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Abstract Bone morphogenetic proteins (BMPs) and 45S5
Bioglass® microspheres (bioactive GM) can increase the
differentiation of osteoblasts. Recombinant human BMP-2
(thBMP-2) is presently the BMP most frequently used in de-
livery systems and it has already been used in clinical bone
healing studies. We have developed a delivery system that
combines a collagen Type I gel, BMP and bioactive GM.
Since BMP-9 seems to be more osteogenic than BMP-2, we
compared the differentiation of MC3T3-El preosteoblasts
induced by our delivery system containing either a peptide
derived from BMP-9 (pBMP-9), or thBMP-2, both at 100
ng/mL. After 5 days, alkaline phosphatase staining showed
that pPBMP-9 induced more differentiation than rhBMP-2 in
all experimental conditions. Also, bioactive GM increased
this BMP effect. Since preosteoblasts secreted matrix met-
alloproteinases (MMPs) that can degrade collagen, we then
studied the influence of the delivery system on MMPs pro-
duction. We observed that MMP-2 was the major MMP in-
volved in all experimental conditions. In addition, pPBMP-9
with bioactive GM generated less MMP-2 than did rhBMP-
2 on days 3 and 5. Thus, a delivery system using collagen
Type I gel with pBMP-9 and bioactive GM seems to be a
promising system for bone regeneration.

1 Introduction

Several growth factors, including bone morphogenetic pro-
teins (BMP), transforming growth factor beta, fibroblast
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growth factor and insulin-like growth factor, stimulate bone
regeneration [1]. In 1965, Urist discovered the osteoinduc-
tive properties of demineralised bone matrix due to BMPs
[2]. The BMP concentration in the demineralised bone matrix
was estimated to be 1-2 pg in akg of bone [3, 4]. BMPs were
subsequently cloned and recombinant proteins produced had
also osteoinductive properties [1, 3].

Most clinical trials have used BMP family growth factors,
especially BMP-2 [5, 6]. In vitro, BMP-2 regulates osteoblast
differentiation [7, 8] and can also stimulate bone resorption
by directly stimulating the differentiation of osteoclasts and
activating mature osteoclasts [9, 10]. While BMP-2 can ac-
celerate the healing of closed fracture in small animals like
rabbits, it is much less effective in larger animals because
not enough of it is retained at the repair site [11]. Pharma-
cokinetic studies have also demonstrated that the half life of
BMP-2 in nonhuman primates is about 6.7 min [10]. There-
fore, new strategies have been developed that combine BMP-
2 with implanted carriers to avoid the growth factor degra-
dation and improve its concentration at the bone repair site.
BMP delivery system using carriers must be biocompatible,
biodegradable, malleable, easy to handle, sterilizable and act
as a stable structural support for cell colonization, prolifera-
tion and differentiation [1, 12, 13]. Implantable carriers can
be made from natural polymers, such as collagen, chitosan,
hyaluronic acid, and synthetic materials like poly(lactide co-
glycolide) [1, 12, 14-17]. Since collagen Type I is the most
abundant component of the extracellular bone matrix synthe-
sized by osteoblasts, most delivery systems used this weakly
immunogenic protein [14]. Collagen can also be treated with
enzymes and/or by chemical or physical treatments during
preparation to control biodegradation in vivo and decrease its
immunogenic properties [12]. Delivery systems combining
BMP-2 and collagen have received USA Food and Drug Ad-
ministration approval for clinical trials. For example, Infuse®
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bone graft is used to treat spine degenerative diseases and the
healing of tibia fractures [12, 13].

Some studies have also demonstrated the effects of com-
posite carriers using collagen and bioactive glass micro-
spheres (bioactive GM) on osteoblast differentiation and
bone formation [18, 19]. Bioactive GM stimulate the for-
mation of apatite at rates that depend on their porosity and
formulation, especially CaO and P,Os [19]. For example,
4585 Bioglass® triggers the formation of induced apatite in
half a day in vitro [20]. These bioactive GM can support 0s-
teoblast growth in vitro and favour osteoblast differentiation
by stimulating the synthesis of phenotypic markers like al-
kaline phosphatase (ALP), collagen Type I and osteocalcin
(00) [21-24].

