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Abstract
Naturally occurring pearl and its derivatives have recently gained interest in bone regeneration
due to their bioactive characteristics and good mechanical properties. In this study,
three-dimensional scaffolds composed of poly-L-lactide (PLLA)/aragonite pearl powder,
PLLA/vaterite pearl powder and PLLA/nacre powder were fabricated by freeze-drying.
Scanning electron microscope (SEM) images indicated that the addition of powder made no
visible difference to the morphology of the composite scaffolds. These composite scaffolds
were found to have nearly twice the compressive strength and compressive modulus than the
pure PLLA scaffold. X-ray diffraction patterns reveal that both PLLA/aragonite and
PLLA/nacre composite scaffolds have pure aragonite crystals as their inorganic component,
while PLLA/vaterite has pure vaterite crystals. The attachment and morphology of rat bone
marrow-derived mesenchymal stem cells (rBMSCs) on scaffolds was observed by the SEM.
The proliferation and osteogenic differentiation of rBMSCs on composite scaffolds was also
investigated. The results indicate that PLLA/aragonite and PLLA/nacre scaffolds better
stimulate cell proliferation and alkaline phosphatase activity than the PLLA scaffold. However,
the PLLA/vaterite scaffold appears to decrease rBMSCs proliferation as well as the osteogenic
differentiation possibly due to the high pH of the solution containing PLLA/vaterite.

Q1 (Some figures may appear in colour only in the online journal)

1. Introduction

Bone-tissue engineering scaffolds to be used in medical and
clinical research processes must interact correctly with bone
cells and the surrounding physiological environment [1–4].
They must provide enough mechanical support and space
for transporting nutrients to allow specific cells to attach,
proliferate and differentiate [5], while at the same time being
fully biodegradeable to achieve complete bone regeneration.

As a biodegradeable polymer, poly-L-lactide (PLLA)
has been widely used as a synthetic scaffold in medical

3 Author to whom any correspondence should be addressed.

implanting [6–10]. Being able to degrade into innocuous lactic
acid and featuring suitable mechanical stability, PLLA exhibits
favorable properties in biodegradability, biocompatibility
and thermal plasticity for use in clinical applications [11].
Moreover, the easy preparation of three-dimensional (3D)
matrices based on PLLA shows its promise as a porous
scaffold. However, inflammation occurring around acidic
substances dissolved from PLLA is a problem yet to be
overcome. Efforts have been made to mix PLLA with natural or
composite materials; resulting combinations show no influence
on the microenvironment during degradation and are capable
of reducing inflammation.

1748-6041/13/000000+09$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA
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Nacre, produced by some molluscs as an inner shell
layer, has been used for bone substitutes because of its
biocompatibility, osteoconduction and suitable degradation
rate. When implanted in a bone defect, nacre powder is
able to stimulate osteoblast proliferation and shows good
biocompatibility [12]. A phosphorous-rich layer appears in
the interface between the aragonite powder and the bone [13].
Pearl powder is also biodegradable and biocompatible with the
bone tissue [14]. Previous works showed that pearl powders
implanted in vivo dissolved partially initially and eventually
degraded completely [14]. Osteoblast proliferation could be
improved by growth factors contained in pearl [12]. Three
kinds of organic macromolecule matrices can be extracted
from pearls and nacre: water-soluble matrix (WSM), acid-
soluble matrix (ASM) and acid-insoluble matrix (AIM). The
nacre WSM is capable of promoting mc3t3-E1 cell adhesion
and proliferation [15, 16]. Growth factors of the nacre WSM
can improve bone remodeling due to their regulation of both
osteoblast and osteoclast functions [17].

There are three anhydrated calcium carbonate poly-
morphs: aragonite, vaterite and calcite. Both aragonite and
vaterite can be found in pearl and readily decompose into
calcite in the solution [18], vaterite being the more unstable
one [19, 20]. Vaterite pearls are found in nature with around
5 wt% organic matrix between vaterite plates [21, 22]. Arag-
onite pearls are composed of <5 wt% organic matrix between
aragonite plates. Our previous work demonstrated that there
were significant differences between the WSM of vaterite and
aragonite. Does vaterite powder have the same ability to stim-
ulate osteoblast proliferation and show the same good biocom-
patibility as aragonite? Although nacre and pearl are formed
in different parts of the shell, they are similar in their morphol-
ogy; do nacre and aragonite therefore share similar capabilities
in improving bone regeneration?

