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ABSTRACT: The aim of this study was to control the pore
sizes, porosities, and mechanical properties of three-dimen-
sional scaffolds by varying the particle sizes, sintering tem-
perature, and sintering time. The surface and inner
morphologies of the scaffolds were evaluated using a scan-
ning electron microscope and an X-ray microfocus CT,
respectively. Furthermore, the mechanical properties of the
scaffold were discussed. The sintered scaffolds had a total
porosity between 15% and 54% with a median pore size in
the range of 65-340 um. By varying the particle sizes and

the sintering temperature at a constant sintering time
(15 min), the flexural strength and flexural modulus
changed from 9.09 = 1.33 MPa to 44.64 = 3.31 MPa and
from 0.51 * 0.04 GPa to 1.11 *= 0.09 GPa, respectively. These
results indicate that the sintered scaffolds are suitable for
bone tissue engineering as load-bearing scaffolds. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 117: 1566-1571, 2010

Key words: poly(i-lactide) (PLLA); sintering; porous
scaffold; pore size; strength

INTRODUCTION

A small damaged part of bone naturally regrows by
healing. However, if large volumes of tissue over a
critical amount are removed, the body is not able to
completely regenerate an entire new piece of bone.
In these cases, an artificial scaffold is needed for
regeneration by tissue engineering. Generally, bio-
ceramics or biodegradable polymers are used for the
artificial scaffold.'" The materials used for fabricat-
ing scaffolds for bone tissue engineering applications
should have a mechanical strength sufficient enough
for bone cells to attach and proliferate.

Bioceramics, such as hydroxyapatite (HAp)*® and
tricalcium phosphate (TCP),” are widely used as
scaffold materials for bone regeneration due to their
excellent biocompatibility, osteoconductivity, biode-
gradability, and mechanical strength. Though they
are difficult to process because of their material
properties,”” some studies have reported new fabri-
cation methods of hydroxyapatite scaffold.'

Many synthetic biode%radable polymers, such as
poly(L-lactide) (PLLA),"" polyglycolic acid (PGA),
polycaprolactone (PCL)'* and their copolymers, are
extensively used as artificial scaffolds. These poly-
mers have superior characteristics for easily making
porous scaffolds. A number of processing techniques
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based on solvent casting and particulate-leaching,"
extrusion, gas foaming, freeze drying,'* phase sepa-
ration, textile technologies, particle aggregation,'
and solid freeform fabrication'® have already been
developed to produce porous biodegradable poly-
meric scaffolds for tissue engineering applications.
Of these methods, the solvent casting and particu-
late-leaching, extrusion, gas foaming, freeze drying
and phase separation methods involve toxic solvents
and incomplete removal of residual particulates
from the polymer. Furthermore, when using these
methods, it is difficult to control the pore size, po-
rosity and shape, and to create interconnections
within the scaffold for vascularization. The use of a
sintering process for the polymer particles will cir-
cumvent such limitations.

In this study, we fabricated PLLA porous scaffolds
using the sintering method. Varying the particle
size, sintering temperature and sintering time con-
trolled the pore size, porosity, and the mechanical
properties. Scanning electron microscopy (SEM) and
X-ray microfocus CT were used to characterize the
morphologies and microstructures of the PLLA fab-
ricated scaffolds.

MATERIALS AND METHODS
Scaffold preparation

Poly(r-lactide) (PLLA) with an average molecular
weight (Mw) of 220,000 g/mol and the polydisper-
sity (Mw/Mn) of 2.3 was obtained from a commer-
cial source (Lacty 5000, Shimazu, Kyoto, Japan) in
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pellet form. The pellets were crushed after freezing
under liquid nitrogen, and then particles of 75, 125,
250, and 350 pm average sizes were adjusted by
using sieves. The 3D scaffolds were fabricated by
packing the particles into a stainless steel mold. The
mold was heated to different sintering temperatures
(160, 170, 180, and 190°C) for different sintering
times (10, 15, and 30 min). The mold was then
allowed to cool to room temperature) (25°C) before
the samples were removed. Finally, the samples
(PLLA disks of 15 mm diameter x 6 mm thickness)
were removed from the mold and stored under vac-
uum until used. The sintered scaffolds with the par-
ticles of 75, 125, 250, and 350 pum were labeled
PLLA-75, PLLA-125, PLLA-250, and PLLA-350,
respectively.

