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In order to improve the mechanical properties of sca®olds for bone tissue engineering, the
present study aims to bring calcium carbonate (CaCO3) with signaling molecules, namely pearl
powder, into poly(L-lactic acid) (PLLA). PLLA/aragonite and PLLA/vaterite sca®olds were
successfully fabricated by the freeze-drying method. Both composite sca®olds had a similar
porous structure but a di®erent saturated content of pearl powders. For both sca®olds, the
porosity decreases and yield strength increases as pearl powder content increases. Introducing
pearl powders into PLLA can improve the mechanical properties of the sca®olds. The porous
structure plays a crucial role in the yield strength of pure PLLA sca®olds, whereas the yield
strength of PLLA/pearl powder sca®olds mostly relies on pearl powder content.
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1. Introduction

Currently, many biomedical engineering projects involve some form of degradable,
porous, and synthetic sca®old as a carrier, allowing cells to grow and proliferate.1 In
this aspect, composites of polymers and ceramics are suitable candidates for reinforcement. Thus, particle enhancement is seen as a good strategy to improve the
mechanical stability of sca®olds.2
§ Corresponding
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The majority of all attempts to produce porous synthetic sca®olds focus on biodegradable polymers and bioactive ceramics.3 The most common biodegradable
polymer for sca®olds is poly(L-lactic acid) (PLLA). However, its mechanical performance is much lower than that of bone and the release of acidic degradation
products could cause a strong in°ammatory response.2 Porous polymer sca®olds
incorporated with bioactive ceramics, especially hydroxyapatite, o®er su±ciently
strong mechanical properties and reduce the risk of in°ammatory reactions.4 PLLA/
nano-hydroxyapatite composites are promising porous bone substitutes which confer
superior mechanical performance.5 Nevertheless, despite its high mechanical performance and good biocompatibility, hydroxyapatite has an overly long degradation
period.6
As a solution to this slow degradation problem, a feasible way is to introduce
calcium carbonate (CaCO3 Þ with signaling molecules, namely pearl powders, into the
synthetic sca®old structure instead of hydroxyapatite. CaCO3 also shows good
biocompatibility.7,8 It is relatively less stable and dissolves more readily than calcium
phosphate (CaHPO4 Þ. On the other hand, signaling factors such as bone morphogenetic protein 2 (BMP-2) entrapped in sca®olds can increase bone formation.
However, they can also be rapidly washed out in a short time and the high cost limits
their ¯eld of applications.9 Hence, it is desirable to fabricate porous composite
sca®olds that o®er su±cient mechanical performance as well as controlled signal
factor release. The pearl is thus a promising choice.
The pearl is in fact, a most perfect combination of CaCO3 and the organic matrix.
It exhibits good bioactive characteristics and mechanical properties. Shen et al.10
reported that pearl, acting as a natural carrier of bone growth factors, can stimulate
osteoblast proliferation. Pearl powders signi¯cantly improve calcium bioresorption,
based on the evaluation of bone formation in rats.11
There are two kinds of pearls in nature !
!
! aragonite and vaterite pearl. Aragonite
pearl is composed of aragonite crystals and associated with an organic matrix
(<5 wt%).12 The inorganic component of lustrous pearls is constituted by aragonite
crystals and is regarded as aragonite pearls.13 Furthermore, our previous work
con¯rmed that natural vaterite, combined with the organic matrix in pearl, shows
high stability and enhanced mechanical properties, compared to pure inorganic
vaterite.14 The organic matrix in vaterite pearl is not exactly the same as in aragonite
pearl, especially in a water-soluble matrix (WSM). Vaterite pearl contains more
organic matrix than aragonite pearl.14,15 Since nacre and aragonite pearl contain
signal molecules in their WSM, we hypothesized that vaterite pearls also contain
signal factors that could induce cells to adhere and proliferate. The addition of
aragonite and vaterite pearl powder into a PLLA sca®old could be a convenient and
e®ective way to prepare a porous sca®old with natural growth factors.
As per the norm for compressive mechanical testing of sca®olds, the peak compressive stress and compressive modulus were measured. Maximum stress is often
closely linked with the preset proportion of compression and cannot accurately
re°ect mechanical compression.16!19
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Aragonite and vaterite pearls were harvested from Hyriopsis cumingii in Zhuji,
Zhejiang province, China. The selected pearls were powdered to particles with size
10!50 "m. PLLA was purchased from a medical device company in Shandong,
China and had an inherent viscosity of approximately 2.28 dL/g. 1,4-dioxane was
purchased from Beijing Modern Eastern Fine Chemical Co. Ltd., China and was
analytical grade.
2.2. Fabrication of the sca®olds
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The PLLA sca®old was fabricated by the freeze-drying method. Brie°y, PLLA was
dissolved into 1,4-dioxane and stirred for 8 h by magnetic coupling at room temperature. The PLLA solutions had a ¯nal ratio of 2%, 3%, 4%, 5%, 6%, 7%, and 8%
(wv!1 ), respectively. The solutions were transferred into a °ask and dispersed under
sonication for 15 min. After this period, the mixture was placed into cylindrical
molds. The molds were then frozen at !20" C for 24 h in a refrigerator. To sweep up
the 1,4-dioxane, the mixture was freeze-dried at !50" C in vacuum condition for three
days. To remove traces of organic solvent, the last step was to dry the samples in an
oven at 40" C for ¯ve days. The porous pure PLLA sca®old was obtained and stored
in a desiccator.
PLLA/aragonite was prepared by the following steps. First, the PLLA was dissolved into 1,4-dioxane to form a polymer 5% (wv!1 ) solution. Then, the aragonite
powder was added into the solution to form ¯nal ratios of 40%, 50%, 60%, 70%, and
80% (wv!1 ) (on PLLA weight basis), respectively. The mixtures were stirred for 0.5 h
and dispersed under sonication for 0.5 h. Thereafter, a part of the solutions were
placed into cylindrical molds and followed the same freeze-drying process as
described for the pure PLLA sca®old. The PLLA/vaterite sca®old was prepared by

