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ABSTRACT
In this study, biomimic porous polycaprolactone/poly (lactide-
co-glycolide) loading biphasic tricalcium phosphate (PCL/PLGA-
BCP) scaffolds were fabricated successfully by solvent evaporation 
method. The distribution of biphasic tricalcium phosphate (BCP) in 
polycaprolactone/poly (lactide-co-glycolide) (PCL/PLGA) scaffold was 
confirmed by micro-computed tomography (micro-CT) scanning, 
scanning electron microscope (SEM) observation and Energy-
dispersive X-ray Spectroscopy (EDS) analysis. The hydrophilicity of the 
scaffolds was confirmed by contact angle measurement. In in vitro 
experiments, proliferation of human bone marrow mesenchymal stem 
cell (hBMSCs) and its osteoblastic differentiation on scaffold were 
assessed for 1, 2 and 3 weeks using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, fluorescence observation, 
hematoxylin & eosin (H&E) staining and real-time polymerase chain 
reaction (RT-PCR). In in vivo experiments, ossification was observed 
using micro-CT analysis and histological staining.

1. Introduction

Limitation of autografts and allografts for bone substitute in conjunction with their synthesis 
is one of the problems in biomaterial field that has been investigated worldwide. There are 
various techniques for bone substitute fabrication such as: solvent casting [1,2], particulate 
leaching [3], CO2 gas foaming [4–8], freeze drying [9] and phase separation [1,10,11], solid 
freeform fabrication (SFF) [12]. In any fabrication method used for bone regeneration, 
the scaffolds should firstly be biodegradable at a rate which is commensurate with bone  
regeneration, as well as be able to act as temporary matrices for vascularization, cell  
proliferation and extracellular matrix deposition [13]. Secondly, the scaffolds should exhibit 
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three-dimensional structure which provides porous structure, appropriate pore sizeand inter-
connecting pore systems to support nutritional transportation, bone cell penetration and 
bone tissue formation [14–16]. Finally, the scaffold should contain some osteoconductive 
materials such as biphasic tricalcium phosphate (BCP) which consists of both hydroxyapatite 
and β-polymorph of tricalcium phosphate [17,18]. BCP provides an interfacial bond between 
the implanted materials and their surrounding tissues [19]. Besides, BCP also facilitates a 
series of signaling cascades in division, differentiation and adhesion of bone marrow mes-
enchymal stem cells (BMSCs) [17]. Moreover, BCP loaded porous polymer scaffolds can 
improve hydrophilic surface of scaffolds and support proper Ca/P ratio that can enhance 
genes expression of osteoblast and osteogenesis process in vitro and in vivo [20–22].

Hybrid polycaprolactone/poly (lactide-co-glycolide) (PCL/PLGA) is an excellent bio-
compatible composite because this blended polymer can support cell proliferation and tissue 
formation [23]. Therefore, PCL/PLGA blends have been investigated for skin regeneration 
[24], bladder regeneration [25] and bone regeneration [26]. Previous investigations showed 
that PCL and PLGA could support the proliferation of stem cell [26] and the differentiation 
of osteoblastic cells [27]. Results also indicated that PLGA plays the role of an osteoconduc-
tive agent in the PCL/PLGA scaffold [26]. PCL has been known as an outstanding biocom-
patible polymer; however, its application has some limitations due to its hydrophobicity. 
PCL is often combined with other polymer to improve its hydrophilic characteristic such 
as PLGA and BCP [21,22,28]. Kelen J.R.C. et al. reported that BCP loading PCL/PLGA 
dense membrane could support for bone regeneration. However, there has been no report 
on the fabrication of PCL/PLGA-BCP porous scaffold bone regenerative applications so far.