Differential scanning calorimetry (DSC)

A thermal analysis was performed by a differential
scanning calorimeter (DSC-60, Shimadzu, Kyoto,
Japan) using 10 mg of the particles crushed after
freezing at the heating rate of 10°C/min from 40 to
220°C. The experiment was carried out in a nitrogen
atmosphere.

Scanning electron microscopy (SEM)
and X-ray microfocus CT

The surface of the scaffolds were coated with gold
and observed using a scanning electron microscope
(VE-7800, Keyence, Osaka, Japan) at the accelerating
voltage of 20 kV.

The inner morphology of the scaffolds was
observed using an X-ray microfocus CT (TDM-1000,
Yamato, Tokyo, Japan) with a tube voltage of 90 kV
and a tube current of 0.010 mA. A voxel size of
21.48 pm was selected and the reconstruction image
matrix size was 512 x 512 x 512. A schematic dia-
gram of the sample and shooting dimensions of the
X-ray-CT are shown in Figure 1. The X-Y plane, and
the X-Z and Y-Z planes show the cross section in
parallel to the surface and in perpendicular to the
surface, respectively.

Pore size and porosity

The total porosity and median pore size of the scaf-
folds were measured using a mercury intrusion po-
rosimeter (Micromeritics Automated Mercury Poro-
simeter IV 9505, Shimadzu, Kyoto, Japan). The partial
porosity in each cross-sectional area of the scaffold
was estimated using the image analysis (NIH Image,
MD, USA) from the X-ray microfocus CT image.
Briefly, the porosity was calculated from the propor-
tion of the area of pores divided by the total cross
sectional area to the total cross-sectional area.
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Figure 1 Schematic diagram of scaffold (915 x 6 mm)
and shooting dimensions (92 x 6 mm) of X-ray-CT.

Mechanical properties

The flexural specimens (10 x 60 x 3 mm?’) were
directly obtained by sintering in the mold. The flex-
ural tests were performed using a universal testing
machine (EZ-Test, Shimadzu, Kyoto, Japan) in a
three-point bending mode on five specimens. The
span length and crosshead speed were 30 mm and
1 mm/min, respectively.

The compressive specimens (5 mm diameter and
10 mm thickness to produce a 2 : 1 aspect ratio)
were cut from the sintered specimens (30 x 30 x 10
mm?®). Compressive tests were performed using the
universal testing machine at the crosshead speed of
1 mm/min on five specimens.

All tests were conducted in the laboratory at room
temperature (23 * 3°C and 50 = 5% relative
humidity).

Statistical analysis

The mean value and the standard deviation of the
obtained data were calculated, and the significance
test was done using the two way analysis of var-
iance (ANOVA) and post hoc tests. They were then
statistically analyzed to a significance level of 5%
using the Fisher’s multiple comparison tests. The
different letters in the figure indicate that there was
a significant difference.

RESULTS AND DISCUSSION

The PLLA crushed after freezing was a semi-crystal-
line polymer that had a glass transition temperature
of 56°C and a melting temperature of about 160°C
(Fig. 2). On the basis of the DSC data, we
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Figure 2 DSC curve of the PLLA crushed after freezing.
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determined the sintering temperature to be between
160 and 190°C, and the sintering time between 10 and
30 min. Table I shows forming quality of 48 different
samples that were sintered using four different par-
ticle size under four different temperatures in three
different times. A circle shows that all samples were
able to be removed in complete shape from the mold
after sintering. A triangle shows that most samples
were not able to be removed in complete shape from
the mold after sintering. A cross shows that most sam-
ples were deformed from original shape after sinter-
ing. Because all the samples sintered at each tempera-
ture for 15 min remained intact after demolding, we
experimented using these samples.

