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Abstract: The aim of this study was to investigate the in vitro

degradation, cytocompatibility, and in vivo osteogenesis

of poly(lactic-co-glycolic acid) (PLGA)/calcium phosphate

cement (CPC) scaffold with unidirectional lamellar pore struc-

ture. CPC-based scaffold was fabricated by unidirectional

freeze casting, and PLGA was used to improve the mechani-

cal properties of the CPC-based scaffold, which covered the

surface of the pore wall as coating. The in vitro degradation

results demonstrated that the PLGA/CPC scaffold had good

degradability. The degradation of PLGA film on the surface

of the scaffold made the CPC matrix exposed, which facili-

tated cell response and osteogenesis. Rat bone mesenchymal

stem cells (rMSCs) were seeded on the PLGA/CPC composite

scaffold. Cell viability, proliferation, and differentiation on the

PLGA/CPC composite scaffold were evaluated. The results

showed that viable rMSCs attached on the surface of pore

wall gradually penetrated into the internal pores of the scaf-

fold as prolongation of culture time. In addition, the rMSCs

seeded on the scaffold exhibited good proliferation and

growing alkaline phosphatase activity. The scaffold was

implanted in the defects in distal end of femora of New Zea-

land white rabbits. Histological evaluation indicated that the

PLGA/CPC scaffold with unidirectional lamellar pore structure

had good biocompatibility and effective osteogenesis. These

results suggest PLGA/CPC composite scaffold with unidirec-

tional lamellar pore structure is a promising scaffold for bone

tissue engineering. VC 2012 Wiley Periodicals, Inc. J Biomed Mater

Res Part A: 00A:000–000, 2012.
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INTRODUCTION

Tissue engineering is considered as a promising strategy to
heal bone defects caused by trauma or disease.1,2 Scaffold
plays an important role in bone tissue engineering by pro-
viding a temporary three-dimensional (3D) template to
guide ingrowth of cells and bone tissue, and transporting
essential nutrients and waste products. Ideal scaffold should
be biocompatible, osteoconductive, and have high porosity
and interconnected macroporous structure for cell adhesion,
migration, and proliferation. Moreover, enough mechanical
strength is required to support tissue structure after
implantation.3,4

Unidirectional freeze casting has been used in poly-
mers and inorganic materials [collagen, hydroxyapatite,
poly(lactic-co-glycolic acid) (PLGA), etc.] to fabricate scaf-
folds with unidirectional pore structure.5�7 The porosity,
pore size, and mechanical strength can be controlled by

varying the cryogenic temperature and concentration of
materials. Many researches revealed that the unidirectional
pore structure facilitated cell growth into internal
pores.8�10

Calcium phosphate (CaP) materials such as hydroxyapa-
tite (HA), b-tricalcium phosphate, and bioactive glass, are
recognized as preferable materials for bone tissue engineer-
ing scaffold.11 Biocompatibility and osteoconductivity are
the main advantages of CaP scaffolds because of their chem-
ical similarities to the inorganic component of natural
bone,12 which supports the growth of bone cells and makes
the implant bond strongly with peripheral tissues.13�16

However, some drawbacks such as relatively low degrada-
tion rate, low mechanical strength, and high brittleness
hinder the use of CaP scaffolds. The main reason for slow
degradation of CaP ceramics is that the manufacture of bio-
ceramics is the process of thermal treatment or sintering,
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which would greatly increase the grain size and crystallinity
of the CaP ceramics.17

As a self-setting biomaterial, calcium phosphate cement
(CPC) has been proved to be extremely biocompatible and
osteoconductive, as demonstrated by the fast deposition of
new bone on the cement surface.18,19 The formation of
hardened CPC structure is acquired by hydration reaction at
body or room temperature, dispensing with sintering at
high temperature. The crystalline product forms through
dissolution-precipitation reaction, and the final product of
setting reaction of CPC usually is poorly crystalline HA,
which is more chemically similar to natural bone apatite.
Because of its poor crystallinity and microporous structure,
CPC is faster degradable than sintered CaP bioceramics.
CPC, unlike sintered bioceramics, is easy to shape as
required form during the operation. These advantages make
CPC a promising material for bone tissue engineering
scaffold.

