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Abstract: The regeneration of large bone defects is an osteoinductive, osteoconductive, and 

osteogenic process that often requires a bone graft for support. Limitations associated with 

naturally autogenic or allogenic bone grafts have demonstrated the need for synthetic substitutes. 

The present study investigates the feasibility of using novel hollow hydroxyapatite microspheres 

as an osteoconductive matrix and a carrier for controlled local delivery of bone morphogenetic 

protein 2 (BMP2), a potent osteogenic inducer of bone regeneration. Hollow hydroxyapatite 

microspheres (100±25 µm) with a core (60±18 µm) and a mesoporous shell (180±42 m2/g 

surface area) were prepared by a glass conversion technique and loaded with recombinant 

human BMP2 (1 µg/mg). There was a gentle burst release of BMP2 from microspheres into 

the surrounding phosphate-buffered saline in vitro within the initial 48 hours, and continued at 

a low rate for over 40 days. In comparison with hollow hydroxyapatite microspheres without 

BMP2 or soluble BMP2 without a carrier, BMP2-loaded hollow hydroxyapatite microspheres 

had a significantly enhanced capacity to reconstitute radial bone defects in rabbit, as shown 

by increased serum alkaline phosphatase; quick and complete new bone formation within 

12 weeks; and great biomechanical flexural strength. These results indicate that BMP2-loaded 

hollow hydroxyapatite microspheres could be a potential new option for bone graft substitutes 

in bone regeneration.

Keyword: bone graft, bone regeneration, synthetic bone substitutes

Introduction
Large bone defects resulting from trauma, malignancy, or congenital disease are hardly 

regenerable without a surgical repair.1 Though autogenic and allogenic bone grafts 

are two conventional treatments with success in many instances, these procedures 

also present common problems such as donor-site morbidity, disease transmission, 

adverse host immune rejection, and limited supply of donor tissue.2–6 Synthetic bone 

graft substitutes eliminate these problems and have shown promise to eventually sub-

stitute for conventional natural grafts.7–8 However, most synthetic bone grafts have a 

limited capacity to reconstitute bone in large defects because they either lack natural 

bone growth factors, such as bone morphogenetic proteins (BMPs), platelet-derived 

growth factor, transformation growth factors, etc, to support osteoinductivity and 

osteogenicity, or fail to provide a controlled release of these factors for successful 

bone regeneration.4

BMPs are potent osteoinductive factors that have been evaluated extensively for 

both preclinical and clinical use.9–11 They can regulate the function and differentia-

tion of cells involved in bone formation and healing.12–14 Recombinant human BMP2 

(rhBMP2) has received three US Food and Drug Administration approvals, and is 

correspondence: long Xiong
Department of Osteology, People’s 
hospital of Jiangxi Province, 152 ai 
guo road, Nanchang, Jiangxi 330006, 
People’s republic of china
Tel +86 791 8689 6216
Fax +86 791 8689 5863
email ncxionglong2@126.com 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2015
Volume: 10
Running head verso: Xiong et al
Running head recto: BMP2-loaded hollow hydroxyapatite microspheres
DOI: http://dx.doi.org/10.2147/IJN.S74677

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S74677
mailto:ncxionglong2@126.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

518

Xiong et al

widely used on- and off-label in the treatment of a variety 

of bone-related conditions.15 However, direct injection of 

soluble BMPs into an affected site is not effective for bone 

regeneration due to rapid diffusion. Hence, sustained delivery 

is often provided through a variety of organic or inorganic 

materials. Among them, hydroxyapatite (HA) has shown 

several striking advantages over other carriers for BMP2 

delivery to regenerate large bone defects.10,16–19 HA is a 

bioactive ceramic with chemical composition similar to the 

mineral component of bone, which accounts for its excellent 

biocompatibility and osteoconductivity.20–22 HA has been 

used in bone repair for bone augmentation, coating implants, 

and as bone filler.23 Most delivery systems are typically 

fabricated with porous particles, granules, or scaffolds in 

which the bioactive protein is either adsorbed or affixed to 

the surfaces of the porous material, or encapsulated within 

the pores.24–26 A disadvantage of these systems is the rapid 

release rate of bioactive proteins due to a limited surface area 

to entrap enough proteins. This, of course, would significantly 

impact the osteoinductive ability of BMPs.

