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Efficient delivery of recombinant human bone morphogenetic
protein (rhBMP-2) with dextran sulfate-chitosan microspheres
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Abstract. Bone morphogenetic protein-2 (BMP-2) serves
an important role in the development of bone and cartilage.
However, administration of BMP-2 protein alone by intra-
venous delivery is not very effective. Sustained delivery of
stabilized BMP-2 by carriers has been proven necessary
to improve the osteogenesis effect of BMP-2. The present
study constructed a novel drug delivery system using dextran
sulfate (DS)-chitosan (CS) microspheres and investigated
the efficiency of the delivery system on recombinant human
bone morphogenetic protein (thBMP-2). The microsphere
morphology, optimal ratio of DS/CS/rhBMP-2, and drug
loading rate and entrapment efficiency of hBMP-2 CS nanopar-
ticles were determined. 1.929 cells were used to evaluate the
cytotoxicity and effect of DS/CS/rhBMP-2 microspheres on
cell proliferation. Differentiation study was conducted using
bone marrow mesenchymal stem cells (BMSCs-C57) cells
treated with DS/CS/rhBMP-2 microspheres or the control
microspheres. The DS/CS/thBMP-2 microspheres delivery
system was successfully established. Subsequent complexation
of rhBMP-2-bound DS with polycations afforded well defined
microspheres with a diameter of ~250 nm. High protein entrap-
ment efficiency (85.6%) and loading ratio (47.245) ug/mg were
achieved. Release of rhBMP-2 from resultant microspheres
persisted for over 20 days as determined by ELISA assay.
The bioactivity of thBMP-2 encapsulated in the CS/DS
microsphere was observed to be well preserved as evidenced
by the alkaline phosphatase activity assay and calcium nodule
formation of BMSCs-C57 incubated with rhBMP-2-loaded
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microspheres. The results demonstrated that microspheres
based on CS-DS polyion complexes were a highly efficient
vehicle for delivery of thBMP-2 protein. The present study
may provide novel orientation for bone tissue engineering for
repairing and regenerating bone defects.

Introduction

Bone tissue engineering has been widely applied for repairing
and regeneration of bone defects caused by traumatic injury,
congenital malformation or surgery for bone cancer (1-3).
Existing treatment methods include autogenous, allogenic and
synthetic bone grafts (4-6). Among them, autograft is a gener-
ally preferred choice of bone grafting material (7,8). However,
the application of autograft is limited by the inadequate supply
for autograft tissues. Though some reports demonstrated that
allografts were effective in vertical ridge augmentation of the
atrophic posterior mandible Laino (9), problems like disease
transfer and histo-incompatibilities which are very likely to
occur in the case of allografts (10,11). Due to the aforementioned
limitations, engineered biomaterials combined with growth
factors have emerged as an alternative choice in bone repair and
regeneration (12). A number of different growth factors, including
bone morphogenetic proteins (BMPs), transforming growth
factor-p (TGF-p), vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF) and insulin growth factor (IGF)
have been shown to stimulate bone growth, collagen synthesis
and fracture repair both in vitro and in vivo (13-16).

In particular, BMPs are osteoinductive proteins originally
identified in demineralized bone and are known to facilitate
bone healing without bone tissue transferring (17). Among this
group of proteins, it is well known that BMP-2 can promote
the healing process of segmental bone defects and the osteo-
genesis ability of bone marrow stromal cells (BMSCs) (18,19).
However, the circulation half-life of BMP-2 is rather short.
BMP-2 is easily to be inactivated due to dilution or interaction
with enzymes in blood if applied alone by intravenous injec-
tion (20,21). Another drawback is that the intravenous injection
of BMP-2 alone may produce burst effect, which may lead to
soft tissue hematoma and bone absorption phenomenon (22).
Therefore, it is necessary to develop appropriate delivery
systems for BMP-2 to extend its blood circulation time, achieve
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sustained local lease, and at the same time to avoid the adverse
effects such as the burst release (23).