However, poor mechanical strength is a shortcoming for
CPC scaffold as well as other CaP ceramic scaffolds.
Improvement of mechanical properties of inorganic scaffolds
can be achieved by composite preparation with poly-
mers.20�22 PLGA as a synthetic polymer has been approved
by FDA to be widely used as implantable screws, pins, drug
delivery devices, and tissue engineering scaffolds because of
its biocompatibility, biodegradability, and processibility.23,24

The specific physical and chemical characteristics (degrada-
tion rate, mechanical properties, etc.) of PLGA can be con-
trolled by varying its composition and molecular
weight.25,26 PLGA coating on the surface of inorganic scaf-
folds can significantly improve the compressive strength
and toughness of the inorganic scaffolds.27�29

In this study, we investigated the in vitro degradation,
cytocompatibility and in vivo osteogenesis of the PLGA/CPC
composite scaffold with unidirectional lamellar pore struc-
ture. rMSCs were cultured on the scaffold, and Live/Dead
assay, water-soluble tetrazolium-8 (WST-8) assay, and alka-
line phosphatase (ALP) activity were used to evaluate cell
viability, proliferation, and differentiation on the scaffold
constructs. The scaffolds were implanted in the defects in
distal end of femora of New Zealand white rabbits to
observe the bone formation in PLGA/CPC scaffold.

MATERIALS AND METHODS

Materials
The CPC powder used in this study was prepared by mixing
partially crystallized calcium phosphate (PCCP, median di-
ameter of 16.5 lm) and dicalcium phosphate anhydrous
(DCPA, median diameter of 3.7 lm) at a weight ratio of 1:1,
as described in our previous work.30,31 PCCP was synthe-
sized from an aqueous solution of Ca(NO3)2�4H2O (0.36
mol/L) and (NH4)2HPO4�12H2O (0.15 mol/L) by chemical
precipitation method in our laboratory. The deposits were
centrifugally separated, freeze-dried, and calcined at 450�C
for 2 h in a furnace to partially crystallize. The as-calcined
PCCP powders were milled in a planetary mill using ZrO2

balls at 400 rpm for 2 h. DCPA was commercially obtained
from the Shanghai No. 4 Reagent & H. V. Chemical, China.

Sodium alginate (SA) as setting accelerator was purchased
from Tianjin Fuchen Chemical Reagent, China. PLGA (75/25
lactide to glycolide ratio, MW: 100,000, the inherent viscos-
ity of 1.39 dL/g) was purchased from Jinan Daigang Bioma-
terials, China. Cell-culture related reagents were purchased
from Gibco (Invitrogen) except specialized.

Preparation of PLGA/CPC scaffold
The method for fabrication of PLGA/CPC scaffolds was
described in our previous work.29 The SA was dissolved in
deionized water to prepare 2 wt % (W/V) SA solution,
which was used as cement liquid. The CPC slurry was pre-
pared by mixing the SA solution with the CPC powder at
the liquid to CPC powder (L/P) ratio of 3.25 mL/g. Then
the slurry was poured into cylindrical glass tubes (with an
inner diameter of 7 mm and a height of 14 mm) and imme-
diately put on a cold plane to freeze. Temperature difference
from bottom (at �30�C) to top (at room temperature) of
slurry in the glass tubes caused the ice orientationally crys-
tallized. The frozen samples were freeze dried for 48 h to
obtain the unidirectional pores. Dense PLGA/CPC compo-
sites without macropores were fabricated to be used as con-
trol. In brief, CPC/SA mixture was mixed with deionized
water at the liquid/powder ratio of 0.4 mL/g, and the paste
was put into the steel mold, and then demoulded, dense
CPC blocks without macropores were obtained. The CPC
scaffolds and dense CPC blocks were incubated in a
humidor with 98% relative humidity at 37�C for 2 days at
least to make sure sufficient setting reaction of CPC. The
hydrated CPC scaffolds and dense CPC blocks were dried in
an oven at 50�C for 24 h. PLGA was dissolved in dichloro-
methane (CH2Cl2) at the fraction of 0.20 g/mL (W/V) to
form a flowable solution. The CPC scaffolds and dense CPC
blocks were immersed into the PLGA solution, followed by
vacuum infiltration for 5 h. PLGA was infiltrated into the
pores of scaffolds under the pressure difference, and most
CH2Cl2 were eliminated under the low vacuum. After infil-
tration procedure, the samples were dried in the air for at
least 48 h to eliminate the rest of CH2Cl2. Finally, PLGA/CPC
scaffolds and dense PLGA/CPC samples were obtained for
assessments.

