-6701F;
JEOL Techniques, Tokyo, Japan). The dimensions of the 3-D macropores, PCL/HA filaments, and
micropores formed in the PCL/HA filaments were roughly estimated from FE-SEM images of the
samples. Twenty regions were measured to obtain the mean and standard deviation.

The overall porosity (p) of the macro/micro-porous scaffolds was calculated by considering their
apparent density (0,) and strut density (gs) as follows:

p=1—1(0a/0s) 1)
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The apparent density (¢a) of the porous scaffolds was computed by measuring their mass (m) and
volume (V) (i.e., 0a = m/V). The strut density (¢s) was also computed by considering the theoretical
density of the PCL (1.145 g/cm3) and HA (3.14 g/cm3) [34], as follows:

p = XpcLorcL + XHAQHA (2)

where Xpcr and Xpya indicate the volume fractions of the PCL and HA, respectively. Five specimens
were tested to obtain the mean and standard deviation.

3.4. TGA Analysis

The final content of the HA particles in the porous PCL/HA scaffolds produced with various
HA contents (10 wt %, 15 wt %, and 20 wt %) was determined by thermogravimetric analysis (TGA;
TA Instruments, New Castle, DE, USA). The scaffolds were heated up to 500 °C at a heating rate of
10 °C/min in a flowing nitrogen atmosphere. The weight losses of the scaffolds during the tests were
monitored and used to calculate the final HA contents. One sample was tested for each composition.

3.5. Mechanical Properties Evaluation

The mechanical properties of the macro/micro-porous PCL/HA composite scaffolds produced
with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) were tensile strength tests.
Specimens with dimensions of ~7.7 mm X 4.5 mm X 1.4 mm were uniaxially elongated at a cross-head
speed of 1 mm/min using a screw-driven load frame (Oriental Testing Machine Co, Siheung-si,
Korea). In addition, compressive strength tests were conducted using the samples with dimensions of
~44 mm x 1.4 mm X 5.2 mm. The stress versus strain responses of the specimens during the tests
were recorded. The ultimate tensile strength and elastic modulus were calculated from the stress-strain
curves. Five specimens were tested to obtain the mean and standard deviation.

3.6. In Vitro Cytocompatibility Evaluation

The in vitro cytocompatibility of the macro/micro-porous PCL/HA scaffolds produced with
various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) was evaluated using a pre-osteoblast cell
line (MC3T3-E1; ATCC, CRL-2593, Rockville, MD, USA) [26]. Prior to the cell seeding, the samples were
sterilized with 70% ethanol for 30 minutes and dried on a clean bench under ultraviolet (UV) irradiation
for 12 h. The preincubated cells were plated at a density of 5 x 10%,2 x 10*, and 1 x 10* cells/mL
for the initial cell attachment, proliferation and differentiation tests, respectively [26,35]. A 12-well
culture plate (SPL Life Sciences Co., Ltd., Gyeonggi-do, Korea) with walls having a diameter of
20 mm and a depth of 18 mm was used for this evaluation. The MC3T3-E1 cells were cultured in
a humidified incubator in an atmosphere containing 5% CO, at 37 °C. A minimum essential medium
(-MEM: Welgene Co., Ltd., Seoul, Korea) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin, 10 mM B-glycerophosphate (Sigma, Taufkirchen, Germany), and 10 ug mL~!
ascorbic acid was used as the culturing medium. In addition, a basal medium (-MEM: Welgene Co.,
Ltd., Seoul, Korea) was also used for comparison purposes.

The morphologies of the attached cells on the macro/micro-porous PCL/HA scaffolds produced
with various HA contents (0, 5, 10, and 20 wt %) after 24 h of culture were examined by confocal
laser scanning microscopy (CLSM; C1 PLUS, Nikon, Tokyo, Japan). For these CLSM observations,
the cultured cells were dyed with Alexa Fluor 546 phalloidin (Thermo Fisher Scientific Inc.,
Eugene, OR, USA) and ProLong Gold antifade reagent with DAPI (Thermo Fisher Scientific Inc.,
Eugene, OR, USA). The stained substrates were placed on a cover slide without further treatments,
and the cell morphology was observed. Two samples were examined for each composition.

