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Abstract: Osteoinductive biomaterials are helpful for the therapy of large bone defects and provide an alterna-
tive to autogenous bone and allografts. Recently, multiple growth factors are delivered to mimic the natural pro-
cess of bone healing in the bone tissue engineering. Herein, we investigated the effects of sequential released 
bone morphogenetic protein-2 (BMP-2) and bone morphogenetic protein-7 (BMP-7) from polylactide-poly (ethylene 
glycol)-polylactide (PELA) microcapsule-based scaffolds on the bone regeneration. Through improving the double 
emulsion/solvent evaporation technique, BMP-7 was encapsulated in PELA microcapsules, to the surface of which 
BMP-2 was attached. Then, the scaffold (BMP-2/PELA/BMP-7) was fused by these microcapsules with dichloro-
methane vapor method. In vitro, it sequentially delivered bioactive BMP-2 and BMP-7 and partially imitated the 
profile of BMPs expression during the fracture healing. To determine the bioactivity of released BMP-2 and BMP-7, 
alkaline phosphatase (AKP) activity was analyzed in MC3T3-E1 cells. When compared with simple BMP-2 plus BMP-
7group and pure PELA group, the AKP activity in BMP-2/PELA/BMP-7 group significantly increased. MTT assay indi-
cated the BMP-loaded PELA scaffold had no adverse effects on cell activity. In addition, the effects of BMP-loaded 
scaffolds were also investigated in a rat femoral defect model by micro-computed tomographic (mCT) and histologi-
cal examination. At 4 and 8 weeks post-implantation, BMP-2/PELA/BMP-7 significantly promoted osteogenesis as 
compared to other groups. The scaffold underwent gradual degradation and replacement by new bones at 8 weeks. 
Our findings suggest that the sequential release of BMP-2 and BMP-7from PELA microcapsule-based scaffolds is 
promising for the therapy of bone defects.
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Introduction

The treatment of large bone defects due to 
comminuted fracture, tumor excision, and 
osteomyelitis still remains a challenge in clini-
cal practice. As a gold standard for the treat-
ment of bone defects, autogenous bone trans-
plantation has some limitations such as donor 
site pain and limited resource. Transplantation 
of allogeneic bones is an alternative, but it has 
high medical cost and risks for virus transmis-
sion and adverse immune reactions which sig-
nificantly limit its wide application [1, 2]. 
Osteoinductive biomaterials are promising to 
solve these problems and provide an alterna-
tive to autogenous bone and allografts. Some 

growth factors (such as bone morphogenetic 
protein-2 [BMP-2] and bone morphogenetic pro-
tein-7 [BMP-7]) have been found to promote 
bone healing. Carriers with growth factors have 
been applied for the fracture healing and spinal 
fusion in clinical practice [3-5]. However, some 
problems warrant resolve after a wide clinical 
application. For example, local soft tissue 
edema, spinal radiculitis, ectopic ossification, 
bone resorption around the implant and risk for 
cancer are concerns in the use of these carriers 
[6-10], which might be caused by the unreason-
able release of BMPs at a high dose [11]. Thus, 
it is imperative to develop ideal substitutes  
to synthetic bone grafts for the clinical appli- 
cation.

http://www.ajtr.org
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BMP-2 and BMP-7 could display an initial burst 
release of BMP-2 and a subsequent prolonged 
release of BMP-7, and this porous, bioabsorb-
able, plastic scaffold could deliver BMP-2 and 
BMP-7 in dose and time dependent manners to 
mimic the natural bone regeneration. The kinet-
ics of growth factor release and the degrada-
tion of this scaffold were investigated in the 
present study. The effects of this scaffold on 
the bone regeneration were investigated in 
vitro in osteoprogenitor cells and in vivoin a rat 
femoral bone defect model.