Scaffold characterization
The morphology of composite scaffolds was observed by an
environmental scanning electron microscope (Quanta 200,
FEI, The Netherlands) and a field emission scanning elec-
tron microscope (Navo NanoSEM 430, FEI, The Nether-
lands). After being dried, the composite scaffold samples
were mounted on an aluminium stub by carbon tape and
sputtered with gold. An accelerating voltage of 2–15 kV was
used to characterize the morphology of the composite
scaffolds.

The compressive strength of cylindrical scaffolds (diame-
ter ¼ 7 mm, height ¼ 12 mm) was measured using a uni-
versal material testing machine (Instron 5567, Instron, Brit-
ain) at a crosshead speed of 0.5 mm/min. Each
measurement was repeated for six times and the average
value was calculated.
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In vitro degradation
In vitro degradation evaluation of the porous scaffolds was
performed in phosphate buffered saline (PBS) solution at
pH 7.2 and 37�C under mechanical vibration at a speed of
120 rpm with an orbital shaker. The PLGA/CPC scaffold
specimens were weighed and then immersed in polystyrene
bottles containing PBS solution (the ratio of solution to
sample: 50 mL/g) for up to 12 weeks. Three-fourths of PBS
solution in the bottles was replaced with fresh PBS solution
every week. The pH value of the PBS solution was measured
with a pH meter (PHS-2C, Jingke, Shanghai, China) at inter-
vals. The samples were collected every 2 weeks, washed,
and air-dried. The dried specimens were used for measure-
ment of compressive strength and weight loss (WL), and
microstructural characterization of the scaffolds. The WL
was calculated as follows:

WL % ¼ W0 �Wd=W0 � 100%

where W0 represents the initial weight of the scaffold sam-
ples and Wd denotes the weight of the dried specimens af-
ter degraded for different time. Each measurement was per-
formed six times and the average value was calculated.

Rat bone marrow mesenchymal stem cells (rMSCs)
harvest
rMSCs were obtained from bilateral femora of Fischer 344/
N syngeneic rats. Both femora were cut away from the
epiphysis of the rat. Bone marrow was flushed out of mar-
row cavity with 15 mL of culture medium minimal essential
medium eagle (MEME) containing 10% fetal bovine serum
(FBS) and 1% antibiotics (100 U/mL penicillin G, 100 lg/
mL streptomycin sulfate, and 0.25 lg/mL amphotericin B).
The bone marrow suspension was transferred into a 75 cm2

tissue culture polystyrene flask and incubated at 37�C in a
humidified incubator with 5% CO2. The culture medium
was refreshed every 3 days to remove dead cells and wastes
produced by metabolism of cells. After about 90% conflu-
ence was reached, the rMSCs were passaged.

Cell culture and cell seeding
The PLGA/CPC scaffolds and dense PLGA/CPC blocks were
cut into disks with 7 mm in diameter and 2.5 mm in height.
After being sterilized by gamma radiation (15 kGy), the
disks were put into 24-well plates and pre-wetted in MEME
solution for 12 h. rMSCs at passage 1 were used. For assays
of cell viability and cell proliferation, 35 lL of cell suspen-
sion (106 cells/mL) was seeded onto the surface of the sam-
ples in 24-well plates. The cell-seeded samples were incu-
bated at 37�C in a humidified incubator with 5% CO2 for 2
h to allow the cells to adhere onto the sample surface, then
1 mL of culture medium was added to each well to cover
the samples. The culture medium was replaced with fresh
one every 3 days.

Cell viability
The viability of rMSCs cultured on scaffolds was evaluated
using a Live/Dead kit (Biotium) according to standard pro-

tocol provided by the manufacturer after 1, 3, and 7 days’
culture. Only ‘‘Live’’ assay was performed in this study. The
cell-sample constructs were washed with PBS and incubated
in standard working solution at 37�C for 45 min. After
being washed with PBS solution twice, the constructs were
observed with a fluorescence microscope (Zeiss Axioskop
40, Germany). After observation of scaffold surface was
completed, the scaffold constructs were cut along the direc-
tion parallel to the pore orientation to observe the penetra-
tion of rMSCs into the internal pores.

Cell proliferation
Cell proliferation was evaluated by WST-8 assay using a
CCK-8 kit (Dojindo Laboratories, Japan) according to the
manufacturer’s instructions. The cell-sample constructs
were transferred to a new cell culture plate on day 1, 3,
and 7, respectively. 1 mL of MEME solution was added to
each well of plate, followed by addition of 100 lL of CCK-8
reagent. After incubation at 37�C for 2 h, 100 lL of upper
solution was pipetted to a 96-well plate. The absorbance at
450 nm was measured with enzyme linked immunosorbent
assay reader. The optical density value was normalized to
the number of rMSCs.