In searching for such delivery system, it is noticed that
chitosan (CS), a cationic polysaccharide, has been widely
used as a drug carrier due to its good biocompatibility and
biodegradability and CS-based microsphere have shown
some distinct advantages in delivery of various bio-active
species (24). It has been demonstrated that CS-based micro-
spheres as a drug delivery system (DDS) is able to reduce
side effects, improve drug stability and enhance therapeutic
efficacy of drugs and proteins (25,26).

In our previous study, we successfully prepared rhBMP-2
loaded CS microsphere. However, the entrapment efficiency
and drug loading ratio (mass ratio of protein to carrier of the
microsphere) were quite low, presumably because of the low
binding affinity of CS towards BMP-2. On the other hand,
it was reported that dextran sulfate (DS) sodium, a sulfated
anionic polysaccharide, showed fairly strong affinity towards
proteins, which have heparin or heparan sulfate glycosami-
noglycans, such as thBMP-2 (27,28). Furthermore, it was
reported that CS and DS could form stable polyelectrolyte
complexes (PECs) which could efficiently encapsulate and
stabilize therapeutic proteins (29,30). It has also been demon-
strated that heparin sulfate glucose amino glucan could be
utilized to adjust the biological activity of exogenous growth
factors (31). According to the above, we hypothesized that,
by introducing DS as the BMP-2 binding component in to
our CS-microsphere delivery vehicles, the encapsulation effi-
ciency would be greatly enhanced. And more importantly, the
polyelectrolyte complexes formed by CS and DS might signif-
icantly increase the stability of the resulting protein-loaded
delivery assembly.

Herein, we reported the preparation of CS/DS based
microspheres as an efficient delivery vehicle for recombi-
nant human bone morphogenetic protein-2 (rhBMP-2). Our
preliminary study revealed that our CS/DS based microsphere
has high entrapment efficiency (85.6+3%) and high drug
loading ratio (47.245+3.321 ug/mg) for thBMP-2, as well as
sustained release kinetics and good osteogenic activity. This
study may provide new orientation for bone tissue engineering
for repairing and regeneration of bone defects in clinic.

Materials and methods

Preparation of DS/CS blank microsphere. A certain amount
of CS, molecular weight ranging from 50,000-190,000,
off 85% of the acetic acid, Shanghai Aladdin Bio-Chem
Technology Co., Ltd., (Shanghai, China) was dissolved in
0.175% (V/V) acetic acid to prepare 1 mg/ml CS solution which
was then filtered successively through 0.45 ym-diameter
membrane and 0.22 ym-diameter membrane. DS soluble
to double-distilled water was weighed and prepared into
1 mg/ml DS solution which was then filtered successively
through 0.45 ym-diameter membrane and 0.22 ym-diameter
membranes. 0.2 ml DS (molecular weight 500,000, Shanghai
Aladdin Bio-Chem Technology Co., Ltd.) was taken and
stirred at a speed of 1,500 rpm/min, following by addition
of further proportion of CS with 0.1 ml ZnSO,, which were
stirred continuously for 30 min. Thereafter, the microsphere
was moved to a centrifuge tube which was supplemented

XIA et al: DELIVERY OF rhBMP-2 BY DEXTRAN SULFATE-CHITOSAN MICROSPHERES

with 5% mannitol and then centrifuged for 15 min at 4°C,
15,000 rpm/min. The supernatant was discarded and the
microsphere was lyophilized for use after centrifugation.

Preparation of CS/DS/rhBMP-2 microsphere. After prepara-
tion of CS and DS solutions as described above, 0.2 ml DS
and 0.04 ml rhBMP-2 were added and stirred at a speed of
1,500 rpm for 20 min. Then, 0.12 ml CS solution was added
following with addition of 0.1 m ZnSO, 5 min later, which were
stirred continuously for 30 min. The microsphere was moved
to a centrifuge tube which was supplemented with 5% mannitol
and then centrifuged for 15 min at 4°C, 15,000 rpm/min. The
supernatant was discarded and the microsphere were lyophi-
lized for use after centrifugation for three times.