But, osteoblasts also secrete matrix metalloproteinases
(MMPs) during their differentiation. The MMP is a large
class of proteinases, whose 23 members are involved in the
degradation and remodelling of the organic bone matrix [25—
27]. However, few studies have analyzed the impact of a com-
plex delivery system on the ability of cells to secrete MMP
[26, 28].

We have therefore developed a delivery system combin-
ing collagen Type I, BMP and bioactive GM. MC3T3-E1
preosteoblasts were used as a model of osteogenesis in vitro
since their developmental sequence is typical of osteoblasts;
they produce marker proteins like ALP, collagen Type I and
OC [8]. Similarly with numerous in vitro studies, we used
100 ng/mL recombinant human BMP-2 (thBMP-2) [29-32].
Since BMP-9 increases the ALP activity of osteoblasts more
than does BMP-2 [5], we have analyzed the impact of a pep-
tide derived from BMP-9 (pBMP-9) when included in the
delivery system. We first characterized the collagen Type I
extracted from rat tail tendons. We then analyzed the size
distribution of bioactive GM with reference to plain silicon
oxide microspheres (plain GM). The third step was to de-
termine the release of thBMP-2 from the delivery system.
Finally, we compared the influence of rhBMP-2 and pBMP-
9 on preosteoblast differentiation and the secretion of MMPs
by these cells.

2 Materials and methods
2.1 Cells

Murine calvarial preosteoblasts MC3T3-E1 (CRL-2594™,
ATCC®, Manassas, VA, USA) were grown at 37°C in
Minimum Essential Medium (MEM) alpha medium with-
out ascorbic acid (¢-MEM, Gibco®, Grand Island, NY,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Sigma, Oakville, Canada), 2 mM L-Glutamine
(Invitrogen™, Burlington, ON, Canada), 100 U/mL peni-
cillin (Gibco) and 100 pg/mL streptomycin (Gibco) under a
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humidified 5% CO, atmosphere. Cells were used for exper-
iments between passages 3 and 12. Cells were removed by
trypsinization (Invitrogen), suspended in ¢«-MEM with 10%
FBS and seeded in 24-well cell culture plates (4 x 10*/cm?).
When cells reached 90% confluence, the medium was re-
placed with «-MEM without FBS for one day. The medium
was then replaced with 500 uL «-MEM without FBS and
the delivery system was introduced.

Cell viability was determined by flow cytometer (Guava
EasyCyte™ System, Guava Technologies, Hayward, CA,
USA) and the Guava ViaCount® Assay kit, used as in the
manufacturer’s instructions. Apoptotic cells were also mea-
sured by flow cytometry analysis after staining for annexin
V, a calcium-dependent phospholipid-binding protein and/or
7-amino actinomycin, which binds to membranes whose in-
tegrity has been altered (Guava Nexin™ Assay kit, Guava
Technologies).