Materials and methods

Scaffold construction

Preparation of BMP loaded microcapsules: 
Microcapsules containing recombinant human 
BMP-7 (rhBMP-7) were constructed using the 
improved double emulsion/solvent evaporation 
technique, as previously reported [27]. After 
the experimental design of response surface, 
various parameters were optimized to obtain 
the highest BMP encapsulation efficiency. 
Briefly, 3 µg of rhBMP-7 (PROSPEC, Israel) was 
dissolved in 200 µl of distilled water, which was 
then mixed with 4 ml of dichloromethane con-
taining 280 mg of PELA (MW 20000). After 
sonication for 20 min, the primary emulsion 
was added into 40 ml of 0.8% polyvinyl alcohol 
(PVA) solution and stirred for 40 min. Then, the 
microparticles were washed, centrifuged thrice, 
mixed with 2 ml of phosphate buffered saline 
(PBS, pH 7.4) containing 3 µg of rhBMP-2 
(PROSPEC, Israel) and stirred for 10 min. These 
microparticles were lyophilized overnight and 
collected. The microcapsules encapsulating 
BMP-7 and covered by BMP-2 were prepared 
(BMP-2/PELA/BMP-7). Four groups of micro-
capsules are listed in Table 1.

Scaffold construction: Microcapsules were 
fused into scaffolds using the dichloromethane 
vapor method as previously reported [25]. 
Briefly, 30 mg of microcapsules were placed 

In the natural process of bone healing after a 
fracture, a variety of growth factors, (such as 
BMPs, vascular endothelial growth factor 
[VEGF] and insulin-like growth factor [IGF]) are 
found to regulate the cellular activities, induce 
the osteogenic differentiation of mesenchymal 
stem cells (MCS) and promote the osteogene-
sis [12-14]. BMP-2 and BMP-7 have been 
proved to possess a potent osteoinductive 
activity [11, 15, 16]. Previous studies have indi-
cated that BMP-2 reaches a peak on the first 
day after a fracture, and BMP-7 increases after 
2 weeks in the natural process of bone healing 
[17]. Recently, some studies show that the 
combined delivery of BMP-2 and BMP-7 is able 
to improve the bone regeneration and bone 
healing after a fracture as compared to the 
delivery of a single factor [18, 19]. Thus, if scaf-
folds carrying growth factors can release these 
growth factors sequentially and slowly in a bio-
mimetic manner, it would optimize the bone 
defect repair.

The clinic application of BMPs as hydrophilic 
proteins is often limited by their low bioavail-
ability due to the poor stability and the short 
biological half-life in the circulatory system [11]. 
Carriers as delivery system for BMPs are prom-
ising to control the release of these factors and 
provide an initial support for cells and tissue 
regeneration [20]. In recent years, some groups 
have successfully attempted to employ various 
carriers to deliver BMPs for bone regeneration 
[21-24]. In 2007,Jaklenec et al provided a sim-
ple method to construct scaffolds with protein-
loaded microspheres alone by using double 
emulsion/solvent evaporation technique for 
control release [25]. In the following year, they 
continued to prepare scaffolds fused by IGF-I 
and TGF-β1 loaded microcapsules for cartilage 
tissue engineering [26]. However, no further rel-
evant studies were reported in this field.

In the present study, we modified the method 
provided by Jaklenec et alto prepare the scaf-
folds for bone healing [25]. The scaffolds fused 

directly by BMPs loaded microscapsules 
were constructed to promote the bone 
healing. The microcapsules encapsulat-
ing BMP-7 were covered by BMP-2. PLA-
PEG-PLAtriblock copolymer (PELA) was 
used as a material for the wall of micro-
capsule. The scaffolds fused by these 
microcapsules could deliver BMP-2 and 
BMP-7 sequentially. We hypothesized 
that PELA microcapsules carrying 

Table 1. Microcapsules containing BMPsfor scaffolds 
fusing

Microcapsules Wall materials Encapsulated 
protein

Covered 
protein

Group A 280 mg PELA 3 µg rhBMP-7 3 µg rhBMP-2
Group B 280 mg PELA 3 µg rhBMP-7 -
Group C 280 mg PELA - 3 µg rhBMP-2
Group D 280 mg PELA - -
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into a small dish (35 mm in diameter) which 
was then sealed in a large one (60 mm in diam-
eter) containing 5 ml of dichloromethane. The 
scaffolds were incubated for 10 min. After air-
drying for 10 min, it was sterilized by ethylene 
oxide and stored at -20°C until further use. 
Four groups of scaffolds were prepared with 
corresponding microcapsules.

