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a b s t r a c t

Delivering growth factors from bone-like mineral combines osteoinductivity with osteoconductivity. The
effects of individual and sequential exposure of BMP-2 and FGF-2 on osteogenic differentiation, and their
release from apatite were studied to design a dual delivery system. Bone marrow stromal cells were
seeded on TCPS with the addition of FGF-2 (2.5, 10, 40 ng/ml) or BMP-2 (50, 150, 450 ng/ml) for 6 days.
DNA content and osteogenic response were examined weekly for 3 weeks. FGF-2 increased DNA content;
however, high concentrations of FGF-2 inhibited/delayed osteogenic differentiation, while a threshold
concentration of BMP-2 was required for significant osteogenic enhancement. The sequence of delivery
of BMP-2 (300 ng/ml) and FGF-2 (2.5 ng/ml) also had a significant impact on osteogenic differentiation.
Delivery of FGF-2 followed by BMP-2 or delivery of BMP-2 followed by BMP-2 and FGF-2 enhanced
osteogenic differentiation compared to the simultaneous delivery of both factors. Release of BMP-2 and
FGF-2 from bone-like mineral was significantly affected by the concentration used during coprecipita-
tion. BMP-2 also demonstrated a higher “burst” release compared to FGF-2. By integrating the results of
the sequential delivery of BMP-2 and FGF-2 in solution, with the release of individual growth factors
from mineral, an organic/inorganic delivery system based on coprecipitation can be designed for
multiple biomolecules.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical basis for bone regeneration is the correction of bone
defects caused from trauma, congenital malformations, and
progressively deforming skeletal disorders. Bone tissue engi-
neering provides an alternative to bone grafting and direct usage of
growth factors to regenerate bone. Bone tissue engineering uses
engineering design to strategically integrate cells, an extracellular
matrix (ECM) analog, and signaling molecules to induce bone
regeneration in a controlled and predictable manner [1]. An ideal
bone tissue engineering approach would incorporate osteoinduc-
tivity and osteoconductivity into the design of the supporting
biomaterial, as well as biocompatibility, degradability, mechanical
integrity, and the ability to support cell transplantation.

Osteoinductive properties can be integrated into a tissue engi-
neering system by immobilization of biomolecules to a biomaterial
surface, or encapsulation within a biomaterial. Employing an
inductive approach to bone regeneration in the form of growth

factors can regulate cellular responses (proliferation, migration,
differentiation), and have either synergistic or antagonistic effects
on other growth factors. Although the activation of a single growth
factor can have an impact on several signaling pathways, in the
cellular environment, signaling is not limited to a single growth
factor but a multitude of growth factors at different locations and
times. Therefore, in developing a delivery system to better simulate
the microenvironment that cells are subjected to in vivo, exposure
to multiple biological cues with spatial and temporal gradients
would be advantageous. For example, vascular endothelial growth
factor (VEGF) alone is not sufficient to heal critical size defects,
however combining VEGF with bone morphogenetic protein 4
(BMP-4) enhances healing [2]. In some instances, delivering
multiple factors together may not be sufficient to affect a biological
response [3]. Simultaneous exposure of rat BMSCs to insulin growth
factor-I (IGF-I) and BMP-2 does not increase alkaline phosphatase
expression or calcium secretion, but exposure of cells to BMP-2
followed by IGF-I does increase osteogenic differentiation,
demonstrating the importance of timing and the sequence of
delivery of the growth factors on cell response [4].

To provide the design parameters for the development of
a delivery system for bone engineering, BMP-2 and fibroblastic
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growth factor 2 (FGF-2) were chosen due to their important roles in
osteogenic differentiation. BMPs regulate the growth and differ-
entiation of cells in the osteoblast lineage. In vitro, rhBMP-2 not
only induces differentiation of osteoblastic precursors [5], but it
also inhibits myogenic differentiation [6]. BMP-2 is one of the
earliest genes that is induced in fracture healing, with a second
peak occurring late in the period of osteogenesis [7], which
suggests that a simple burst release or sustained releasemay not be
optimal to elicit an osteogenic response.

Fibroblast growth factors promote cell growth, induce a mito-
genic response, stimulate cell migration, and induce differentiation
[8]. FGF-2 is a well known angiogenic factor, and at lower
concentrations, it also plays a role in osteogenic differentiation.
FGF-2 can stimulate the replication of osteoprogenitor cells, which
then further differentiate into an osteoblastic phenotype. However,
FGF-2 can also inhibit bone formation at specific concentrations
(100 ng/ml) and durations (24e96 h) [9]. Because both BMP-2 and
FGF-2 regulate osteogenesis, they have been used in combination.
FGF-2 stimulates cell growth and osteoblastic differentiation of
dexamethasone treated MSCs, and upon exposing cells to both
BMP-2 and FGF-2, bone formation is enhanced more than either
growth factor individually [10], confirming the importance of
temporal gradients.

Osteoconductivity is derived from surface and bulk properties of
synthetic or natural materials, which allow the recruitment of
targeted host cells while preventing unwanted cells from entering
the cellular microenvironment. To ideally deliver multiple
biomolecules, an osteoconductive/osteoinductive delivery system
must be developed that allows for temporal control over release.
Polymeric dual delivery systems have been developed that are
based on the fusion of a polymer containing one biomolecule with
microspheres containing a second biomolecule, where release is
controlled by polymer degradation [11]. Another approach is to
coat a scaffold with hydrogel copolymers containing biomolecules,
where the release of biomolecules is based on diffusion through the
different hydrogel layers [12]. However, protein aggregation within
the hydrogel can occur, resulting in incomplete release [12]. A third
approach uses a peptide-modified alginate hydrogel, where
multiple factors are delivered in conjunction with cells to induce
ectopic bone formation. However, the sequence of delivery is not
controlled [13].