2.2 Collagen matrix

Collagen Type [ was extracted from rat tail tendons in ethanol
95% and dried overnight under a UV lamp. Tendons (1 cm
lengths) were dissolved by placing them in 0.5 N acetic acid
at4°C, with gentle magnetic stirring for 4 days. The resulting
collagen solution was centrifuged at 30 000 g for 60 min. The
supernatant containing collagen Type I was stored at —20°C.
Collagen Type I was first immunoprecipitated. Commercial
rat tail collagen Type I (Sigma) was used as a control. Each
source of collagen (100 pg in 500 uL) was incubated with
20 uL protein G-agarose beads (Sigma) and 2 pg primary
mouse antibodies directed against collagen Type I (COL-1,
Sigma) for 120 min at 4°C in a tube rotator. Any non-specific
binding was removed by washing three times with ice-cold
phosphate-buffered saline (PBS). The washed protein-bead
complex was then boiled with 50 xL NuPAGE® LDS 1x
sample buffer (Invitrogen). Collagen was resolved by elec-
trophoresis at 50 V for 5 h on 7.5% SDS-PAGE gel (Bio-Rad
Laboratories, Mississauga, ON, Canada). The gels were then
stained with Coomassie solution (0.25% Coomassie® Bril-
liant Blue G-250 (w:v); Pierce Biotechnology, Rockford, IL,
USA), 40% (v/v) methanol and 10% (v/v) acetic acid) for
30 min. Then, they were destained three times for 10 min in
aqueous 40% (v/v) methanol, 10% (v/v) acetic acid and dried
in Gel-Dry™ Drying Solution (Invitrogen). The purity of the
extracted collagen from rat tail tendons was then determined
by dot blot analysis. Commercial collagen was again used
as a control. Aliquots (4 x 10 uL) of each collagen solu-
tion were applied to a porous (0.45 um) nitrocellulose mem-
brane (Bio-Rad Laboratories). Non-specific binding sites on
the membrane were blocked by incubating it with 5% non-
fat dried milk in PBS containing 0.1% (v/v) Tween 20™
(Sigma) for 60 min at room temperature. Collagens Type I
and V were identified using specific antibodies (COL-1 and
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V-3C9). COL-1 recognizes native helical collagen Type I
(Sigma) while V-3C9 recognizes collagen Type V (Chemi-
con, Temecula, CA, USA). The primary antibody was diluted
in 1% non-fat dried milk in PBS containing 0.1% Tween
20 (COL-1, 1:1000; V-3C9, 1:1000). Membranes were in-
cubated with the primary antibody at 37°C for 120 min.
They were then incubated with anti-mouse IgG peroxidase
(1: 20,000 in 1% non-fat dry milk in PBS plus 0.1% Tween
20, Sigma) for 120 min at room temperature. Membranes
were rinsed 5 times for 10 min with PBS plus 0.1% Tween 20
between each step and immunoreactions identified by chemi-
Iuminescence (ECL, Chemicon), according to the manufac-
turer’s instructions. Lastly, the membranes were exposed to
X-ray films (Fisher Scientific, Nepean, ON, Canada).

2.3 Microspheres

Plain silicon oxide microspheres (Plain GM, Corpuscular,
Mahopac, NY, USA) and commercial 45S5 Bioglass® mi-
crospheres (Bioactive GM, MO-SCI, Rolla, MO, USA) were
used at 1 mg/mL in the delivery system. Plain GM contained
only SiO,while bioactive GM contained (in weight %) 45%
Si0,, 24.5% Na,O, 24.5% CaO and 6% P,0s. Plain and
bioactive GM size distributions were determined by laser
diffractometry using a particle size analyser (Mastersizer
2000, Malvern Instruments, Malvern, UK). Both GM sup-
ported on a carbon coating were metallized with platinum at
20 mA for 30 s under 9x 10~2 mbar Ar atmosphere using the
splutter coater Emitech K550 (Emitech, Houston, TX, USA).
Scanning electron microscope images (S-4000 Hitachi, Mis-
sissauga, ON, Canada, at 3.0 kV, 500 x magnification) were
obtained at a working distance of 8.1 mm for plain GM and
7.8 mm for bioactive GM.

2.4 BMP

rhBMP-2 from Chinese Hamster Ovary (CHO) cells
was purchased from R&D Systems (Minneapolis, MN,
USA). pPBMP-9 (Ac-CGGKVGKACCVPTKLSPISVLYK-
NH,) was synthesized by Celtek Peptides (Nashville, TN,
USA) with a final purity of 98%, then dissolved in ultrapure
water pH 6.3. The isoelectric point (pI) was determined as
previously described by Bjellqvist et al. [33].