The hollow HA microsphere technology was recently 

developed to meet the need of controlled release and pro-

longed delivery of bioactive proteins or drugs into target 

sites.16,27 In comparison to other systems, hollow HA micro-

spheres have a hollow core and a shell wall with numerous 

mesopores that provide a large surface area for loading pro-

teins and prolonging their release by desorption and migration 

through the mesopores.16 In the current study, we prepared 

BMP2-loaded hollow HA microspheres, and evaluated their 

therapeutic activities as synthetic bone graft substitutes in a 

rabbit radial bone defect model.

Materials and methods
Preparation and characterization  
of hollow ha microspheres
The preparation of hollow HA microspheres was a two-step 

process as described previously.28

Production of glass microspheres
The borate glass, with a composition (wt%) of 10Li

2
O, 

10CaO, and 80B
2
O

3
, was prepared by melting a mixture of 

Reagent grade CaCO
3
, Li

2
CO

3
, and H

3
BO

3
 in a Pt crucible 

in air for 10 minutes at 1,100°C and quenching between two 

steel plates. Particles with a size range of 106–125 µm were 

obtained by crushing the glass and sieving through 120 and 

140 mesh sieves. These glass particles were subsequently 

shaped to microspheres through a flame spray process at 

800°C, as described elsewhere.29

conversion of glass microspheres
Hollow HA microspheres were prepared by reacting these 

glass microspheres for 2 days in 0.02 M K
2
HPO

4
 solution 

(pH=9.0) at 37°C. The converted microspheres were washed 

with deionized water, dried at 60°C for 24 hours, and sintered 

at 600°C for 2 hours.

Hollow HA microspheres were characterized using 

methods described in a previous study.28 In brief, the 

microstructure of both the external surface and cross-section 

of the microspheres was examined, and the external and 

internal diameters of multiple spheres were measured using 

scanning electron microscopy (S-2360; Hitachi Ltd., Tokyo, 

Japan). The rupture strength of individual HA microsphere 

was measured in a nano-mechanical testing system (Agilent 

Technologies, Santa Clara, CA, USA) using the procedure 

previously described.30 The phase composition of micro-

spheres was analyzed using X-ray diffraction (XRD) (D/

max 2550; Rigaku International Corp., Woodlands, TX, 

USA), and the functional groups of microspheres was char-

acterized by Fourier transform infrared (FTIR) spectroscopy 

(Nicolet 560; Nicolet Instrument Corporation, Madison, 

WI, USA). The surface area and pore size distribution of 

microspheres were measured using nitrogen adsorption and 

calculated using Brunauer–Emmett–Teller and Barrett–

Joiner–Halenda methods, respectively.31–32

loading the hollow ha microspheres 
with rhBMP2
According to our preliminary results, hollow HA micro-

spheres have a maximal loading capacity of 39.4 mg/g for 

rhBMP2. The hollow HA microspheres were loaded with 

rhBMP2 (Bioss Biotech Co Ltd, Beijing, People’s Republic 

of China) as described previously.33 In brief, 100 mg of 

hollow HA microspheres were placed in a 15-mL centri-

fuge tube, and 500 µL of rhBMP2 solution (200 µg/mL, 

pH=3.0) was pipetted into the microspheres. A small vacuum 

(,0.085 MPa) was applied to the system to dispel the air in 

the hollow HA microspheres with the rhBMP2 solution. After 

10 minutes, the BMP2-loaded microspheres were washed 

with phosphate-buffered saline (PBS) and dried overnight 

in a refrigerator at 4°C. The loading process was completed 

under the hood to keep sterile.