The purpose of this study is to fabricate PCL/PLGA-BCP scaffold using solvent evapora-
tion method. The distribution of BCP was confirmed by SEM, EDS and micro-CT analysis. 
The contact angle measurement was employed to evaluate the hydrophilic property of PCL/
PLGA-BCP. In vitro experiments were conducted to evaluate the biocompatibility of PCL/
PLGA-BCP using human bone marrow stem cells (hBMSC) for 1, 2, and 3 week. In vivo 
studies were also designed to observe bone formation on PCL/PLGA-BCP porous scaffold 
as compared to that of PCL/PLGA porous scaffold.

2. Experimental procedure

2.1. Preparation of scaffolds

The initial PCL/PLGA solution was prepared by dissolving 1.6  g polycaprolactone 
(PCL, Mn = 80,000, Sigma Aldrich) and 0.4 g poly (lactide-co-glycolide) (PLGA, 85:15, 
Mw = 66,000–107,000, Sigma Aldrich) powders in the mixed solvent of tetrahydrofuran 
(THF, Sigma Aldrich): dimethylformamide (DMF, Sigma Aldrich) with a ratio of 1:1. After 
stirring for 6 h, the solution with a high viscosity was obtained. Subsequently, BCP powders, 
which is supplied by College of Medicine, SoonChunHyang University, South of Korea, 
and methyl chloride (MC, Sigma-Aldrich) were added to the PCL/PLGA solution with a 
1:1:1 ratio (in weight) and the mixture was continuously stirred to make bubbles. Finally, 
the slurry was poured into the mold (circle, 5 cm inner diameter, 1 cm depth) and kept in 
vacuum for 2 days to form the scaffolds. The scaffolds (circle, 5 cm outer diameter, 1 cm 
height) were then washed in water for 2 h to remove the residue of BCP powders. Briefly, 
PCL and PLGA were dissolved in the mixture of tetrahydrofuran (THF, boiling point 66 °C) 
and dimethylformamide (DMF, boiling point 152–154 °C). Then, this mixture was stirred 
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for 6 h in vacuum oven until polymer solution became transparent. The amount of solvents 
decreased during the stirring process, accompanied with the increase of the PCL/PLGA 
concentration. Then, methyl chloride (MC, boiling point −36−16 °C) and BCP powders, 
whose sizes are smaller than 100 nm [19], were added to the PCL/PLGA and stirred until 
the bubbles were formed. These bubbles were released together with MC in the first stage 
to leave porous due to its low boiling point, then other solvents THF and DMF were elim-
inated under in vacuum condition [29]. The evaporation of MC and the release of bubbles 
will leave pores and create a porous scaffold [30]. Illustration of the fabrication process is 
shown in Figure 1.

2.2. Characterization of scaffolds

The detailed porous structure of scaffolds was captured by scanning electron microscopy 
(SEM, SM-65F, JEOL, Japan) at an accelerating voltage of 25 kV. Before SEM observation, 
all samples were kept under vacuum to remove humidity, and then were sputter coated with 
gold under a fine coater (JFC-1200, JEOL, Japan) for 60 s. The energy dispersive spectros-
copy (EDS) (JSM-635F, JEOL, Tokyo, Japan), micro-computed tomography (micro-CT, 
Skyscan 1072, SKYSCAN, Kontich, Belgium) and the X-ray diffraction (XRD) (CuKα, D/
MAX-250, Rigaku, Japan) techniques were employed to confirm the presence of BCP in 
PCL/PLGA scaffold. The diffraction angle 2θ of XRD checking was scanned from 0.00 to 
80.00°. The wettability test was examined according to the contact angle change with dis-
tilled water. A drop of 20 μL distilled water was applied on the surface of different fibrous 
scaffolds. The drop was photographed immediately and the contact angle was recorded 
using camera (OCA40 model, Data-physics Co. Ltd., Germany).