2.5 BMP effect

The ALP activity in MC3T3-E1 preosteoblasts that had been
incubated for 1 day with or without pBMP-9 (25, 100,
400 ng/mL), or BMP-2 (50 and 100 ng/mL), in serum-free
medium was assayed. The incubated cells were washed twice
with ice cold PBS and lysed at 4°C in 70 uL 20 mM Tris-
HCI, pH 7.4 containing a tablet of complete mini protease
inhibitors (Roche Diagnostics, Indianapolis, IN, USA). The
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Fig. 1 Diagram of the delivery system

cells were lysed, homogenised and the ALP activity was
measured using the EnzoLyte™ pNPP Alkaline Phosphatase
Assay kit (AnaSpec, San Jose, CA, USA) according to the
manufacturer’s instructions. The ALP activity was read off a
standard curve obtained with ALP concentrations of 0 to 100
ng/mL. Results were normalized to the total protein amounts.

2.6 Delivery system

1 mg/mL GM was included in 1.5 mg/mL collagen diluted
in «-MEM. The collagen suspension was adjusted to pH at
7.4 with 18.75% (v/v) 1N NaOH. thBMP-2 (100 ng/mL)
or pBMP-9 (100 ng/mL) was then added to this solution,
which was placed in cell culture inserts with porous (0.4
um) polyethylene terephthalate membranes (Falcon, Fisher
Scientific) and left to gel. The delivery system (200 uL)
was transferred to 24-well plates containing adherent pre-
osteoblasts cultured in 500 uL «-MEM without FBS (Fig. 1).
Then, «-MEM was added both outside (750 L) and inside
(750 L) the insert. Aliquots (100 nL) of medium were taken
from outside the insert on days 1, 3 and 5 after delivery sys-
tem insertion for the gelatin zymography analysis. Samples
were taken for zymography on day 3 and the surrounding
medium replaced with «-MEM.

2.7 ELISA assay

The delivery system containing collagen Type I, thBMP-2
and bioactive GM as described above was transferred to 24-
well low adhesion plates (Fisher Scientific). Then, «-MEM
was added both outside the insert (1000 nL) and inside it
(1000 uL). Aliquots (150 L) of medium were taken from
outside the insert after 7.5, 15, 30 and 60 min and then
a-MEM was added outside the insert at each time. The sam-
ples were analysed by ELISA assay. Briefly, 96-well ELISA
plates (Falcon, Fisher Scientific) were coated overnight with
100 uL antibodies against hBMP-2 (2 ug/mL , Peprotech,
Rocky Hill, NJ, USA) diluted in 0.1M carbonate buffer, pH
9 and then blocked with 0.5% BSA in PBS plus 0.1% Tween

@ Springer



258

J Mater Sci: Mater Med (2007) 18:255-263

20 (Sigma) for 60 min. Samples (100 wL) were placed in
the wells and incubated for 1 h at 37°C. The wells were then
washed three times with PBS plus 0.1% Tween 20 and then
incubated with 100 puL/well biotinylated antibodies against
rhBMP-2 (0.3 pug/mL, Antigenix America, Huntington, NY,
USA) for 45 min at 37°C. The washed wells were then filled
with 100 pL/well streptavidin-horseradish peroxidase solu-
tion (diluted 1/1000 in 0.1% BSA in PBS plus 0.1% Tween
20, Chemicon) and the plate incubated for 30 min. The per-
oxide colour was developed with o-phenylenediamine dihy-
drochloride substrate (Fast™, Sigma). Then, 100 uL 1N HCI
was placed in each well, and the plates were read spectropho-
tometrically at 492 nm and 540 nm for correction using the
microplate reader Synergy™ HT (BioTek, Winnoski, VT,
USA). Sample concentrations were calculated from a stan-
dard curve generated using thBMP-2 concentrations from 0O
to 100 ng/mL.

