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Dose Effect of Dual Delivery of Vascular Endothelial
Growth Factor and Bone Morphogenetic Protein-2

on Bone Regeneration in a Rat Critical-Size Defect Model
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The dose effect of dual delivery of vascular endothelial growth factor (VEGF) and bone morphogenetic protein-2
(BMP-2) on bone regeneration was investigated in a rat cranial critical-size defect (CSD). It was hypothesized that
decreasing amounts of BMP-2 would result in a dose-dependent decrease in bone formation, and that this re-
duction in bone formation could be reversed by adding increasing amounts of VEGF. In vitro release kinetics of
VEGF or BMP-2 were examined over 28 days. Next, scaffolds were implanted within a rat cranial CSD containing
different combinations of both BMP-2 and VEGF. At 12 weeks, samples were analyzed using microcomputed
tomography and histology. In vitro, VEGF and BMP-2 exhibited burst release in the first 24 h followed by a
significant decrease in release rate over 27 days. Overall, BMP-2 had a more sustained release versus VEGF. An
in vivo dose-dependent decrease in percentage of bone fill (PBF) was observed for BMP-2. The addition of VEGF
was unable to reverse this decrease in PBF, although improvements in the number of bridged defects did occur in
some groups. This suggests that for this particular model simultaneous release of BMP-2 and VEGF does not
increase bone formation over BMP-2 alone at 12 weeks.

Introduction

Bone healing is typically a highly efficient process that
allows for the scarless regeneration and remodeling of

defects related to the treatment of trauma, pathology, or
congenital abnormalities. While standard techniques of re-
duction and fixation rely on the body’s natural healing ca-
pacity for the treatment of most fractures, more extensive
bone defects may require the use of bone grafting proce-
dures to help augment the chances of a successful treatment
outcome. Autologous bone still remains the gold-standard
reconstructive material for many surgeons, although addi-
tional time, cost, and potential morbidity are associated
with harvesting procedures. This has driven research in
the field of tissue engineering to explore alternatives that
utilize a variety of biomaterials (natural polymers,1–3 syn-
thetic polymers,4–6metals,6–8 or ceramics9–11), bioactive factors

(bone morphogenetic proteins [BMPs],12 fibroblast growth
factor-2 [FGF-2],13 platelet-derived growth factor,14 thrombin
peptide 508,15 transforming growth factor beta [TGF-b],16 or
vascular endothelial growth factor [VEGF]17), and cell popu-
lations (bone marrow–derived,18 muscle-derived,19 or adi-
pose-derived stem cells20) either alone or in combination.

Regardless of the approach employed, adequate vascu-
larization of any bone tissue engineering construct of ap-
preciable size is critical for cell survival and tissue function,
because the diffusion of oxygen and nutrients through tissue
is limited to a distance of approximately 150–200 mm.21–23

In addition to the physiologic maintenance of any tissue-
engineered graft material, neovascularization is crucial to
both intramembranous24 and endochondral25 bone formation
during development, and fracture healing as well.26 As such,
regenerative strategies attempting to recapitulate the se-
quence of key growth factors seen during bone healing

1Departments of Bioengineering and 2Statistics, Rice University, Houston, Texas.
3School of Pharmacy, Hyogo University of Health Sciences, Chuo-ku, Kobe, Japan.
4Department of Biomaterials, Field of Tissue Engineering, Institute for Frontier Medical Sciences, Kyoto University, Sakyo-ku, Kyoto,

Japan.
5Department of Periodontology and Biomaterials, Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands.
6Department of Oral and Maxillofacial Surgery, University of Texas Health Science Center at Houston, Houston, Texas.

TISSUE ENGINEERING: Part A
Volume 15, Number 9, 2009
ª Mary Ann Liebert, Inc.
DOI: 10.1089=ten.tea.2008.0510

2347



should promote the establishment of an adequate vascular-
ized bed for subsequent bone formation.