Cell differentiation
40 lL of cell suspension (2.5 � 106 cells/mL) was seeded
onto the samples in 24-well plate. After 2 h, 1 mL of culture
medium (MEME supplemented with 10% FBS, 10 mM so-
dium b-glycerophosphate, 10 nM dexamethasone, and 82
mg/mL vitamin C) was added to the wells. The cell-con-
structs were cultured in a humidified atmosphere of 5%
CO2 at 37�C. After cultured for 7 and 14 days, the cell-con-
structs were washed twice with PBS solution. An aliquot of
400 lL of 0.05% Triton X was added to the culture well
and the mixture was incubated at 4�C for 2 h. The superna-
tant was tested for intracellular total protein content and
ALP activity. Total protein content was assayed by the Brad-
ford method using a Bio-Rad protein assay reagent kit (Bio-
Rad Laboratories, Japan) according to the manufacturer’s
instructions. The total protein content was determined by
measuring the absorbance at 595 nm. The ALP activity of
the rMSCs was assayed using a LaboassayTM ALP kit (Wako
Pure Chemicals, Japan) in accordance with the manufac-
turer’s instructions. 20 lL of supernatant was incubated
with 100 lL of p-NPP solution (p-nitrophenyl phosphate so-
lution) at 37�C, after 15 min, 80 lL of NaOH solution was
added to terminate the reaction. The amount of p-NP (p-
Nitrophenol) was estimated by measuring the absorbance at
405 nm.

Histological evaluation
12 healthy New Zealand white rabbits, with an average
weight of 3.0 kg, were used for implantation of PLGA/
CPC scaffolds. After being anesthetized with pentobarbital
sodium under sterile condition, a critical size defect (U6
� 11 mm) was made in the distal end of the femur. The
PLGA/CPC scaffold constructs with the size of U6 � 11
mm were implanted into the defects in the rabbit femora.
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Bandage was used to fix the implanted site of femur. Rab-
bits were killed at 4, 8, and 16 weeks after implantation.
The samples together with surrounding tissue were
excised, fixed in 10% neutral buffered formalin, decalci-
fied, and embedded in paraffin. Tissue blocks were sec-
tioned to 5 lm in thickness and stained with hematoxylin
and eosin, and observed with a light microscope (Axio-
skop 40, Zeiss, Germany).

Statistics/data analysis
All data points are an average of at least three replicates and
expressed as mean 6 standard deviation. Statistical compari-
sons were performed by one-way analysis of variance for
multiple comparisons. Statistical significance for p < 0.05
and p < 0.01 were denoted by * and **, respectively.

RESULTS

Scaffold characterization
The compressive strength of the PLGA/CPC scaffold was
5.44 6 0.53 MPa; the apparent porosity of the PLGA/CPC
scaffold was 58.50% 6 2.50%, which was determined
according to the method described in the reference.32 Figure
1 shows the morphology and microstructure of the PLGA/
CPC composite scaffold. Lamellar macropores were observed
at the cross section perpendicular to the direction of long
axis of the cylindrical sample. The width of macropores
were in the range of 100–200 lm, while the length were
larger than 500 lm [Fig. 1(a)]. Highly unidirectional macro-
pores with 100–200 lm width were observed from the
cross section parallel to the long axis of the cylindrical sam-
ple [Fig. 1(b)]. Figure 1(c,d) exhibit the cross-sectional

FIGURE 1. SEM micrographs of PLGA/CPC scaffold under different magnifications. (a, c, d) represent the cross section perpendicular to the long

axis of the cylindrical sample, (b) represents the cross section parallel to the long axis of the cylindrical sample, and (e, f) represent the surface

morphology of internal pore wall.
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morphology of the composite scaffold with higher magnifi-
cations. CPC matrix was covered by thin PLGA film. Figure
1(e,f) clearly show that PLGA film covered the surface of in-
ternal pore wall of the composite scaffold, and CPC matrix
was hardly exposed on the surface.

In vitro degradation behavior
The WL of the PLGA/CPC composite scaffold as a function
of immersion time is shown in Figure 2. After immersion in
PBS solution for 2 weeks, the percentage of WL of scaffold
was 10.47% 6 0.58%, the WL of scaffold gradually
increased as immersion time prolonged. However, the incre-
ment of WL after immersed for longer time was not so sig-
nificant compared with that after immersed for 2 weeks. Af-
ter immersion in PBS solution for 12 weeks, the WL of
scaffold was only 16.31% 6 0.48%.