In vitro swelling and degradation

The swelling and degradation tests of scaffolds 
were performed in PBS (pH 7.4) at 37°C. Sixty 
milligrams of scaffolds were placed into 15-ml 
tubes containing 10 ml of PBS and incubated at 
37°C. The PBS was refreshed once every 3 
days. At each time point (1, 2, 5, 8, 11, 14, 18, 
22, 26, 32, 39 and 46 days), scaffold was cen-
trifuged and wet weight (Ww) was recorded. 
Then, the scaffold was lyophilized for 12 h and 
the dry weigh (Wd) was obtained. The scaffold 
weight loss was calculated. The swelling ratio 
was calculated as the wet weight divided by the 
dry weight (Ww/Wd).

In vitro release of BMPs

The release of BMPs from BMP-2/PELA /BMP-7 
was tested in vitro in PBS (pH 7.4) at 37°C. Ten 
milligrams of scaffolds were incubated with 1 
mL of PBS in 1.5-ml EP tubesat 37°C. At each 
time point (1, 2, 4, 8, 12, 16, 22, 28, 35, 42 
days), the tubes were centrifuged at 800 rpm 
for 30 min. The releasate was collected and 
stored at -20°C until analysis. Then, 1 ml of 
fresh PBS was added into each EP tube for fur-
ther testing of the release of BMPs. The con-
centrations of BMP-2 and BMP-7 in the releas-
ate were measured by using human BMP-7 and 
BMP-2 Elisa kits (BOSTER, China). The experi-
ments were carried out in triplicate.

Morphology

The microcapsules and scaffold was imaged by 
using the Hitachi S-3000N scanning electron 
microscope (SEM). All the samples were mount-
ed on aluminum stubs, coated with gold, and 
then viewed under a SEM at an accelerating 
voltage of 20 kV.

Cell activity assay

MC3T3-E1 cells were cultured in a-MEM con-
taining 10% FBS as previously reported [28, 
29]. The activity of cells was measured byMTT 
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-

zolium bromide) assay with MTT assay Kit 
(BestBio, China). Cells were seeded in 48-well 
plates at 5 × 104 cell/cm2 and incubated with 
10 mg of scaffolds in every well. The medium 
was refreshed once every 3 days. Cells were 
cultured at 37°C in a humidified atmosphere 
with 5% CO2. At days 3, 7 and 14, MTT assay 
was performed according to the manufactur-
er’s instructions. Briefly, 10 µl of MTT was 
added into each well and incubated for 4 h at 
37°C. Then, the supernatant was removed, and 
100 µl of dimethylsulfoxide was added to dis-
solve formazan crystals. After shaking for 10 
min, absorbance (OD) was measured at 550 
nm. Cells without scaffold treatment served as 
a positive control and the medium alone served 
as a blank control. Cell activity = OD (calculat-
ed) - OD (blank control). Six wells were prepared 
for each sample.