VEGF is one among a host of angiogenic growth factors
that have been evaluated for their effectiveness in bone tissue
engineering models.27 VEGF plays an essential role in neovas-
cularization and has been shown to modulate endothelial cell
proliferation, migration, and tube formation.28,29 While VEGF
was originally presumed to be highly selective for endothelial
cells, the presence of VEGF receptors has been demonstrated
on osteoblastic cells.30 Additionally, VEGF has been shown to
be a chemoattractant for both osteoblasts and endothelial
cells,31 and also a stimulant of osteoblast differentiation.30

The pleiotropic effects of VEGF have prompted studies
investigating the role of VEGF as a coupling factor for an-
giogenesis and bone formation. Street et al.32 inhibited VEGF
activity in both a femoral fracture and a tibial cortical defect
model using a soluble, neutralizing VEGF receptor. Bone re-
pair was disrupted in both cases. This suggests that endoge-
nous VEGF plays a role in the conversion of the cartilaginous
soft callus to a hard, mineralized callus in long bone fracture
repair, similar to its involvement in blood vessel invasion of
the hypertrophic cartilage layer and subsequent ossification
of the growth plate during development. This also implies
that VEGF is involved in intramembranous ossification pos-
sibly through the stimulation of osteoblast chemotaxis and
differentiation, and the recruitment of osteoblastic progenitor
cells delivered to the wound by neovascularization.

The considerable role played by VEGF in osteogenesis has
prompted a number of studies to examine the relationship
of VEGF to one of the most widely studied growth factors
in bone formation—bone morphogenetic protein-2 (BMP-2).
Sipola et al.33 found that endostatin, a natural antagonist of
VEGF, abrogated BMP-2–induced ectopic bone formation in a
mouse muscle pouch model. Similarly, Peng et al.34 investi-
gated the effect of the VEGF antagonist soluble fms-like ty-
rosine kinase 1 (sFlt1) on BMP-2–induced bone formation and
healing. The authors found that sFlt1 significantly inhibited
angiogenesis, delayed hypertrophic cartilage resorption, and
inhibited the mineralized bone formation associated with
BMP-2 delivery, indicating that endogenous VEGF activity is
important to BMP-2–induced bone formation. In addition,
exogenous VEGF delivery was found to enhance BMP-2–
induced bone healing through increased angiogenesis and
accelerated cartilage resorption and mineralization.

Aside from the previously mentioned synergistic actions
of VEGF and BMP-2 on bone healing, VEGF and hypoxia
have been shown to upregulate BMP-2 mRNA and protein
expression in endothelial cells,35 while hypoxia and BMPs
have been shown to increase VEGF expression in osteo-
blasts.36,37 Thus, both VEGF and BMP-2 may act as key
mediators in a complex, reciprocal fracture repair signaling
loop involving endothelial cells and osteoblasts.35

A number of studies have utilized methods of controlled
release to deliver either VEGF17,32,38,39 or BMP-23,40–42 to
enhance bone healing in animal models. However, Simmons
et al.43 have noted that because bone formation and repair are
controlled by many regulatory signals, it may be necessary to
deliver multiple growth factors in specific combinations for
effective tissue regeneration. Few studies have examined the
in vivo effect of VEGF and BMP-2 combined delivery on bone
regeneration in an orthotopic site. Peng et al.34 used ex vivo
gene therapy to create muscle-derived stem cells (MDSCs)

expressing either BMP-2 or VEGF. Implantation of collagen
scaffolds impregnated with both BMP-2–expressing and
VEGF-expressing MDSCs was found to regenerate signifi-
cantly more bone in a 6mM calvarial rat defect than scaffolds
containing VEGF-expressing MDSCs alone. In addition, the
BMP-2þ VEGF group had significantly higher bone density
than the group containing BMP-2–expressing cells only.