The cell proliferation rate was examined using a MTS (methoxyphenyl tetrazolium salt)
assay with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS, Promega, Madison, USA) for mitochondrial reduction. The quantity of the formazan product,
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which is measured by the absorbance at 490 nm using a micro-reader (Model 550; Biorad, Hercules,
CA, USA), is directly proportional to the number of living cells in the culture. Five samples were tested
for each test.

Cell differentiation was assessed using an alkaline phosphatase (ALP) activity test, in which
10 mM B-glycerophosphate (3-GP) and 50 pg/mL ascorbic acid (AA) were added to the culture
medium. After culturing for 7 days, p-nitrophenol (pNP) production was colorimetrically measured at
an absorbance of 405 nm using a micro reader (Model 550; Biorad, Hercules, CA, USA). During this
reaction, pNPP was converted to pNP in the presence of ALP; therefore, the pNP production rate was
proportional to the ALP activity. Five samples were tested for each test.

3.7. In Vitro Apatite-Forming Ability Evaluation

The in vitro apatite-forming bioactivity of the macro/micro-porous PCL/HA scaffolds produced
with various HA contents (0 wt %, 10 wt %, 15 wt %, and 20 wt %) was characterized using simulated
body fluid (SBF) solution [32,33]. The porous scaffolds were immersed in the SBF solutions and then
placed inside an incubator at a controlled temperature of 37 °C for 3 days and 7 days. Two samples
were tested for each composition. The formation of apatite layers on the porous scaffolds was examined
by FE-SEM and energy dispersive spectroscopy (EDS) attached to the FE-SEM.

3.8. Statistical Analysis

All experimental results were expressed as the mean =+ standard deviation (SD). Five samples
were tested for each test. The difference between the two groups was determined using a one-way
analysis of variance (ANOVA) and p < 0.05 and p < 0.01 were considered to be statistically significant
(*p <0.05 and ** p < 0.01).

4. Conclusions

Porous PCL/HA composite scaffolds with a controlled macro/micro-porous structure were
successfully produced using NIPS-based 3D plotting, in which PCL/HA solutions could be effectively
solidified as microporous PC/HA filaments by means of the exchange of solvent (THF) and
non-solvent (EtOH). Regardless of the HA contents, all of the PCL/HA composite scaffolds had
3-dimensionally interconnected macrochannels surrounded by highly microporous PCL/HA struts
that were constructed in a controlled periodic pattern. In addition, with an increase in HA
content, the mechanical properties (i.e., ultimate tensile strength and compressive yield strength) and
apatite-forming ability increased significantly. These findings suggest that the NIPS-based 3D plotting
technique is very useful in the production of porous PCL-based composite scaffolds with the controlled
macro/micro-porous structure (e.g., high porosity, 3-dimensionally interconnected macrochannels
and micropores), high mechanical properties, and good bioactivity. In addition, the present technique
can be applied to a variety of biocompatible, biodegradable polymers, even with bioactive inorganic
phases, thus finding very useful applications in bone tissue regeneration.

Acknowledgments: This study was supported by a grant of the Korean Health Technology R&D Project, Ministry
of Health & Welfare, Republic of Korea (contract grant number: HI11C0388 and HI13C1501).

Author Contributions: Jong-Woo Kim, Young-Hag Koh, and Hyoun-Ee Kim conceived and designed the
experiments; Jong-Woo Kim and Kwan-Ha Shin fabricated the porous PCL/HA composite scaffolds and
measured their physical, chemical, and mechanical properties; Min Jin Hah and Jiyoung Moon evaluated the
cytocompatibility and bioactivity of the scaffolds; Jong-Woo Kim and Young-Hag Koh wrote the manuscript.
All the authors contributed to the final editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Leong, K.F; Cheah, C.M.; Chua, C.K. Solid freeform fabrication of three-dimensional scaffolds for engineering
replacement tissues and organs. Biomaterials 2003, 24, 2363-2378. [CrossRef]


http://dx.doi.org/10.1016/S0142-9612(03)00030-9

Materials 2017, 10, 1123 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Giannitelli, S.M.; Accoto, D.; Trombetta, M.; Rainer, A. Current trends in the design of scaffolds for
computer-aided tissue engineering. Acta Biomater. 2014, 10, 580-594. [CrossRef]

Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518-524. [CrossRef]
[PubMed]

Kumar, A.; Akkineni, A.R.; Basu, B.; Gelinsky, M. Three-dimensional plotted hydroxyapatite scaffolds
with predefined architecture: Comparison of stabilization by alginate cross-linking versus sintering.
J. Biomater. Appl. 2016, 30, 1168-1181. [CrossRef] [PubMed]

Kumar, A.; Mandala, S.; Baruia, B.; Vasireddi, R.; Gbureck, U.; Gelinsky, M.; Basua, C. Low temperature
additive manufacturing of three dimensional scaffolds for bone-tissue engineering applications: Processing
related challenges and property assessment. Mater. Sci. Eng. R 2016, 103, 1-39. [CrossRef]

Tapan, K.; Dash, V.; Konkimalla, B. Poly-e-caprolactone based formulations for drug delivery and tissue
engineering: A review. J. Control. Release 2012, 158, 15-33. [CrossRef] [PubMed]

Goonoo, N.; Bhaw-Luximon, A.; Bowlin, G.L.; Jhurry, D. An assessment of biopolymer- and synthetic
polymer-based scaffolds for bone and vascular tissue engineering. Polym. Int. 2013, 62, 523-533. [CrossRef]
Williams, ].M.; Adewunmi, A.; Schek, R.M.; Flanagan, C.L.; Krebsbach, P.H.; Feinberg, S.E.; Hollister, S.J.;
Das, S. Bone tissue engineering using polycaprolactone scaffolds fabricated via selective laser sintering.
Biomaterials 2005, 26, 4817-4827. [CrossRef]

Shirazi, S.ES.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.C.; Kadri, N.A.; Osman, N.A.A. A
review on powder-based additive manufacturing for tissue engineering: Selective laser sintering and inkjet
3D printing. Sci. Technol. Adv. Mater. 2015, 16, 033502. [CrossRef]

Park, S.A.; Lee, S.H.; Kim, W.D. Fabrication of porous polycaprolactone/hydroxyapatite (PCL/HA) blend
scaffolds using a 3D plotting system for bone tissue engineering. Bioprocess Biosyst. Eng. 2011, 34, 505-513.
[CrossRef] [PubMed]

Koh, Y.H.; Jun, I.K.; Kim, H.E. Fabrication of poly(e-caprolactone)/hydroxyapatite scaffold using rapid
direct deposition. Mater. Lett. 2006, 60, 1184-1187. [CrossRef]

Hong, S.J.; Jeong, I; Noh, K.T.; Yu, H.S; Lee, G.R.; Kim, H.W. Robotic dispensing of composite scaffolds and
in vitro responses of bone marrow stromal cells. J. Mater. Sci. Mater. Med. 2009, 20, 1955-1962. [CrossRef]
[PubMed]

Dorj, B.; Won, J.E.; Kim, J.H.; Choi, S.J.; Shin, U.S.; Kim, H.W. Robocasting nanocomposite scaffolds of
poly(caprolactone)/hydroxyapatite incorporating modified carbon nanotubes for hard tissue reconstruction.
J. Biomed. Mater. Resour. A 2013, 101, 1670-1682. [CrossRef]

Park, S.A.; Lee, ].B.; Kim, Y.E.; Kim, J.E.; Lee, J.H.; Shin, J.W.; Kwon, L.K.; Kim, W.D. Fabrication of biomimetic
PCL scaffold using rapid prototyping for bone tissue engineering. Macromol. Res. 2014, 22, 882-887.
[CrossRef]

Hutmacher, D.W,; Schantz, T.; Zein, I.; Ng, KW.,; Teoh, S.H.; Tan, K.C. Mechanical properties and cell cultural
response of polycaprolactone scaffolds designed and fabricated via fused deposition modeling. J. Biomed.
Mater. Resour. A 2001, 55, 203-216. [CrossRef]

Zein, I.; Hutmacher, D.W,; Tan, K.C.; Teoh, S.H. Fused deposition modeling of novel scaffold architectures
for tissue engineering applications. Biomaterials 2002, 23, 1169-1185. [CrossRef]