An alternative to polymeric systems is the coprecipitation of
proteins with biomimetic apatite onto an implant or scaffold
surface. In addition to providing spatial-temporal control over
delivery like many polymer systems, bioceramic coatings provide
a high degree of osteconductivity. The formation of a bone-like
mineral layer in vivo leads to interfacial bonding between
implants and bone [14]. The synthesis of a bone-like mineral layer
may enhance the conduction of host cells into scaffolds [15], in
addition to inducing osteogenic differentiation of cells transplanted
[16]. Additionally, the apatite increases stiffness, a design param-
eter not provided by polymer systems capable of temporal delivery.
Substrate stiffness can have effects on DNA uptake, cell structure,
and protein expression [17,18]. An important advantage to copre-
cipitation is the ability to produce calcium phosphate coatings at
a physiological temperature [19,20], minimizing conditions that
would alter the biological activity of the factors [21]. Biomolecules
can be incorporated at different stages of the deposition of the
calcium phosphate coatings [21], which spatially localizes the
biomolecule through the apatite thickness [22], thus impacting
release. Delivering the growth factors from a mineralized substrate
is a tissue engineering approach that combines osteoinductivity,
provided by the inclusion of the growth factors, and osteo-
conductivity, provided by the presence of biomimetically precipi-
tated apatite.

The effects of individual and sequential exposure of BMP-2 and
FGF-2 on osteogenic differentiation of murine BMSCs were exam-
ined in conjunction with the individual release kinetics of BMP-2
and FGF-2 coprecipitated within biomimetic apatite, to build
toward the long term objective of utilizing biomineralization to
deliver multiple growth factors in a controlled manner. It was
hypothesized that low concentrations of FGF-2 would increase cell
number while high concentrations of BMP-2 would enhance oste-
ogenic differentiation. It was also hypothesized that the sequence of
FGF-2 followed by BMP-2 would best enhance the osteogenic
activity of the BMSCs compared to the delivery of each of the growth
factors independently. DNA content, alkaline phosphatase (ALP)
activity, osteocalcin (OCN) serum content, and mineralization were
analyzed over 3 weeks. To determine growth factor concentrations
needed to promote BMSC growth and differentiation, cells were
seeded on TCPS with the addition of FGF-2 (0, 2.5, 10, 40 ng/ml) or
BMP-2 (0, 50,150, 450 ng/ml). To determine the effects of sequential
administration on BMSC growth and differentiation, 2.5 ng/ml of
FGF-2 and 300 ng/ml of BMP-2 were used. Coprecipitation schemes
were then designed to mimic the concentration and sequence of
FGF-2 and BMP-2 that optimally differentiated the cells. BMP-2 and
FGF-2 were incorporated within apatite during the coprecipitation
process and the release of these factorswas examined using ELISA. It
was hypothesized that the release profiles of BMP-2 and FGF-2
would be dependent on the growth factor concentration in super-
saturated ionic solution during coprecipitation.

2. Materials and methods

2.1. Murine bone marrow stromal cell extraction and cell culture

Six-week-old C57BL6 mice were utilized for BMSC extraction. Freshly extracted
long bones (6 per mouse) were suspended in Hank’s Balanced Salt Solution (HBSS).
Themetaphyses of each bonewere cut, and 2 bones were placed into a 200 ml pipette
tip which was placed in a microcentrifuge tube. Tubes were spun for 8e12 s up to
a maximum speed of 2000 rpm [23]. An 18 gauge needle was used to gently agitate
the cell pellets. Cell pellets were then pooled and split into T75 flasks. Media was
exchanged and non-adhesive cells were removed after 5 days. Media was then
exchanged every 3 days until cells reached confluency, at which time cells were split
1:3 and replated. After reaching confluency, cells were counted and replated in 24
well-plates.

Growth medium for primary cell culture and plating was composed of 10% FBS,
1% penicillin-streptomycin, and MEMa. During growth factor administration, the
growth medium was supplemented with 10�8

M dexamethasone for 6 days. After
this time period, osteogenic medium was utilized, which was growth medium
supplemented with dexamethasone, 50 mg/L L-ascorbic acid-phosphate, and 10 mM

b-glycerol phosphate disodium salt hydrate.

2.2. Growth factors and heparin

The growth factors rhBMP-2 and rhFGF-2 were obtained from Peprotech (Rocky
Hill, NJ). FGF-2 was reconstituted in 5 mM Tris buffer containing bovine serum
albumin (BSA). BMP-2 was reconstituted in sterile water containing BSA. Heparin
sodium salt derived from porcine intestinal mucosa was purchased from Sigma-
eAldrich (St. Louis, MO).

2.3. Single growth factor optimization

Cells were plated into 24 well-plates (n ¼ 4 per group) at a density of 40,000
cells per well and allowed to attach for 24 h. Medium was then removed and
replaced with growthmedium containing dexamethasone and growth factor (FGF-2
at 0, 2.5, 10, and 40 ng/ml or BMP-2 at 0, 50, 150, and 450 mg/ml), which was
designated as Day 1. The media containing growth factor was replaced on Day 4. On
Day 7, and every 3 days thereafter, the medium was replaced with osteogenic
medium.