Characterization of CS/DS/rhBMP-2 microsphere. The
average particle size of CS/DS/rhBMP-2 nanoparticles,
particle size distribution, and the dispersion of potential value
were evaluated. The DS and CS solutions were added with
a pipette according to a certain mass ratio (10:1~10:11), and
were stirred to form a uniform state at room temperature to
obtain the DS/CS complex solution. Analyzing grain diameter
of DS/CS blank microsphere was conducted by Zeta poten-
tial to determine the best quality ratio. According to above
experiment, the DS:CS ratio was set to 10:6, and the ratio of
DS:CS:rhBMP-2 was set to 10:6:1, 10:6:1.2, 10:6:1.5, 10:6:2,
10:6:2.5, 10:6:3 to find the optimized mass ratio.

The microsphere morphology of the CS/DS/rhBMP-2
microsphere was observed by a scanning electron microscope
(S-4800; Hitachi, Ltd., Tokyo, Japan) and a three-dimensional
morphology was obtained using an atomic force microscope
(S-5500; Hitachi, Ltd.). Briefly, the CS/DS/rhBMP-2 micro-
sphere solution was dropped on a uniformly thin layer on
a silicon wafer after diluted, and then was observed after
freeze-drying. Then, a high-resolution Zeta potential and
particle size analyzer (Brookhaven American Company) was
used to determine the average particle size, size distribution,
and the potential of the dispersion of potential value.

Determination of the entrapment efficiency and drug loading
ratio. The supernatant liquid was collected after centrifugation.
The drug loading rate and entrapment efficiency of rhBMP-2
CS nanoparticles were calcula'ted by detecting the amount of
rhBMP-2 in the supernatant with Enzyme-linked immuno-
sorbent assay (ELISA) kit (RayBiotech, Norcross, GA, USA).
The absorbance [optical density (OD)] of the supernatant was
determined at value A450 according to ELISA kit instructions
and the standard curve was drawn. All experiments were
performed in triplicate. Calculation formulas for entrapment
efficiency and drug loading ratio were as follows:

_(Total quality of rhBMP —2)—(rhBMP — 2inupernatants)

Drug loading= =100

Total quality of microspheres

Entrapment efficiency= (Toral quality of rhBMP —2)—(rhBMP - 2insupernatanis)) «100%
Total quality of rhBMP -2

In vitro sustained release profile. 50 mg CS/DS/rhBMP-2
microsphere was added with 2 ml phosphate buffer solution
with pH 7.4, following with ultrasonic vibration at room
temperature for 10 min. The solution was centrifuged for
15 min at the speed of 15,000 rpm/min. 100 ml supernatant
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was taken at 6, 12, 18, 24, 48, and 72 h every 3 days and
was ultrasonically oscillated with 100 ml PBS. The content
of thBMP-2 in the supernatant was measured by ELISA
kit as described above. All experiments were performed in
triplicate.

Biocompatibility assessment

Extracts preparation. 1 g CS/DS/thBMP-2 composite micro-
sphere and 1 g CS/DS sample blank microsphere were added
into two flasks respectively, following by addition of 40 ml
RPMI1640 medium ml (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) to each flask. The flasks were placed
in a cell incubator (37°C, 5% CO,) (V/V) and were cultured
for 24 h, sterilized by microporous membrane (0.22 ym), and
stored at 4°C.

Cell culture. The 1929 cells (provided by General Hospital of
Guangzhou Military Command, department of Experimental
Medicine) were thawed 1~2 min at 37°C water bath, and then
15 ml L929 cells liquid were sterilized 30 min using the
UV ultra-bacteria station. Cells were then centrifuged for
5 min, 1,000 rpm/min. The supernatant was discarded, and
cells were re-suspended with the H-DMEM medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine
serum (FBS) (V/V) (Gibco; Thermo Fisher Scientific, Inc.),
and cultured at the condition of 37°C, 5% CO,. Cells in the
logarithmic phase were trypsinized and formulated into cell
suspension of concentration of 1x10%/ml. Then cells were
seeded in 96-well culture plate with 100 yl per hole and
cultured under 37°C, 5% CO,.