Alkaline phosphatase (AKP) activity assay

Scaffolds (10 mg) were incubated with 1 ml of 
PBSat 37°C. The releasates from scaffolds 
were sterilized through a filter (0.2 μm, 
MEMBRANA, German), collected and stored at 
-20°C until further use, and replaced by 1 ml of 
fresh PBS every two days. MC3T3-E1 cells 
(104/cm2) were seeded on 48-well plates and 
cultured in a-MEM containing 10% FBS. The 
medium was refreshed once every 2 days and 
the releasates from scaffolds were added at 
the same time. After 1 week and 2 weeks, 
theAKP activity was measured with the AKP 
assay kit (Jiancheng Bioengineering Institute, 
China) according to the manufacturer’s instruc-
tions. Briefly, cells were lysed with 80 μl of 
0.05% Triton X-100 and three freeze-thaw 
cycles, and then 30 μl of lysate was mixed with 
50 μl of matrix containing disodium phenyl 
phosphate and 50 μl of alkaline buffer. After 
incubation for 15 min at 37°C, 150 μl of reagent 
containing 4-aminoantipyrine and K3Fe(CN)6 
was added to stop the reaction. AKP activity 
was measured colorimetrically at 520 nm with 
a microplate reader (Thermo scientific, USA). 
Six wells were prepared for each sample.

In vivo experiment

This study was carried out in accordance with 
the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health 
(USA). The protocol was approved by the 
Experimental Animal Welfare and Ethics 
Management Committee of Southern Medical 
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University (China). Surgery was performed after 
chloral hydrate anesthesia, and all efforts were 
made to minimize suffering.

Twenty-four three-month-old male Wistar rats 
weighing 350-400 g were purchased from the 
Experimental Animal Center of Southern 
Medical University. Twenty-four rats were ran-
domly assigned to four groups (Table 1). All rats 
were allowed to acclimate to the environment 
for 3 days before surgery. The segmental femo-
ral bone defect model was established as pre-
viously described [30]. One experienced sur-
geon performed all the operations in aseptic 
conditions. Under general anesthesia by intra-
peritoneal injection of 10% chloral hydrate at 
400 mg/kg, a 1-cm longitudinal incision was 
made at the lateral right femur. After separating 
the muscle tissues, the lateral femoral condyle 
was exposed. A 5 mm × 5 mm unicortical hole 
was generated at the condyle with a dental bur 
and filled with 50 mg of biomaterials. No fixa-
tionwas used. Then, the underlying muscula-
tures and skin were closed.

After operation, rats were independently 
housed in cages. Enrofloxacin (10 mg/kg) was 
administered for 3 days to prevent infection. 
Weight bearing was allowed in all the rats which 
were given ad libitum access to food and water 
after operation. At weeks 4 and weeks 8 post-
operatively, 3 rats from each group were eutha-
nized by CO2 asphyxiation and the femur was 
harvested for micro-computed tomography 
(mCT) and histological examination.

Micro CT

All of the femur samples were evaluated by 
mCT using a ZKKS-MCT-SHARP micro CT 
(ZhongkeKaisheng Medical Technology, China) 
with 70 kV p-tube-voltage, 30 W-power and 
20-μm resolution. The region of interest (ROI) 
was centered at the defect site in the distal 
femur. A 3-dimensional structural reconstruc-
tion view of each sample was obtained from the 
scanned images. The newly formed bone in 
each group was evaluated by the ratio of bone 
volume and total defected volume (BV/TV), 
bone mineral density (BMD) and trabecular 
number (Tb.N).

Histological examination

The distal femur was fixed in 10% formalin, 
decalcified with 10% ethylenediaminetetraace-
tic acid (EDTA), dehydrated in ethanol gradi-

ents, embedded in paraffin, and sagittally cut 
into 5-mm sections followed by hematoxylin 
and eosin (HE) staining and Masson Trichrome 
staining. These sections were observed and 
representative photographs were captured 
under a light microscope.

Statistical analysis

Statistical analysis was performed with SPSS 
19 (SPSS Inc, USA). Data are presented as a 
mean ± standard deviation (SD). Comparisons 
among groups were assessed with one-way 
analysis of variance (ANOVA) followed by 
Student-Newman-Keuls test. A value of P<0.05 
was considered statistically significant.

