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Abstract Novel reinforced poly(L-lactic acid) (PLLA)
scaffolds such as solid shell, porous shell, one beam and two
beam reinforced scaffolds were developed to improve the
mechanical properties of a standard PLLA scaffold. Exper-
imental results clearly indicated that the compressive
mechanical properties such as the strength and the modulus
are effectively improved by introducing the reinforcement
structures. A linear elastic model consisting of three phases,
that is, the reinforcement, the porous matrix and the
boundary layer was also introduced in order to predict the
compressive moduli of the reinforced scaffolds. The com-
parative study clearly showed that the simple theoretical
model can reasonably predict the moduli of the scaffolds
with three phase structures. The failure mechanism of the
solid shell and the porous shell reinforced scaffolds under
compression were found to be buckling of the solid shell and
localized buckling of the struts constructing the pores in the
porous shell, respectively. For the beam reinforced scaf-
folds, on the contrary, the primary failure mechanism was
understood to be micro-cracking within the beams and the
subsequent formation of the main-crack due to the coales-
cence of the micro-racks. The biological study was exhibited
that osteoblast-like cells, MC3T3-E1, were well adhered and
proliferated on the surfaces of the scaffolds after 12 days
culturing.
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1 Introduction

Diseased or injured parts of bone tissue are generally
treated by transplantation such as autograft and allogeneic.
However, these clinical methods have disadvantages such
as infection, rejection symptom and limitation in quantity
[1, 2]. Over the past decade, various synthetic alternatives
for bone tissue treatment have been developed using vari-
ety of materials such as metals [3—6], ceramics [7-10],
polymers [11-15] and composite materials [16-21]. In
general, these biomaterials have three-dimensional porous
structures for cell culture and tissue ingrowth and therefore,
called scaffold.

The metallic materials such as stainless steel, titanium
and titanium alloys have generally been considered for the
substitution of damaged bone tissues [22-26]. The main
advantage of such metal implants is thought to be the
excellent mechanical properties; however, there are some
clinically unpleasant problems such as lack of cell adhe-
sion, low biodegradability and difficulty in fabrication of
porous structure. Furthermore, for a metal implant, a sec-
ond surgery is sometimes required in order to remove the
implant from the body with the related risks of toxicity due
to accumulation of metal ions induced by corrosion.

Bioactivity ceramics such as hydroxyapatite (HAp),
o-TCP and S-TCP consisting of calcium and phosphorous
are successfully used in bone regeneration because of their
components existing in natural bone and their high bio-
compatibility [27-33]. It is furthermore known that release
of Ca** and PO,>~ ions from bioactive ceramic stimulates
cell proliferation and differentiation in vivo and in vitro
[30-32]. However, for example, non-biodegradability of
sintered HAp, relatively low strength of TCPs and the
brittleness of all the bioceramics are thought to be their
disadvantages [33].
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On the other hand, biocompatible synthetic or natural
polymers such as poly (v-lactide) (PLLA), poly (e-capro-
lactone) (PCL) and collagen have been used as biomaterials
for scaffold because of their biodegradability with non-
biotoxic characteristics as well as moderate mechanical and
physical properties [34, 35]. In recent years, bioactive
ceramics such as hydroxyapatite (HAp), o-TCP and -TCP
have been used to improve the mechanical properties and
the cell adherence on these polymeric scaffolds because of
their compositional and structural similarities with bone and
teeth [36-45].

Most of the previous researches were interested in the
fabrication methods of scaffolds and described cell
growth factors without structural factors such as the
relationship between the mechanical properties and the
porous microstructure. Some studies have been reported
that the optimized porous structure of scaffold enhanced
initial cell adhesion and cell migration into the scaffold
[46-49]. Freed et al. [49] also insisted that well-inter-
connected porous structure needs to provide high surface
area with sufficient space for improving cell adhesion,
extracellular regeneration and minimal diffusional con-
strains; however, there might be a possibility for
decreasing mechanical strength by the large pore size
with high porosity. Therefore, a scaffold technology with
controllable mechanical properties and porosity needs to
be developed for seeded cells to adapt the mechanical
environments, excrete a sufficient amount of extracellular
matrices and accommodate a large number of cells and
ensure high rate of cell growth for successful tissue
regeneration [50-53].