Dorj, B.; Park, J.H.; Kim, H.W. Robocasting chitosan/nanobioactive glass dual-pore structured scaffolds for
bone engineering. Mater. Lett. 2012, 73, 119-122. [CrossRef]

Shin, K.H.; Jo, LH.; Kim, S.E.; Koh, Y.H.; Kim, H.E. Nonsolvent induced phase separation (NIPS)-based 3D
plotting for 3-dimensionally macrochanneled poly(e-caprolactone) scaffolds with highly porous frameworks.
Mater. Lett. 2014, 122, 348-351. [CrossRef]

Tamaddon, M.; Czernuszka, ].T. The need for hierarchical scaffolds in bone tissue engineering. Hard Tissue
2013, 2, 37. [CrossRef]

Loh, Q.L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of porosity and
pore size. Tissue Eng. Part B Rev. 2013, 19, 485-502. [CrossRef] [PubMed]

Guillen, R.G,; Pan, Y,; Li, M.; Hoek, EM.V. Preparation and Characterization of Membranes Formed by
Nonsolvent Induced Phase Separation: A Review. Ind. Eng. Chem. Res. 2011, 50, 3798-3817. [CrossRef]
Chiono, V., Ciardelli G.; Vozzi, G. Sotgiu, M.G.; Vinci, B, Domenici, C; Giusti, P.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) / poly(e-caprolactone) blends for tissue engineering
applications in the form of hollow fibers. ]. Biomed. Mater. Resour. A 2008, 85, 938-953. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.actbio.2013.10.024
http://dx.doi.org/10.1038/nmat1421
http://www.ncbi.nlm.nih.gov/pubmed/16003400
http://dx.doi.org/10.1177/0885328215617058
http://www.ncbi.nlm.nih.gov/pubmed/26589296
http://dx.doi.org/10.1016/j.mser.2016.01.001
http://dx.doi.org/10.1016/j.jconrel.2011.09.064
http://www.ncbi.nlm.nih.gov/pubmed/21963774
http://dx.doi.org/10.1002/pi.4474
http://dx.doi.org/10.1016/j.biomaterials.2004.11.057
http://dx.doi.org/10.1088/1468-6996/16/3/033502
http://dx.doi.org/10.1007/s00449-010-0499-2
http://www.ncbi.nlm.nih.gov/pubmed/21170553
http://dx.doi.org/10.1016/j.matlet.2005.10.103
http://dx.doi.org/10.1007/s10856-009-3745-x
http://www.ncbi.nlm.nih.gov/pubmed/19365613
http://dx.doi.org/10.1002/jbm.a.34470
http://dx.doi.org/10.1007/s13233-014-2119-5
http://dx.doi.org/10.1002/1097-4636(200105)55:2&lt;203::AID-JBM1007&gt;3.0.CO;2-7
http://dx.doi.org/10.1016/S0142-9612(01)00232-0
http://dx.doi.org/10.1016/j.matlet.2011.12.107
http://dx.doi.org/10.1016/j.matlet.2014.02.029
http://dx.doi.org/10.13172/2050-2303-2-4-773
http://dx.doi.org/10.1089/ten.TEB.2012.0437
http://www.ncbi.nlm.nih.gov/pubmed/23672709
http://dx.doi.org/10.1021/ie101928r
http://dx.doi.org/10.1002/jbm.a.31513
http://www.ncbi.nlm.nih.gov/pubmed/17896770

Materials 2017, 10, 1123 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Yen, C.; He, H,; Lee, L.J.; Ho, W.S.W. Synthesis and characterization of nanoporous polycaprolactone
membranes via thermally- and nonsolvent-induced phase separations for biomedical device application.
J. Membr. Sci. 2009, 343, 180-188. [CrossRef]

Bettahalli, N.M.S.; Steg, H.; Wessling, M.; Stamatialis, D. Development of poly (L-lactic acid) hollow fiber
membranes for artificial vasculature in tissue engineering scaffolds. J. Membr. Sci. 2011, 371, 117-126.
[CrossRef]