There are a few reports of applications of pearl and
nacre in bone regeneration, focusing on the evaluation of
osteoinduction by pearl plates and nacre WSM. Little research
has been reported into the composite scaffold containing
pearl/nacre powders. In this work we attempt to fabricate novel
composite scaffolds from PLLA and nacre/aragonite/vaterite
powders. Since the pearl powders contain signal molecules,
and are more readily dissolved than calcium phosphate, the
addition of pearl/nacre powder into PLLA could be an efficient
approach to prepare a scaffold with natural growth factors.

2. Materials and methods

2.1. Scaffold preparation

2.1.1. Pearl and nacre powder preparation. Fresh water
pearls were acquired from freshwater cultured Hyriopsis
cumingii. Aragonite and vaterite pearls were collected from
lustrous pearls and lack luster pearls respectively. Nacre was
obtained from the inner shell layer of mussel Hyriopsis
cumingii. The three specimens were soaked in ethanol at
room temperature for 10 h, then washed by ultra-pure water
(Milli-Q) and air dried. The specimens were ground into
powder in a high speed grinder with a maximum speed of

25 000 r min−1 for 3 min. The three powders were passed
through a sieve with a diameter of 50 μm to obtain fine
powders. The size distribution of powder was tested with
a laser particle size analyzer (Mastersizer 2000, Malvern,
Britain). About 1 g powders were ultrasonically dispersed for
1 min in 850 ml ultra-pure water at room temperature. Some
dispersed powders were passed through the measurement area
of the optical bench, where the particles were illuminated by a
laser beam. The intensity of light scattered by the powders
was measured over a wide range of angles by a detector.
The scattering data were analyzed by a software package to
calculate the size distribution of powders.

2.1.2. Scaffold preparation. Scaffolds were fabricated by the
freeze-drying method [23]. 1.5 g PLLA was dissolved in 30 ml
of 1, 4-dioxane to make a 5% m/v PLLA/1, 4-dioxane solution
by stirring at room temperature for 8 h. 0.375 g of the above
powdered specimen was added to the solution and the final
weight ratio of PLLA/powder was 80/20. This solution was
stirred for 15 min and ultrasonically dispersed for 30 min.
The resulting solution was poured into a cylindrical mold
and frozen at −20 ◦C for 24 h. The cylindrical molds were
lyophilized in a vacuum freeze-drier at −60 ◦C for 48 h. The
bulk samples were cut into regular cylindrical shapes 9 mm in
diameter and 18 mm in length. PLLA/nacre, PLLA/vaterite
and PLLA/aragonite composite scaffolds were synthesized in
the same way to obtain similar cylinders of the same weight
ratio of PLLA and powdered specimen.

2.1.3. Film preparation. The solution with the same
concentration as the scaffolds (PLLA/1,4-dioxane =
5/95 w/v, PLLA/powder = 80/20 w/w) was cast on plastic
substrates to prepare composite films. The cast composite
solutions were evaporated gradually and formed dense films
in seven days at 25 ◦C.

2.2. Characteristics of the scaffolds

2.2.1. SEM. To investigate the morphology of the scaffold,
the fracture surfaces of scaffolds were sputter-coated with
gold for 10 min and were observed using a scanning electron
microscope (SEM, FEI Quanta 200) at 30 kV.

2.2.2. Mechanical property and porosity. The compressive
strength and modulus of the composite scaffolds were tested
using a Zwick Z005 universal testing machine, by the
compression of the cylindrical specimens with 9 mm diameter
and 18 mm length along their vertical axes. The samples
were tested with a controlled speed of 1 mm min−1 at
room temperature, ending when the strain was >30%. The
compressive strength was chosen as the maximum value of
the linear part of each stress–strain curve. The compressive
modulus of the scaffolds was determined by the slope of the
linear part of the curve. Four samples in each experimental
group were tested. The porosity and pore size of the porous
scaffold were assessed by a mercury intrusion analyzer
(Autopore IV 9510, America). All samples (9 mm diameter
and 18 mm length) were kept in a cell under a certain vacuum
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condition, under which mercury cannot enter into the pores of
samples. At a certain pressure mercury was forced to penetrate
the pores of samples. The penetration pressure of mercury was
inversely proportional to the pore volume. Four samples in
each experimental group were tested.Q2

2.2.3. Contact angle measurement. Contact angles were
measured by an optical tensiometer (JC2000C1, Powereach,
China). A 10 μl drop of water was placed on a composite film
surface with an adjacent camera, with a picture taken after
10 s. The angles on both sides of each droplet were measured
and analyzed by the jc2000 software. Five samples in each
experimental group were tested eight times in three different
regions each.