Measurement of BMP2 release in vitro
To measure the release of BMP2 from microspheres, 100 mg 

of BMP2-loaded HA microspheres was added to 10 mL of PBS 

(pH=7.04), and incubated with constant shaking (135 rpm) 

at 37°C. Fourteen equal releases were run  simultaneously 
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and each covered three time points (the last one covered two 

time points). At 2, 4, 6, and 24 hours, and at each additional 

24-hour interval until 960 hours, 4 mL of supernatant sample 

was removed for testing, and replaced with equal volume 

of PBS. The protein concentration of each collected sample 

was measured by high-performance liquid chromatography 

with known amounts of BMP2 as control. The accumulated 

BMP2 release at each time point was calculated as the sum 

of the remaining amount plus removed amounts.

ethics statement
All animal studies were approved by the Nanchang 

University’s Institutional Animal Care and Use Committee 

(IACUC) and were in accordance with the Guidelines for 

Care and Use of Experimental Animals.

animal models
All animals were provided by the Medical School of 

Nanchang University, People’s Republic of China. Forty-

eight New Zealand White male rabbits, all 24 weeks old 

with a weight range of 3.0–3.5 kg, were divided into three 

groups (A, B, and C) of 16 each. Group A received admin-

istration of BMP2-loaded hollow HA microspheres, group B 

received hollow HA microspheres without BMP2, and group 

C received direct injection of soluble BMP2 into the manipu-

lated bone defect site. Animals in each group were further 

subdivided into four subgroups of four rabbits each, and then 

studied at 4 weeks, 8 weeks, 12 weeks, and 16 weeks, respec-

tively. The level of serum alkaline phosphatase (ALP) of each 

animal was measured before the surgical procedure.

surgery
All animals were anesthetized intramuscularly with 3% pen-

tobarbital sodium (3 mg/kg). The left radius of each animal in 

all groups was prepared for surgery. A 3–4 cm longitudinal 

skin incision was made, and the space between extensor 

and flexor muscle groups was dissected to expose the radial 

bone. A 12 mm length of segmental bone defect was created 

in the middle of the radius shaft using a delicate orthopedic 

saw. The defect site was irrigated with physiological saline 

before treatment. In groups A and B, the bone defect was 

packed with BMP2-loaded hollow HA microspheres and 

hollow HA microspheres without BMP2, respectively. In 

group C, the defect was left empty, but injected with equal 

amount of soluble rhBMP2 (500 µg/mL ×0.2 mL). The inci-

sion was closed with stitches and covered with a bandage. 

Following surgery, the animals were administered penicillin 

(200 KU/kg, intramuscular injection) for 3 days, and moni-

tored daily for regular day-to-day activity, food intake, and 

clinical signs of infection.

serum alP test, lane–sandhu X-ray 
scoring, and 3-D image restructuring
At weeks 4, 8, 12, and 16 post-operation, four animals in each 

group were randomly selected and evaluated for serum ALP 

level, Lane–Sandhu X-ray scoring, and 3-D image recon-

struction of the radius. In brief, blood samples were collected 

from the marginal artery of the external ear of the rabbit. The 

whole blood was allowed to clot at room temperature for 

about 20 minutes, and the clot was removed by centrifuging at 

1,500× g for 10 minutes in a refrigerated centrifuge. The serum 

ALP activity was measured using an automated chemistry 

analyzer (AU-5400; Olympus Corporation, Tokyo, Japan).34 

Radiographs of bone defects were obtained to assess bone 

healing and new bone formation following instructions with 

triple blinding according to the Lane–Sandhu X-ray scores.35 

Bone scanning was performed with GE Healthcare micro-CT 

(GE Healthcare, Milwaukee, WI, USA) and 3-D images were 

reconstructed using the Microview 2.2 software (GE Health-

care) to evaluate the repair progress.36

histological evaluation
The histopathological evaluation was carried out immediately 

after biomechanical testing in the injured area of each animal. 

Sagittal sections containing the defect were cut with a slow-speed 

saw. Each slice was then fixed in 10% neutral buffered formalin. 