2.4. Multiple growth factor optimization

Cells were plated into 24well-plates (n¼ 4 or 5 per group) at a density of 50,000
cells per well and allowed to attach for 24 h. Medium was then removed and
replaced with growth medium containing dexamethasone and growth factors on
Days 1 and 4 (Table 1). On Day 7, and every 3 days thereafter, the medium was
replaced with osteogenic medium.
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2.5. DNA content

To determine DNA content and ALP activity, cells were washed twice with HBSS
and harvested utilizing a buffer containing 10 mM TriseHCl, 0.2% Igepal, and 2 mM

PMSF in ethanol. Samples were then placed at �80 �C for later analysis.
For DNA determination, samples were thawed, and homogenized on ice.

Samples were then centrifuged at 12,500 rpm for 10 min at 4 �C. The Quant-iT
Picogreen kit (Molecular Probes, Eugene, OR) was used to determine DNA content
according to the protocol adapted from the manufacturer. Samples were prepped in
duplicate, fluorescence (480 nm excitation and 520 nm emission) was determined
using a microplate reader, and DNA quantity was determined by using standard
curves. DNA content was determined at Days 8, 15 and 22.

2.6. Alkaline phosphatase (ALP) activity

Thawed homogenized samples were vortexedwith assay buffer (glycine, MgCl2),
harvest buffer, and p-nitrophenyl-phosphate (PnPP) substrate solution (Sigma, St.
Louis, MO) and incubated at 37 �C for 15min. The reactionwas terminated by adding
0.1 N NaOH and samples were placed in a 96 well-plate. A standard curve using
alkaline phosphatase from calf intestine (Roche, Indianapolis, IN) was used to
compare ALP expression and absorbance was determined at 405 nm. Values were
then normalized to DNA content. ALP activity was determined at Days 8, 15 and 22.

2.7. Osteocalcin (OCN) content

Media was removed and frozen every 3 days in microcentrifuge tubes. Serum
OCN content was determined using a mouse OCN EIA kit (Biomedical Technologies,
Stoughton, MA) according to themanufacturer’s protocol. Samples were thawed and
placed into the 96 well-plate. A standard curve was prepared ranging from 0 ng/ml
to 50 ng/ml. After reaction termination, the absorbance was measured at 450 nm
immediately.

2.8. von Kossa staining

To determine extent of mineralization, cell cultures were stained with silver
nitrate at Days 15 and 22. Briefly, media was removed from the wells, and
submerged in Z-fix for 30min. The wells were gradually rehydrated using EtOH/H2O
mixtures, and then rinsed with H2O. The wells were exposed to UV light, stain was
removed, and wells were imaged using a dissection microscope. Image analysis of %
stained area was obtained using ImageJ (NIH).

2.9. PLGA film preparation

Films were prepared using 5 wt. % PLGA, 85:15 PLA:PGA ratio (Alkermes), in
chloroform solution. The films (approximately 200e300 mm thick) were cast onto
15 mm round glass coverslips, covered with aluminum foil and air dried for at least
24 h under a fume hood. Films were etched in 0.5 M NaOH for 7 min and rinsed
thoroughly with Millipore water.

2.10. Modified simulated body fluid

A modified simulated body fluid (mSBF, which contains 2� the concentration of
Ca2þ and HPO4

2� as standard SBF) was used to mineralize the films [22]. mSBF
consists of the following reagents dissolved in Millipore water: 141 mM NaCl, 4.0 mM

KCl, 0.5 mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2∙2H2O, and 2.0 mM

KH2PO4. mSBF was prepared at 25 �C and titrated to pH 6.8 using NaOH to avoid
homogeneous precipitation of calcium phosphate.

2.11. Mineralization and BMP-2 and FGF-2 coprecipitation

For mineralization, samples were incubated in mSBF at 37 �C. mSBF was
exchanged every 24 h. Samples were mineralized between 6 and 8 days before
coprecipitation.

For coprecipitation, mineralized films were placed into a new petri dish. mSBF
solution containing either BMP-2 (0, 0.5, 5 mg/ml) or FGF-2 (0, 0.01, 0.05 mg/ml) and
heparin (1:1 mass ratio with FGF-2) was placed into each dish containing the pre-
mineralized films. The films were incubated for 24 h at 37 �C. Samples containing
neither BMP-2 nor FGF-2 were mineralized for 24 h at 37 �C in mSBF.

2.12. BMP-2 and FGF-2 release kinetics

Samples (n ¼ 7) were placed into 24 well-plates. One ml of calcium free PBS
(BMP-2) or 1 ml PBS with 0.1% BSA (FGF-2) was placed into each well and gently
agitated at ca. 75 rpm. PBS or PBS/BSAwas replaced at 0.25, 1, 3, 7, and 14 d. Samples
were frozen for later analysis.

ELISA (Antigenix America, Huntington Station, NY) was used to analyze the
release of BMP-2 and FGF-2. Kits were adapted for each growth factor and optimized
for sample analysis. Briefly, tracer antibody was reconstituted in 0.1% BSA solution.
BMP-2 and FGF-2 standard curves were prepared using diluent composed of 0.1%
BSA and 0.05% Tween 20. Samples were diluted and added in duplicate. Color
development was examined at 450 nmwith a plate correction at 650 nm after stop
solution was added.

2.13. Statistical analysis

Separate one way ANOVAs were used to analyze DNA content, ALP activity, OCN
content, and % area coverage of von Kossa stain with regards to growth factor
concentration and growth factor sequence. Tukey or Dunnett’s T3 post hoc
comparison tests were used for pair-wise comparisons. ANOVAs with repeated
measures were used to examine the concentrations of BMP-2 and FGF-2 released
with respect to growth factor concentrations in mSBF.