ww

w.

J. Mech. Med. Biol. 2013.13. Downloaded from www.worldscientific.com
by 183.62.172.49 on 06/15/14. For personal use only.

h.c

A signi¯cant di®erence to previous reported studies involving the measurement of
mechanical properties is that the yield strength of sca®olds was also determined.
Plastic deformation, in particular the initial yielding point, is sensitive to the local
stress of various materials.20 The yield strength and relative density of the porous
metallic materials are used to determine the relationship between the compressive
strength and density.18 In the present study, we attempted to establish the relationship between yield strength and relative density in porous polymer materials.
Another goal of the current study is to improve the bioactivity and mechanical
properties of sca®olds by developing a composite sca®old of PLLA and pearl. Different amounts of aragonite pearl powder and vaterite pearl powder were added to
PLLA sca®olds. The yield strength was measured to de¯ne correspondence with the
relative density of sca®olds. Moreover, pure PLLA sca®olds were prepared to compare the mechanical properties with PLLA/pearl powder sca®olds.
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The appearances of the sca®olds were evaluated through scanning electron microscopy (SEM, FEI Quanta 200). To perform this, 10 samples were coated with gold for
7 min. The other ¯ve samples were observed without gold by SEM (Phenom Pro
Suite, America) in order to maintain their original appearance.
Porosity, average pore size, and density of the sca®olds were measured by a
mercury intrusion analyzer (Autopore IV 9510, America). Some sample characteristics could be measured and calculated directly, such as pore size distribution and
median pore diameter. Measurements and analyses are presented as an arithmetic
mean of three cylindrical specimens.
Density of solid membrane #s is in triplicate and is computed using the following
equation:
m
ð1Þ
#s ¼ ;
$

2.4. Yield strength

en

where m is the weight of composite membrane with pearl powder and $ is the volume
of the sample.
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Mechanical properties of composite sca®olds were measured in compression mode
with a Zwick Z005 universal testing machine at room temperature. All cylinder
samples had a diameter of 8.44 mm and a height of 16 mm. Samples were compressed
by a compressive force with a controlled speed of 1 mm min!1 . There was no de¯nite
point on the curve where elastic strain ended and plastic strain began. Therefore, the
yield strength was chosen as the starting point of plateau stress in the stress!strain
curve.
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the same freeze-drying method as the PLLA/aragonite sca®old. In order to determine the density of solid materials, the remaining solutions were cast on the surface
of glass to form composite membranes. To obtain dense membranes, the casting
solution was evaporated at 25" C for seven days.