To our knowledge, only one study has examined the effect
of simultaneous, controlled release of VEGF and BMP-2 pro-
teins in an orthotopic bone model. Patel et al.44 utilized a rat
cranial critical-size defect (CSD) model to evaluate the an-
giogenic and osteogenic response to porous poly(propylene
fumarate) (PPF) scaffolds incorporating gelatin microparti-
cles (GMPs) for the controlled release of either VEGF (12mg)
alone, BMP-2 (2mg) alone, or both VEGF (12 mg) and BMP-2
(2 mg). At 4 weeks postimplantation, the dual release group
exhibited significantly more bone formation than the other
groups. By 12 weeks postimplantation, both the BMP-2 and
VEGFþBMP-2 groups showed significantly more bone for-
mation than the empty control and the VEGF-only groups,
although the VEGFþBMP-2 groupwas no longer statistically
significantly different from the BMP-2 group. These results
suggest that for the particular controlled release system and
growth factor doses chosen, the beneficial effect of combined
delivery of VEGF and BMP-2 peaked between 4 and 12weeks,
allowing the single delivery of BMP-2 to equalize by 12weeks.

The aim of the present study was to examine the osteo-
genic response to varied doses of both VEGF and BMP-2,
simultaneously delivered within a rat cranial CSD over 12
weeks. Previous studies have shown a minimal effect of
growth factor dose on in vitro release kinetics for VEGF45 and
BMP-246 amounts in the range of 6–60 ng=mg of GMPs. In
support of the planned in vivo work for this current study,
radiolabeled VEGF (4.8 mg=mg GMP) or BMP-2 (0.8 mg=mg
GMP) were loaded into both GMPs alone and porous
PPF=GMP constructs to examine if in vitro release kinetics
would be affected using the much larger growth factor
loading doses of relevance to in vivo work.

Specifically, it was hypothesized that decreased amounts
of BMP-2 from previous in vivo work (0.5–1 mg in this study
vs. 2mg previously)44 would result in a dose-dependent de-
crease in bone formation in the BMP-2-only control groups,
and that this reduction in bone formation could be reversed
by the addition of increasing amounts of VEGF (0.5–1 mg). To
test this hypothesis, a controlled release system composed of
a porous PPF scaffold incorporating GMPs was chosen. This
system has been utilized previously for bone tissue engi-
neering purposes44 and relies on acidic GMPs crosslinked
with 10mM glutaraldehyde for VEGF release45 and basic
GMPs crosslinked with 40mM glutaraldehyde for BMP-2
release.46 These composite scaffolds were implanted in a rat
cranial CSD and examined by microcomputed tomography
(micro-CT) and histology at 12 weeks postimplantation so
that the results could be directly compared to previous work
in this laboratory.44

Materials and Methods

Experimental design

For the first part of this study, the in vitro release kinetics
of VEGF and BMP-2 from GMPs alone and porous PPF
scaffolds incorporating GMPs were evaluated (Table 1).
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Based on previous optimization studies in our lab,45,46 acidic
GMPs with an isoelectric point (IEP) of 5 and crosslinked
with 10mM glutaraldehyde were chosen for the controlled
release of VEGF (IEP¼ 8.6), and basic GMPs with an IEP of 9
and crosslinked with 40mM glutaraldehyde were chosen for
the controlled release of BMP-2 (IEP¼ 8.5). This resulted in
the following four groups (n¼ 3 each): GMPs loaded with
6 mg VEGF (Group G=V), porous PPF scaffolds incorporating
GMPs loaded with 6mg VEGF (Group PG=V), GMPs loaded
with 1mg BMP-2 (Group G=B), and porous PPF scaffolds
incorporating GMPs loaded with 1mg BMP-2 (Group PG=B).
All samples were incubated in phosphate buffered saline
(PBS) containing 400 ng=mL of bacterial collagenase 1A, an
enzyme that is known to digest gelatin.47