In our previous study [54], we reported a novel core—
shell structural PLLA scaffold to stimulate the mechanical
properties as well as maintain high level of porosity for
cell culture. The experimental results showed a successful
improvement in the compressive mechanical properties
and a stable porous structure under compression. In the
present study, we have developed four different types of
reinforcements such as solid shell, porous shell, one beam
and two beams to control the mechanical and porous-
structural properties by using the solid-liquid phase
separation and freeze-drying methods. The compressive
properties were measured and the micro-structural defor-
mation and failure mechanisms were examined using a
field-emission electron microscope (FE-SEM) in order to
characterize and compare the effectiveness of the rein-
forcements. A simple linear elastic theory was also pre-
sented to predict the compressive modulus data. Cell
culture experiment on the scaffolds was also performed
with osteoblast-like MC3T3-E1 cells, and the cell adhe-
sion morphologies were then observed using FE-SEM to
compare the effect of reinforced structure on the cell
adhesion behavior.
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2 Materials and methods
2.1 Materials and specimen preparation

Poly(L-lactic acid) (PLLA) pellets (Lacty #5000, Shimadzu
Co., Ltd) with the glass transition temperature of 69.72°C,
the melting temperature of 174.9°C, the density of 1.248 g/cm®
and the average molecular weight of 3.51 g mol™' were
used to fabricate scaffolds and reinforcements. Porous
structures of PLLA, called mono-structural scaffolds, were
fabricated by using the solid-liquid phase separation and
freeze-drying methods [40, 45-49, 54]. The fabrication
process of the mono scaffolds were schematically shown in
Fig. 1. PLLA pellets were first dissolved in 1, 4-dioxane
with a concentration of 3 wt% and then, the solutions were
filled within polypropylene (PP) tubes and frozen by
immersing them into liquid nitrogen from the bottom of the
tubes at a constant rate of 200 mm/h. Difference of freezing
behavior of the solute and the solvent induces a phase
separation, resulting in the porous structure of the scaffolds.
The solidified PLLA solutes were then dried under vacuum
at —5°C for about 1 week to remove the solvent.

Three different kinds of reinforcement, that is, porous
shell, solid shell and solid beam were adapted in this study.
The fabrication processes of the reinforcements are sche-
matically shown in Fig. 2. The porous shell reinforcements
were fabricated by the same method as the mono scaffolds
described in the previous section. The concentration of
PLLA dioxane solution for the porous shell was chosen to
be 10 wt%. A rubber tube of 8.4 mm diameter was placed
in the center of a PP tube to create a shell structure as
shown in Fig. 2a. The solid-liquid phase separation and
subsequent freeze-drying methods were used to fabricate
the porous shell structures. The mono scaffolds were then
simply inserted into the central opening holes of the porous
shell reinforcements to form layered structures of the
porous shell reinforced scaffolds.

For the solid beam reinforcements shown in Fig. 2b,
PLLA sheets of 140 x 140 x 1 mm® were fabricated by
thermally pressing PLLA pellets using a hot press, and then
beams of 2 mm width were cut out from the sheets. For the
solid shell reinforcements shown in Fig. 2c, PLLA films of
250 pm thick were fabricated by hot-pressing PLLA pellets,
and rectangular films of 320 mm x 140 mm x 250 pm
were prepared for shell reinforcements. Those reinforce-
ments, i.e., PLLA films or beams were then properly placed

->@

Mono
Scaffold

200mmmr VAcuuming

PLI,A‘+ —> L.iqui.d —>
1, 4-Dioxane Ni
Nitrogen|

Fig. 1 Solid-liquid phase separation and freeze-drying methods
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in PP tubes as shown in Fig. 2b, c. Afterward, PLLA-diox-
ane solutions of 3 wt% concentration were filled into the PP
tubes and then frozen into liquid nitrogen as described in the
previous section. After one week vacuuming process to
remove the solvent, the solid shell and beam reinforced
scaffolds were completed.