The specimens were decalcified in 15% buffered formic acid 

solution and embedded in paraffin using standard histological 

techniques. Two 5-µm sections were cut from the center of each 

specimen, stained with hematoxylin and eosin, and examined 

under a light microscope (BX60; Olympus Corporation) fitted 

with a digital camera (DP71; Olympus Corporation). The new 

and original bone were identified by the presence of woven and 

lamellar bone at the edge of the defect, respectively. In each 

group, four animals per time point were evaluated for percent 

new bone formation and representative images were captured.

radionuclide bone imaging
As described previously,37 animals at 4, 8, 12, and 16 weeks 

post-surgery were given an intravenous injection of 

18.5 MBq/kg bolus 99mTc-methylene diphosphonate 

(99mTc-MDP) through the ear vein following anesthesia. 

Five images at a speed of 5 images/minute were collected 

as blood pool phase, and the middle image was selected for 

comparison. Four hours later, images at a speed of one image 

per 5 minutes were collected as whole-body static images, 
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ie, the static phase. Pegasys Software Package was used to 

identify regions of interest (ROI) (0.5×0.5 cm) at the intact 

side as well as the affected side. The average counts from 

ROI from both sides were recorded and the intake ratio was 

compared amongst different groups.

Biomechanical test
In order to evaluate the mechanical stability of the regenerated 

bones, specimens from groups A and B at the time points of 4, 

8, 12, and 16 weeks were subjected to a three-point bending 

test by using a mechanical testing facility (Model HY-0230, 

Shanghai Heng Yi Precision Instrument, Shanghai, People’s 

Republic of China) at ambient temperature and humidity.36 In 

brief, the specimens were positioned on two supports spaced 

8 mm apart, and the bending load was applied at the midpoint 

of the specimen at a constant displacement rate of 5 mm/min 

to break (Figure 8A). The data generated in the measurement 

were automatically recorded.

statistical analysis
All quantitative data were analyzed with SPSS17.0 (SPSS 

Inc., Chicago, IL, USA). Statistical comparisons were carried 

out using Student’s t-test analysis. Statistical significance was 

attained with greater than 95% confidence level (P,0.05).

Results
characteristics of hollow ha 
microspheres
The scanning electron microscopy images in Figure 1A and B  

show the surface and cross-section of prepared hollow HA 

microspheres, respectively. They were generally uniform 

with an external diameter 100±25 µm, a hollow core of 

internal diameter 60±18 µm, and a mesoporous shell wall. 

The surface of the microspheres was coarse and highly 

porous with a pore size of 11.5±2 nm, and the area measured 

by the Brunauer–Emmett–Teller method was 180±42 m2/g. 

The rupture strength of the prepared HA microspheres was 

10±5 MPa. XRD and FTIR spectroscopy analyses con-

firmed that the hollow microspheres had a structure and 

composition corresponding to a standard HA-type (JCPDS 

72-1243) material as reported in our previous study.28 On 

the other hand, the XRD patterns showed broader and 

less-intense peaks than the standard HA, suggesting that 

the as-prepared HA was composed of nanometer-sized 

crystals, poorly crystallized crystals, or a combination 

of both. The FTIR spectra indicated that the conversion 

product was a carbonate substituted HA, similar to that 

found in living bone.28

BMP2 release profile in vitro
The amount of BMP2 released at selected time points from 

HA microspheres into the surrounding PBS is shown in 

Figure 2. BMP2 was released at a relatively high rate within 

the initial 48 hours with a cumulative release percentage 

of 31.8%. The speed at which BMP2 was released slowed 

considerably from day 3 to a rate of about 3% per day, and 

after 12 days it further slowed to a nearly constant rate of 

about 1.2% per day until day 26. The total release period 

lasted over 40 days with a final cumulative release percent-

age of 86%.

A B

5 µm 10 µm

Figure 1 scanning electron microscopy images of hollow hydroxyapatite microspheres. 
Notes: (A) External surface under low magnification. (B) Fractured section under high magnification.
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Therapeutic activity in vivo
serum alP
Since serum ALP is an important indicator of bone regen-

eration, we first tracked its variation in the time course of 

pre- and post-operation within each group. As shown in 

Figure 3, the serum ALP activity in all three groups increased 

and reached the highest level at 8 weeks post-surgery, but 

group A showed a significantly higher ALP level than groups 

B and C at all time points post-operation, and group B was 

comparatively higher than group C at 4, 8, and 16 weeks 

(P,0.05).