MTT assay. Samples were divided into CS/DS/rhBMP-2
composite microsphere (200 ng/ml) group, rhBMP-2
(200 ng/ml group, CS/DS blank microsphere (200 ng/ml)
group and control group; each group contained three parallel
samples. 10 yl MTT (5 mg/ml) was added for each group at
1, 3,5, 7 days. The relative growth rate (RGR of each group
of cells was detected at the OD of 490 after cultured for 4 h,
namely (experimental group OD/negative control OD x100%.

Cytotoxicity evaluation. Cytotoxicity was evaluated according
to the United States Pharmacopoeia cytotoxic grading stan-
dards (32), 0 level: RGR=100; 1 level: 75~99; 2 level: 50~74;
3 level: 25-49; 4 level: 2~14; 5 level: 0.

Differentiation and proliferation studies of BMSCs-C57 cells
BMSCs-C57 subculture experiments. Cells were divided
into four groups: CS/DS/rhBMP-2 microsphere group, added
with CS/DS/rhBMP-2 composite microsphere (concentra-
tion of the drug in accordance with the conversion rate,
rhBMP-2 concentration of 200 ug/l); hBMP-2 group, added
with thBMP-2 (200 ug/l); CS/DS group, added with CS/DS
microsphere; blank control group. Cultured the BMSCs-C57
of third generation was cultured, and the growth of cells was
observed every day. Cells were cultured after digestion with
0.25% trypsin when convergence rate>80%.

Proliferation assessment of BMSCs-C57cells. Proliferation
of BMSCs-C57 cells was determined using MTT
method. Cell culture and MTT procedure were described
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as above. Cell proliferation in each group was determined at
2,4 and 6 days.

Differentiation analysis of BMSCs-C57 cells. The differ-
entiation analysis of BMSCs-C57 cells was conducted by
detecting the alkaline phosphatase (ALP) activity of different
groups of cells when cultured at 1, 3,5, 7,9, 11 and 14 days
using an Alkaline Phosphatase Detection Kit (Nanjing built
Biotechnology Co., Ltd., China). The growth of calcium
nodules in each group was observed by alizarin red staining.

Statistical analysis. Results were expressed as mean + stan-
dard deviation (SD) from three or more separate experiments.
All the data were analyzed by SPSS v19.0 statistic package
software. The statistical differences were analyzed by using
the ANOVA test. Pairwise comparisons in two groups were
analyzed by the Student's t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Characterization and optimization of microspheres.
Representative SEM images of CS/DS/rhBMP-2 are shown
in Fig. 1. It could be observed that prepared CS/DS/rhBMP-2
nano-composites with smooth surfaces were spherical and
evenly disperses without obvious agglomeration, which
suggested the successful formation of the microspheres. As
shown in Table I, the diameter of the CS/DS/rhBMP-2 micro-
sphere could be adjusted between 200 nm ~900 nm. When
the mass ratio of DS and CS was 10:1, the grain diameter was
larger than 1 ym. The diameter of CS/DS microsphere was
928.2+8.8 nm when mass ratio of DS:CS was 10:2. It was
found that the increase of CS/DS mass ratio would lead to
decrease of the diameter of the resulting microsphere. When
the mass ratio of DS/CS reached 10:6, the particle diameter
of the microsphere was around 217 nm and the polydisper-
sity was the narrowest (0.221+£0.008). The particle diameter
of CS/DS microsphere increased when more CS was added.
When mass ratio of DS:CS was over 10:10, the diameter of
CS/DS microsphere was larger than 1 ym.

Table IT shows the average particle size,degree of dispersion
and Zeta potential values of CS/DS/rhBMP-2 microspheres
with different DS: CS: rhBMP-2 mass ratios. It was found that
when the mass ratio of DS: CS: thBMP-2 was 10: 6: 1.2, the
average particle size of CS/DS/rhBMP-2 microsphere is about
248.1 nm, polydispersity was about 0.188, Zeta potential value
was about -9.55 mV. Under this mass ratio, CS/DS/rhBMP-2
microspheres had the optimized stability, good dispersion and
the appropriate diameter for delivery purpose, which were
used for our further studies.