3. Results

3.1. Effects of BMP-2 and FGF-2 on DNA content

The addition of varying concentrations of BMP-2 to BMSCs did
not have a significant effect on DNA content (Fig. 1a). For 150 and
450 ng/ml of BMP-2, DNA content increased significantly from Day
8 to Day 15 and 22 (p < 0.001 and p ¼ 0.013 respectively). The
addition of FGF-2 to BMSCs had a significant positive effect on DNA
synthesis (Fig. 1b). At Day 8 (ANOVA, p ¼ 0.002) and Day 15
(ANOVA, p < 0.001), there was significantly higher DNA content for
cells treated with all concentrations of FGF-2 compared to the
untreated controls. However, there was not a significant dose
dependent response with increasing FGF-2 concentration from
2.5 ng/ml to 40 ng/ml. For 2.5 and 40 ng/ml of FGF-2, DNA levels
were significantly higher at Day 15 compared to Day 8 (p< 0.05). At
Day 22, DNA levels were significantly lower for all FGF-2 concen-
trations compared to their respective DNA levels at Day 8 (p< 0.05).

3.2. Effects of BMP-2 and FGF-2 on ALP activity

At Day 8, there was a significant effect of BMP-2 concentration
on ALP activity (normalized to DNA content; ANOVA, p ¼ 0.004).
ALP was significantly higher for cells treated with 450 ng/ml BMP-2
compared to both the untreated controls (Tukey, p ¼ 0.006) and
cells treated with 50 ng/ml BMP-2 (Tukey, p ¼ 0.008) (Fig. 2a). A
lower concentration of BMP-2 (150 ng/ml) did not result in
significantly higher amounts of ALP activity compared to untreated
controls, suggesting a minimum concentration has to be reached
before osteogenic enhancement occurs.

FGF-2 also had a significant effect on ALP activity (ANOVA,
p < 0.001) of BMSCs, however, the effect is inhibitory (Fig. 2b). At
Day 8, normalized ALP was significantly lower for all FGF-2
concentrations compared to the controls (Dunnett’s T3, p < 0.05).
At Day 15, normalized ALP activity was significantly lower for 2.5,
10, and 40 ng/ml (Tukey, p < 0.05) compared to untreated controls.

Table 1
List of growth factor sequences. On Day 1, the growth factor(s) in media is added to
cells. On Day 4, the media is removed and new media containing the new growth
factor(s) is/are added.

Growth factor administration

Abbreviations Day 1 Day 4
Untreated None None
B/B BMP-2 BMP-2
B/F BMP-2 FGF-2
B/BF BMP-2 BMP-2 & FGF-2
F/F FGF-2 FGF-2
F/B FGF-2 BMP-2
F/BF FGF-2 BMP-2 & FGF-2
BF/BF BMP-2 & FGF-2 BMP-2 & FGF-2
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At Day 22, ALP activity for 2.5 ng/ml was significantly higher
compared to 10 and 40 ng/ml (Dunnett’s T3, p < 0.01).

3.3. Effects of BMP-2 and FGF-2 on late stage osteogenic
differentiation

In later stages of osteogenic differentiation, osteocalcin secre-
tion (Fig. 3) was higher for cells that were treated with higher
concentrations of BMP-2 (ANOVA, p ¼ 0.036). At Day 22, BMSCs
treated with a BMP-2 concentration of 450 ng/ml secreted signifi-
cantly more osteocalcin than control cells (Tukey, p ¼ 0.045) and
marginally more than cells treated with 50 ng/ml BMP-2 (Tukey,
p ¼ 0.056). For 450 ng/ml of BMP-2, OCN secretion at Day 22 was
significantly higher compared to OCN levels on Day 16, and Day 19
(p < 0.05). In contrast, for the cells treated with FGF-2, osteocalcin
levels were not significantly different controls (data not shown).

At Day 22, there was a trend toward higher mineral coverage
(p < 0.065) when BMSCs were treated with BMP-2 compared to
untreated controls (Fig. 4). Adding FGF-2 at any concentration
inhibited mineral deposition. The control cells demonstrated some
mineral deposition, however, the difference with varying FGF-2
concentration was not statistically significant.

Fig. 2. Normalized ALP with respect to total DNA. (a) At Day 8, a BMP-2 concentration
of 450 ng/ml led to significantly higher ALP expression compared to the untreated
controls. The BMP-2 concentration of 450 ng/ml was also significantly higher than the
50 ng/ml BMP-2 concentration. (b) The normalized ALP of untreated controls was
higher compared to all concentrations of FGF-2 for Day 8 and Day 15 (*indicates
p < 0.05) as determined by ANOVA at the respective timepoints. The normalized ALP
on Day 22 was also higher for the 2.5 ng/ml concentration compared to both 10 ng/ml
and 40 ng/ml (Bars indicates p < 0.05).

Fig. 3. Osteocalcin secretion levels determined by ELISA. For Day 22, the cells treated
with 450 ng/ml of BMP-2 demonstrated significantly higher OCN levels compared to
the untreated controls as determined by ANOVA. OCN level for the 450 ng/ml
concentration of BMP-2 was also marginally higher compared to the 50 ng/ml BMP-2
treatment group. (Gray bars indicate p < 0.05).