2.2.4. XRD pattern. Vaterite is an unstable polymorph
and can easily change into calcite in the solution. In our
experiment, vaterite powders were added in 1, 4-dioxane
and the mixture was stirred for 15 min and ultrasonically
dispersed for 30 min. In order to know whether vaterite was
changed or not in these processes, x-ray diffraction (XRD)
pattern of PLLA/vaterite powder films was done. In this work,
XRD patterns were acquired by a Siemens 08 Discover x-ray
generator to determine the crystalline structure of powders in
three composite films. The composite films and pure plastic
substrate were exposed to an x-ray beam with a running
voltage at 40 kV, a current intensity of 40 mA and a Cu anode
Kα(λ = 0.15418 nm). The scanning speed was 0.5◦ min−1 and
the angle 2θ was adjusted from 10◦ to 80◦.

2.2.5. Protein adsorption on the scaffold. Three samples for
each group were cut into pieces of 9 mm diameter and 2 mm
length. After washing three times with PBS (PBS, 0.01M,
pH = 7.4), the samples were soaked in 1 ml bovine serum
albumin (BSA) solution (0.5 mg ml−1) in an incubator, which
was maintained at 37 ◦C without CO2. 1 ml of normal BSA
solution was incubated under the same conditions. The protein
concentration was evaluated using a BCA (Bicinchoninic
Acid) Protein Assay Kit (Jiancheng Bioengineering Institute,
Nanjing, China). The protein concentrations of the solutions
were obtained at five consecutive time points (6, 12, 24,
36 and 72 h). The absorbance was measured at 570 nm
with a microplate reader (Biorad680, America). The total
amount of adsorbed protein on the scaffolds was determined
by subtracting the amount of protein in the solution with the
scaffolds from that of protein in the normal BSA solution.

2.3. Cell culture

2.3.1. Cell seeding and culture. The rat bone marrow-derived
mesenchymal stem cells (rBMSC) were isolated from the
femurs of 4-week-old Spraguee Dawley rats. rBMSCs from
passages 3 were used in the experiments. All scaffolds were
sterilized by a cobalt-60 source with a dose rate of 8 kGy
and then soaked in Dulbecco’s modified Eagle’s medium high
glucose (HG-DMEM, Gibco, USA) for 12 h. rBMSCs were
suspended at a density of 5 × 104 cells ml−1 in 10 ml control
medium (90% LG-DMEM, 10% FBS, 100 U ml−1 penicillin

and 100 μg ml−1 streptomycin) and seeded onto a round
slice of composite scaffold which was fitted into the well
of a 24-well plate. It was subsequently incubated for 2.5 h
without the culture medium to enable rBMSCs to attach to the
scaffold. An osteogenic medium (90% LG-DMEM, 10% FBS,
100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 10 mM
β-glycerophosphate and ascorbic acid (50 mg ml−1)) was
added to soak the scaffolds. All scaffolds were cultured in
an osteogenic medium in a humidified incubator at 37 ◦C with
5% CO2. pH of the osteogenic medium was measured using
a pH meter (FE20K, METTLER TOLEDO, Switzerland) and
was adjusted to 7.2 by adding 1N HCl or 1N NaOH before
use. The osteogenic medium was changed every three days.

2.3.2. Observation of cell morphology. The cells were grown
on scaffolds for one, three and seven days. To investigate
the cell distribution on the scaffolds at each incubation time,
scaffolds were transferred into an untreated 24-well plate.
The samples were rinsed in PBS and fixed in 2.5% (v/v)
glutaraldehyde in 0.01M PBS with pH 7.4 at 4 ◦C for 2 h. The
scaffolds were washed three times with PBS and dehydrated
in graded ethanol solution (30, 50, 70, 80, 90, 95 and 100%).
In order to remove the ethanol, the specimens were soaked
in graded tertiary butanol solution (25, 50 and 100%). The
samples were lyophilized in a vacuum freeze-drier at −60 ◦C
for 3 h and observed by the SEM.