The second part of this study evaluated the in vivo dose
effects of VEGF and BMP-2 on bone formation. The experi-
mental groups (Table 1) consisted of porous PPF scaffolds
incorporating GMPs loadedwith a range of VEGF and BMP-2
doses, specifically resulting in the following (each with n¼ 8):
1 mg BMP-2 (0.02 mg=mm3)þ 6mg VEGF (0.12 mg=mm3)
(Group 1B=6V); 1mg BMP-2 (0.02 mg=mm3)þ 12mg VEGF
(0.24 mg=mm3) (Group 1B=12V); 0.5 mg BMP-2 (0.01 mg=
mm3)þ 6 mg VEGF (0.12 mg=mm3) (Group 0.5B=6V); and
0.5 mg BMP-2 (0.01 mg=mm3)þ 12mg VEGF (0.24 mg=mm3)
(Group 0.5B=12V). Controls consisted of single growth fac-
tor delivery of BMP-2 only, resulting in the following (each
with n¼ 8): 1 mg BMP-2 (0.02 mg=mm3) (Group 1B=0V) and
0.5 mg BMP-2 (0.01 mg=mm3) (Group 0.5B=0V). These amounts
were chosen so that the dose effects could be directly com-
pared to previous work in our laboratory that delivered either
no growth factor (Group 0B=0V), 2mg BMP-2 (0.04 mg=mm3)
(Group 2B=0V), 12 mg VEGF (0.24 mg=mm3) (Group 0B=12V),
or 2mg BMP-2 (0.04 mg=mm3)þ 12mg VEGF (0.24 mg=mm3)
(Group 2B=12V) from the same controlled release system.44

All scaffolds were implanted into rat cranial CSDs for a period
of 12 weeks, scanned by micro-CT after harvest, and finally
sectioned for histological analysis.

PPF synthesis and porous PPF scaffold fabrication

PPF was synthesized in a two-step process according
to previous methods.48,49 PPF structure was confirmed by
1H nuclear magnetic resonance. Gel permeation chromatog-
raphy (Waters, Milford, MA) indicated a PPF number aver-
age molecular weight (Mn) of 2064 and polydispersity index
of 1.78 relative to polystyrene standards (Fluka, Buchs,
Switzerland).

Porous polymer scaffolds (8mm diameter, 1mm height)
made from a 1:1 mass ratio mixture of PPF and N-vinyl
pyrrolidone with 80wt% NaCl (300–500 mm crystals) in-
cluded as a porogen were fabricated and leached in deio-
nized, distilled water as previously described.44 All scaffolds
were then flushed with 70% ethanol and lyophilized over-
night. Scaffolds to be used for the in vivo study were sub-
sequently sterilized in ethylene oxide gas for 24 h.

GMP fabrication

Microparticles with a size range of 50–100 mm were made
from gelatin (Nitta Gelatin Co., Osaka, Japan), crosslinked in
glutaraldehyde solution, and lyophilized as previously de-
scribed.44

Acidic GMPs were crosslinked with 10mM glutaralde-
hyde and used for VEGF release, while basic GMPs were
crosslinked with 40mM glutaraldehyde and used for BMP-2
release. For the in vivo study, diffusional loading was used to
incorporate the growth factors into the lyophilized GMPs: a
solution of growth factor in PBS (0.16mg=mL BMP-2 [Pe-
protech, Rocky Hill, NJ] or 0.96mg=mL VEGF [Peprotech])
was dripped onto the GMPs at a volume of 5 mL=mg of mi-
croparticles. After vortexing, the loaded microparticles were
incubated for 20 h at 48C. For the in vitro study, the same
concentrations of growth factor solution were used for dif-
fusional loading; however, radiolabeled growth factors were
incorporated as well (please refer to the In vitro release study
section).

Table 1. Description of the Amount of Bone Morphogenic Protein-2 (0, 0.5, 1, or 2mg) and Vascular Endothelial
Growth Factor (0, 6, or 12mg) Used in Each Experimental Group Within This Study and Patel et al.44

Group BMP dose (mg) VEGF dose (mg) Construct Study

In vitro study groups
Group G=V 0 6 GMPs only Current study
Group G=B 1 0 GMPs only Current study
Group PG=V 0 6 PPF w=GMPs Current study
Group PG=B 1 0 PPF w=GMPs Current study

In vivo study groups
Group 0B=0V 0 0 PPF w=GMPs Patel et al.
Group 0B=12V 0 12 PPF w=GMPs Patel et al.
Group 0.5B=0V 0.5 0 PPF w=GMPs Current study
Group 0.5B=6V 0.5 6 PPF w=GMPs Current study
Group 0.5B=12V 0.5 12 PPF w=GMPs Current study
Group 1B=0V 1 0 PPF w=GMPs Current study
Group 1B=6V 1 6 PPF w=GMPs Current study
Group 1B=12V 1 12 PPF w=GMPs Current study
Group 2B=0V 2 0 PPF w=GMPs Patel et al.
Group 2B=12V 2 12 PPF w=GMPs Patel et al.