3. Results and Discussion
3.1. Morphologies of the sca®olds

ww

Figure 1 shows the morphologies of the sca®olds. Generally, uniform structures were
formed with large numbers of interconnected pores. Figures 2(a) and 2(b) show the
same porous structure. These features reveal that PLLA/vaterite composite scaffolds, with the ratio of 50% and 60%, do not exhibit any substantial di®erence in the
morphology. Figure 2(c) demonstrates a damaged porous structure with the composite sca®olds containing higher vaterite powder content (80%). In contrast, the
walls of PLLA sca®olds with low pearl powder content were su±cient to support the
1350020-4
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Fig. 1. Scanning electron micrographs of PLLA 5% (wv!1 Þ. Scale bar is 100 "m.
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Fig. 2. Scanning electron micrographs of PLLA 5% (wv!1 ) with di®erent vaterite pearl powder contents
(ww!1 ) showing a porous structure. Scale bar is 100 "m. (a) PLLA/vaterite 60%; (b) PLLA/vaterite 70%;
(c) PLLA/vaterite 80%; and (d) enlargement of PLLA/vaterite 60%.
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Fig. 3. Scanning electron micrographs of PLLA 5% (wv!1 ) with di®erent aragonite pearl powder contents (ww!1 ) showing porous structure. Scale bar is 100 "m. (a) PLLA/aragonite 50%; (b) PLLA/aragonite 60%; (c) PLLA/aragonite 70%; and (d) magni¯cation of PLLA/aragonite 60%.
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porous structure. Figure 2(d) is the micrograph of the PLLA/vaterite composite
sca®old and shows the distribution of pearl powder in the sca®old. It is apparent that
there is a relatively high pearl powder content, as white spots are observed to cover
the wall of the PLLA sca®old evenly. The morphologies of the PLLA/aragonite
sca®olds are shown in Fig. 3. There are no visible di®erences between the two
composite sca®olds. As shown in Fig. 3(c), collapses occured when the concentration
of aragonite pearl powders was raised to 70%. Both composite sca®olds showed the
same structure as PLLA, since most of the pearl powder was located on the PLLA
wall and pore size was determined by the organic solvent via the freeze-drying
method.
1350020-6
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Fig. 4. The relationship between porosity and pearl concentration in composite sca®olds. (a) Vaterite
concentration in a composite sca®old and (b) aragonite concentration in a composite sca®old.

3.2. Porosity
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In general, the average pore size of composite sca®olds was between 90 and 100 "m
(result not shown) and each sca®old exhibited more than 83% porosity (Fig. 4). For
sca®olds with 40% and 50% vaterite content, the porosity increased to 96%, similar
to that of pure PLLA sca®old (93.56%). With increased pearl powder content, the
porosity tends to decrease. A sudden increase in porosity was observed for the
composite containing 70% vaterite. The sca®olds based on aragonite demonstrate a
similar behavior; their porosity decreased as pearl powder content increased. An
exception to this behavior was the 60% group, where a major porosity increase was
noticeable. Such changes can happen when the concentration of pearl powders in
the sca®old is raised up to 70% (vaterite) or 60% (aragonite). The pearl powder
available in the sca®olds would reach a saturation level. In this speci¯ed state, pearl
powder is more homogeneously distributed on the pore wall rather than outside the
porous wall to maintain a more stable structure, resulting in a slight increase in
porosity.

w.

J. Mech. Med. Biol. 2013.13. Downloaded from www.worldscientific.com
by 183.62.172.49 on 06/15/14. For personal use only.

h.c

om

Structural Features and Mechanical Properties of PLLA/Pearl Powder Sca®olds

3.3. Yield strength
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The stress!strain curves of PLLA/vaterite and PLLA/aragonite sca®olds are given
in Fig. 5. When the concentration of pearl powders is increased, the stress of composite sca®old tends to increase. To estimate the mechanical performance of a
sca®old, the yield strength was one of the primary parameters. 19 The yield strength
was sensitive to the local stress of di®erent materials.18 In this work, the maximum
stress of the linear part of stress!strain curve was chosen as the yield point. Figure 6
shows the stress!strain curves of a composite sca®old with 70% aragonite, in which
1350020-7
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Fig. 5. Stress!strain curves of composite sca®olds. (a) PLLA/vaterite sca®olds and (b) PLLA/aragonite
sca®olds.
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Stress!strain curve of a composite sca®old with 70% aragonite.
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Fig. 6.