The morphology of the fabricated PLLA-250 scaf-
folds sintered at different temperatures for 15 min
are shown in Figure 3. The SEM images showed
interconnected porous structures generated by the
sintering process. The particles of the PLLA-250 sin-
tered at 160°C were only slightly fused to each other
as shown in Figure 3(a). Therefore, the PLLA-250
sintered at 160°C had inferior mechanical properties.
The particles of the PLLA-250 sintered at 170°C had
a smooth surface, and were partially fused to each
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other in a small area [Fig. 3(b)]. By increasing the
sintering temperature, the fusion among the particles
was progressively better [Fig. 3(c)]. On the other
hand, in the case of the PLLA-250 sintered at 190°C,
the particles were fairly fused and had not main-
tained their original shape [Fig. 3(d)]. The excessive
interconnection among the pores was observed in
the SEM image.

The two-dimensional CT-cross sections of the sin-
tered scaffolds are shown in Figure 4. The scaffolds
of Figure 4(a,d,g), and Figure 4(b,eh) are the same
samples in Figure 3(b,c), respectively. Then, Figure
4(c,f,i) show the PLLA-125 sintered at 170°C. These
scaffolds each had different pore sizes, porosities,
and superior interconnections among the pores. No
morphological differences between the upper parts
[Fig. 4(a—)] and middle parts [Figs. 4(d-f)] were
observed in the CT horizontal cross sections of these
scaffolds. The same held true for the vertical cross
sections [Figs. 4(g—i)] of these scaffolds. These results
suggested that the scaffolds were formed by pressur-
eless sintering.

Figure 5(a) shows the relationship between the
pore size and particle size of the scaffolds sintered
at 170°C and 180°C for 15 min. When the particle
size increased from 75 pum to 350 pm, the median
pore size significantly increased from 65.21 * 4.42
pm to 293.78 * 16.13 um (sintered at 170°C), and
from 95.03 = 5.67 um to 340.66 *= 25.79 um (sintered
at 180°C). Similarly, an increase in the particle size
led to a significant increase in the porosity of the
scaffolds from 26.23 = 3.42% to 53.66 * 5.63% (sin-
tered at 170°C), and from 15.31 * 2.67% to 41.12 =
3.69% (sintered at 180°C) [Fig. 5(b)].

The flexural strength and modulus, and compres-
sive strength and modulus of the scaffolds fabricated
at different temperatures and different times are
shown in Figures 6 and 7, respectively. By increasing
the particle size from 75 pm to 350 um, the flexural
strength and modulus significantly decreased from
27.01 = 242 MPa to 9.09 = 1.33 MPa and from

TABLE I
Forming Quality of 48 Different Samples

Sintering temperature (°C)

160 170 180 190
Sintering time (min)
Sintered scaffolds 10 15 30 10 15 30 10 15 30 10 15 30
PLLA-75 O O O O O X O O X X X X
PLLA-125 A O @) O O O O O X O X X
PLLA-250 AN O O A O O O O O O O x
PLLA-350 A O O A O O A O O O O X

A circle (O) shows that all samples were able to taken out in complete shape from the mold after sintering.
A triangle (A) shows that some samples were not able to taken out in complete shape from the mold after sintering.
A cross (x) shows that some samples were distorted in the mold after sintering.
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Figure 3 SEM images of PLLA-250 sintered at (a) 160°C, (b) 170°C, (c) 180°C, and (d) 190°C.

XY - plane XY - plane XZ - plane

(Z=m 0 mm) (Z=3 mm) (Y=0mm)

Figure 4 X-ray microfocus CT images of sintered PLLA scaffolds (a), (d) and (g); PLLA-250 sintered at 170°C (b), (e) and
(h); PLLA-250 sintered at 180°C (c), (f) and (i); PLLA-125 sintered at 170°C.