2.8 ALP staining

Mouse osteoblast-like cells were stained for ALP on day 5.
Medium was removed and each well was washed twice with
PBS (pH 7.4). The cells were fixed in 60% (v/v) acetone,
40% (v/v) 0.03M citric acid for 30 s, washed twice with wa-
ter and stained with Fast Blue RR salt (0.6 mg/mL; Sigma)
and Naphthol AS-MX phosphate (0.1 mg/mL; Sigma) for 30
min in the dark. The staining solution was removed and pho-
tographs were taken (3 per well) using an Eclipse TE2000-
S microscope equipped with a 10X objective and a Retiga
1300R camera (Nikon, Mississauga, ON, Canada).

2.9 Gelatin zymography

The MMP-2 activity of samples was assayed by gelatin zy-
mography. Briefly, 10 uL of the surrounding medium from
each well was mixed with NuPAGE LDS 4 x sample buffer
(Invitrogen) without either thiol reducing agent or heat denat-
uration. Sample proteins and molecular weight standard (In-
vitrogen) were separated by SDS-PAGE in 7.5% gel copoly-
merized with 1 mg/mL gelatin (Sigma) at 50 V for 5 h. Gels
were rinsed (2 x 30 min) in 2.5% (v/v) Triton X-100 (Sigma)
at room temperature to remove SDS and incubated for 36 h at
37°C in proteolysis buffer (50 mM Tris-HCI pH 7.6, 100 mM
NaCl, 5 mM CaCl, and 0.01% Triton X-100). The gels were
then stained with Coomassie blue for 30 min and destained
in 40% methanol, 10% acetic acid at least three times for 10
min until white bands appeared clearly from the Coomassie
blue background. The destained gels were washed with water
(2 x 10 min) and dried in Gel-Dry™ Drying Solution. Scan-
ning images were obtained using FluorChem™ 5500 (Alpha
Innotech, San Leandro, CA, USA) and the 62 kDabands anal-
ysed with AlphaEaseFC™ Software, version 4.0.1. (Alpha
Innotech). The results from 24 gels were normalized using
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the Coomassie blue background for each staining series of 4
gels.

2.10 Statistics

All statistical computations were performed with GraphPad
Instat® 3.00 software (GraphPad Software Inc., San Diego,
CA, USA). The Student Newman Keuls multiple comparison
test (ANOVA) or Student’s t-test were used. Values were
considered significantly different if p < 0.05.

3 Results
3.1 Characterization of the collagen matrix

The concentration of collagen in the extract was about 3.0
4+ 0.2 mg/mL using the Bradford assay and a commercial
collagen Type I standard. Both commercial and extracted rat
tail tendon collagen showed three bands (about 155, 190 and
210 kDa) when immunoprecipitated with antibodies against
collagen Type I (Fig. 2(A)). The bands from the control com-
mercial collagen were less intense than those from the ex-
tracted collagen. Dot blot experiments (Fig. 2(B)) showed
similar very intense spots specific for collagen Type I and
light spots for collagen Type V from both collagen sources.
Also, the dots for collagen Type V were more intense in
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Fig.2 Proteins (10 L) in the extracted and commercial collagen were
characterised by immunoprecipitation and dot blot. Immunoprecipita-
tion of collagen from both sources with anti-collagen Type I antibody
showed three similar bands (A). Dot blot analysis showed more colla-
gen Type V in the commercial collagen than in the extracted collagen
(B). Three other independent experiments gave similar results
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the commercial collagen than in the extracted rat tail tendon
collagen.

3.2 Microspheres

The plain and bioactive GM samples had similar particle size
distributions (Fig. 3(A)), with a mean diameter of about 25
um. The scanning electron microscope images (Fig. 3(B))
confirmed the spherical shapes of the plain and bioactive GM.

3.3 BMP osteogenic potential

We determined the impact of pBMP-9 (25, 100 and 400
ng/mL) and thBMP-2 (50 and 100 ng/mL) on the differen-
tiation of MC3T3-El cells incubated in serum-free medium
for 1 day by measuring ALP activity (Fig. 4.), a marker of
preosteoblast differentiation [8]. The results are expressed
relative to untreated cells (enzyme activity corresponding to
0.17 £ 0.02 ng ALP/uug proteins). The activity of ALP was
significantly increased in cells incubated with pPBMP-9 or
rhBMP-2 over that of untreated cells. The stimulatory ef-
fects of pBMP-9 and rhBMP-2 were similar.