Bone regeneration and quantification
X-ray radiography in Figure 4 shows new bone formation 

in each of the three groups. Bone callus was observed in 

groups A and B at 4 weeks, but was barely seen in group C. 

At 8 weeks, there was no apparent change in group C. How-

ever, HA from implants were highly degraded in group A 

and partially in group B, and callus was found to bridge the 

distal ends of the defects in groups A and B. At 12 weeks, 

HA almost disappeared in group A and was substantially 

degraded in group B. Medullary cavities between the two 

ends of the fractured region were mostly connected in 

group A, but were not yet connected in group B. At 16 weeks, 

group A achieved complete healing with extensive bone for-

mation and medullary cavity recanalization; group B showed 

incomplete bone repair with the defect filled with callus, and 

medullary cavities only partially connected. Group C did not 

achieve a complete heal, with unrepaired sections remaining 

where non-union of bone existed.

Quantitative assessment of X-ray radiographs was per-

formed using Lane–Sandhu radiographic score standards 

with results shown in Table 1. At all examined time points 

(4, 8, 12, and 16 weeks), the scores in groups A and B 

were higher than those of group C. At 4, 12, and 16 weeks, 

the scores in group A were higher than those of group B 

(P,0.05). These scores reflect different levels of bone repair 

in three groups (A . B . C).

The 3-D restructured imaging was conducted at 4 and 

16 weeks to investigate the in vivo osteoinductivity of hol-

low HA microspheres loaded with rhBMP2 (Figure 5). In 

comparison to group B, group A had a quick bone repair rate 

Figure 2 cumulative release of recombinant human bone morphogenetic protein 2 (rhBMP2) from hollow hydroxyapatite microspheres into phosphate-buffered saline.
Note: The insert graph shows an initial burst release within 48 hours.
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with obvious callus that bridged the HA material and defect 

end as early as 4 weeks. Group C had the least bone forma-

tion and remained non-united until 16 weeks.

histology
Photomicrographs of hematoxylin and eosin stained sec-

tions crossing the affected bone in the three representative 

groups are presented in Figure 6. In group A, both graft 

material and newly regenerated bones were identified at 

4 weeks. By week 8, implanted materials were considerably 

degraded; however, new bone formation was significant. At 

12 weeks, new lamellar bones were developed with osteons 

embedded in the bone matrix, and obvious vessels in the 

central canals of the Haversian system. At 16 weeks, bone 

defects were completely recovered. Group B showed small 

but detectable amounts of new bone formation at 4 weeks, 

with HA materials partially degraded. However, evidence 

of increased new bone formation was present at 8 weeks. 

New vessels and abundant osteogenicity were visible at 

12 weeks, and defect recovery mostly completed with new 

lamellar bones was present at 16 weeks. In comparison to 

groups A and B, group C without HA implanted showed 

only inflammatory cells at the defective sites at 4 weeks, 

followed by many new fibrous tissues produced during the 

later weeks. No mature new bone was found, and defect 

recovery failed at 16 weeks. The percent of new bone forma-

tion in the defects of the three groups is shown in Table 2. In 

each group, the average percentage of new bone formation 

increased from 4 weeks to 16 weeks, but was significantly 

higher in the defects implanted with BMP2-loaded HA 

(group A) than in those without BMP2 (group B) or HA 

(group C).

4 weeks

A B C

8 weeks

12 weeks

16 weeks

Figure 4 X-ray images of segmental radius at 4, 8, 12, and 16 weeks with different implants.
Notes: (A) BMP2-loaded hollow ha microspheres; (B) hollow ha microspheres without BMP2; (C) soluble BMP2 without a carrier. arrows: defective and repairing sites.
Abbreviations: ha, hydroxyapatite; BMP2, bone morphogenetic protein 2.

Table 1 lane–sandhu radiographical bone formation score 
(mean ± standard deviation)

Group 4 weeks 8 weeks 12 weeks 16 weeks

a 4.00±0.9661a,b 6.25±1.1382a,b 9.88±1.1230a,b 11.75±0.500a,b

B 2.94±0.7719a 5.17±1.0300a 8.63±0.9160a 10.00±0.8165a

c 0.94±0.7719 2.50±0.5222 3.00±0.7559 3.50±0.5774

Notes: aa or B versus c, P,0.05; ba versus B, P,0.05; n=4/group/time point.