1570

5
g

350 —0— 1 80 C15mn
—— 7" C15min

Pore s (um).
3

a

2
~
<

—O0— 180°C-15min

—— 170°C-15min

Pore volume (%)
g

0 A e e—
80 10 1% 200 2% 300 350 400

Particle @ze (pm)

Figure 5 Relationship between pore size (a), porosity (b)
and particle size when sintered at 170°C and 180°C for
15 min; where different letter indicates significant differ-
ence (P < 0.05).

0.80 = 0.07 GPa to 0.51 * 0.04 GPa (sintered at
170°C), and from 44.64 = 3.31 MPa to 22.62 = 1.82
MPa and from 1.11 * 0.09 GPa to 0.79 = 0.05 GPa
(sintered at 180°C), respectively. Similarly, the com-
pressive strength and modulus of the scaffolds sig-
nificantly decreased from 33.77 = 3.12 MPa to 11.83
+ 1.93 MPa and from 0.97 = 0.08 GPa to 0.62 = 0.05
GPa (sintered at 170°C), and from 52.15 = 3.38 MPa
to 26.38 + 2.22 MPa and from 1.38 *= 0.11 GPa to
0.98 * 0.05 GPa (sintered at 180°C), respectively.
Increasing the particle size caused a linear increase
in the pore size and porosity at the sintering temper-
atures of both 170°C and 180°C (Fig. 5). In contrast,
the increase in the particle size resulted in a signifi-
cant decrease in the mechanical properties of the
scaffolds (Figs. 6 and 7). These results indicate that
the mechanical properties had a close relation to the
pore size or porosity. Increasing the sintering tem-
perature increases the area of contact points between
the particles (Figs. 3 and 4) and thus increases the
mechanical properties of the scaffolds (Figs. 6 and
7). By varying the particle sizes and sintering tem-
perature at a constant sintering time, one could
accurately control the pore sizes, porosities, and me-
chanical properties of the 3D scaffolds. Many
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Figure 6 Flexural (a) strength and (b) modulus of PLLA
scaffolds sintered at 170°C and 180°C for 15 min; where
different letter indicates significant difference (P < 0.05).
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Figure 7 Compressive (a) strength and (b) modulus of
PLLA scaffolds sintered at 170°C and 180°C for 15 min; where
different letter indicates significant difference (P < 0.05).
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researchers demonstrated that scaffolds with pore
sizes in the range of 100250 pm or larger are suita-
ble for bone regeneration.'™ The sintered PLLA scaf-
folds had median pore sizes in the range of 65-340
pm, which makes them suitable as tissue engineer-
ing scaffolds.

The sintered scaffold had many superior charac-
teristics such as being solvent free, complete inter-
connection of cell structures (Figs. 3 and 4), and
high mechanical properties (Figs. 6 and 7). The pore
structure in the scaffolds prepared by polymer sin-
tering is characterized by the interconnection of the
particles. The scaffold for bone regeneration should
have a sufficient structural integrity matching the
mechanical properties of native bone tissue. The
compressive strength of the sintered scaffolds was
the same or greater than that of cancellous bone,"”*®
however, less than one third of the cortical bone.”
Because of the specific pore structure and superior
mechanical properties, the polymer sintered scaf-
folds will be particularly suitable for load bearing
applications such as bone regeneration.

CONCLUSIONS

The purpose of this study was to control pore sizes,
porosities, and mechanical properties of the 3D scaf-
folds by varying the particle sizes, sintering temper-
ature, and sintering time. The sintered PLLA scaf-
folds have median pore sizes in the range of 65-340
pm. The sintered scaffolds have a compressive
strength of the same or greater than that of cancel-
lous bone. These results suggested that the polymer
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sintered scaffolds are quite suitable for load bearing
applications such as bone regeneration.
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