For the mono-structural and the beam reinforced scaf-
folds, cylindrical stick-type scaffolds were trimmed to be
disk-type specimens with 8.5 mm diameter and 11 mm
length for compression test. For the porous-shell and the
solid-shell reinforced scaffolds, disk-type specimens with
11.5 mm diameter and 11 mm length were prepared for the
compression test. Schematics of the cross-sections of the
scaffold specimens are shown in Fig. 3.

Porosity, ¢, of a scaffold was evaluated by the following
formula:

¢>:(1—@> x 100 (1)
total

where Vi, 1S the measured volume of the scaffold and
VpLLa 1S the volume of bulk PLLA in the scaffold. For each
of the scaffold samples, the diameter and length were
measured at three different positions and averaged values
were then used to estimate V., of the scaffold. Vpy s in a
scaffold was evaluated from the density, p, of PLLA and
the weight, wpy 1 4, Of the scaffold as Vp o = pwpLLa.

2.2 Compression test

The disk-type specimens described in the previous section
were tested under compression by using a conventional

mechanical testing machine at a displacement rate of
1 mm/min. The Four to five specimens were tested for
each of the samples. Figure 4 shows a schematic of the
experimental setup for the compression test. A 500 N load
cell and a fixed stage were installed to the testing
machine. The scaffold was positioned in the center
between the crosshead and the stage. Compressive stress—
strain relations were obtained from the load—displacement
relations and then, the compressive modulus was calcu-
lated as the slope of the initial linear portion of the stress—
strain curves. For the shell and beam reinforced scaffold
specimens, the range of strain from 0.03-0.04 and
0.04-0.06 were chosen to calculate the elastic moduli,
respectively. On the contrary, for the mono-structural
scaffold specimens, the strain range from 0.02 to 0.03 was
used to calculate the elastic modulus. The compressive
strength was defined as the peak stress at a critical point
where the linear elastic deformation reached the end due
to the onset of irreversible deformation.

2.3 Theoretical approach

A simple linear elastic theory is introduced to predict the
elastic modulus of the reinforced scaffolds. It is assumed
that each of the reinforced scaffolds consists of three
independent components, i.e., the reinforcement, the por-
ous matrix and the boundary layer. The three-component
model for the solid-shell scaffold is shown in Fig. 5. Under
a constant displacement, 0, in the longitudinal direction, all
the components are subjected by the same strain, ¢ = /L,
and therefore, the stresses for the components are given by:
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Fig. 3 Cross-sectional structures of PLLA scaffolds. a Mono-struc-
tural, b porous-shell reinforced, ¢ solid-shell reinforced, and d beam
reinforced (two beams)

O'RZERS, O'MZEME, (] ZEBE (2)

where o is the stress, E the elastic modulus and the subscripts
R, M and B denote the reinforcement, matrix and boundary
layer, respectively. The equivalent elastic stress—strain relation
for the reinforced scaffold is assumed to be expressed by:

g5 = E58 (3)

where Eg is the average elastic modulus of the scaffold.
Since oy is also recognized as the average stress subjected
to the scaffold, then
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Fig. 5 Three-component model for solid shell scaffold

os = L = i(O'RAR + omAym + 0BAB) 4)
As  As
where P is the applied load, A the total cross-sectional area
of the scaffold and Ag, Ay, and Ap are the cross-sectional
areas of the reinforcement, matrix and boundary layer,
respectively. By substituting Eq. 2 into Eq.4 and
comparing Eqs. 4 and 3, the average modulus Eg can be
expressed by:

1
Es = A—S(ERAR + EMAM + EBAB) (5)

In order to calculate Eg and compare with the experi-
mental values, it was assumed that E values of the solid
shell and the beam reinforcements were equivalent to the
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Table 1 Properties used in the theoretical prediction of elastic
moduli