3.4 Quantification of released BMP

The ELISA assay developed to measure the BMP-2 release
from the delivery system in vitro gave a linear absorbance
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Fig.3 GM size distributions obtained by light scattering (A) and scan-
ning electron microscopy (B)
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Fig. 4 Relative ALP activity of MC3T3-E1 cells (normalized to the
total amount of proteins) as referred to untreated cells on day 1 without
the delivery system. Results are means - SEM of three independent
experiments performed in quadruplicate

response for BMP-2 concentrations from 0 to 25 ng/mL (R?
= 99.8%; Fig. 5(A)). The results of the rhBMP-2 release
(Fig. 5(B)) revealed that the growth factor diffused slowly
(4% after 1 h) and was not influenced by bioactive GM.

Between 0 and 25 ng/mL:
y= 0,0254x + 0,0593
R? = 0,9977
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Fig.5 Quantification of thBMP-2 by ELISA assay. (A) Standard curve
was generated using thBMP-2 concentrations from 0 to 100 ng/mL.
Results are means £ SEM (n = 3). Two other independent experiments
gave similar results. (B) thBMP-2 release profile from the delivery
system at 7.5, 15, 30 and 60 min. Results are means &+ SEM of two
independent experiments performed in duplicate
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(A) Control

rhBMP-2 pBMP-9

(B) Control Plain GM Bioactive GM

(C) Control pBMP-9
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Collagen

Collagen
+ Bioactive
GM

Fig.6 ALP stainingof MC3T3-E1 onday 5 without the delivery system
(A) or using the delivery system in the absence (B) or in the presence of
BMP (C). Two other independent experiments performed in triplicate
gave similar results. The pictures are of representative intra and inter-
experiments for each condition. Bar = 100 um

3.5 Cell differentiation

We analyzed the effect of the delivery system on pre-
osteoblast behaviour on day 5. Flow cytometry gave a cell
viability of over 90%, fewer than 3.5% apoptotic cells under
all experimental conditions. Then, cell differentiation was
indicated by staining for ALP which appeared as small dark

Fig. 7 Zymography gel
performed on 10 uL
surrounding medium on days 1,
3 and 5 without the delivery
system (A) or with the delivery
system (B). This experiment
was performed in triplicate

(B)

dots (arrows, Fig. 6(A), (B) and (C)). Direct stimulation with
rhBMP-2 (no delivery system; Fig. 6(A)) showed more ALP
activity than in the control. pPBMP-9 seemed to have even
more effect than thBMP-2. Tests using the delivery sys-
tem without growth factor (Fig. 6 (B)) indicated that only
bioactive GM increased the ALP staining compared to the
control. Since the results obtained with plain GM were sim-
ilar to those obtained with the control, we only compared
the effect of rhBMP-2 and pBMP-9 with control or bioactive
GM. The ALP staining stimulated by rhBMP-2 and the con-
trol using the delivery system without bioactive GM seemed
similar (Fig. 6(C)), while incubation with pPBMP-9 seemed
to produce greater ALP activity. By contrast, hBMP-2 had a
greater impact than did the control in the presence of bioactive
GM. Incubation with pPBMP-9 seemed to produce the greatest
specific staining, as under other conditions (Fig. 6(C)).

3.6 MMP production

We evaluated the activity of the MMP secreted by pre-
osteoblasts into the serum-free medium by gelatin zymog-
raphy to determine the cell response to the delivery system.
We obtained bands at about 58, 62 and 72 kDa (Fig. 7(A) and
(B)). The major gelatinolytic activity at 62 kDa corresponded
to the active form of MMP-2, while the small 72 kDa band
was the pro-MMP-2 latent form [27, 34]. The 62 kDa band
was analysed densitometrically (Fig. 8(A) and (B)). Since
medium was changed on day 3, the intensity of the 62 kDa
band increased with time (day 1 and 3) under all experimental
conditions, then decreased at day 5.