Results and discussion

Morphologies of microcapsules and scaffolds

The microcapsules encapsulating BMP-7 and 
covered by BMP-2 were successfully prepared 
by using the modified double emulsion/solvent 
evaporation technique. The morphology of 
these microcapsules is shown in Figure 1A 
(SEM). Most of microcapsuleswere smaller 
than 100 μm in diameter and the median diam-
eter was 40 μm. These microparticles started 
to fuse together after 2 min in dichloromethane 
vapor (Figure 1B). After 10 min, the microcap-
sule-based scaffold was over fused and 
became a sticky mass. A relative smooth sur-
face of scaffold was observed as shown Figure 
1C. Even after fusion, the underlying structure 
of spheres’ was still visible. As shown in Figure 
1D, the diameter of inherent poresranged from 
50 μm to 200 μm. The porosity of microcap-
sule-based scaffolds was reported to be mainly 
associated with the size of microcapsules and 
the time of fusion [25]. Studies have estab-
lished that the architecture of synthetic scaf-
fold need interconnected porosity with the size 
of 100 μm or greater for vascularization and 
cell penetration [31]. Small pores favor hypoxic 
conditions and may promote ion and liquid dif-
fusion [32, 33]. Thus, the porosity of our scaf-
fold would probably be helpful for both penetra-
tion of tissue fluid and microvascular ingrowth.

The dichloromethane vapor was utilized to soft-
en the polymer microcapsule and lower the 
polymer glass transition temperature [25]. In 
the large the scaffold was plastic and extend-
able. These properties would help the repair of 
bone defects with different shapes and sizes. 
When the dichloromethane was removed, the 
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scaffold began to harden again. The whole pro-
cess needed neither conventional chemical 
reagent (such as cross-linking agent or pore-
foaming agent) nor physical cross-linking reac-
tion (such as infrared light irradiation, UV light 
exposure and 60 Co radiation). Thus, this prep-
aration can savecost for scaffold preparation 
and minimize the loss of biological activities of 
growth factors. Furthermore, this scaffold can 
be constructed with microcapsules containing 
various growth factors with modular design, 
which seems to be extremely valuable for tis-
sue engineering and drug delivery. As a volatile 
liquid with hypotoxicity, dichloromethane vapor 
is the only chemical reagent used in scaffold 
construction. After fusion, the scaffolds were 
air-dried for 10 min to evaporate the residual 
dichloromethane completely.

Swelling and degradation of scaffolds

The swelling ratio and change in dry weight of 
scaffolds in PBS at 37°C were recorded for 46 

Figure 1. SEM of PELA microcapsules and fused scaffolds: A. BMPs loaded microcapsules; B. Scaffold fused by 
microcapsules for 2 min; C. Scaffold fused by microcapsules for 10 min; D. Cross-section of scaffolds.

days. Figure 2B showed the swelling ratio of 
PELA scaffold within 42 days. In the first two 
weeks, the swelling ratio increased significantly 
and reached a peak on day 14. Thereafter, it 
began to decrease gradually and reached a low 
level at 4 weeks which was maintained. The 
weight loss of scaffolds is showed in Figure 2A. 
There was no significant weight loss before day 
12, which corresponded to the increased swell-
ing ratio. Thereafter, the weight began to 
decease and 50% weight loss was observed on 
day 22. After a plateau, the weight loss 
continued.

An ideal biomaterial for bone regeneration 
should have a proper degradation rate match-
ing the bone growth. Many factors such as 
scaffold porosity, temperature and degradation 
medium can affect the degradation rate [32, 
34]. As the triblock polymers composed of bio-
degradable PLA and inlaid hydrophilic PEG 
block, PELA has been successfully used as 
materials in carries of both hydrophilic and 
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hydrophobic drugs and available findings dem-
onstrate it has favorable properties for the con-
trolled release of drugs [35-37]. In this study, 
PELA was employed as the materials of micro-
capsules’ wall and PBS (pH 7.4) as the degrada-
tion medium. Based on the in vitro swelling pro-
file and weigh loss profile, fast degradation was 
achieved at week 2 after initial swelling, which 
was similar to previously reported [38, 39].