2.3.3. Cell proliferation. The cells were grown on scaffolds
for one, three and seven days. At each selected period,
Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan)
assay was used to evaluate cell proliferation on scaffolds.
The quantification principle of CCK-8 is that dehydrogenase
activities in cells could decrease water-soluble tetrazolium salt,
which presents a yellow color formazan dye in culture media.
The yield of the formazan dye is proportional to the number
of living cells. The scaffolds with cells were transferred to
an untreated 24-well plate. A 500 μL culture medium with a
50 μL CCK-8 solution was added to each well and incubated
at 37 ◦C for 4 h. 100 μL of the solution from each well was
added to a 96-well plate, which was shaken for 5 min. The
absorbance was recorded at 450 nm using a microplate reader
(Biorad680, USA).

2.3.4. Osteoblast differentiation. Alkaline phosphatase
(ALP) activity is a predictive way to evaluate rBMSC
early differentiation. ALP activity was measured by ALP
detection kit (Jiancheng Bioengineering Institute, Nanjing,
China). rBMSCs seeded on four kinds of scaffolds including
PLLA, PLLA/nacre, PLLA/vaterite and PLLA/aragonite
were cultured in osteogenic medium for seven and ten days,
washed three times with PBS and suspended in a lysis buffer
in the ice-cold environment for 30 min. The supernatant was
centrifuged (12 000 rpm at 4 ◦C) to discard cell debris. 30 μL
supernatant was added to the assay solution and incubated at
37 ◦C for 30 min. ALP activity was measured through the
absorbance at 405 nm using a microplate reader (Biorad680,
America). Meanwhile, protein contents in the same 30 μL
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Table 1. The pore size distribution of composite scaffold.

Scaffolds Large pores (>100 μm) % of total volume Small pores (50–100 μm) % of total volume

PLLA 40.1 ± 3.1 41.3 ± 1.7
PLLA/vaterite 27.6 ± 6.0∗∗ 52.7 ± 2.3∗∗

PLLA/aragonite 26.1 ± 2.3∗∗ 59.7 ± 3.7∗∗

PLLA/nacre 26.0 ± 4.8∗∗ 58.8 ± 2.6∗∗

∗∗Indicating statistically significant differences between groups (p < 0.01).

Figure 1. Size distribution of powder after sieved.

supernatants were measured by the BCA assay to standardize
ALP activity. Five replicates were collected at each time
interval.

3. Results and discussion

3.1. Pearl and nacre powder

The powder size after sieving is shown in figure 1. 73.30%,
91.12% and 82.90%(v/v) of vaterite, aragonite and nacre
powder display a narrow size distribution from 0 to 23 μm.

3.2. Characteristic of the scaffolds

3.2.1. Morphology. Figure 2 shows the morphology
of the scaffolds. A ladder-like pore structure is shown
in PLLA scaffold. This structure could be attributed to
1, 4-dioxane crystal sublimation during the freeze-drying
process. More irregular pores in composite scaffolds may
be due to the powder blocking the 1, 4-dioxane crystal
formation. In the PLLA scaffold, smooth walls of pores and
homogeneous pore structures are observed, whereas some
granular protuberances are displayed on the walls in composite
scaffolds. Some pearl and nacre powders are attached to PLLA
surfaces, resulting in rough and irregular pore structures [23].
There are no visible differences between the three composite
scaffolds.

3.2.2. The pore size distribution and porosity. In table 1, both
large pores and small pores of PLLA scaffold are about 40%
(v/v). Large pore size was suitable for cell attachment and
penetration in the scaffold; small pores can provide tunnels for

the process of cell metabolism [24, 25]. The addition of powder
to PLLA results in an increase in the proportion of large pores,
with a subsequent decrease in the proportion of small pores
keeping the overall porosity relatively consistent.

The porosity of PLLA, PLLA/vaterite, PLLA/aragonite
and PLLA/nacre scaffolds is shown in figure 3. All scaffolds
show porosity of more than 87%. Although the powder has an
influence on the pore formation in the process of freeze-drying,
there are no differences in porosity between the composite
scaffolds.