2.3. In vitro study

2.3.1. Cell culture and cell maintenance
Human bone marrow stem cell (hBMSC) was subcultured and maintained following 
the instructor’s guidance. Briefly, the culture plate was coated with 0.1% gelatin solution 

Figure 1. illustration of fabrication process of Pcl/PlGa-BcP scaffold. (1) mixture of Pcl/PlGa with or 
without BcP in solvents. (2) mixture was casted in the molds (5 cm in diameter and 1 cm in height) for 
2 days under vacuum condition. (3) the scaffolds were moved to and stirred in beaker containing water 
for 2 h.
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(ES-006-B) approximately 30 min prior to seeding cell. The human bone marrow stem cells 
(hBMSC, SCC034, Millipore) were cultured at 1 × 106 cell/T-75 culture plate in mesenchy-
mal stem cell expansion medium (SCM015, Millipore) with an addition of 8 ng/mL bFGF 
(GF003). The culture medium was changed every 3 days with a fresh medium containing 
8 ng/mL bFGF.

2.3.2. Cell proliferation
Scaffolds were shaped to fix 6-well tissue culture plate with height 1 mm, cells (with a den-
sity of 1 × 106 cells/well) were cultured on scaffolds while tissue culture plates (TCPs) were 
used as control sample. Then, MTT assay, confocal observation and hematoxylin & eosin 
(H&E) staining methods were employed to evaluate cell proliferation and migration after 
culturing for 1, 2 and 3 weeks.

2.3.3. MTT method
After 1, 2 and 3-week culturing, the scaffolds were moved to a new plate with 1 ml fresh 
medium being supplemented before the addition of 100 μL MTT (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) solution. The new plate was incubated for 
4 h and the media were discarded before adding 1 mL DMSO with gentle shake. Finally, 
200 μL of purple solution was transferred into the 96-well plate to be read at 595 nm using 
ELISA plate reader (Turner Biosystems CE, Promega Corporation, USA).

2.3.4. Fluorescence staining
The spreading of the β-actin of hBMSC was observed by confocal microscope. After 3-week 
culturing, samples were harvested, rinsed twice with PBS to remove non-adherent cells, fixed 
by 4% para-folmaldehyde in PBS for 15 min, and washed three times with PBS. Cytoskeletal 
was permeabilized for 15 min with 0.5% Triton-X, and 2.5% BSA buffer was used to block 
for 1 h at room temperature. After that, the cells were then incubated overnight with rabbit 
polyclonal anti-β-actin (1:500) in a 4 °C humidified box, and washed three times in PBS. 
Then, they were moved to room temperature for incubation in a humidified box for 1 h 
with a 1:500 dilution of goat anti rabbit IgG (Alexa Fluor 594) in a blocking solution, and 
washed again with the washing buffer. Finally, the nuclei were stained with 40, 60-diamidi-
no-2-phenylindole (DAPI) for 5 min while the samples were rinsed three times in washing 
buffer. Localization of β-actin was eventually observed using a confocal viewer (FV10i-W, 
Olympus, Tokyo, Japan).

2.3.5. Hematoxylin and eosin
After 3 weeks culturing, samples were fixed in 10% v/v formaldehyde (Sigma–Aldrich) and 
washed carefully with distilled water. Subsequently, they were dehydrated by the series of 
ethanol before being embedded in paraffin for cross-sectioning. Then, each 5 μm slide was 
stained using H&E staining prior to the observation under microscope.