In vitro BMPs release

To determine whether the release of BMPs 
from scaffolds mimics the release profile in 
natural process of fracture healing, the in vitro 
release kinetics of BMP-2 and BMP-7 was mea-
sured in BMP-2/PELA/BMP-7 scaffold (Figure 

2C). As being attached to the 
surface of microcapsules, 
BMP-2 had a burst release 
(60%) on day 2, followed by a 
persistent release until the 
end of experiment. The total 
cumulative release of BMP-2 
was 81% after 42 days. The 
release profile of BMP-7 was 
different. Although there was 
still an initial burst release, its 
release was relatively low on 
day 2 (32%). Then, the release 
rate was kept at about 1% per 
day. Of interest, an accelerat-
ed release of BMP-7 was 
found at week 2, which coin-
cided with the time point at 
which scaffold swellingbegan 
to decrease and weight loss 
was present. After 3 weeks, 
theBMP-7 release reached the 
plateau again. At day 42, the 
cumulative release of BMP-7 
reached 74%.

In the scaffold, BMP-2 was 
designed to adhere to the sur-
face of PELA microcap-
suleswhich was responsible 
for the early burst release, and 
BMP-7 was encapsulated by 
the microcapsules, which was 
responsible for the sustained 
release. When these mic-
roparticles were fused to form 
porous scaffold, the release 
was prolonged because some 

Figure 2. Weigh loss (A), swelling ratio (B) and cumulative release profile (C) 
of BMP-2/PELA/BMP-7 scaffolds in PBS at 37°C.

microcapsules was embedded in the scaffold. 
According to the in vitro release profile of 
BMP-2/PELA/BMP-7 scaffold, BMP-2 had the 
classic initial burst release followed by a sus-
tained release for more than 42 days. This 
release profile has been reported to improve 
the bone regeneration as compared to a sus-
tained release without a burst [40]. Because 
BMP-7 is encapsulated in PELA microcapsules, 
the burst release of BMP-7 was partially sup-
pressed and reduced to halfof that of BMP-2. 
After 12 days, anaccelerated release of BMP-7 
maintained for about one week, which would be 
as a result of degradation of PELA wall and 
release of residual protein inside the microcap-
sules. Thus, the release kinetics of BMP-2 and 
BMP-7 in BMP-2/PELA/BMP-7 scaffolds was 
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similar to the release profile of BMP in natural 
process of fracture healing and partially mim-
icked the clinical fracture condition. However, 
in the actual clinical condition, bone repair and 
regeneration are complex and have involve-
ment of various healing factors which may 
interact with each other. Thus, complete imita-
tion is nearly impossible at present.

The advantage ofmicrocapsule-based scaffold 
is that the release of BMPs from the capsules is 
controlled by the propertiesof capsule wall. 
BMP-2 wasattached to the surface of micro-
capsules, and its release profile depends large-
ly onits affinity to the wall. The thickness of 
microcapsules and the degradation velocity of 
materials determine the release kinetics of 
BMP-7. In addition, the diameter of particles 
and the fusion time may affect the release 
curve of proteins [25]. Thus, the release could 

be fine-tuned by changing the 
capsule’s properties. PELA 
was choosedas a wall materi-
al because it began to degrade 
rapidly after 12 days in vitro 
which matches the time pro-
file of BMP-7 expression dur-
ing the bone healing. The 
encapsulation of BMP-7 made 
its initial burst releasebe sup-
pressed successfully. There- 
fore, the release profile of 
active factors in this model 
could be optimized constantly 
to meet the requirement for 
bone tissue engineering.