4 weeks
A

B

C

16 weeks

Figure 5 Three-dimensional tomographic images of the segmental radius at 4 and 
16 weeks.
Notes: (A) BMP2-loaded hollow ha microspheres; (B) hollow ha microspheres 
without BMP2; (C) soluble BMP2 without a carrier.
Abbreviations: ha, hydroxyapatite; BMP2, bone morphogenetic protein 2.
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radionuclide bone imaging
Most of the radionuclide agents accumulated in the blood 

pool images. Organs and soft tissues over the body were 

clear with increased radioactivity. In contrast, radioactivity 

in the bones was too low to reveal a clear outline. The counts 

from ROI at the fractured side increased and reached a peak 

at 8 weeks, and decreased thereafter. There were significant 

differences of ROI counts among the three groups at each 

time point (A . B . C, P,0.05) (Figure 7).

In the static phase, the radionuclide agents were mostly 

accumulated in the bones. Kidney and bladder were clearly 

revealed as these organs are responsible for clearance. There 

were significant differences in the ROI counts from ROI at 

the fractured side among the three groups at each time point 

(A . B . C, P,0.05) (Figure 7B).

Flexural strength
The flexural strength of the newly regenerated bones was 

examined by biomechanical test with results shown in Figure 8.  

The maximum load values in groups A and B continuously 

increased during the time course of 4 to 16 weeks. At each 

time point, the maximum load value in group A was always 

higher than in group B (P,0.05), indicating that new bones 

stimulated by BMP2 in group A grew faster and better.

Discussion
Limitations associated with autogenic and allogenic bone 

grafts have indicated the need for synthetic bone graft sub-

stitutes. Biocompatibility, osteoconductivity, osteoinductiv-

ity, and osteogenicity are several important parameters that 

assess the quality of artificial bone grafts for large bone 

defects.4 Over 20 years of discovery and development, HA 

has demonstrated the advantages as an osteoconductive 

matrix and a carrier material for BMP2-like bone growth 

factor delivery.10,20–22 However, additional efforts are still 

needed to fabricate an ideal HA system that controls the 

release of BMP2 at clinically desirable rates for bone 

regeneration.

The present study shows that hollow HA microspheres, 

prepared by a low-temperature glass conversion method, can 

provide a promising matrix for bone regeneration. Our XRD 

and FTIR spectroscopy results have confirmed that they are 

composed of HA, and are likely to be biocompatible and 

osteoconductive. More importantly, the unique structural 

features of hollow HA microspheres, such as a mesopo-

rous shell with a high surface area, support high capacity 

for BMP2 loading and long-time sustained release of the 

protein. Our studies have shown that BMP2 is continuously 

but slowly released from loaded hollow HA microspheres 

over 40 days when incubated in PBS (Figure 2). The release 

speed, accumulative release amount, and sustained time have 

been improved over previous studies that use nanostructured 

HA or calcium phosphate cement as BMP2 carriers, and 

show limited short-term release.38–39 Like other HA carrier 

materials,40 hollow HA microspheres initiated a burst release 

of BMP2 within 48 hours, which is often required to induce 

significant bone formation.41–42 However, a high-burst release 

of BMP2 can potentially cause significant adverse biological 

effects. If required, the initial release of BMP2 from hollow 

HA microspheres can be optimized by adjusting either the 

amount of BMP2 loaded, the composition and structure of 

the HA with varying amounts of carbonate substitution, or 

tethering other polymer materials.17

This study also showed that BMP2-loaded hollow HA 

microspheres had a high capacity to regenerate bone in vivo, 

when compared to hollow HA microspheres without BMP2 

or soluble BMP2 without a carrier. As early as 4 weeks, we 

Figure 6 histological evaluation of three groups at 4, 8, 12, and 16 weeks.
Notes: (A) BMP2-loaded hollow ha microspheres; (B) hollow ha microspheres 
without BMP2; (C) soluble BMP2 without a carrier. scale bars: 400 µm,10× 
magnification; 100 µm, 40× magnification.
Abbreviations: Bc, blood cells; BMP2, bone morphogenetic protein 2; cc, 
chondrocytes; FT, fibrous tissue; HA, hydroxyapatite; IC, inflammatory cells; Mat, 
material; NB, new bone; NlB, new lamellar bone; OB, osteoblasts; Oc, osteocytes; 
OT, osteon; V, vessel.