The pH variation of PBS solution as a function of immer-
sion time is exhibited in Figure 3. pH value gradually
decreased during immersion in PBS solution at the early

stage, and then increased after immersion for 3 weeks;
finally, it reached 7.28 after immersion for 12 weeks.

The compressive strength versus the degradation time
curve of the PLGA/CPC scaffold is illustrated in Figure 4. It
is notable that the compressive strength decreased with
prolongation of immersion time. The compressive strength
of the scaffold decreased from 5.04 6 0.44 MPa without
immersion (or at 0 week) to 4.69 6 0.37 MPa after immer-
sion for 2 weeks, and finally to 3.28 6 0.25 MPa after
immersion for 12 weeks.

The morphology of the PLGA/CPC scaffold after
immersed in PBS solution for different time is presented in
Figures 5 and 6. Figure 5 exhibits that the pore structure of
the scaffold was not destroyed during immersion in PBS so-
lution. The morphology of pore wall (Fig. 6) shows that the
PLGA film covered on CPC matrix gradually degraded,
accompanied by more and more exposure of CPC. After
immersion for 4 weeks, the PLGA film was eroded and CPC
was slightly exposed. After immersed in PBS solution for 12
weeks [Fig. 6(d,e)], the PLGA film on the surface of pore
wall of the scaffold obviously degraded, and CPC matrix was
obviously exposed while a certain amount of PLGA phase
still remained to keep the scaffold integrity.

Cell viability
The viability of rMSCs cultured on the PLGA/CPC scaffold
was evaluated by the use of Live/Dead assay after 1, 3, and
7 days’ culture (Fig. 7). It is shown that a certain amount of
rMSCs appeared on the surface of pore wall of the PLGA/
CPC composite scaffold as well as the dense sample (con-
trol) on the 1st day [Fig. 7(a,b)]. As cultured for 3 days, the
cell obviously increased on both samples [Fig. 7(c,d)]. After
7 days, the cell nearly fully covered the surface of the dense
sample; however, unremarkable cell proliferation was
observed on the outer surface of the scaffold [Fig. 7(e,f)]. To
watch if the cell migrated into the interior of the scaffold,
the scaffold was cut along the pore orientation of the scaf-
fold. Scarcely any cell can be observed in the internal uni-
directional macropores on the 3rd day [Fig. 7(g)]. However,

FIGURE 2. Weight loss of the PLGA/CPC scaffold as a function of

immersion time.

FIGURE 3. Variation of pH value of the PBS solution during in vitro

degradation of the PLGA/CPC scaffold.

FIGURE 4. Compressive strength versus immersion time curve of the

PLGA/CPC scaffold.
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a certain amount of cells can be observed in the internal
pores of scaffold after 7 days’ culture [Fig. 7(h)]. These
demonstrate that cell can migrate into the unidirectional la-
mellar pores of the scaffold.

Cell proliferation
The cell proliferation on the PLGA/CPC scaffold was ana-
lysed using WST-8 assay after 1, 3, and 7 days’ culture [Fig.
8(a)]. It can be seen that the number of cells on the scaffold
was significantly lower than that on the dense sample after
1 day, which indicated that fewer viable cells were seeded
on the PLGA/CPC scaffold than that on the dense sample.
As the culture time prolonged, the cells significantly
increased on the scaffold as well as the dense sample. Fig-
ure 8(b) exhibits the cell growth rates on both samples on
the 3rd day and the 7th day. The cell growth rate of scaffold
was lower than that on the dense sample after 3 days’
culture (63.10% 6 24.85% vs. 90.58% 6 7.30%). However,
after 7 days, the growth rate on the scaffold became
much higher than that on the dense sample (46.83% 6
20.63% vs. 29.87% 6 3.760%). These suggest that the
PLGA/CPC scaffold has no cytotoxicity and the cells prolifer-
ate well in it.

ALP activity
ALP activity assay was used to evaluate cell differentiation
on the scaffold. The ALP activity was evaluated using the
p-NPP assay on the 7th and 14th day. The ALP activity was
normalized to the intracellular total protein. Figure 9 shows

the intracellular total protein contents on the scaffold
and the dense sample. The intracellular total protein con-
tent on the scaffold was higher than that on the dense sam-
ple on the 7th day. After 14 days, the total protein contents
on both samples increased while the total protein content
on scaffold was much higher than that on dense sample.
These indicate that the cells on the scaffold were more than
that on the dense sample on the 7th and 14th day. As
shown in Figure 10, on day 7, the ALP production from
rMSCs on the scaffold was significantly less than that on the
dense sample. After 14 days, the cells on both samples
exhibited significantly higher ALP activity than those after 7
days, nevertheless, the ALP activity of cells on scaffold was
still markedly lower than that on the dense sample.