In vitro cell viability

To investigate the cytotoxicity 
of PELA scaffolds, MTT assay 
was used to evaluate the via-
bility of MC3T3-E1 cells at 3, 7 
and 14 days. As shown in 
Figure 3, cell viability was 
comparable between PELA 
scaffolds and positive control 
at all time points. At 3 days, 
the cell viability increased in 
group B as compared to pure 
cells group although there 
was no significant difference. 
These results indicate the 
BMPs loaded PELA scaffolds 

Figure 3. In vitro viability of MC3T3-E1 cells incubated with PELA scaffolds 
(MTT assay). Cells without scaffolds served as a positive control.

Figure 4. In vitro AKP activity of releasates of BMP-2/PELA/BMP-7scaffolds. 
Releasates from each scaffold was added into medium every 2 days and AKP 
activity was measured at 7 and 14 days. *P<0.05 and **P<0.01.

have no adverse impact on the cell viability 
within first 2 weeks.

In vitro bioactivity of released BMPs

To investigate the bioactivity of released BMPs 
from BMPs/PELA scaffolds, MC3T3-E1 cells 
were employed, the releasates were harvested 
from 4 groups of scaffolds and the AKP activity 
was measured at 7 and 14 days. As shown in 
Figure 4, the releasates of Groups A, B and C 
had markedly enhanced AKP activity at 7 days 
as compared to Group D (p<0.01). All the BMPs 
loaded scaffolds had markedly enhanced AKP 
activity as compared to pure PELA group. These 
results indicate that BMPs’ activity is well pre-
served. At 14 days, the AKP activity in Group A 
was significantly higher than in Group B and 
Group C (P<0.01), which indicates that BMP-2 
and BMP-7 havesynergistic effect to promote 
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theosteogenic differentiation of MC3T3-E1 
cells. 

Therapeutic effects of scaffold in rat femoral 
defect model

To investigate the effects of BMP/PELA scaf-
fold on the bone regeneration, a bone defect 
model was established in Wistar rats and 50 
mg of scaffolds were implanted at the defect 
(Figure 5A). At week 4, mCT showed the new 
bone ingrowth in the femoral defectwas more 
obvious in Group A than in other groups (Figure 
5C). New bone formation in the Groups B and C 
were more evident than in Group D at week 4, 

which implies BMP-2 and BMP-7 released from 
scaffolds have intact bioactivity and are able to 
promote new bone formation as compared to 
control group. At week 8,the new bone forma-
tion was more obvious in BMPs combined 
groups than that at week 4. The femoral hole in 
Group A was covered completely by new bone 
tissues, and full-thickness cortical bone was 
found (Figure 5D). Thenew bone formation was 
more obvious in Groups B and C as compared 
to that at 4 weeks. The cross section of the 
bone defect showed the scaffolds in Group C 
seemed to have stronger ability to promote 
bone repair than those in Group B, although 
significant difference was not found. As for 

Figure 5. In vivo evaluation of bone formation by mCT. A rat femoral defect model was established. Rats were treated 
with BMP-2/PELA/BMP-7, PELA/BMP-7, BMP-2/PELA and PELA alone. The extendable PELA scaffold was implanted 
into the defects (A), and the femur was collected for mCT at week 4 (C) and week 8 (D). Bone mineral density (B), 
ratio of bone volume and total defected volume (E) and trabecular number (F) were used to evaluate the new bone 
formation in each group. *P<0.05) and **P<0.01.
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Group D, there was no obvious 
new bone formation at week 
4. Until 8 weeks, partial new 
bone ingrowth was found at 
the defect site.