Without the delivery system (Fig. 8(A)), only pBMP-9
significantly increased MMP-2 compared to the control on
days 1 and 3. Both hBMP- 2 and pBMP-9 seemed to stim-
ulate the production of more intense band than the control
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Fig. 8 Densitometric analysis of the 62 kDa band on zymography gel
without the delivery system (A) or with the delivery system (B). Results
are means = SEM (n = 6)

Plain GM

on day 5. When pBMP-9 was added in the delivery system,
with or without GM, it resulted in a significantly less intense
62 kDa band (Fig. 8(B)) than did direct pPBMP-9 treatment
(Fig. 8(A)) on day 3.

Using the delivery system without GM, thBMP-2 resulted
in significantly more MMP-2 than did pBMP-9 or the con-
trol on day 1. With plain GM, only rthBMP-2 produced an
effect that was significantly greater than the control on day 1.
By contrast, the delivery system with bioactive GM induced
similar MMP-2 content in all experimental conditions on day
1. Incubation for 3 days with the delivery system containing
either plain or bioactive GM showed that only rhBMP-2 sig-
nificantly increased the 62 kDa band intensity compared to
pBMP-9. On day 5, rhBMP-2 induced a significant raise of
MMP-2 compared to the control and pBMP-9, except for
pBMP-9 used with plain GM.

4 Discussion

We have shown the influence of a new delivery system using
pBMP-9 or rhBMP-2 in collagen Type I gel with bioactive

GM on the responses of MC3T3-El1 cells in vitro. We first
demonstrated that the collagen matrix extracted from rat tail
tendons contained mainly collagen Type I. Since collagen
Type V can be associated with fibrillar collagen Type I in
rat tail tendons [35], dot blots were done to determine its
abundance in our collagen. Extracted collagen contained less
collagen Type V than did commercial collagen Type 1. Fur-
thermore, the extracted collagen had properties that made it a
promising carrier for a delivery system, such as a fast gelation
(below 30 s) and stability over time until used. Collagen Type
I is known to be a biocompatible, biodegradable, malleable
and easily handled carrier [12, 36].

Also, we evaluated the thBMP-2 release in our deliv-
ery system using collagen gel and bioactive GM. Indeed,
the release profile of rhBMP-2 into a collagen matrix in
vitro is important for checking the reproducibility of the
delivery system and determining the stability of rhBMP-
2 [1, 12]. thBMP-2 possesses two identical 114-residue
monomers with a 3D structure about 70 x 35 x 30 A [37].
The thBMP-2 in this study was produced by CHO cells and
had a molecular weight of about 36kDa and a pl of about
8.5 [3, 12, 38]. Several studies have shown that the reten-
tion of thBMP-2 in the collagen matrix depends on the pH,
anionic concentration, cross-linking, reticulation and phys-
ical configuration of the collagen [12, 38]. Since the pl
of collagen is below pH 7, interactions between thBMP-2
and collagen are mainly regulated by pH under physiologi-
cal conditions [12]. Our delivery system using collagen gel
and bioactive GM retained 96% of the thBMP-2 after one
hour. Previous studies on the pharmacokinetics of rhBMP-
2 in a collagen sponge found that the matrix retained 75%
of the rhBMP-2 after 3h, regardless of the collagen source
or the thBMP-2 concentration [39]. Also, collagen carriers
produced as a sponge release less hBMP-2 than collagen
suspensions [13].