Histological evaluation
The histological evaluation results of the PLGA/CPC scaffold
implanted in the defects of rabbit femora for 4, 8, and 16
weeks are shown in Figure 11. After 4 weeks’ implantation
[Fig. 11(a,b)], the PLGA/CPC scaffold was surrounded by
host bone tissue, and the interface between the scaffold
implant and the host bone tissue was clearly visible. A small
part of the scaffold material degraded from the edge of the
implant and was replaced by new bone. Bone tissues newly
formed on the periphery but did not yet penetrate into the
center of the scaffold. After 8 weeks’ implantation [Fig.
11(c,d)], the interface between the scaffold and host bone
was unclear. Some new bone tissues regenerated and gradu-
ally penetrated into the internal macropores of the scaffold,

FIGURE 5. SEM images of the PLGA/CPC composite scaffold after immersion in PBS solution for 0 week (a), 4 weeks (b), 8 weeks (c), and 12

weeks (d).
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and a lot of osteoblasts were surrounded by the new bone
tissues. After 16 weeks’ implantation [Fig. 11(e,f)], new
bone increasingly regenerated along the unidirectional mac-
ropores of scaffold, and numerous osteoblasts were
observed in the new bone with the material residuals and
fat cells close to the new bone.

DISCUSSION

Macropores with high interconnectivity facilitate the
ingrowth of new bone tissue throughout the whole scaffold
and improve bone reconstruction procedure. Many methods
have been developed to introduce macropores into CPC,
such as leaching out of soluble crystal, gas generation
method using foaming agent, and air bubble trapping.33�38

However, the interconnectivity of macropores is still a key
issue for CPC scaffold.

Unidirectional freeze casting has been used for fabricat-
ing the scaffold with unidirectional pore structure and excel-
lent interconnectivity. In previous study, we prepared highly
interconnected CPC scaffold using unidirectional freeze cast-
ing.29 PLGA was infiltrated into the CPC-based scaffold to
obtain PLGA/CPC composite scaffold with better mechanical
strength for bone repair. The compressive strength of the
PLGA/CPC composite scaffold (5.44 MPa) was much higher
than that of the pristine CPC scaffold (0.07 MPa). The com-
pressive strength of the composite scaffold was comparable
to that of cancellous bone, which shows a compressive
strength of 2–12 MPa.27 Polymer-based scaffold fabricated
by unidirectional freeze casting obtains unidirectional tube-
like pores, of which the size ranges from 20 to 200 lm.7�9

However, the PLGA/CPC scaffold prepared using the same
method in this work showed unidirectional lamellar

FIGURE 6. SEM images of the surface of macropore wall of the scaffold after immersion in PBS solution for 0 week (a), 4 weeks (b),

8 weeks (c), and 12 weeks (d) as well as the cross-sectional microstructure of PLGA/CPC composite scaffold after immersion in PBS solution for

12 weeks (e).

ORIGINAL ARTICLE

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MONTH 2012 VOL 00A, ISSUE 00 7



structure, and the width and length of the pores were larger
than 100 lm and 500 lm, respectively, which can provide
enough space for penetration of bone tissue and cells.39

In vitro degradation behavior of the PLGA/CPC scaffold
in PBS solution at 37�C was investigated through character-
izing the changes of weight, compressive strength, pH value,
and pore morphology of the scaffold. The WL of scaffold
increased as prolonging the immersion time. The change of
pH value of PBS solution during immersion basically corre-

sponded to the WL of the composite scaffolds. The WL of
scaffold at 2 weeks reached 10.47% 6 0.58%, but after 2
weeks, the WL of the scaffold increased slowly. Correspond-
ingly, pH value of PBS solution reached minimum at 3
weeks, then gradually increased to be close to the initial pH
value. The main reasons are suggested to be: (1) the disso-
lution of CPC phase, which contained soluble salts;26,27 (2)
degradation of a part of PLGA with lower molecular weight,
which existed in the PLGA with high average molecular