points (a)!(c) are the highest points of the linear part of each stress!strain curve.
The yield strength is 0.523 MPa, which is the arithmetic mean of three specimens.
The yield strength results of the PLLA/vaterite and PLLA/aragonite are presented in Fig. 7. Yield strength increases in the presence of pearl powders. It appears
that the presence of pear powders positively correlates with the density of sca®olds
and the yield strength of the material. With 40% vaterite, the yield strength is
1350020-8
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Fig. 7. The relationship between yield strength and pearl concentration in composite sca®olds.
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doubled. With 80% vaterite, the yield strength is 3.5 times higher than that of pure
PLLA. These results express that the increase of yield strength of the PLLA/pearl
sca®old is derived from loaded pearl powders. The same trend is observed in the
PLLA/aragonite sca®old. In this case, the maximum yield strength is nearly
2.5 times higher than that of PLLA. A similar result can be observed by comparing
the left and the right sides of Fig. 7 for the same pearl powder concentration. These
results demonstrate that two kinds of pearl powders act as defects in networks by
damaging the continuity of PLLA structure. Nevertheless, the great strength of pearl
powders causes an increase in the systematic mechanical properties as a whole. It can
also be seen that for a sca®old with 60% aragonite, the yield strength increases
suddenly and for a sca®old with 70% vaterite, the yield strength does not change. An
explanation for this unexpected behavior can be that two composite sca®olds have
reached a real saturation level. It means that on the pore walls, there is su±cient
pearl powder for maximum coverage. It is these pearl powders that could prevent
porous wall bending, which would result in the whole network undergoing deformation afterwards. In addition, because the hardness of aragonite is higher than
vaterite, the yield strength of PLLA/aragonite increases more than vaterite.
To determine the principal source of mechanical properties, it is necessary to
discuss the di®erence of the yield strength between a pure PLLA sca®old and a
composite sca®old with pearl powders. Further studies on the yield strength of the
two di®erent systems were carried out. The main features of the pure PLLA sca®old
include having a larger pore size about 100 "m and a higher porosity than the
composite sca®olds. The yield strength depends not only on the material itself, but
also on the structural characteristics such as porosity and pore size. For high porosity
materials (>85%), it is possible that yield strength depends more on the relative
density and structural features. Hence, the material itself is not the most important
factor for yield strength.
Figure 8 shows that with increased PLLA content, the porosity of the sca®old
tends to decrease. However, all sca®olds still have high porosity (at least 85%).
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The relative density ð ##s Þ is the density of initial porous material # divided by
the density of its cell solid #.21
Table 1 shows that with increasing PLLA concentration, the density of porous
composite sca®olds rises. Relative density increases as well.
Figure 9 shows the relationship between the yield strength and the relative
density of a pure PLLA sca®old. It is important to note that the relative density
ranges from 0.2 to 0.9 and the yield strength rapidly increases with relative density,
which can be described using a second order equation.
y ¼ 0:0044 ! 0:1408x þ 0:7796x2 ;

ð2Þ
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where x is the relative density and y the yield strength of sca®old. The coe±cients are
determined by the experiment.
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Table 1. Comparison of part parameters of a pure PLLA sca®old.
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PLLA
concentration (%)
2
3
4
5
6
7
8

Density of
porous PLLA
sca®old
# & 103 (kg m!3 Þ
0.0293
0.0475
0.0573
0.0857
0.0823
0.1022
0.1260

Density of
solid PLLA
membrane
# & 103 (kg m!3 Þ

0.1460

1350020-10

Relative
density ð ##s Þ

Yield
strength (MPa)