A

4 weeks

8 weeks

12 weeks

16 weeks

B C

Table 2 Percentage of new bone formation (mean ± standard 
deviation)

Group 4 weeks 8 weeks 12 weeks 16 weeks

a 30.4±10.1a,b 49.2±11.2a,b 79.2±10.3a,b 102.2±4.3a,b

B 21.7±8.3a 40.1±10.2a 63.9±9.2a 85.2±9.2a

c 8.2±5.3 20.3±5.3 23.3±6.2 29.3±4.3

Notes: aa or B versus c, P,0.05; ba versus B, P,0.05; n=4/group/time point.
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observed both HA degradation and new bone formation in 

the group of BMP2-loaded microspheres. In general, the 

degradation of HA is a long-term process in a physiological 

environment without involvement of osteoclasts and 

macrophages.43–44 The quick HA biodegradation in the 

BMP2-loaded microsphere group suggests an early bone 

remodeling process involving the participation of both osteo-

clasts and osteoblasts. Based on the data in Figures 5 and 6, 

a general equilibrium between bone formation and resorp-

tion appears to be established between 4 and 8 weeks in this 

group, and HA microspheres disappear at about 12 weeks. 

This degradation/formation dynamic profile is important in a 

bone repair process to ensure complete removal of implanted 

materials and regeneration of new bone, which can be fur-

ther optimized by obtaining an appropriate initial burst and 

sustained release of BMP2.

In the current study, no inflammatory response or immu-

nologic rejection reaction was observed after the implanta-

tion, suggesting that the hollow HA microspheres and animal 

tissues were biocompatible. As reported previously,45–46 ALP 

activity is a biochemical marker for the differentiation of 

mesenchymal stem cells into an osteoblast phenotype and, 

accordingly, bone regeneration. The higher serum ALP level 

was detected as early as 4 weeks in the group of BMP2-

loaded hollow HA microspheres compared with two other 

groups, showing the best therapeutic response in this group. 

This indicates that both BMP2 and hollow HA microspheres 

contribute to the enhancement of new bone formation. As 

noted in a previous study,47 the time at which exogenous 

BMP2 is administrated can be critical for fracture repair. 

The administration of BMP2 at the time of surgery (day 0) 

or in the early fracture healing phase (day 4) was found to 

enhance periosteal and endosteal callus formation, bone min-

eral content, and biomechanical properties when compared to 

later administration of BMP2 (day 8). The sustained and con-

trolled delivery of BMP2 from different carriers has shown 

excellent potential for enhancing bone regeneration.48–50  

However, an additional factor that BMP2-loaded micro-
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spheres could contribute to the enhanced bone repair might 

be the critical role played by the immobilized BMP2 when 

compared to the released BMP2.

It has been suggested that BMPs associated with the 

extracellular matrices were involved in the induction of 

osteoblastic differentiation of cells in the osteoblast lineage, 

an essential process for bone formation.51 Further studies are 

required to verify this hypothesis.

Besides inducing bone growth, BMP2 and other BMPs 

were reported to stimulate the increase of vascular endothelial 

growth factor during bone formation.52–53 The formation of 

capillaries can provide sufficient nutrition for osteocytes. 

On the other hand, degradable microspheres permit robust 

cell infiltration at an early stage, leaving enough space for 

cell migration, attachment, and differentiation. Thus, BMP2-

loaded hollow HA microspheres succeed in inducing ectopic 

bone formation. In conclusion, the current study has demon-

strated that hollow HA microspheres can serve as a bioactive 

and osteoconductive carrier for BMP2-like growth factor in 

bone regeneration, warranting further development of hollow 

HA microspheres as potential bone graft substitutes.
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