Fig. 1. Total DNA quantified using Picogreen. (a) There was no significant difference in
DNA amounts with varying concentrations of BMP-2 (n ¼ 4) as determined by ANOVA
at the respective timepoints. (b) All concentrations of FGF-2 demonstrated higher DNA
content compared to the untreated cells for Day 8 and Day 15 (*indicates p < 0.05) as
determined by ANOVA at the respective timepoints. The bars represent significance
between timepoints within the same concentration treatment.
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3.4. Effects of BMP-2 and FGF-2 sequence on DNA content

The concentrations of FGF-2 and BMP-2 used in the sequential
exposure experiments (2.5 and 300 ng/ml, respectively) were
based on the results from the exposure of BMSCs to each growth
factor individually. Since FGF-2 increased DNA content, but
inhibited osteogenic differentiation, the minimum concentration of
2.5 ng/ml was chosen to increase the number of cells that can be
osteogenically induced (Fig. 1). For BMP-2, a concentration of
300 ng/ml was chosen due to cost limitations and the necessity for
a concentration of BMP-2 that was higher than the 150 ng/ml
threshold for a significant increase in differentiation (Fig. 2). Due to
the cell layers contracting for some of the treatment groups, the
timepoints at which DNA, ALP, OCN, and mineral deposition were
examined (8, 11, 13 d) differed from the times in the individual
growth factor experiments.

The duration of FGF-2 exposure significantly affected the total
DNA content (Fig. 5). At Day 8, groups that delivered FGF-2 first:
FGF-2 alone (F/F), FGF-2 followed by BMP-2 and FGF-2 (F/BF), and

both factors simultaneously (BF/BF) had significantly higher DNA
levels compared to the untreated controls and the groups that
delivered BMP-2 first (Tukey, p < 0.05). At Day 11, BMP-2 followed
by FGF-2 (B/F), FGF-2 alone (F/F), and both factors delivered
simultaneously (BF/BF) had higher DNA content compared to
groups that only delivered BMP-2 (Dunnett’s T3, p < 0.05). At Day
13, the groups that delivered FGF-2 first: FGF-2 alone (F/F), FGF-2
followed by BMP-2 (F/B), FGF-2 followed by BMP-2 and FGF-2 (F/
BF), and both factors simultaneously (BF/BF) had significantly
higher DNA content compared to BMP-2 alone (B/B) and BMP-2
followed by FGF-2 (B/F), where BMP-2 is delivered first (Tukey,
p < 0.05). Groups that delivered FGF-2 the entire time period
tended toward having higher DNA levels. Most groups that deliv-
ered FGF-2 second also trended toward having higher DNA levels.

3.5. Effects of BMP-2 and FGF-2 sequence on ALP activity

Delivering BMP-2 alone (B/B) led to the highest ALP levels
(Fig. 6). Taken in conjunction with relatively low DNA levels for the

Fig. 4. Mineral secreted from BMSCs. (a) von Kossa staining of BMSCs treated with BMP-2 at 0, 50, 150, and 450 ng/ml and BMSCs treated with FGF-2 at 0, 2.5, 10, 40 ng/ml. Mineral
deposition (% of area covered) determined using von Kossa staining: (b) At Day 22, there was a trend toward higher mineral coverage when BMSCs are treated with BMP-2
compared to untreated controls (ANOVA, p < 0.065). (c) In contrast, treatment with FGF-2 in any concentration inhibits the deposition of mineral. Although this was not statis-
tically significant, the control cells demonstrated mineral deposition, whereas FGF-2 treated cells did not.

L.N. Luong et al. / Biomaterials 33 (2012) 283e294 287
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B/B group (Fig. 5) suggests that a smaller population of cells had
enhanced osteogenic activity. Delivering FGF-2 alone (F/F) also
resulted in a low level of ALP expression. However, when both
growth factors were delivered, the effects varied, depending on the
sequence of delivery (ANOVA, p < 0.001). At Day 8, ALP levels for
FGF-2 alone (F/F) and FGF-2 followed by BMP-2 and FGF-2 (F/BF)
were significantly lower compared to all other groups. The

sequential delivery of BMP-2 and FGF-2 in either order (F/B and B/F)
led to significantly higher ALP levels compared to delivering both
factors simultaneously (BF/BF) (Dunnett’s T3, p < 0.05). Delivery of
FGF-2 first, then BMP-2 (F/B) resulted in higher ALP levels
compared to delivery of BMP-2 first, followed by FGF-2 (B/F).

Inclusion of FGF-2 resulted in significantly lower levels of ALP
in all groups except BMP-2 followed by BMP-2 and FGF-2 (B/BF)

Fig. 5. Total DNA quantified using Picogreen based on exposure of BMSCs to BMP-2 (300 ng/ml) and FGF-2 (2.5 ng/ml). The nomenclature for growth factor delivery, X/Y, is defined
in Table 1. (a) At Day 8, F/F, F/BF, and BF/BF have significantly higher DNA levels compared to untreated controls and the groups that delivered BMP-2 first (Tukey, p < 0.05). At Day
11, B/F, F/F, and BF/BF had significantly higher levels of DNA compared to the group that only delivered BMP-2 (Dunnett’s T3, p < 0.05). At Day 13, F/F, F/B, F/BF, and BF/BF had higher
DNA content compared to B/B and B/F where BMP-2 is delivered first (Tukey, p < 0.05). (b) Table of statistical significances among the treatment groups. Gray boxes designate
p < 0.05.
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and FGF-2 followed by BMP-2 (F/B). Groups that were not
exposed to FGF-2 for the entire 6 days had higher ALP levels
compared to all of the other groups. At Day 11, FGF-2 followed by
BMP-2 (F/B) still demonstrated higher ALP compared to all groups
except the untreated cells and BMP-2 followed by BMP-2 and
FGF-2 (B/BF) (Dunnett’s T3, p < 0.05). At Day 13, FGF-2 followed

by BMP-2 (F/B) continued to demonstrate high ALP levels
compared to all groups except the controls and BMP-2 followed
by BMP-2 and FGF-2 (B/BF) (Dunnett’s T3, p < 0.05). Untreated
cells, BMP-2 alone (B/B), and FGF-2 followed by BMP-2 (F/B) had
significantly higher ALP levels compared to both factors simul-
taneously (BF/BF).