2.3.6. Quantitative real-time reverse transcription-polymerase chain reaction (Real-
time RT-PCR)
The hBMSC passage 3 was cultured for 1, 2 and 3 weeks in an osteogenetic medium includ-
ing DMEM/High Glucose (Hyclone) supplemented with 10% FBS, 1% penicillin/strep-
tomycin (PS, Sigma–Aldrich), 50 mg/ml L-ascorbic acid, 10 mM glycerophosphate, and 
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100 nM dexamethasone (Sigma–Aldrich) [31,32]. After culturing, the osteogenesis was 
detected by real-time PCR. Total RNA was isolated from the hBMSC using TRIzolTM rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instruction. Equal 
amounts of total RNA were transcribed reversely to cDNA using ImProm-IITM reverse 
transcriptase (Promega, Madison, WI, USA) and oligo(dT)15 primer (Promega). Real-time 
RT-PCR primers were synthesized at approximately 100 bps based on the base sequence of 
GenBank. The sequences of the synthesized primers were as follows: Osteopontin (OPN) 
(forward 5′-TTC CCT GTA CAC TGG CAG TTC-3′, reverse 5′-AAT GCT CCA TGG 
GGA TGA-3′), Collagen type I (Col 1) (forward 5′-TCC AAA GGA GAG AGC GGT AA-3′, 
reverse 5′-CAG ATC CAG CTT CCC CAT TA-3′), Bone Morphogenetic Protein 2 (BMP-2) 
(forward 5′-TCA AGC CAA ACA CAA ACA GC-3′, reverse 5′-AGC CAC AAT CCA GTC 
ATT CC-3′), Osteocalcin (OCN) (forward 5′-GGC GCT ACC TGT ATC AAT GG-3′, reverse 
5′-TCA GCC AAC TCG TCA CAG TC-3′) and Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH) (forward 5′-GAG TCC ACT GGC GTC TTC AC-3′, reverse 5′-TTC ACA CCC 
ATG ACG AAC AT-3′). RT-PCR was performed by using the Bio-Rad Miniopticon Real 
Time PCR System (Bio-Rad Laboratories, Hercules, CA, USA) with a 20 mL reaction mix-
ture containing cDNA 1 mg, forward primer 10 pmol, reverse primer 10 pmol, and Fast 
SYBR® Green Master Mix (Invitrogen, Carlsbad, CA, USA) 10 mL. The reaction procedure 
began by heating samples at 95 °C for 5 min before the cycle started. The cycle, in particu-
lar, consisted of three steps: denaturation at 95 °C for 30 s, annealiation at 58 °C for 30 s 
and elongation at 72 °C for 30 s, which was repeated 40 times and finally followed by the 
extension of generated strands at 72 °C for 5 min. Melting curve analysis was performed 
at the temperature between 65 and 95 °C, and Ct value for each was used for calculation as 
GAPDH mRNA value after compensation.

2.4. In vivo study

For in vivo studies, 10 rabbits (New Zealand White Rabbit, Samtako, Korea) were divided 
into 2 groups, each group has 5 rabbits. For the operation, the rabbits were administered 
anesthesia through intramuscular injection. An incision was made to expose the bone, and 
an area was drilled to produce a defect (cylindrical shape, 3 mm in diameter, 5 mm in depth). 
Then, the porous scaffolds were shaped to be fixed the defect priority to fill the defect. The 
cut was re-sutured and properly cleaned with povidone iodine antiseptic. The experiments 
were conducted in compliance with the NIH Guide for Care and Use of Laboratory Animals. 
The animal was kept in laboratory conditions and fed ad libitum and raised for 2 months 
and 8 months before sacrifice. Baytiril (enrofloxacin) was used as antibiotic during the 
postoperation period. No postsurgical pain modification medication was administered. 
The animals were sacrificed according to university ethical committee guidelines. Before 
sacrifice, succinylcholine chloride was used to immobilize the rabbit and the femurs were 
harvested. The harvested bone was fixed in 10% formalin and stored at room temperature 
before histological analysis.

2.4.1. Micro-CT scanning
Micro-computed tomography (micro-CT, Skyscan 1072, SKYSCAN, Kontich, Belgium) 
scans were taken to quantitatively and qualitatively evaluate the formation of new bone in the 
rabbit femur defects. 2-D images were exported using NRECON RECONSTRUCTION®CT 
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software; 3-D images and qualitative data of bone formation were obtained by CTAn and 
CTVol softwares.