The regenerated BMD, BV/TV 
and Tb.N were calculated for 
the evaluation of new bone 
formation. As shown in Figure 
5B, an increase in BMD was 
observed in all groups, among 
which Group A had a higher 
BMD than Groups B, C and D 
at each time point (P<0.01). 
Groups B and C showed a 
higher BMC than Group D at 
week 4 (P<0.01) and week 8 
(P<0.05). Of interest, Group C 
had a higher BMD than Group 
B at 8 weeks (P<0.05). Similar 
trend was found in Figure 5E 
and 5F. Group A hadhigher 
BV/TV and Tb.N than other 
groups at each time point 
(P<0.01), and Group C demon-
strated higher BV/TV and Tb.N 
than Group D at 8 weeks 
(P<0.05). These findings sug-
gest that BMP-2/PELA/BMP-7 
scaffolds may achieve larger 
new bone volume and higher 
bone quality as compared to 
scaffolds with a single growth 
factor, which consist with pre-
vious findings [41, 42]. In addi-
tion, BMP-2/PELA scaffolds 
seemed to show a better abil-
ity to enhance bone healing 
than PELA/BMP-7 scaffolds in 
the long run.

Actually, some groups have 
attempted to employ carriers 
with both BMP-2 and BMP-7 to 
regulate osteogenic differenti-
ation [18, 42-44]. Most of 
studies conclude that the 
sequential delivery of growth 
factors is a better approach 
for bone tissue engineering. In 
the present study, the micro-
capsule-based scaffolds were 
employed to prepare the 

Figure 6. Histological evaluation of new bone formation. BMP-2/PELA/
BMP-7, PELA/BMP-7, BMP-2/PELA and PELA scaffolds were independently 
implanted into defects. The femur was harvested at 4 and 8 weeks, and 
processed for H&E staining (A) and Masson Trichrome staining (B). (Mat: ma-
terial, NB: new bone, BC: blood cell, LB: lamellar bone, CC: cartilage cells). 
Original magnification: 400×.
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BMP-2/BMP-7 delivery system with a simple 
method. Results indicated the sequential 
release of BMP-2 and BMP-7 from these scaf-
folds could effectively promote bone healing in 
vivo.

Histological examination

To evaluate the newly formed bone tissue, his-
tological examination of the femur was per-
formed in rats with femoral bone defect after 
implantation of these scaffolds. In Group A, 
new bone was observed around the residual 
materials containing a plenty of blood cells at 4 
weeks. The copolymers seemed to degrade 
along with new bone formation. At week 8,more 
and thicker new bone was observed and tend-
ed to become lamellar bone (Figure 6A). Some 
osteons with vessels were seen in the bone 
matrix. Only a little degradation products of 
materials were found to be surrounded by new 
bone tissues. Then, its biodegradability and 
biocompatibility were further investigated 
which was in agreement with previous studies 
[35, 36, 45, 46]. In both Groups B and C, limit-
ed new woven bone with materials was 
observed in the bone matrix at week 4 (Figure 
6B). The replacement of degraded materials by 
new bone tissues were seen clearly. At week 8, 
more new bone was observed, but no matured 
lamellar bone was found in both groups. In 
Group D, no new bone formation was found and 
only some fibrous membranes existed between 
old bone tissues and materials at week 4 
(Figure 6B). Until week 8, new bone tissues 
began to appear and replace the biomaterials 
(Figure 6A and 6B), confirming the findings 
from 3D mCT.

Conclusion

In this study, we successfully construct biode-
gradable PELA scaffolds fused by BMPs-loaded 
microcapsules which are then used to repair 
bone defect in rat femoral bone defect model. 
With the modified double emulsion/solvent 
evaporation technique BMP-7 is encapsulated 
in PELA microcapsules and BMP-2 is attached 
to the surface of these microparticles. The 
porous scaffolds fused directly by these micro-
capsules can deliver BMP-2 and BMP-7 sequen-
tially and partiallyimitate the profile of BMPs 
expression during fracture healing. Bioactive 
BMPs show a controlled release within at least 
42 days. This delivery system may exert syner-

gistic effect to promoteosteogenic differentia-
tion of MC3T3-E1 cells’in vitro and repair the 
bone defect in vivo. These results indicate that 
the BMP-2/PELA/BMP-7 scaffolds have a 
potential for the clinical repair of large bone 
defects. 
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