FIGURE 7. Fluorescence photographs of rMSCs on PLGA/CPC scaffold and dense sample (control) after 1 (a, b), 3 (c, d, and g) and 7 (e, f, and

h) days’ culture. (a, c, and e) represent the photographs of the dense sample, (b, d and f) denote the photographs of the PLGA/CPC scaffold, and

(g, h) represent the photographs of interior of scaffold after 3 and 7 days’ culture. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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weight of 100,000. Taiyo et al.40 reported that the degrad-
ability of PLGA sponges was dominated by autocatalyzed
bulk degradation at the early stage, but by surface degrada-

tion at the late stage. Autocatalyzed bulk degradation can
produce many small pores in the PLGA film and therefore
increased the surface area, resulting in that the surface deg-
radation had an edge over the autocatalyzed bulk degrada-
tion. Figure 6 exhibits that the surface morphology of pore
wall did not markedly change after immersed for 4 weeks.
But after 8 weeks, PLGA film obviously degraded and CPC
matrix was partly exposed. The hydration product of CPC is
poorly crystalline HA, which can promote cell response and
osteogenesis. The degradation of CPC in vivo results from
both dissolution and cellular activity of osteoclasts, macro-
phages, and white cells around the cement.36 No cell-medi-
ated resorption is involved during the degradation in vitro,
so the degradation rate of scaffold in vitro is not compara-
ble to that in vivo. Though the compressive strength of the
scaffold decreases as the degradation proceeds, the strength
will significantly increase once new bone start to grow into
the macropores of scaffold after implantation.41 Therefore,
the mechanical strength is vital for a scaffold implant just
at the early stage of implantation. With degradation of the
PLGA film covered on the pore wall, more CPC directly con-
tact with bone tissue and cells, which promotes ingrowth of
new bone tissue and cells because of high osteoconductivity
of porous CPC.

Live/Dead assay showed that rMSCs were present on
the surface of pore wall of the PLGA/CPC scaffold. The cells
on the surface of scaffold did not obviously increase after 7
days’ culture compared to 3 days’ culture. However, a cer-
tain amount of cells were clearly observed in the center of
unidirectional pores of the scaffold after 7 days’ culture,
while rarely cells were inside the pores on the 3rd day.
These demonstrate that cells are feasible to grow into inter-
nal pores of the scaffold.

The cell proliferation was evaluated using WST-8 assay.
It was shown that cell number on the PLGA/CPC scaffold
was notably lower than that on the dense sample after 1
day’s culture. This revealed that the scaffold with unidirec-
tional pore structure was not good for cell seeding. The
scaffold with unidirectional pore structure meant that the

FIGURE 8. Proliferation of rMSCs on the PLGA/CPC scaffold and

dense sample assessed by WST-8 assay (a). Cell growth rate on the

scaffold and dense sample on the 3rd (against the 1st day) and the

7th (against the 3th day) day (b).

FIGURE 9. Intracellular total protein contents of rMSCs on the scaf-

fold and dense sample after 7 and 14 days’ culture.

FIGURE 10. ALP activities of rMSCs on the PLGA/CPC scaffold and

dense sample after 7 and 14 days’ culture.
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pore direction was parallel to the direction of gravity when
conducting the cell culture. In this case, the cells were easy
to fall onto the bottom of the wells of culture plate, result-
ing in that the cells attached on the surface of the scaffold
were much less than that on the dense sample, which had
horizontal surface for cell seeding. As prolongation of cul-
ture time, the cells proliferated on both samples. On the 3rd
day, the cell growth rate on the scaffold was lower than that
on the dense sample; however, after 7 days, the cell growth
rate on scaffold was higher than that on the dense sample.
The cell growth rate on the dense sample was inhibited
because of limited surface area for further cell growth. The
scaffold provided larger surface than the dense sample due
to considerably higher porosity of the scaffold with macro-
pores. The intracellular total protein content on both sam-
ples during the evaluation of ALP activity can be used to
quantify the amount of rMSCs. The cell density for evalua-
tion of ALP activity was much higher than that for cell via-
bility and proliferation (10 � 104 vs. 3.5 � 104 cells/sam-
ple). According to fluorescent image [Fig. 7(e)], after 7 days,
the cells nearly fully covered the surface of the dense sam-

ple which seeded with 3.5 � 104 cells. Thus, it can be
inferred that the time for the cells fully grew on the surface
of the dense sample, which seeded with 10 � 104 cells,
would be much less than 7 days. In this case, it would be
much earlier than 7th day when the cell growth rate was
inhibited. Hence, the total protein content on the dense
sample was much less than that on the scaffold on the 7th
and 14th day. In other words, the scaffold owned greatly
more cells than the dense sample on the 7th and 14th day.
Based on these results, it is concluded that in fact the
PLGA/CPC composite scaffold with unidirectional pore
structure is beneficial for cell penetration and proliferation,
although unfavorable for cell seeding.