2.4.2. Histological staining and image analyses
The harvested rabbit femurs were fixed in 10 vol% formalin solution for 2 days, before 
being decalcified using 5 vol% nitric acid. The femurs were then embedded in a paraffin 
block, and serially sectioned with 4–6 μm thickness using a microtome (Leica™) to mount 
on microscope slides. Next, slides with tissue sections were deparaffinized and hydrated by 
applying xylene and alcohol in series. After being stained with H&E and Masson’s trichrome 
(MT), the samples were viewed under an optical microscope for histological observations. 
Images of tissue sections were captured using a Nikon Eclipse Ti-U inverted microscope 
(Nikon, Japan). Collagen formation on the hydrogel was quantified from Masson’s trichrome 
staining.

2.4.3. Statistical analyses
Data are presented as mean ± standard deviation (SD). All statistical analyses were per-
formed using the Statistical Package for the Social Sciences software (SPSS; Korean version 
20.0). The statistical differences were analyzed using One-way analysis of variance (ANOVA) 
followed by Tukey’s test. Statistical significance was set at p < 0.05.

3. Results and discussion

3.1. Characterization of scaffolds

One of the troublesome issues of bone tissue engineering is to develop 3D porous scaffolds 
to induce cell penetration, cell migration, tissue growth, extracellular matrix formation 
as well as support new bone formation [33]. As scaffolds with larger pore size have high 
potential for cells to move inside and create new bone [34], they have been widely fabri-
cated the scaffold for bone tissue with high porosity and pore interconnection using various 
methods such as casting, slurry, salt leaching, and hydrogel [35,36]. Among them, solvent 
evaporation method is the most cost-effective method used to fabricate porous polymer 
scaffold [29], in which the pores were created by the evaporation of solvent. Beside the 
porous structure, the addition of osteoconductive agents (e.g. BCP nanoparticles powder) 
also plays an important role in bone regeneration.

SEM observation, EDS analysis, micro-CT scanning, XRD and contact angle meas-
urement were employed to confirm the presence of BCP. SEM morphology showed that 
scaffolds had pore size of approximately 50–100 μm (Figure 2(a) and (b)). Focusing on 
higher magnification, Figure 2(c) and (d) indicated that the hybrid PCL/PLGA surface was 
smooth while PCL/PLGA-BCP surface was rough. Results of SEM image suggested that 
the roughness of PCL/PLGA-BCP appeared after adding BCP powder. EDS profile con-
firmed that the PCL/PLGA-BCP scaffolds containing the BCP particles (Figure 2(f)) were 
composed of C, O, Ca and P elements, while only C and O elements were detected in PCL/
PLGA scaffolds (Figure 2(e)). Figure 2(g) and (h) illustrated micro-CT scanning of PCL/
PLGA and PCL/PLGA-BCP scaffolds. The distribution of BCP particles was only obtained 
in the PCL/PLGA-BCP scaffolds. Therefore, PCL/PLGA scaffold showed black blank due 
to the absence of BCP powder. Figure 3 showed XRD profiles of BCP, PCL/PLGA and PCL/
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PLGA-BCP samples. For BCP profile, the peaks of TCP and HA were indexed according 
to standard patterns JCPDS no. 9-0169 and JCPDS no. 9-0432, respectively [37]. For PCL/
PLGA profile, the peaks were observed at 2θ = 21,5 and 2θ = 23,5 which were attributed 
the crystalline of PCL and PLGA composite. Since the BCP peaks did not appeared in PCL/
PLGA scaffold and two peaks of PCL/PLGA did not appeared in BCP powder, the presence 
of the BCP peaks could be detected in PCL/PLGA-BCP sample. Therefore, results of XRD 

Figure 2. sem morphology, eds images and micro-ct images of Pcl/PlGa (a, c, e and g), Pcl/PlGa-BcP 
(b, d, f and h) scaffolds.