Diban, N.; Haimi, S.; Bolhuis-Versteeg, L.; Teixeira, S.; Miettinen, S.; Poot, A.; Grijpma, D.; Stamatialis, D.
Development and characterization of poly(e-caprolactone) hollow fiber membranes for vascular tissue
engineering. . Membr. Sci. 2013, 438, 29-37. [CrossRef]

Lei, B.; Shin, KH.; Noh, D.Y.; Jo, LH.; Koh, YH.; Choi, W.Y,; Kim, H.E. Nanofibrous gelatin/silica
hybrid scaffolds mimicking native extracellular matrix (ECM) using thermally induced phase separation.
J. Mater. Chem. 2012, 22, 14133-14140. [CrossRef]

Gloria, A.; De Santis, R.; Ambrosio, L. Polymer-based composite scaffolds for tissue engineering. J. Appl.
Biomater. Biomech. 2010, 8, 57—-67. [PubMed ]

Johnson, A.J.W.; Herschler, B.A. A review of the mechanical behavior of CaP and CaP/polymer composites.
Acta Biomater. 2011, 7, 16-30. [CrossRef] [PubMed]

Li, J.J.; Kaplan, D.L.; Zreiqat, H. Scaffold-based regeneration of skeletal tissues to meet clinical challenges.
J. Mater. Chem. B 2014, 2, 7272-7306. [CrossRef]

Dorozhkin, S.V. Calcium orthophosphates. J. Mater. Sci. 2007, 42, 1061-1095. [CrossRef]

Dorozhkin, S.V. Biphasic, triphasic and multiphasic calcium orthophosphates. Acta Biomater. 2012, 8, 963-977.
[CrossRef] [PubMed]

Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity. Biomaterials 2006, 27,
2907-2915. [CrossRef] [PubMed]

Zadpoor, A.A. Relationship between in vitro apatite-forming ability measured using simulated body fluid
and in vivo bioactivity of biomaterials. Mater. Sci. Eng. C 2014, 35, 134-143. [CrossRef] [PubMed]

Wei, G.; Ma, P.X. Structure and properties of nano-hydroxyapatite/polymer composite scaffolds for bone
tissue engineering. Biomaterials 2004, 25, 4749-4757. [CrossRef] [PubMed]

Prins, HJ.; Braat, A.K.; Gawlitta, D.; Dhert, W.J.; Egan, D.A.; Tijssen-Slump, E.; Yuan, H.; Coffer, PJ.;
Rozemuller, H.; Martens, A.C. In vitro induction of alkaline phosphatase levels predicts in vivo bone forming
capacity of human bone marrow stromal cells. Stem Cell Res. 2014, 12, 428-440. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.memsci.2009.07.024
http://dx.doi.org/10.1016/j.memsci.2011.01.026
http://dx.doi.org/10.1016/j.memsci.2013.03.024
http://dx.doi.org/10.1039/c2jm31290e
http://www.ncbi.nlm.nih.gov/pubmed/20740467
http://dx.doi.org/10.1016/j.actbio.2010.07.012
http://www.ncbi.nlm.nih.gov/pubmed/20655397
http://dx.doi.org/10.1039/C4TB01073F
http://dx.doi.org/10.1007/s10853-006-1467-8
http://dx.doi.org/10.1016/j.actbio.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21945826
http://dx.doi.org/10.1016/j.biomaterials.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16448693
http://dx.doi.org/10.1016/j.msec.2013.10.026
http://www.ncbi.nlm.nih.gov/pubmed/24411361
http://dx.doi.org/10.1016/j.biomaterials.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15120521
http://dx.doi.org/10.1016/j.scr.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24384458
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Macroporous Structure of Porous PCL/HA Composite Scaffolds 
	Microporous Structure of PCL/HA Composite Filaments 
	Mechanical Properties 
	Cytocompatibility 
	In Vitro Apatite-Forming Ability 

	Materials and Methods 
	PCL/HA Composite Solutions Preparation 
	PCL/HA Composite Scaffolds Production Using 3D Plotting 
	Macro/Micro-Porous Structure Evaluation 
	TGA Analysis 
	Mechanical Properties Evaluation 
	In Vitro Cytocompatibility Evaluation 
	In Vitro Apatite-Forming Ability Evaluation 
	Statistical Analysis 

	Conclusions 