Drug loading ratio, entrapment efficiency and release Kinetics
of rhBMP-2. CS/DS/microspheres showed the highest entrap-
ment efficiency of 85.6+3%, and the highest the drug loading
ratio (thBMP-2 to CS/DS/microspheres of 47.245+3.321 ug/mg).
It was observed that the microsphere release started to undergo
a sudden release period in vitro 2 h after the experiment, and
the release concentration reached a peak at day 4, followed by a
slow decline. The release cycle lasted about 20 days, which was
well consistent with a biphasic release kinetic model (Fig. 2).
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Table I. Grain diameter, dispersion and Zeta potential values
of DS/CS microsphere under different mass ratios of DS:CS.

R(DS:CS) Particle (nm) Polydispersity Zeta potential (mV)

10:2 928.2+8.8  0.205+£0.012 -23.8240.68
10:3 725.1+12.8 0.212+0.017 -16.24+3.25
10:5 2123115 0.214+0.004 -16.61+£1.57
10:6 2172157 0.221+0.008 -16.50+0.76
10:9 930.7£14.5 0.061+£0.072 -11.35+5.60

Data are presented as the mean + standard deviation. CS, chitosan;
DS, dextran sulfate.

Table II. Grain diameter, dispersion and Zeta potential values
of CS/DS/rhBMP-2 microsphere under different mass ratios of
DS:CS:rhBMP-2.

R(DS:CS: Zeta
rhBMP-2) Particle (nm) Polydispersity  Potential (mV)
10:6:1 247.9+10.8 0.121+0.032 -15.61x1.75
10:6:1.2 248.1+£2.7 0.188+0.012 -9.55+1.54
10:6:1.5 264.6+2 .4 0.122+0.048 -9.88+2.69
10:6:2 259.3+3.1 0.182+0.023 -8.40+1.81
10:6:2.5 252.5+3.2 0.167+0.002 -7.96+4.22
10:6:3 266.2+2 .4 0.185+0.017 -17.80+0.49

Data are presented as the mean + standard deviation. CS, chitosan;
DS, dextran sulfate; hBMP-2, recombinant human bone morphoge-
netic protein 2.

CS/DS/ and CS/DS/rhBMP-2 microspheres had no effect on
BMSCs-C57 cells proliferation. MTT assay was conducted
to measure the effect of different kinds of microspheres on
BMSCs-C57 cells. Results showed that in all cell groups, the
cell morphology were normal, fusiform or polygonal, cell
bodies were plump and no significant difference were noticed
among the groups (Fig. 3), suggesting that microspheres didn't
show significant effect on cells. After cultured 2, 4, 6 days,
results of OD values of all BMSCs-C57 cells also showed no
significant difference (P>0.05, Table III).

Effect of CS/DS/ and CS/DS/rhBMP-2 microspheres on
differentiation of BMSCs-C57 cells. To investigate the
effects of different microspheres on differentiation of
BMSCs-C57 cells, the ALP assay of BMSCs-C57 cells and
alizarin red staining were performed. Results showed that
in CS/DS/rhBMP-2 microsphere group, ALP activity was
significantly lower than rhBMP-2 group, (P<0.05, Table IV
and Fig. 4), but when cultured 5 days, the ALP activity of
CS/DS/rhBMP-2 microsphere group was significantly
higher than other 3 groups (P<0.05, Table IV and Fig. 4);
and the ALP activity of BMSCs-C57 in rhBMP-2 group was
significantly higher than CS/DS group and control group,
(P<0.05, Table I'V and Fig. 4). These results suggested that
CS/DS/thBMP-2 microsphere had stronger ability to induce
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Figure 1. (A) Scanning electron microscope images and (B) atomic force
microscopy images of CS-DS/rhBMP-2 microspheres. CS, chitosan; DS,
dextran sulfate ; recombinant human bone morphogenetic protein 2.
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Figure 2. rhBMP-2 release profiles for CS-DS. Data are presented as the
mean #* standard deviation (n=3). rhBMP-2, recombinant human bone
morphogenetic protein 2. CS, chitosan; DS, dextran sulfate.