Porous-shell Solid-shell 1 Beam 2 Beams

Er (MPa) 41.8 3229 3229 3229
E); (MPa) 5.52 5.52 5.52 5.52

Ep (MPa) 111 111 111 111

Ag (mm?) 102.1 57.1 45.4 47.5

Ay (mm?) 55.4 51.6 37.9 35.6

Ag (mm?) 46.7 3.47 1.44 2.88

Ap (mm?) - 1.97 6.0 9.0

elastic modulus of bulk PLLA that was evaluated by
compression tests of bulk PLLA specimens. Ep of the
porous shell was chosen as the modulus of the mono-
structural scaffold made from 10 wt% PLLA solution. For
all the reinforced scaffolds, E;; was assumed to be equiv-
alent to the modulus of the mono-structural scaffold made
from 3 wt% PLLA solution. Ez was assumed to be equal to
the modulus of the mono-structural scaffold made from
30 wt% PLLA solution on the basis of structural analysis
of the porous structure of the boundary layer using
FE-SEM micrographs. The cross-sectional areas were
directly measured from FE-SEM micrographs. The data
used in this theoretical analysis are shown in Table 1.

2.4 Microstructural characterization

The porous microstructures of the scaffolds were charac-
terized using a field emission scanning electron microscope
(FE-SEM) (S-4100, Hitachi, Japan). FE-SEM was also
utilized to characterize the deformation mechanism at the
critical point. Undeformed and deformed samples of the
scaffolds were cut into about 5 mm pieces by flesh razor
blades after frozen in liquid nitrogen for several minutes
and placed on aluminum disks using carbon tapes, and the
entire surfaces were coated with Pt—Pd using an Ion sputter
coater (E-1030, Hitachi, Japan).

2.5 Cultivation of MC3T3-E1 cells

Osteoblast-like cells, MC3T3-E1, were cultured with
ascorbic-free o-MEM supplements with 1% penicillin—
streptomycin and 10% FBS in a 60 mm? cell culture dish,
and the culture medium was changed every 2 days. The
culture dishes were placed in a humidified incubator at
37°C with 95% air/5% CO, (v/v) during cell culturing. The
cells were counted using a hemacytometer every subculture
day. The cultured cells were suspended at the concentration
of 5 x 10* cells/pl in fresh medium to seed on the scaf-
folds. The cell suspensions of high concentration of 10 pl
were seeded onto the surfaces of pre-wetted scaffolds. The

scaffolds were submerged in ethanol for 1 h and then
soaked in PBS three times (30 min each). After sterilizing,
the scaffolds were then washed in prepared culture medium
twice (2 h each). The cell-seeded scaffolds were then
placed in the humidified incubator and the medium was
changed every 2 days. Adhesion behavior of MC3T3-El
cells on the surfaces of the scaffolds were observed after
12 days of cell seeding.

3 Results and discussion
3.1 Porosity and microstructure

Porosity is thought to be one of the most important key
factors in designing scaffold for cell cultivation. Li et al.
[55] reported that the suitable porosity for improving cell
adhesion was more than 80%. Porosity values of the
scaffolds estimated by Eq. 1 are shown in Table 2. The
averaged porosities of the reinforced scaffolds were lower
than that of the mono-structural scaffold, however, still
higher than 80%. Such reduction of the averaged porosity
is obviously related to the existence of solid or dense
reinforcements in the scaffolds. Although the averaged
porosity decreases due to reinforcements, the fundamental
porosities of the porous matrices were almost the same as
the mono scaffold as shown in Table 2 in which the
averaged porosities and the porosities of the porous shell
and the matrices are presented.

FE-SEM micrographs of the microstructures of the
scaffolds are shown in Fig. 6. Homogeneous distributions
of pores are observed in all the scaffolds. In the porous-
shell scaffold (Fig. 6b), there exists a small gap between
the porous-outer shell and the core region because a mono
scaffold was simply inserted into the porous shell rein-
forcement. Figure 6¢, d clearly show that the solid shell
and the beam reinforcement were firmly connected to the
porous matrix regions. It is noted that a porous boundary
region existed between the reinforcement and the porous-
matrix and had less porosity and smaller pore sizes than the
porous matrix region. It is thought that the solid rein-
forcements were slightly dissolved into the PLLA solution

Table 2 Porosity values of PLLA scaffolds

Porous
matrix (%)

Specimen Averaged Reinforcement

porosity (%) (%)