3.2.3. The compressive strength and compressive modulus.
Figure 4(a) shows the compressive strength of PLLA scaffold
to be 0.19 MPa ± 0.01 MPa. The compressive strength of
composite scaffolds is 0.35 MPa ± 0.02 MPa, which is higher
than that of the pure PLLA scaffold. The compressive modulus
of composite scaffolds is significantly higher than that of the
PLLA scaffold (figure 4(b)). These results are derived from the
addition of powders [23, 26]. There are no obvious differences
in compressive strength and compressive modulus between the
composite scaffolds. Since the interactions between powders
and PLLA are physical and not chemical, powder type does
not affect compressive properties, whereas the compressive
properties of composite scaffolds are mostly reliant on the
content of loaded powders [23].

3.2.4. XRD patterns. Figure 5 shows XRD patterns of
different kinds of films on plastic substrates. All the patterns
reveal one broad peak, the plastic substrate of the films. There
is an exposed peak at 16.58◦ in all the patterns corresponding
to PLLA [27]. The peak positions of the PLLA/aragonite film
are at 26◦ (1 1 1), 32.90◦ (1 2 1), 35.93◦ (1 0 2), 37.68◦

(1 1 2), 45.74◦ (0 4 0) and 52.28◦ (1 1 3), which is in
line with the JCPDS card number 3-0405 and these peaks
correspond to aragonite crystals. Nacre has similar patterns to
aragonite except for a weaker intensity at 32.90◦ (1 2 1). This
indicates that nacre powder has the same aragonite crystals as
inorganic component as aragonite pearl powder. The peaks of
PLLA/vaterite films are 20.9◦ (0 0 4), 24.78◦ (1 0 0), 26.96◦

(1 0 1), 32.68◦ (1 0 2), 42.6◦ (0 0 4), 43.78◦ (1 1 0) and 49.96◦

(1 0 4), which agrees with the JCPDS card number72-0506 and
these peaks belong to pure vaterite crystals. Some crystal peaks
may be covered up by the broad peak produced by PLLA.

3.2.5. Surface hydrophilicity. Contact angle measurements
were performed on PLLA, PLLA/vaterite, PLLA/aragonite
and PLLA/nacre films. Table 2 shows that the contact angle
of PLLA is 81.5◦ ± 1.5◦. Addition of powders into PLLA
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(a) (b)

(c) (d)

Figure 2. Scanning electron microscope of the scaffolds. (a) PLLA; (b) PLLA/vaterite; (c) PLLA/aragonite; (d) PLLA/nacre. The scale
bar is 100 μm.

Table 2. Contact angle of composite PLLA membrane.

Membranes Contact angle (◦)

PLLA 81.5 ± 1.5
PLLA/vaterite 94.0 ± 3.9∗∗

PLLA/aragonite 82.0 ± 2.3
PLLA/nacre 86.4 ± 4.7

∗∗Indicating statistically significant
differences between groups (p < 0.01).

reduced its hydrophilicity. The hydrophilicity of composite
film increases in the following order:

Aragonite > nacre > vaterite.

The films are usually characterized using contact angle
measurement. The thickness of these films is around
300 μm. Hydrophobicity performance of PLLA film is mainly
dependent on the surface energy. With the same addition of
powders to PLLA, the wettability of the surface is mainly
determined by the topography of the composite film. It is
known that aragonite pearl and nacre are constructed of
highly organized aragonitic layers and organic sheets [28]. For
vaterite pearl, the layered structure is looser than that of the
aragonite one. Even in one layer, the thickness of the vaterite
layer is not uniform. Vaterite powders in the composite film
may show different surface roughness than aragonite and nacre
powders. Because the powder concentration is the same in
three composite films, the highest value of the contact angle in
the PLLA/vaterite film may come from the highest roughness
of the surface.

3.2.6. Protein adsorption. Figure 6 illustrates the BSA
absorption on the scaffolds within 72 h. Rapid absorption
of BSA by all scaffolds occurred in the first 12 h. PLLA
scaffolds exhibit a greater increase in absorbing BSA
compared to others and reach a level of saturation after

Figure 3. Porosity of the scaffolds.