Figure 3. Microscopic images of BMSCs-C57 in the (A) CS/DS/rhBMP-2,
(B) hBMP-2, (C) CS/DS (D) and control groups (magnification, x200). CS,
chitosan; DS, dextran sulfate; rhBMP-2, recombinant human bone morpho-
genetic protein 2.

ALP activity in a long term period. Results of alizarin
red staining also showed that after osteogenic culturing
for 14 days, clear crystal formation in BMSCs-C57 cells
could be found in CS/DS/rhBMP-2 microsphere group and
rhBMP-2 group. Cells showed multilayered structure and
granular materials could be seen clearly on the cell surface.
However there was no appreciable formation of calcium
nodules in CS/DS group and the control group (Fig. 5), which
further demonstrated the differentiation induction ability of
CS/DS/thBMP-2 microsphere.
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Table III. Optical density values of BMSC-C57 at different time points of the different groups co-cultured with bone marrow
mesenchymal stem cells-C57

Culture time (days)

Group 2 4 6

CS/DS/rhBMP-2 microsphere 0.606+0.054 1.266+0.124 2.752+0.254
rhBMP-2 0.632+0.076* 1.256+0.142* 1.985+0.171*
CS/DS 0.574+0.027* 1.196+0.054* 1.984+0.100*
Blank control 0.611+£0.063* 1.105+0.112* 2.325+0.245*

Data are presented as the mean + standard deviation (n=4). ‘P<0.05 vs. CS/DS/thBMP-2 group. CS, chitosan; DS, dextran sulfate; rhBMP-2,

recombinant human bone morphogenetic protein 2.

Table I'V. Alkaline phosphatase activity of bone marrow mesenchymal stem cells-C57 in each group.

Training time (days)

Group 1 3 5 7 9 11 14
CS/DS/thBMP-2 0.103+0.003 0.151+0.009 0.293+0.006  0.325+0.007 0.337+0.008  0.375+0.007  0.412+0.005
microsphere

rhBMP-2 0.105+0.007 0.193+£0.005* 0.215+£0.009* 0.217£0.007* 0.217+0.007* 0.248+0.008* 0.283+0.010*
CS/DS 0.103£0.009 0.107+£0.005*" 0.107+0.009*" 0.107+0.008*" 0.117+0.009** 0.117+0.009** 0.161+0.019*"
Blank control 0.105+£0.007 0.105£0.009*" 0.108+0.004*" 0.109+£0.003*" 0.117+0.009** 0.137+£0.009*" 0.141+0.004*"
F-value 0.525 11.029 14.422 21.819 22.577 23.894 23,076
P-value 0.618 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Data are presented as the mean + standard deviation optical densitys values (n=4). “P<0.05 vs. CS/DS/thBMP-2 group; °P<0.05 vs. hBMP-2
group. CS, chitosan; DS, dextran sulfate; rhBMP-2, recombinant human bone morphogenetic protein 2.
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Figure 4. Trend graph of the ALP activity of bone marrow mesenchymal
stem cells-C57 in each group. Data are presented as the mean + standard
deviation (n=4). A, CS/DS/rhBMP-2 microsphere group; B, hBMP-2 group;
C, CS/DS group; D, control group; ALP, alkaline phosphatase; CS, chitosan;
DS, dextran sulfate; rhBMP-2, recombinant human bone morphogenetic
protein 2; OD, optical density.

The biocompatibility of CS/DS/rhBMP-2 microsphere. At
last we determined The biocompatibility of CS/DS/rhBMP-2
microsphere using toxicity test. Morphology study showed
that the sub-cultured L929 cells were fully extended, spindle
or polygonal and the nuclei were clear to be seen and appeared

circular or oval (Fig. 6). The results of the cytotoxicity evalu-
ation carried on L1929 cells were shown in Table V and Fig. 7.
After incubation for 7 days, there was no significant difference
in OD values for CS/DS/thBMP-2 microsphere group and
other groups (P>0.05. And the toxicity grading was between
level 0 and 1. These results indicated that CS/DS/rhBMP-2
microsphere and CS/DS blank microsphere (200 ng/ml) were
not toxic to L929 cells in the concentrations studied.