Fig. 6. Normalized ALP with respect to total DNA. The nomenclature for growth factor delivery, X/Y, is defined in Table 1. (a) For Day 8, the ALP activity of B/B was significantly higher
than all other groups (Dunnett’s T3, p < 0.05). The ALP levels for F/F and F/BF were significantly lower compared to all other groups. Sequential delivery of FGF-2 followed by BMP-2
led to significantly higher ALP levels compared to delivering both factors simultaneously. Delivering FGF-2 first, and then BMP-2 resulted in higher ALP levels compared to
delivering BMP-2 first, followed by FGF-2. Additionally delivering BMP-2 the entire time period also resulted in higher ALP levels compared to delivering FGF-2 the entire time
period. Inclusion of FGF-2 resulted in significantly lower levels in all groups except B/BF and F/B. For Day 11, F/B still demonstrated higher ALP compared to all groups except the
untreated cells and B/BF. For Day 13, F/B continued to demonstrate high ALP levels compared to all groups except the controls and B/BF. Untreated cells, B/B, and F/B had significantly
higher ALP levels compared to BF/BF. (b) Table of statistical significances among the treatment groups. Gray boxes designate p < 0.05.
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3.6. Effects of BMP-2 and FGF-2 sequence on late stage osteogenic
differentiation

The different sequences of delivery also had a significant impact
on OCN secretion (ANOVA, p < 0.001) (Fig. 7a). Delivery of FGF-2
followed by BMP-2 (F/B), BMP-2 followed by BMP-2 and FGF-2 (B/
BF), and both factors simultaneously (BF/BF) led to significantly
higher levels of OCN compared to FGF-2 alone (F/F) and FGF-2 fol-
lowed by BMP-2 and FGF-2 (F/BF) (Dunnett’s T3, p< 0.05). Although
not statistically significant, delivering BMP-2 alone (B/B) resulted in
thehighestOCN levels, followinga similar trend inALP levels (Fig. 6).
Delivering BMP-2 the entire 6 days (B/BF) led to higher OCN levels
compared to delivering FGF-2 during the entire time period (F/BF),
which suggests that if the cells had not contracted early, the differ-
ences between the groups may have been more significant.

Mineral deposition was also dependent on when the growth
factors were administered (ANOVA, p < 0.001) (Fig. 7b). Delivering
BMP-2 alone (B/B) resulted in highermineral coverage compared to
FGF-2 alone (F/F), FGF-2 followed by BMP-2 and FGF-2 (F/BF), and

both factors delivered simultaneously (BF/BF). Groups that deliv-
ered FGF-2 the entire 6 days had lower mineral coverage, including
the simultaneous delivery of FGF-2 and BMP-2 (BF/BF) (Dunnett’s
T3, p < 0.05). Delivering FGF-2 first followed by BMP-2 (F/B) had
higher mineral coverage compared to the delivery of both factors
simultaneously (BF/BF). Additionally, BMP-2 followed by BMP-2
and FGF-2 (B/BF) also had higher mineral coverage compared to
simultaneous delivery, suggesting that the delivery of BMP-2 the
entire 6 days can override the inhibitive effects of delivering FGF-2
to osteogenic activity.

3.7. BMP-2 and FGF-2 release kinetics

Varying the concentration of BMP-2 used during coprecipitation
had significant effects on the concentration of BMP-2 released
(ANOVA repeated measures, p < 0.001) (Fig. 8). Adding 5 mg/ml of
BMP-2 during coprecipitation resulted in significantly higher
release compared to a concentration of 0.5 mg/ml, suggesting
a higher BMP-2 incorporation into the apatite. The amount of BMP-

Fig. 7. a) OCN secretion of BMSCs in response to BMP-2 and FGF-2 administration and table of statistical significances among the treatment groups. Gray boxes designate p < 0.05.
The nomenclature for growth factor delivery, X/Y, is defined in Table 1. F/B, B/BF, and BF/BF had higher levels of OCN compared to F/F and F/BF (Dunnett’s T3, p < 0.05). Delivering
BMP-2 the entire time period when both growth factors are included led to higher OCN compared to delivering FGF-2 the entire time period. (b) Mineral deposition (% of area
covered) determined using von Kossa staining and table of statistical significances among the treatment groups. Gray boxes designate p < 0.05. Delivering FGF-2 first followed by
BMP-2 had higher mineral coverage compared to delivery both factor simultaneously. Groups that delivered FGF-2 the entire time period tended to have lower mineral coverage
including the delivery of both growth factors at the same time (Dunnett’s T3, p < 0.05).
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2 released per time period was also significantly different
(p < 0.001) (Fig. 8b). Over time, the amount of BMP-2 released
decreased. There was also a significant interaction (p < 0.001)
between the time period of release and concentration, which
suggests that BMP-2 release was significantly dependent on the
concentration of BMP-2 used during coprecipitation.

Varying the concentration of FGF-2 in mSBF also had significant
effects on the concentration released (ANOVA repeated measures,
p < 0.001) (Fig. 9). Adding 0.05 mg/ml of FGF-2 during coprecipi-
tation resulted in significantly higher concentration released
compared to a concentration of 0.01 mg/ml, suggesting a higher
FGF-2 incorporation into the apatite. The amount of FGF-2 released

per time period was also significantly different (p< 0.001) (Fig. 9b).
For 0.05 mg/ml, the amount of FGF-2 released per time period did
not change significantly with the exception of the last time period
(7e14 d). There was also a significant interaction (p < 0.001)
between the time period of release and concentration, which
suggests that FGF-2 release was also significantly dependent on the
concentration of FGF-2 used during coprecipitation.