Figure 3. Xrd profiles of Pcl/PlGa, Pcl/PlGa-BcP scaffolds and BcP powder.
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profiles confirmed the success of loading BCP powder into PCL/PLGA scaffold. Besides, 
the wettability of scaffold was another evidence for successful loading BCP nanoparticles 
powder onto the scaffolds. This was because a BCP loaded scaffold would enhance the 
hydrophobicity of scaffold [37], the wettability of PCL/PLGA and PCL/PLGA-BCP scaffolds 
was evaluated using contact angle method (Figure 4). The contact angle of PCL/PLGA and 
PCL/PLGA-BCP were 81° and 10°, respectively. Results demonstrated that the addition of 
BCP powder into hydrophobic PCL/PLGA scaffold improved the hydrophilic property of 
PCL/PLGA-BCP scaffold.

3.2. In vitro study

MTT assay is a general method for examining the number of metabolically active cells on 
the scaffold in vitro. In this study, the amount of cell proliferation on scaffold after 1, 2, and 
3 weeks culturing was examined using MTT assay as shown in Figure 5. Overall, the amount 
of hBMSCs proliferation increased in three samples. However, cell viability of among samples 
was different in three periods of culture times. For the first week, the optical density obtained 
by MTT assay showed that the hBMSCs proliferated on scaffolds significantly lower than 
on TCP. This might have been due to the sensitivity of hBMSCs to the surface structure 
of TCP and of scaffolds [38]. The flat surface of control would be better for seeding cells 
owing to gravity force while the porous surface would not support for cells attachment. In 
comparison between PCL/PLGA-BCP and PCL/PLGA scaffold, the cell growth on PCL/
PLGA-BCP scaffold increased significantly compared to that on PCL/PLGA scaffold. After 
2 weeks culturing, hBMSCs proliferation on the PCL/PLGA-BCP scaffold was not significant 
difference from TCP, yet significant higher than that on PCL/PLGA scaffold. After 3 weeks, 
hBMSCs proliferation on the PCL/PLGA-BCP scaffold increased remarkably, which out-
weighed than that on the PCL/PLGA scaffold and TCP. Moreover, the cell viability of TCP 
was not significant difference from that of the PCL/PLGA scaffold. The results revealed 
that the porous structure of scaffold could support the increase of hBMSCs; therefore, the 
amount of hBMSCs on PCL/PLGA-BCP scaffolds was the highest after 3 weeks of culture.

To observe cell proliferation and cell migration, hBMSCs were cultured for 3 weeks on 
PCL/PLGA (Figure 6(a–d)) and PCL/PLGA-BCP (Figure 6(e–h)) scaffolds before being 
harvested for fluorescent observation and sliced for H&E staining (Figure 6). Fluorescent 
images showed that a dense hBMSCs layer covered the surface of scaffolds (Figure 6(a) 
and (e)). The green-hue and red-hue indicated cytoskeleton and indicated the nuclear of 

Figure 4. diagram (a) and photographs of contact angle of Pcl/PlGa (b) and Pcl/PlGa-BcP (c) scaffolds 
(with video supplement data).
note: anoVa was used to evaluate the contact angle degree of Pcl/PlGa and Pcl/PlGa-BcP porous scaffolds. *p < 0.01.
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hBMSCs, respectively. For more detailed images of cell morphology, high magnification of 
cell layer was observed and illustrated in Figure 6(b) and (f). Moreover, H&E staining of 
hBMSC cultured scaffold was an evidence of cell migration into the center of the scaffolds. 
At this point, hBMSCs were seeded on samples and incubated for 3 weeks for observing 
migration of cells. Results showed that both PCL/PLGA (Figure 6(c–d)) and PCL/PLGA-
BCP scaffolds (Figure 6(g–h)) supported hBMSCs growth and proliferation.