Discussion

Microspheres are known as carriers to significantly enhance the
efficacy of loaded therapeutics (33).In this study, we employ an
organic solvent-free method to fabricate CS/DS polyelectrolyte
complex based microspheres that can efficiently entrap and
stabilize hBMP-2 protein. BMP-2 was first bound to anionic
DS, DS sodium, with its heparin binding domain, then forms
polyelectrolyte complex with a cationic polymer, CS, to form the
protein-loaded CS/DS microspheres (28). The morphology and
size of resultant CS/DS/rhBMP-2 microsphere were characterized
and results showed that the protein-loaded CS/DS microspheres
had smooth surfaces and evenly dispersed without obvious
agglomeration in solution, suggesting successfully construction of
the delivery system. The diameter of the CS/DS/rhBMP-2 micro-
sphere can be adjusted between 200 to 900 nm the optimized
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Figure 5. Microscopic images of Alizarin Red staining displaying the forma-
tion of calcium nodules in BMSCs-C57 cells following osteogenic culturing
for 14 days in (A) CS/DS/rhBMP-2 microsphere group, (B) thBMP-2 group,
(C) CS/DS group and (D) control group. Blue arrows indicate calcium
nodules. Scale bars=2 ym. CS, chitosan; DS, dextran sulfate; rhBMP-2,
recombinant human bone morphogenetic protein 2.

Figure 6. Microscopic image of recovered sub-cultured 1.929 cells (magni-
fication, x200).

mass ratio of DS:CS:rhBMP-2 was found to be 10: 6: 1.2. At this
mass ratio, the average particle size of CS/DS/rhBMP-2 micro-
sphere was about 248.1 nm, the polydispersity was around 0.188
and Zeta potential value was -9.55 mV.

Then, the entrapment efficiency, drug loading rate, and
invitro release profile of the CS/DS/rhBMP-2 microspheres were
assessed by an enzyme-linked immunosorbent assay (ELISA).
The entrapment efficiency and protein to carrier loading ratio
were found to be 85.6% and 47.245 ug/mg, respectively, which
were higher than that of CS/BMP-2 microsphere. It confirmed
our hypothesis that introduction of DS as the BMP-2 binding
component to our CS based delivery vehicle could greatly
enhance the encapsulation efficiency and protein to carrier
loading ratio. The results of in vitro release studies suggested
that burst effect of loaded microsphere was avoided. In fact,
around 20% of entrapped protein was released in the first two
hour and at day 4, the release reached a peak, followed by a
slow decline. The release lasted about 20 days, which is in
consistent with a biphasic release kinetic model. It was likely
that the observed release in first 4 days could be attributed to the
relatively weak binding force between CS and thBMP-2 in the
microspheres. After that, rhBMP-2 that was strongly bounded
with DS was gradually released. Next, the cell cytotoxicity of
the CS/DS/rhBMP-2 microsphere to the mouse fibroblasts L929
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Table V. Optical density values, relative growth ratio and
toxicity grading of each group following incubation with L.929
cells.

Relative growth Toxicity

Group Optical density ratio (%) grading
CS/DS/tThBMP-2 0.468+0.0123 102.41 0
microsphere

rhBMP-2 0.454+0.0161 99.34 1
CS/DS 0.470+0.00723 102.85

Blank control 0.457+0.00265 100.00 0

Data are presented as the mean + standard deviation (n=3). CS,
chitosan; DS, dextran sulfate; thBMP-2, recombinant human bone
morphogenetic protein 2.
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Figure 7. Cytotoxicity influence on L929 cells in each group at different time
points revealed by an MTT assay. Data are presented as the mean + standard
deviation. CS, chitosan; DS, dextran sulfate; rhBMP-2, recombinant human
bone morphogenetic protein 2; OD, optical density.