24 h. As discussed earlier, PLLA scaffolds exhibit 83%
porosity and a large specific surface area, which can provide
a fine contact to PLLA/BSA interfaces. As the surfaces of
PLLA/aragonite and PLLA/nacre are more hydrophobic than
PLLA, PLLA/aragonite and PLLA/nacre scaffolds show less
BSA uptake within 24 h; however, they continue to absorb BSA
and reach saturation after 36 h. This saturation can be explained
by the fact that there is a limited surface area for occupation
by the layer of BSA. The absorption kinetics are more
likely controlled by the hydrophobic properties of composite
scaffolds. Therefore, aragonite and nacre composites require
more time than PLLA to reach saturation. After 72 h,
levels of BSA embedded in aragonite and nacre scaffolds
are slightly higher than that in PLLA. Compared to other
composite scaffolds, BSA absorbed in vaterite scaffolds stays
at a consistently lower level and grows more slowly as
incubation time progresses. This is likely the result of the
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(b)(a)

Figure 4. Compressive strength (a) and compressive modulus (b) of the scaffolds. ∗∗ indicates statistically significant differences between
groups (p < 0.01).

Figure 5. X-ray diffraction patterns of different composite films on
plastic substrates.

Figure 6. BSA absorption on the scaffolds after incubation in the
BSA solution.

surface hydrophobicity of PLLA/vaterite, the highest among
the four.

3.3. Cell culture

3.3.1. Cell morphology. To observe rBMSCs attachment
onto the scaffolds, SEM images were taken at one, three and
seven days after seeding (figure 7). After one day of incubation,
cells are more than 20 μm in length and are elongated to the
pore wall of the scaffolds with finger-like filopodias adhesions
to the surface. This shows that the cells are newly attached
to the scaffolds. After three days of incubation the cells
spread with a flattened morphology across the scaffold surface
except for the PLLA/vaterite scaffold. After seven days,
the rBMSCs had spread fully and filled the whole surface of the
scaffolds. This evidence shows that PLLA, PLLA/aragonite
and PLLA/nacre have good cytocompatibility; promoting
the attachment of cells and their growth on the surfaces and
pores of the scaffolds. A contrasting decrease in cell spread
and growth is observed on the PLLA/vaterite scaffold.
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(a) (b)

(c) (d)

(a) (b)

(c) (d)

(a) (b)

(c) (d)

(a)

(b)

(c)

Figure 7. Morphologies of rBMSCs on the scaffolds at different time after seeding. (a) 1 day; (b) 3 days; (c) 7 days. (a) PLLA;
(b) PLLA/vaterite; (c) PLLA/aragonite; (d) PLLA/nacre. The white rectangular boxes point out the rBMSCs on the scaffolds.
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Figure 8. rBMSC proliferation on the scaffolds at different
incubation times. Quantitative data represented as mean ± SD. ∗

indicates statistically significant differences between groups
(p < 0.05).

3.3.2. rBMSC proliferation. To evaluate cell proliferation on
scaffolds at 1, 3 and 7 days, the CCK-8 assay was carried out as
shown in figure 8. As the incubation time increases, rBMSC
proliferation increases significantly in all scaffolds. Similar
numbers of rBMSCs between the scaffolds on day 1 are due
to similar attachment processes and a lack of proliferation
during the initial 24 h. This result is in accordance with the
SEM images of rBMSC attachment on day 1. After three
days of incubation, all scaffolds show significantly increasing
proliferation of rBMSCs. This reveals the fact that rBMSCs
started to grow and proliferate faster on the materials during
this time period. The proliferation of rBMSCs is also higher
on PLLA/aragonite and PLLA/nacre scaffolds compared to
PLLA. The lowest rate of rBMSC proliferation was observed
on PLLA/vaterite scaffolds by the third day, with this trend
continuing to the seventh day. At day 7 the optical density
(OD) of the PLLA/vaterite scaffold is 1.031, and the OD
values of PLLA/aragonite and PLLA/nacre scaffolds are
1.381 and 1.339, respectively. These results would indicate
that the porous systems of PLLA/aragonite and PLLA/nacre
show good cytocompatibility and encourage proliferation
of rBMSCs, but the proliferation of rBMSCs decreases on
PLLA/vaterite compared to PLLA.