Mono-structural 94.84 - -

Porous shell 88.11 80.34 94.84
Solid shell 8291 - 93.74
1 Beam 88.85 - 93.64
2 Beams 83.6 - 92.39
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Fig. 6 FE-SEM micrographs of
microstructures of PLLA
scaffolds. The left- and the
right-hand sides are the cross-
sections and the longitudinal
sections, respectively. a Mono-
structural, b porous-shell
reinforced, ¢ solid-shell
reinforced, and d beam
reinforced (one beam)

during fabrication process and then, the boundary regions
were created. This phenomenon is also explaining why the
porosities of porous matrices in the reinforced scaffolds
slightly decreased compared to that in the mono-structural
scaffold as shown in Table 2. In case of the solid shell and
the beam reinforced scaffolds, the densities of the porous
matrices slightly increased due to the dissolution of the
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reinforcements into the matrices, resulting in slight
decrease of porosities of the matrices.

3.2 Compressive mechanical properties

Typical stress—strain curves obtained from the compression
tests and schematic drawings of the stress—strain relations
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Fig. 7 Stress-strain relations in PLLA scaffolds. a Typical stress—
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are shown in Figure 7a, b. The stress—strain relations are
basically divided into four regions based on their defor-
mation behaviors as shown in Fig. 7b. The region 1 is
characterized by the gentle slope mainly due to the mis-
alignment between the specimen upper surface and the
loading device. The region 2 is recognized as the initial
linear portion corresponding to the global linear elastic
deformation of the scaffolds. The compressive moduli were
evaluated as the slopes of these regions. The region 3
contains the critical point at which the global elastic
deformation was ended due to local irreversible deforma-
tions such as microbuckling of the struts constructing pore
structures or delamination between the reinforcements and
the porous matrices. In the region 4, the stresses slightly
increased in the shell reinforced scaffolds, gradually
decreased in the beam reinforced scaffolds or was almost
constant in the mono-structural scaffold. These different
behaviors were caused by the different failure modes dis-
cussed in the Sect. 3.3. It is clearly seen from Fig. 7b that
the slope of the region 2, corresponding to the elastic
modulus, and the stress level at the critical point increased
due to the introduction of the reinforcements, suggesting

__ 50 25

: s
o o
£ a0 Strength :[ 2 =
%] ] =
2 I -
3 30 I 15 §
[=] =
g & T F
S 20 1 £
w w
: s
[=% o
g 10 05 2
[=] [=]
o o

Mono Porous Solid 1Beam 2 Beam

-shell  -shell

Fig. 8 Compressive mechanical properties of PLLA scaffolds
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Fig. 9 Elastic modulus of theoretical and experimental results
of PLLA scaffolds

the improvement of the modulus and the strength. It is
noted that characterization of the relationship between the
deformation mechanism and the stress—strain relation in the
whole range of strain from O to 1 is also important in order
to understand the mechanical response of scaffolds under
compression. Such characterization for PLLA scaffolds has
been discussed in our previous paper [12].

The compressive elastic modulus and the strength are
shown in Fig. 8. It is clearly seen that both the modulus and
the strength were effectively improved by introducing the
reinforcements. The compressive properties of the beam
reinforced scaffolds were higher than those of the shell
reinforced scaffolds. The theoretical values of the modulus
obtained from Eq. 5 are compared with the experimental in
Fig. 9. The theory well predicts the tendency of the rein-
forcement effects, however, tends to result in overestima-
tion. The deformation of the reinforced porous structures
may differ from the simple linear elastic solid model
constructed in this study.
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Fig. 10 FE-SEM micrographs
of deformed PLLA scaffolds
at the critical point. a Mono-
structural, b porous-shell
reinforced, ¢ solid-shell
reinforced, and d beam
reinforced (one beam)