cell was assessed by MTT assay. The data showed that the RGR
value of CS/DS/thBMP-2 microsphere is 102.41%, the cytotox-
icity level is 0. The OD values of CS/DS/rhBMP-2 microsphere
group and DS/CS blank microsphere group co-cultured with
1929 were not statistically significant, P>0.05, and the toxicity
grading was found to be between 0 and 1. These results indicated
that CS/DS/rhBMP-2 microsphere had good biocompatibility.
The osteogenic effect of CS/DS/rhBMP-2 microsphere on
bone marrow stromal cells (BMSCs-C57) was investigated.
BMSCs are widely used as seed cells for tissue engineering.
Also, they possess multiple differentiation potential and can
be induced to differentiate into a variety of cell types (34,35).
It is known that BMP-2 can induce BMSC's differentiation,
stimulate ALP activities and matrix calcification (36). In
CS/DS/thBMP-2 group, rhBMP-2 group, CS/DS group and
negative control group, the form of cells in each group looked
fusiform or polygonal, cell body appeared plump, and the
cell nucleus were found to be large and clear, no significant
differences among the four groups were observed. In addition,
there were no significant differences (P>0.05) in the OD values
of each group. These results suggested that thBMP-2 loaded
CS/DS microsphere, CS/DS microsphere, and free rhBMP-2,
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do not have significantly effect of promoting the proliferation
of BMSCs-C57. ALP, as a biological mineralization marker,
ALP assay is usually used to verify cell osteogenic transforma-
tion and matrix calcification osteoinductive (37). RhBMP-2
loaded CS/DS microspheres were found to induce increase
of ALP level in BMSCs-C57, which indicated that they had
significantly ability of promoting differentiation of BMSCs,
which might be due to controlled release of rhBMP-2 from the
microspheres. In contrary, hBMP-2, blank CS/DS microsphere
and the control group did not show appreciable differentiation
of BMSCs. Herford et al (38), demonstrated that the addition of
rhBMP?2 into the between of the bone fragment induced a rapid
increase in hard and soft tissue healing, which is in consistent
with our study. Calcium nodule formation were checked with
an optical microscope by Alizarin Red staining protocol, it was
found that, no calcium nodules after incubation for 7 days in
any groups. After 14 days, the calcium nodule growth in the
group of thBMP-2 loaded CS/DS microsphere could be clearly
observed but not in the thBMP-2 group, CS/DS blank micro-
sphere group or control group, which suggested that thBMP-2
loaded CS/DS microsphere were able to promoted calcium
nodule formation in BMSC cells. All these results verified our
assumption that the polyelectrolyte complexes formed between
CS and DS indeed significantly increase the osteogenic activity
of the encapsulated BMP-2 protein.

The present study also has some limitations. First, we
only used ALP activity and the growth condition of calcium
nodules to demonstrate the effects of rhBMP-2 CS nanopar-
ticles on cell differentiation and didn't investigate alteration
of differentiation related proteins. Secondly, it is unclear
that which signaling pathways are involved in the progress
for the regulation of rhBMP-2 CS nanoparticles on the cell
differentiation. At last the potential clinical use for trhBMP-2
CS nanoparticles is still far away and needs further studies to
improve the process.

In summary, DS-CS microspheres were prepared by an
ionic cross-linking method. The resultant microsphere could
efficiently entrap rhBMP-2 and formed stable rhBMP-2 loaded
CS/DS microspheres. By varying mass ratio of DS:CS:rhBMP-2,
stable microspheres with suitable particle size could be
fabricated. Sustained release of thBMP-2 from the CS/DS
microspheres was observed. RhBMP-2 loaded CS/DS micro-
spheres showed good bio-compatibility and could increase the
osteogenic activity of the encapsulated BMP-2. Our results
suggested that microspheres from CS/DS based polyelectrolyte
complexes might have great potential as carriers of therapeutic
proteins in bone tissue engineering.
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