4. Discussion

The aim of this study was to provide design criteria for the
development of a hybrid osteoconductive/osteoinductive delivery

Fig. 8. Release of BMP-2 is dependent on BMP-2 concentration in mSBF. (a) Cumulative release of BMP-2 over the 14 day time period. (b) Release of BMP-2 during each time period
(6 h, 1, 3, 7, 14 d). Varying the BMP-2 concentration during coprecipitation had a significant effect on BMP-2 release (ANOVA repeated measures, p < 0.001). There are also significant
changes in the amount of BMP-2 released for each time period (p < 0.001). Additionally, there is significant interaction (p < 0.001) between time and concentration, further
suggesting that BMP-2 release is significantly dependent on the concentration of BMP-2.
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system inwhich the concentration and timing of release of multiple
growth factors can be controlled. The aimwas accomplished by (1)
investigating the effects of varying concentration and sequence of
BMP-2 and FGF-2 on the osteogenic differentiation of murine
BMSCs and (2) incorporating BMP-2 and FGF-2 within apatite
during coprecipitation and examining their release profiles.
Analyzing the proliferative and differentiation responses of BMSCs
to varying concentrations of BMP-2 and FGF-2 defined the
concentrations of BMP-2 and FGF-2 to be included in mSBF during
coprecipitation.

FGF-2, a well known mitogenic factor, increased DNA synthesis
at all concentrations investigated, compared to the untreated

controls (Fig. 1b); however dose dependency was not demon-
strated. FGF-2 had a significant negative impact on both early and
late stage osteogenic differentiation, even at a low concentration of
2.5 ng/ml (Figs. 2e4). FGF-2 plays a mitogenic role in endothelial
cells, fibroblasts, smooth muscle cells, and osteoblasts [24,25]. The
effect that FGF-2 has on osteogenic differentiation in vivo is
biphasic, where high doses (1 mg) result in an inhibitory effect on
bone regeneration and low doses (10 ng and 100 ng) have a stim-
ulatory effect [26]. In this study, a concentration of 2.5 ng/ml was
determined to be most appropriate for the dual growth factor
experiments in order to balance the proliferative properties of FGF-
2 with its delaying effect on osteogenic differentiation.

Fig. 9. Release of FGF-2 is dependent on FGF-2 concentration in mSBF. (a) Cumulative release of FGF-2 over the 14 day time period. (b) Release of FGF-2 during each time period
(6 h, 1, 3, 7, 14 d). Varying the FGF-2 concentration during coprecipitation had a significant effect on FGF-2 release (ANOVA repeated measures, p < 0.001). There are also significant
changes in the amount of FGF-2 released for each time period (p < 0.001). Additionally, there is significant interaction (p < 0.001) between time and concentration, suggesting that
FGF-2 release is significantly dependent on the concentration of FGF-2.
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Cells exposed to BMP-2 demonstrated a dose dependent
increase in ALP, OCN, and mineral deposition (Figs. 2a, 3 and 4b),
which suggests that a higher concentration of BMP-2 may direct
osteogenic differentiation even further. With a more mature oste-
oblastic cell line, this dose dependent increase is absent [6],
however, the presence of more osteoprogenitor cells in a base
population could lead to the dose dependency demonstrated in this
study. Based on the concentrations examined, 450 ng/ml was most
appropriate for further experimentation; however, due to cost
limitations, 300 ng/ml was chosen for the sequential delivery
experiments.

Using concentrations of 2.5 ng/ml for FGF-2 and 300 ng/ml for
BMP-2, different growth factor sequences were administered to
BMSCs (Table 1). The duration of delivery of each factor had
a significant effect on BMSC growth and differentiation. Sequences
that delivered BMP-2 for 6 days did not lead to a significant increase
in DNA levels (Fig. 5). Sequences that delivered FGF-2 for the entire
6 days led to higher DNA content, which implies that a more pro-
longed treatment of FGF-2 increases cell number better than
treating the cells for a shorter period of time. However, the inclu-
sion of FGF-2, even at a low concentration of 2.5 ng/ml, resulted in
a significant decrease in osteogenic activity (Figs. 6 and 7), even
with a shorter time period of administration. The groups in which
FGF-2 was administered for the entire 6 days had lower osteogenic
activity compared to the groups that only delivered FGF-2 for 3
days. FGF-2-induced osteogenesis could be dependent on the stage
of cellular differentiation, where late administration of FGF-2 can
lead to matrix mineralization but no change in cell growth [27].
In vivo, nanogram levels of FGF-2 with BMP-2 can synergistically
increase osteogenic differentiation, but on a microgram level serve
to inhibit bone regeneration [28].

Differences in the delivery sequence also had a significant
impact on the osteogenic activity of the BMSCs. Delivering FGF-2
first, followed by BMP-2 led to higher ALP levels and mineral
deposition compared to simultaneous delivery of BMP-2 and FGF-2
(Figs. 6 and 7b). Bone chamber studies have also shown a high
inhibition of bone formation due to a simultaneous delivery of
BMP-2 and FGF-2 [29]. For OCN expression, FGF-2 followed by
BMP-2 was not significantly different from simultaneous exposure.
The comparable OCN levels suggests that due to the binding affinity
of OCN for apatite [30], the OCN secreted from the cultured cells
may have adsorbed to the mineralized nodules, especially in the
case of FGF-2 followed by BMP-2 where mineral coverage was
significantly higher (Fig. 7).