The synthesized cDNA from the extracted RNA of the osteogenic hBMCSs was used to 
detect mRNA expression of OPN, OCN, BMP-2, and Col 1 after 1, 2, and 3 weeks using real-
time PCR technique. Figure 7 shows the differentiated gene expression of the cell growth on 
TCP, PCL/PLGA and PCL/PLGA-BCP scaffolds. Overall, the OPN mRNA expression in PCL/

Figure 5. cell proliferation on the tissue culture plate, Pcl/PlGa (BcP (−)) and Pcl/PlGa-BcP (BcP (+)) 
using mtt assay.
note: anoVa was used to evaluate the cell proliferation among the 1, 5 and 15 weeks. *p < 0.05, **p < 0.01, ***p < 0.005 vs. 
1 week.

Figure 6. fluorescent images and H&e staining images of hBmscs proliferation on Pcl/PlGa (a, b, c, and 
d) and Pcl/PlGa-BcP (e, f, g, and h) after 3 weeks of culture (Please see the online article for the colour 
version of this figure: http://dx.doi.org/10.1080/09205063.2017.1311821).

http://dx.doi.org/10.1080/09205063.2017.1311821
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PLGA-BCP began to increase at the first week, and then significantly increased after 2 and 
3 weeks of culturing. The OPN mRNA expression on PCL/PLGA-BCP scaffold was higher 
than that on the control or on PCL/PLGA scaffold. Additionally, both BMP-2 and OCN 
mRNA expressions in PCL/PLGA-BCP scaffold were also higher than those in PCL/PLGA 
scaffold in second and third weeks. The level of Col 1 expressed was low compared to the 
other genes but the outcome were similar. For instance, Col 1 expression on PCL/PLGA-BCP 
scaffold was higher than that on PCL/PLGA after 3 weeks of incubation. The results reflected 
that the presence of BCP enhanced differentiation of hBMSC by increasing osteoblast marker 
genes including OPN, OCN, BMP-2, and Col 1. Results showed that the expression profile of 
osteogenic genes (OPN, Col-I, BMP2 and OCN) is not similar on PCL/PLGA-BCP scaffold; 
for example, the expression of OPN, mRNA increase triple in the 2nd week compare to the 
1st week, then this expression increase not significantly in the 3rd week while the expression 
of Col I become strongly at the 3rd week. However, BMP-2 and OCN increase gradually from 
1st to 3rd week which is similar to Roohani-Esfahani et al. report [39].

3.3. In vivo study

In order to observe bone formation onto the scaffold, the scaffold (3 mm in diameter, 5 mm 
in length) was implanted to the artificial defect on the rabbit knee for 2 and 8 months. After 

Figure 7. Quantitative real-time rt-Pcr of OPN (a), Col 1 (B), BMP-2 (c) and OCN (d) in control, Pcl/PlGa 
(BcP (−)) and Pcl/PlGa-BcP (BcP (+)) condition after 1, 2, and 3 weeks on the osteogenic differentiation 
of hBmscs.
notes: data are expressed as the ratio of the expression levels of these mrna to that of GAPDH, used as a loading. data are 
shown as the mean standard deviation of three independent experiments. ***p < 0.001 vs. control of 1 week, 2 weeks and 
3 weeks, respectively; ##p < 0.01, ###p < 0.001 vs. control of 1 week; $$p < 0.01, $$$p < 0.001 vs. BcP (−) of 1 week; &&p < 0.01, 
&&&p < 0.001 vs. BcP (+) of 1 week.
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being extracted, Micro-CT images of samples were taken using a micro-computed tomogra-
phy. Figure 8 illustrates the three-dimension images of the implanted samples (Figure 8(a2)) 
and its frontal plane (Figure 8(a1)), axial plane (Figure 8(a3)) and parasagittal plane (Figure 
8(a4)). The lines in Figure 8(b1–2) and (b3–4) indicate the new bone mineral formation 
zone within the PCL/PLGA and PCL/PLGA-BCP scaffolds after implanting for 2 months 
and 8 months, respectively. In the quantitative analysis of micro-CT scanning, the bone 
volume to total volume ratio (BV/TV) and bone mineral density (BMD) were analyzed and 
are shown in Figure 9. BV/TV and BMD were calculated from the region of interest (ROI) in 
which the post-implanted samples were chosen to evaluate the bone and mineral ingrowths 
in scaffold. Results demonstrated that bone mineral and bone volume of PCL/PLGA-BCP 
scaffold were extremely higher than that of PCL/PLGA scaffold in both 2 and 8 months.