The bioactive GM also produced a rhBMP-2 release pro-
file similar to that of the collagen control. Since 2.4 kDa
pBMP-9 has a pl of about 9, we postulated that our deliv-
ery system allowed its release. This was confirmed by the
significant stimulation of preosteoblast differentiation and
the inhibition of MMP-2 secretion by pBMP-9. Neverthe-
less, we will characterize the release of pBMP-9 in further
experiments using different initial concentrations. The re-
lease of both hBMP-2 and pBMP-9 will also be monitored
for a longer time since these bioactive GM can adsorb pro-
teins on their surface [40] which modulate the nucleation
and growth state of the apatite layer [41]. Then, we demon-
strated the impact of both BMP in our delivery system com-
bining collagen gel and bioactive GM on MC3T3-E1 cell
differentiation using ALP staining. BMPs [8, 32, 42, 43]
and bioactive GM [21, 23, 24] increase the ALP activity in
osteoblastic cells. Incubation with 25 ng/mL pBMP-9 for
1 day is enough to induce significant cell differentiation,
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as assessed by ALP activity. Both thBMP-2 and pBMP-
9 (100 ng/mL) had similar effects. Previous studies have
shown that incubation for 48h with 10 ng/mL rhBMP-2
significantly increases intracellular ALP activity in MC3T3-
El cells [32]. We therefore used a dose of 100 ng/mL in
all experimental condition to overcome the slow diffusion of
growth factors in the delivery system. The effect of BMPs
on cell differentiation at longer times was confirmed us-
ing ALP staining. Incubation with thBMP-2 without de-
livery system for 5 days results in more intense stain-
ing for ALP than in controls. pBMP-9 stimulates more
cell differentiation than rhBMP-2 at 100 ng/mL. Prelim-
inary quantitative experiments on cells incubated for 7
days revealed that cells incubated directly with pBMP-
9 contained 25% more ALP activity than cells incubated
with thBMP-2 (data not shown). The peptide derived from
BMP-9 therefore seems to be a good stimulator of pre-
osteoblast differentiation. BMP-9 is one of the most effec-
tive inducers of cell differentiation in the BMP subfam-
ily of cytokines, particularly as an inducer of osteoblasts
[5, 44].

In the presence of the delivery system, pBMP-9 also
induced the greatest preosteoblast differentiation. Surpris-
ingly, the effect of rhBMP-2 was not very different from
that of the control. The presence of bioactive GM also
increased preosteoblast differentiation under all experi-
mental conditions. This is in accordance with other stud-
ies demonstrating the positive effect of bioactive GM on
MC3T3-El preosteoblast differentiation [21, 22]. Viliméki
et al. [45] have shown that recombinant adenovirus car-
rying human BMP-2 c¢cDNA gene transfer and bioactive
GM have a synergetic promoting effect on new bone for-
mation in vivo. We find that the optimal delivery sys-
tem for cell differentiation after incubation for 5 days is
a combination of pBMP-9 and bioactive GM in collagen
gel.

Preosteoblast differentiation induced by ascorbate-2-
phosphate increases production of the active form of MMP-2
[26]. Since both thBMP-2 and pBMP-9 favor cell differ-
entiation, we assessed the ability of these growth factors
to induce MMP secretion by MC3T3-El preosteoblasts in
culture medium without ascorbate-2-phosphate. Previous
studies have demonstrated that these cells secrete both
MMP-9 latent form and the active form of MMP-2. The
major band produced under our experimental conditions
is the 62 kDa active form of MMP-2 [27, 34]. Without
the delivery system, pBMP-9 increases the production of
this enzyme on day 3 in comparison to thBMP-2. Also,
incubation with either thBMP-2 or pBMP-9 for 5 days
resulted in MMP bands of similar intensity. Interestingly,
pBMP-9 produced a less intense MMP-2 band than did
rhBMP-2 using the delivery system.

@ Springer

5 Conclusion

We showed that pBMP-9 has a greater effect on the differenti-
ation of MC3T3-El1 cells than does hBMP-2. When pBMP-9
is used in our delivery system, it stimulates the greatest pre-
osteoblast differentiation and the lowest MMP-2 secretion.
Thus, our delivery system based on a collagen Type I gel,
pBMP-9 and bioactive GM is a promising system for bone
healing. Future studies will optimise this delivery system by
determining the influence of pBMP-9 concentration.
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