0.201
0.325
0.392
0.587
0.563
0.700
0.863

0.0258
0.0346
0.0554
0.1900
0.2530
0.2994
0.4590
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Fig. 9. The relationship between yield strength and relative density of pure PLLA sca®olds.
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A PLLA porous sca®old has a typical foam structure. Earlier investigations have
shown that porous metal exhibits many attractive characteristics, including enhanced compressive deformation with low density. The compressive property mostly
depends on their relative densities.21,22 Yield strength and relative density can be
described by the following equation23:
 3=2 
 1=2 
(
#
#
ðopen-cell modelÞ:
ð3Þ
1þ
¼C
(y;s
#s
#s
The coe±cient C is estimated from the experimental data. The yield strength of
porous material is represented by (. While the yield strength of solid material, a
constant value, is represented by (y;s . The open pore is a structure where the pores
form interconnected network.24 Equation (3) can be rearranged by expanding the
equation
 3=2
 2
 3=2
 2
#
#
0 #
00 #
þ C(y;s
¼C
þC
:
ð4Þ
( ¼ C(y;s
#s
#s
#s
#s
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If we analyze Eq. (4) in the case where C 0 and C 00 have small values, then the yield
strength could be largely tied to relative material density.
Although PLLA is a polymer material and its deformation mechanism is di®erent
from metals, it is supposed that for maintaining high porosity, the yield strength of
porous PLLA sca®olds depends more on the relative density and structural features
rather than the solid material itself. Moreover, PLLA sca®olds present mostly a
1350020-11
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circular-hole structure while observing them with SEM, so this result is consistent
with the initial assumption of the two models. It is essential to compare Eqs. (2)
and (4) to comprehensively understand the meaning of parameters as follows:
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From the analysis above, the porous metal model is deemed to o®er an acceptable
estimate for the yield strength of the porous PLLA sca®old. In contrast, PLLA
sca®olds loaded with pearl powders are also a porous structure like pure PLLA. No
substantial di®erence in the morphology and porosity between all kinds of sca®olds
was observed. Relative density of this system is de¯ned as ##s , where #s is the body
density after adding pearl powders and # is pore sca®old density after adding pearl
powders. Table 2 shows that with increasing pearl powder concentration, the densities of porous composite sca®olds and solid materials similarly rise. However, the
relative density tends to decrease.
Figure 10 demonstrates the relationship between the yield strength and relative
density. Interestingly, the values of relative density are in the narrow range of 0.460
to 0.650. With increasing relative density, the yield strengths of two composite
sca®olds similarly decreases. Such a descending trend provides con°icting information compared to the law of plastic deformation in composite sca®olds. The composite sca®old presented here does not ¯t the open-cell model, and its deformation
mechanism is di®erent to that of a pure PLLA sca®old. Thus, the porous structure in
such networks may not play any signi¯cant role in yield strength. These results
suggest that improvements to the mechanic performance of a sca®old are most
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(1) The highest exponent from the Eqs. (2) and (4) is 2. The value of the maximum
exponent may be governed by the deformation mode of individual cell structures
or walls, such as yielding, bending, and buckling.21 Therefore, the yield strength
of porous PLLA sca®olds formally satis¯es the law of the porous metal model. It
could also be explained that in porous PLLA sca®olds, the maximum exponent is
related to the porous structure rather than the solid material.
(2) All coe±cients including the yield strength of the solid body were determined by
the experiment. The coe±cients of the ¯tted curve, C 0 ¼ !0:1408 and
C 00 ¼ 0:7796, have the same order of magnitude but of opposite algebraic sign.
Thus, relative density may play a crucial role in evaluating the yield strength of a
porous structure. Previous studies indicated that C 0 and C 00 are constants for the
geometric e®ect.25 Therefore, all coe±cients in the ¯tting equation contain the
information of geometric factor and yield strength of the solid body.
(3) The exponent of x and ð ##s Þ3=2 in Eqs. (2) and (4) are 1 and 1.5. Hence, the yield
strength of PLLA sca®olds partly corresponds to the open-cell model of the
porous metal equation. Due to limitations of the freeze-drying method, it is
di±cult to completely synthesize uniform pores and structure throughout the
sca®old. The porous structures responsible for the yield strength of PLLA are a
result of open pores as well as some closed pores.
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Density of
porous material
# & 103 (kg m!3 )

Density of
composite membrane
# & 103 (kg m!3 )

Relative density ð ##s Þ

vaterite 40%
vaterite 50%
vaterite 60%
vaterite 70%
vaterite 80%
aragonite 40%
aragonite 50%
aragonite 60%
aragonite 70%
aragonite 80%

0.1322
0.1551
0.1738
0.2169
0.2805
0.1360
0.2331
0.1461
0.2221
0.2791

0.2039
0.2807
0.3525
0.4219
0.5779
0.2150
0.4335
0.3028
0.3700
0.5999

0.6482
0.5525
0.4930
0.5141
0.4805
0.6314
0.5376
0.4825
0.6001
0.4650

Yield strength
(MPa)
0.380
0.490
0.580
0.601
0.726
0.370
0.530
0.651
0.523
0.740
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Fig. 10. The relationship between relative density and yield strength of PLLA/vaterite and PLLA/
aragonite composite sca®olds.
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reliant on the addition of pearl powders. This corresponds with the yield strength
discussed above.
4. Conclusion
PLLA/aragonite and PLLA/vaterite sca®olds were fabricated by the freeze-drying
method. Both composite sca®olds have a similar porous structure but a di®erent
saturated content of pearl powders. For composite sca®olds, the porosity decreases
and the yield strength increases as pearl powder content increases. In the saturation
1350020-13
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state, the porosity rebounds. Introducing pearl powders into PLLA markedly
improves the mechanical properties of the sca®olds. The yield strength of the pure
PLLA sca®old partly corresponds to the open-cell model, but composite sca®olds do
not ¯t this model. The yield strength of the pure PLLA sca®old is determined by its
porous structure, whereas composite PLLA/pearl powder sca®olds are dependent on
the pearl powder added.
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