The importance of sequential administration is also supported
by our finding that FGF-2 followed by BMP-2 resulted in higher ALP
activity and a trend toward higher mineral deposition than the
reverse order of administration. Delivering BMP-2 the entire 6 days,
and FGF-2 in the latter 3 days also resulted in relatively high
osteogenic activity compared to the simultaneous delivery of both
growth factors (Figs. 6 and 7). This is most likely due to the
continuous presence of BMP-2, which is a potent inducer of oste-
oblastic differentiation. There are a few possible hypotheses for the
increased efficacy of the sequential exposure of FGF-2 followed by
BMP-2. First, FGF-2may increase the efficacy of BMP-2 induction by
stimulating precursor cells to enter the early stages of osteogenic
differentiation [31e33]. Second, by treating cells with FGF-2 early,
the population of osteoprogenitor cells that can be induced by
BMP-2 to undergo the later stages of osteogenic differentiation is
increased [10,33]. Third, FGF-2may selectively increase the number
of cells that express BMP-2 receptors or increase the expression of
a specific receptor, BMPR-1B, which would potentiate BMP-2
induction [10,34]. Selective BMP-2 receptor dependency is
a possible cause for ectopic bone formation induced by delivering
low doses of FGF-2 with BMP-2 [34].

The second objective of this study was to incorporate FGF-2 and
BMP-2 into the apatite coating utilizing coprecipitation and
examine their release. In order to provide a design basis for the
delivery system, the growth factor concentrations used for copre-
cipitation were varied. The concentration and sequence effects of
BMP-2 and FGF-2 (Figs. 1e7) can be used in conjunction with
growth factor release kinetics (Figs. 8 and 9) to develop a delivery
system that mimics the osteogenic response of BMSCs. FGF-2 and
BMP-2 can be spatially localized within biomimetic apatite using
coprecipitation to tailor the concentration and sequence of growth
factor delivery [22]. For both FGF-2 and BMP-2, a higher growth
factor concentration in bone-like mineral resulted in higher release.
More BMP-2 was released in the earlier time periods, with
decreases at subsequent times (Fig. 8). While FGF-2 also demon-
strated a “burst”, the release was more sustained over time (Fig. 9).
The differing release profiles suggest the affinity of the factors for
apatite influenced their release. This interpretation is supported by
data showing that increasing adsorption affinities of other
biomolecules, such as antibacterial agents, to apatite surfaces
results in decreased release rates [35]. Based on the release kinetics,
BMP-2may have a lower affinity to the bone-likemineral relative to
FGF-2. BMP-2 has a pI of 8.2, while FGF-2 has a pI of 9.6 [36,37].
Therefore, at the same pH, different charges may affect binding to
apatite. Since this delivery system can be adapted for other growth
factors, the isoelectric points of the growth factors would have to be
considered in the design.

The composition of the mineral also plays a role in the design of
this hybrid delivery system. One of the advantages of using
a biomimetic approach is that the apatite can be altered by modi-
fying the ionic concentrations of the salts used to precipitate the
mineral onto the substrate. By altering the composition and
concentration of SBF, material properties of bone-like mineral that
influence cellular response can be controlled, including
morphology, crystallinity, composition and dissolution [38]. For
example, apatite formed from a supersaturated ionic solution is
carbonated [39], but the amount of carbonate is controlled by SBF
composition, and influences crystallinity, solubility [40] and
therefore growth factor release kinetics.

The long term goal is to design an organic/inorganic delivery
system that has the potential to deliver multiple biological factors
to better mimic spatiotemporal gradients that cells are exposed to
in vivo by controlling the release of biomolecules from within the
apatite. By utilizing coprecipitation to control the spatial location of
multiple growth factors, the sequential release of two factors can be
manipulated to optimally differentiate BMSCs. Translating the
delivery system from in vitro to in vivo requires additional consid-
erations of blood flow, other extracellular matrix proteins and cells
endogenous to the defect site, immune response, surrounding pH,
and interactions with other signaling molecules. In addition to
apatite dissolution, growth factor diffusion from bone-like mineral,
and formation of apatite-growth factor complexes may also have
significant roles in the in vivo environment, and thereby, have
a significant effect on the release of the growth factors in a defect
site.

5. Conclusion

To design a controllable delivery system for multiple growth
factors, the sequence and concentration dependent effects of FGF-2
and BMP-2 and their respective release from the apatite coatings
were examined. From the individual growth factor experiments,
low concentrations of FGF-2 resulted in higher cell number while
high concentrations of BMP-2 best enhanced osteogenic differen-
tiation. The sequence of delivery of BMP-2 and FGF-2 also had
a significant impact on osteogenic differentiation. The delivery of
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FGF-2 followed by BMP-2 or even the delivery of BMP-2 followed by
the delivery of both BMP-2 and FGF-2 enhanced osteogenic
differentiation compared to the simultaneous delivery of both
factors. The release of BMP-2 and FGF-2 was significantly affected
by the concentration used during coprecipitation. BMP-2 demon-
strated a higher “burst” release compared to FGF-2. By integrating
the results of the sequential delivery of BMP-2 and FGF-2 with data
on the release of the growth factors from the mineralized
substrates, an organic/inorganic delivery system based on copre-
cipitation can be designed to deliver multiple biological factors.
This hybrid system would be able to better mimic the spatial and
temporal gradients that cells are exposed to in vivo by controlling
the release of biomolecules from within apatite.
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