The type of construct used for each group is also shown (either GMPs only, or PPF scaffold=GMP composites).
BMP, bone morphogenic protein; VEGF, vascular endothelial growth factor; GMP, gelatin microparticle; PPF, porous poly(propylene

fumarate).
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Composite scaffold generation

To generate composite scaffolds, all porous PPF scaffolds
received 2.5mg each of acidic and basic GMPs, premixed
together in 30mL of a 24% aqueous solution of Pluronic F-127
(Sigma-Aldrich, St. Louis, MO). After injection of the GMPs
into the pores of the PPF scaffolds, the incorporated mixture
was allowed to gel at room temperature for 10min. De-
pending on the experimental group, various doses of VEGF
(0, 6, or 12 mg), BMP-2 (0.5 or 1 mg), and blank PBS-loaded
GMPs were incorporated into the composite scaffolds.
However, the loading concentration of growth factor per mg
of GMP was always kept constant—that is, a VEGF loading
dose of 4.8 mg=mg of 10mM acidic GMPs and a BMP-2
loading dose of 0.8 mg=mg of 40mM basic GMPs (Table 2).
Thus, the dose of VEGF and BMP-2 per scaffold was varied
by controlling the ratio of loaded to unloaded GMPs.

In vitro release study

Preparation of radiolabeled VEGF solution. The VEGF
loading solution for the in vitro release work consisted of a
mixture of radiolabeled and unlabeled growth factor in a
mass ratio of 0.0005:1. Radiolabeled VEGF (radioiodinated
with 125I using a modification of the iodogen method) was
purchased from PerkinElmer (Waltham, MA), and unlabeled
VEGF was obtained from Peprotech.

Preparation of radiolabeled BMP-2 solution. BMP-2 (As-
tellas Pharma, Inc., Tokyo, Japan) was radioiodinated using
the chloramine-T method of Greenwood et al.50 Briefly, 4mL
of NaI125 was added to a 40mL solution of BMP-2 (3mg=mL)
containing 5mM glutamic acid, 2.5wt% glycine, 0.5wt%
sucrose, and 0.01wt% Tween 80 (pH 4.5). About 100 mL of

chloramine-T (0.2mg=mL) (Nacalai Tesque, Inc., Kyoto,
Japan) in a 0.5M potassium phosphate-buffered solution
containing 0.5M NaCl (pH 7.5) was then added. After agi-
tation of the mixture for 2min at room temperature, 100mL
of PBS containing 0.4mg sodium metabisulfate was used to
terminate the reaction. Gel filtration through a Sephadex PD-
10 column (Amersham Biosciences, Pittsburg, PA) was used
to purify the solution and remove any free I125 remaining.
The concentration of BMP-2 was then determined using a
bicinchoninic acid protein assay (Pierce Biotechnologies,
Rockford, IL).

Measurement of in vitro release kinetics. Preparation of
radiolabeled growth factor solutions and growth factor
loading of the GMPs to generate groups G=V, PG=V, and
G=B, and PG=B were achieved as described above. GMPs
alone or composite scaffolds composed of porous PPF in-
corporating GMPs were incubated in 400 ng=mL collagenase
type 1A buffer at 378C under shaking at 70 rpm. At each time
point (days 0.5, 1, 2, 3, 6, 9, 13, 16, 20, 24, and 28), the buffer
was removed and replaced with fresh buffer. For groups
G=V, G=B, and PG=B, the samples were centrifuged for 5min
at 3000 rpm before buffer extraction so that the loss of mi-
croparticles during buffer removal was minimized. Stan-
dards containing known amounts of radiolabeled growth
factor were used to account for radioactive decay. The
release of radiolabeled growth factor into the surrounding
buffer was quantified using a gamma counter (Cobra II
Autogamma [Packard, Meridian, CT] for VEGF release, and
ARC-301B [Aloka Co., Tokyo, Japan] for BMP-2 release), and
the results were correlated to a standard curve. The percent
cumulative release of growth factor at each time point was
determined as follows:

Table 2. Growth Factor and Gelatin Microparticle Composition in Each Group

Group
BMP-2–loaded 40mM

basic GMP (mg)
PBS-loaded

40mM basic GMP (mg)
VEGF-loaded

10mM acidic GMP (mg)
PBS-loaded 10mM
acidic GMP (mg)

In vitro study groups
Group G=V 0 2.5 1.25 1.25
Group G=B 1.25 1.25 0 2.5
Group PG=V 0 2.5 1.25 1.25
Group PG=B 1.25 1.25 0 2.5
In vivo study groups
Group 0B=0V 0 0 0 0
Group 0B=12V 0 2.5 2.5 0
Group 0.5B=0V 0.63 1.88 0 2.5
Group 0.5B=6V 0.63 1.88 1.25 1.25
Group 0.5B=12V 0.63 1.88 2.5 0
Group 1B=0V 1.25 1.25 0 2.5
Group 1B=6V 1.25 1.25 1.25 1.25
Group 1B=12V 1.25 1.25 2.5 0
Group 2B=0V 2.5 0 0 2.5
Group 2B=12V 2.5 0 2.5 0

As discussed in the Materials and Methods, to keep the GMP growth factor loading concentration consistent, 5 mL of growth factor solution
(either 0.16mg=mL BMP-2 or 0.96mg=mL VEGF) was used for every mg of microparticles. Thus, growth factor dose was controlled by
varying the amount of growth factor–loaded GMPs incorporated into each group. In addition, it was ensured that the total amount of GMPs
incorporated in each group remained consistent at 5mg (except the control Group 0B=0V). The exact combination of microparticles used for
each group is shown below. PBS, phosphate buffered saline.

%Cumulative release at timeX¼

P

Growth factor released up to timeX

(
P

Growth factor released over entire study)þgrowth factor remaining in sample at last time
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Release rates were calculated as the slope of % cumulative
release over the stated time period and are reported as
change in % cumulative release per day.

In vivo dose effect study

Animal surgery, euthanasia, and implant retrieval. This
work was conducted in accordance with protocols approved
by the Rice University Institutional Animal Care and Use
Committee. Before surgery, all materials designated for im-
plantation were sterilized using ethylene oxide (GMPs, po-
rous PPF scaffolds, and dry Pluronic F-127) or 0.22 mm
syringe filters (water and PBS). GMP loading and composite
scaffold generation were all carried out under sterile condi-
tions before surgical implantation.

Forty-eight healthy male syngeneic Fischer 344 rats (12
weeks old and weighing 175–225 g) were purchased from
Harlan (Indianapolis, IN). General inhalational anesthesia,
the creation of an 8-mm-diameter critical-size cranial defect,
the placement of composite scaffolds in the defect site, and
postoperative animal care were performed as previously de-
scribed.44 At 12 weeks postimplantation, the rats were eutha-
nized, and the implants retrieved using establishedmethods.44

Microcomputed tomography imaging—animal specimens.

The harvested cranial bone defects were imaged using a high-
resolution SkyScan-1172 micro-CT imaging system (SkyScan,
Aartselaar, Belgium). Each specimen was fixed vertically
by the sample holder and placed in the micro-CT specimen
chamber. The scanner was set to a nominal resolution of
10 mm=pixel, and based on the manufacturer’s recommenda-
tions along with previous studies,44 voltage was set at 100 kV
and current at 100 mAwith a 0.5mM aluminum filter in place.
Resolution was set to high, which created 1280�1024 raw
images, and frame averaging was set to 4 frames per view to
increase the signal-to-noise ratio. Serial coronally oriented
tomograms were reconstructed from the raw images in the
NRecon CT Reconstruction software package (SkyScan) using
a 3D cone beam reconstruction algorithm for back projection
and convolution adapted from Feldkamp et al.51

Microcomputed tomography analysis—animal specimens.