deformed

. undeformed

3.3 Deformation and failure behaviors at critical point
FE-SEM micrographs of undeformed and deformed scaf-

folds are shown in Fig. 10. FE-SEM micrographs of the
deformed reinforced scaffolds at a higher magnification are
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also shown in Fig. 11. The deformed samples were
obtained at the critical points. The failure mechanism of the
mono-structural scaffold at the critical point is character-
ized by a series of localized buckling of the struts. In the
porous-shell reinforced scaffold, the most of compressive
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load is supported by the porous-shell having a higher
stiffness than the porous matrix and therefore, the critical
point was initiated by the irreversible deformation of the
porous-shell. The primary mechanism of such deformation
is localized buckling of the struts and also shown in
Fig. 11a. It is seen that the struts were totally collapsed
under compression. In the solid-shell reinforced scaffold,
the main failure mechanism is understood to be buckling
deformation of the solid outer shell as shown in Figs. 10c
and 11b. In the beam reinforced scaffold, the failure
mechanism is characterized by micro-cracking and sub-
sequent larger-scale cracking within the beam reinforce-
ment as shown in Figs. 10d, 11c. The micro-cracking is
thought to be generated by the tensile strain induced as the
Poisson’s effect in the direction perpendicular to the
compressive direction. Those micro-cracks are connected
each other under further strained condition and finally the
main cracks are created.

It is thus understood that in all the reinforced scaffolds,
compressive load is mainly supported by the reinforce-
ments and therefore, the porous matrix in which cells are
mainly cultured keeps its original porous structure until the
reinforcements are severely deformed, while the mono-
structural scaffold is easily deformed and collapsed in the
earlier stage of compression loading.

3.4 Proliferation of MC3T3-E1 cells

Adhered MC3T3-El cells on the surfaces of the scaffolds
are shown in Fig. 12. It is clearly shown that MC3T3-El
cells were well adhered on the various surfaces of the
scaffolds after 12 days culturing. In the mono-structural
scaffold, however, the cells were attached only on the
limited surface area. In contrast, the cells were spread over
the wider surface areas in the reinforced scaffolds. Liu
et al. [56] demonstrated that the surface morphology of a
scaffold is an important factor for adhesion and growth of
cells. It is also confirmed that MC3T3-E1l cells showed
better adhesion and proliferation behavior on the discon-
tinuous surfaces of the reinforced scaffolds with the
small-large pores (porous-shell), porous-dense-porous
(beam-reinforced) and dense-porous (solid-shell) surfaces
than the homogeneous porous surface on the mono-struc-
tural scaffold. It is thus considered that such discontinuity
of surface morphology in the reinforced scaffolds stimu-
lates the proliferation of cells, and therefore, the number of
cells effectively increases.

It is concluded on the basis of those experimental results
that the newly developed reinforced scaffolds have a non-
toxic character and higher mechanical properties and
therefore, may have better applicability than the mono-
structural scaffold.

Fig. 11 Deformation mechanisms of reinforced scaffolds. a Porous-
shell reinforced, b solid-shell reinforced, and ¢ beam reinforced (one
beam)

4 Conclusions

Novel reinforced porous poly(L-lactic acid) scaffolds were
developed introducing four different kinds of reinforce-
ments, that is, solid shell, porous shell, one beam and two
beams by the solid—liquid phase separation and the freeze-
drying methods. The conclusions were obtained as follows:

(1) Compressive mechanical properties such as the
elastic modulus and the strength were effectively
improved by the reinforced structures. The beam
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Fig. 12 Adhesion behaviors
of MC3T3-El cells on PLLA
scaffolds. a Mono-structural,
b porous-shell reinforced,

¢ solid-shell reinforced, and

d beam reinforced (one beam)

2

reinforced scaffolds exhibited higher mechanical
properties than the core—shell scaffolds.

A simple theoretical approach on the basis of the
linear elastic mechanics was presented in order to
predict the compressive elastic moduli of the rein-
forced scaffolds. A three-phase model was introduced
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and the analytical results well coincided with the
experimental results.

In the solid shell reinforced scaffold, the primary
failure mechanism at the critical point was charac-
terized by the buckling of the solid shell under
compressive loading. In the porous shell reinforced
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scaffold, the porous shell was mainly deformed at the
critical point, and the main mechanism of failure was
the localized buckling of the struts constructing the
pores in the porous shell. For the beam reinforced
scaffolds, the primary failure mechanism was found
to be the micro-cracking within the beams and the
subsequent formation of the main-crack due to the
coalescence of the micro-racks.

(4) MC3T3-E1 cells were well adhered and proliferated
on the surfaces of the scaffolds. The cells were more
widely adhered on the reinforced scaffolds than the
mono-structural scaffold.
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