Histological analysis of new bone tissue formation was analyzed using H&E and MT 
stains. Signals of bone formation on PCL/PLGA scaffold (Figure 10(a) and (c)) were very 
weak after 2 months of implantation. Figure 10(a) shows that calcified cartilage (indicated 
by the arrows) formed surrounding the PCL/PLGA scaffold (indicated by the letter S) after 
implanting 2 months. Lately, these calcified cartilage areas formed new bone after implanting 
8 months (Figure 10(e)). For PCL/PLGA-BCP scaffold, Figure 10(b) and (f) indicate that 
new bone formed faster than that of PCL/PLGA scaffold (Figure 10(a) and (e)). Owing 
to calcium phosphate in BCP powder, the osteoconductivity of PCL/PLGA-BCP scaffold 
was improved. Addition of calcium phosphate concluded that the bone formation in PCL/
PLGA-BCP scaffold (see Figure 10(bf) and (dh)) was better than on the PCL/PLGA scaffold 
(see Figure 10(ae) and (cg)) [40]. Figure (10 (c,d,g,h)) show collagen matrix, stained by MT 
staining, is the main protein in the bone matrix and is used to compare new bone condition. 
After 8-month implantation, a new bone formed on both scaffolds, yet the scaffolds still 

Figure 8. micro-ct images of implant site in different direction: coronal (a1), transaxial (a3) and sagittal 
(a4) images of micro-ct slices and 3d images of the bone defect (a2) (3 mm in diameter, 4 mm depth) 
through the cortical bone surface into the cancellous bone in the medial epicondyles of bilateral femora in 
rabbits and the micro-ct of post-implantation with Pcl/PlGa and Pcl/PlGa-BcP implanted for 2 months 
(b1 and b2, respectively) and 8 months (b3 and b4, respectively).
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remained. However, the amount of new bone formed on the PCL/PLGA-BCP scaffolds was 
significantly higher compared to that on the PCL/PLGA scaffold.

4. Conclusion

In this study, PCL/PLGA-BCP scaffold has been fabricated successfully by evaporation 
method and the results had been confirmed by SEM, EDS, micro-CT and XRD. Contact 
angle test showed that PCL/PLGA-BCP scaffolds had hydrophilic property. Addition of 
BCP powder accelerated osteoblastic and osteogenetic process as shown in in vitro and in 
vivo studies. Results also revealed that new bone tissue replaced PCL/PLGA-BCP scaffold 
after 8 months of implantation. This investigation indicated that PCL/PLGA-BCP scaffold 
could be used as a bone substitute for bone tissue regeneration.

Figure 9. (a) new bone volume to total volume ratio (BV/tV, %) and (B) new bone (Bmd, mg/cm3) of Pcl/
PlGa (BcP (−)) and Pcl/PlGa-BcP (BcP (+)) porous scaffold after 2 and 8 months implantation.
note: anoVa was used to compare the bone formation value between Pcl/PlGa and Pcl/PlGa-BcP porous scaffold after 
2 and 8 months implantation. *p < 0.05.

Figure 10. Histological analysis, H&e staining and mt staining of Pcl/PlGa (a, c, e, g) and Pcl/PlGa-BcP 
(b, d, f, h) after 2 months (a–d) and 8 months (e–h) of implantation.
notes: scales were 50 μm. Where ‘s’ and ‘nB’ mean ‘scaffold’ and ‘new bone’, respectively; and the white arrows show the 
boundary indicating the new bone deposition on the surface of scaffolds.
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