ALP activity is regarded as an early marker of osteo-
genic differentiation during the in vitro experiment. In this
study, the ALP activity of rMSCs on the scaffold was signifi-
cantly lower than that on the dense sample on the 7th and
14th day, but the ALP activity of cells on the scaffold mark-
edly increased as prolonging the culture time. The scaffold
and dense sample were both composed of CPC and PLGA,
for which the surface of CPC matrix was covered by PLGA

FIGURE 11. Histological evaluation of the PLGA/CPC scaffold implanted in bone defects of rabbit femora for 4 weeks (a, b), 8 weeks (c, d), and

16 weeks (e, f) under different magnifications. M, N, O, and F represent material residue, new bone tissue, osteoblast, and fat cell, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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film [Fig. 1(e,f)]. These indicated that the composition and
surface properties of both samples were similar. Therefore,
the reason for the difference of ALP activity of cells on the
scaffold and on the dense sample is the difference of their
structures. The scaffold has much larger surface area for
cell growth due to its macroporous structure and high po-
rosity compared to the dense sample. The obvious differ-
ence of total protein contents between the scaffold and the
dense sample confirmed this explanation. When the surface
area is not enough for sustaining cell growth, the cells are
feasible to form aggregation, which is liable to give rise to
cell differentiation.42 Therefore, the PLGA/CPC scaffold with
unidirectional pore structure exhibited lower ALP activity.
Even so, the ALP activity of the cells on the scaffold sus-
tained growing as culture time prolonged.

Silva et al.43 and Rose et al.44 reported that combination
of random and unidirectionally porous architectures
enhanced cell and tissue infiltration throughout the HA scaf-
fold. Chang et al.45 found that cylindrical-type porous HA
showed better osteoconductivity than sponge- and cross-
type porous HA. But in vivo assessment of scaffold with uni-
directional lamellar pore structure fabricated by unidirec-
tional freeze casting was rarely reported. In this study, the
PLGA/CPC composite scaffold with unidirectional lamellar
pore structure was implanted in the defects in distal end of
femora of New Zealand white rabbits to evaluate its osteo-
genesis. At the early stage of implantation, new bone regen-
erated and filled in the gap between the implant and the
host bone, and the periphery of the scaffold, but no new
bone was observed to penetrate into the center of the scaf-
fold. As for the PLGA/CPC scaffold, PLGA film covered the
surface of the porous CPC matrix. PLGA is biocompatible
but has poor cell response and poor osteoconductivity.32

When the PLGA film degraded gradually with prolonged
time of implantation, much more exposed CPC matrix was
beneficial for cell ingrowth and penetration of new bone tis-
sue. Therefore, after 8 weeks’ implantation, many osteo-
blasts and new bone tissue were detected inside the scaf-
fold. After 16 weeks of implantation, plenty of new bone
tissues inhabited the unidirectional macropores of the scaf-
fold and the space produced by the degradation of PLGA
and CPC matrix. All these results demonstrate that the scaf-
fold with unidirectional lamellar pore structure is in favor
of ingrowth of bone tissue and cells.

CONCLUSION

In vitro degradation, biocompatibility, and in vivo osteogene-
sis of the PLGA/CPC composite scaffold with unidirectional
lamellar pore structure were evaluated in this study. The
compressive strength of the composite scaffold decreased
with the degradation of the scaffold, while CPC matrix was
gradually exposed on the pore wall of the scaffold. The
exposed CPC was more contributive to cell response and
osteogenesis in comparison with the PLGA film coated on
the pore wall of the scaffold. Although the unidirectional la-
mellar pore structure of the scaffold was unfavorable for
cell seeding, it facilitated rMSCs ingrowth to the interior of
the scaffold, and rMSCs proliferated well and gradually dif-

ferentiated on the scaffold. Moreover, the results of in vivo
implantation revealed the PLGA/CPC scaffold with unidirec-
tional pore structure was beneficial for bone regeneration.
Summarily, the PLGA/CPC composite scaffold with unidirec-
tional pore structure possesses not only good biocompatibil-
ity but also good osteogenesis effect.
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