Figure 9 shows the changes of the pH value in different
culture media. The initial pH of the osteogenic medium is
7.2, and is probably related to decomposition of NaHCO3.
In the control group, the pH remains in the range 7.20–7.24
during the ten days. Adding fresh medium into the wells every
three days causes the declination of the pH on day 7 and 10.
The medium containing PLLA scaffolds with rBMSCs show a
similar pH change to the control group. In contrast, the media
containing PLLA/aragonite and PLLA/nacre with rBMSCs
have a greater increase of pH to about 7.30 in the first day,
and remain at 7.30–7.34 as the incubation time progresses.
The rapid increase of pH could be a result of the dissolution of

Figure 9. Changes of pH value in the osteogenic medium containing
rBMSCs and different scaffolds during the 10-day incubation. The
osteogenic medium containing only rBMSCs was set as control
group.

Figure 10. Alkaline phosphatase activity (ALP) of rBMSCs on the
scaffolds at different incubation time. Quantitative data represented
as mean ± SD.∗ indicates significant differences between groups
(p < 0.05).

CaCO3. Since nacre has the same aragonite crystal as aragonite
pearl, a similar trend can be noted in figure 9. Compared
to the pH in other media, the pH of the medium containing
PLLA/vaterite scaffolds with rBMSCs rapidly increases to
7.38 after one-day incubation and stays consistently high at
7.39 during the 10-day incubation. The dissolution of vaterite
could be the primary cause. PLLA/vaterite scaffolds produced
more alkalinity in the medium than other composite scaffolds
due to the instability of vaterite causing it to be more readily
dissolved than aragonite [19, 20]. rBMSCs are sensitive to
the alkalescent culture medium. It is reported that the growth
and proliferation of rBMSCs are encouraged by pH values of
culture media between 7.2 and 7.4 [29]. The high pH (7.380–
7.395) near 7.4 may decrease the proliferation of cells on
PLLA/vaterite scaffold.

3.3.3. rBMSC differentiation. To investigate how powders
added into scaffolds affect cell differentiation, the ALP activity
of rBMSCs was quantified after seven and ten days, as shown in
figure 10. As the incubation time progresses, there is a notable
increase in the ALP activity in each scaffold. During the initial
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seven days, rBMSCs on PLLA/aragonite and PLLA/nacre
scaffolds display a higher ALP activity than on PLLA and
there is no notable difference between PLLA/aragonite and
PLLA/nacre. However, a significantly lower level of ALP was
noticed on PLLA/vaterite. A similar trend has been found after
ten days and the significant increase appeared between day 7
and 10 in all scaffolds. The addition of aragonite and nacre
powders in PLLA scaffold enhances osteogenic differentiation
of rBMSCs, while vaterite works to inhibit this. The porous
structure and the good interface in composite PLLA/aragonite
or PLLA/nacre may promote osteogenic differentiation of
rBMSCs, whereas the high pH of the culture medium of
PLLA/vaterite decreases this. As shown in figure 9, the
medium containing PLLA/aragonite and PLLA/nacre with
rBMSCs remains at pH 7.30–7.34 after seven and ten days,
an environment fit for osteogenic differentiation of rBMSCs.
However the pH of the medium containing PLLA/vaterite
scaffolds with rBMSCs reaches 7.38 after seven and ten days;
the sensitivity of rBMSCs to an alkalescent osteogenic medium
may lead to their osteogenic differentiation being inhibited.
In sum, the decrease of rBMSC proliferation as well as the
differentiation on PLLA/vaterite scaffolds may be due to the
high pH value.

4. Conclusion

In this work, we fabricated PLLA/aragonite pearl powder,
PLLA/vaterite pearl powder and PLLA/nacre powder 3D
scaffolds by freeze-drying. Scanning electron microscope
images of the composite scaffold indicate no difference in
the morphology. In the composite scaffold, both compressive
strength and compressive modulus are higher than that
of the pure PLLA scaffold. The proliferation of rBMSCs
is likewise higher on PLLA/aragonite and PLLA/nacre
scaffolds compared to PLLA, whereas a slight decrease
on PLLA/vaterite scaffolds was observed. Meanwhile,
PLLA/aragonite and PLLA/nacre scaffolds show a better
ALP activity than PLLA scaffold, whereas PLLA/vaterite
scaffold has the lowest ALP, which could be attributed to the
high pH value.
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