The coronally oriental tomograms were then reformatted in
an axial orientation using CT-Analyzer (SkyScan) to facilitate
the creation of an 8-mm-diameter, 1.5-mm-thick cylindrical
volume of interest (VOI), which recreated the geometry of
the original cylindrical defect made by the trephine drill.
Thresholding analysis was conducted to optimize the pa-
rameters necessary for accurate binarization of samples. In
brief, the lower binarization threshold index value was var-
ied between 40 and 120, while the upper binarization
threshold index value was held constant at 255. Lower and
upper threshold indices of 70 and 255, respectively, were
determined to be the values for which binarized tomograms
most accurately represented their grayscale counterparts in
terms of bone morphology. Thus, the percentage of bone vol-
ume within each cylindrical VOI was calculated as follows:

% Bone formation¼
Bone volume (lm3)

VOI volume (lm3)
· 100%

The extent of bony bridging and union within the defect
was determined from the micro-CT datasets by generating
maximum intensity projections (MIPs) for each sample in the
CT-Analyzer software. Three blinded observers ( J.D.K.,
P.M.M., and S.Y.) separately graded the MIPs according to
the grading scale in Table 3 and reached a consensus score
for each sample. Note that although the blinded observers
who performed the MIP scoring in Patel et al.44 (Zarana Patel
and Simon Young) were different from this study ( James
Kretlow and Paschalia Mountziaris), the same quantitative
scoring system was used.

Microcomputed tomography imaging—porous PPF scaf-

folds. Six 8-mm-diameter, 1-mm-thick porous PPF scaffolds
were scanned using the SkyScan-1172 micro-CT imaging
system. The manufacturer’s recommended voltage of 40 kV
and a current of 250mA were utilized with no aluminum
filter and a nominal resolution of 8 mm=pixel. Resolution was
set to high, which created 1280�1024 raw images, and frame

Table 3. Scoring Guide for Extent of Bony Bridging and Union Using Maximum Intensity Projections
of Microcomputed Tomography Datasets

Description Score

Bony bridging over entire span of defect at longest point (8mm) 4
Bony bridging over partial length of defect 3
Bony bridging only at defect borders 2
Few bony spicules dispersed throughout defect 1
No bone formation within defect 0
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averaging was set to 4 to increase the signal-to-noise ratio.
Serial tomograms were reconstructed from the raw images in
NRecon using the Feldkamp 3D cone beam reconstruction
algorithm for back projection and convolution.

Microcomputed tomography analysis—porous PPF scaf-

folds. Porous PPF scaffold cross sections generated by
NRecon were all reformatted in CT-Analyzer in the correct
orientation, which allowed for a cylindrical ROI to be used
for analysis. Scaffolds were analyzed in CT-Analyzer for
both porosity and pore interconnectivity using a global
threshold of 50–255. Scaffold porosity was derived using CT-
Analyzer to determine the binarized object volume (i.e., the
actual polymer volume of each scaffold) within a VOI just
enclosing the porous PPF scaffold:

% Scaffold porosity¼ 1�
Binarized object volume

VOI volume

� �

· 100%

Pore interconnectivity of porous PPF scaffolds was deter-
mined as previously described.52 The micro-CT datasets
were loaded and resized by half, resulting in a pixel reso-
lution of 16mm. A VOI was defined by again superimposing
a cylinder just enclosing the scaffold volume.

For each scaffold, the VOI and binarized object volume
were quantified (VOIpre and OVpre). A three-dimensional
shrink wrap was then performed in CT-Analyzer. In a pro-
cess akin to applying vacuum to a sponge covered in cello-
phane wrap, this operation continuously shrinks the VOI
toward the surface of the binarized solid object from the
outside in. This eliminates all void space from the shrinking
VOI that is accessible through pore interconnects of a pre-
defined size (CT-Analyzer allows for even multiples of the
original voxel size). This analysis was performed at 2, 4, 6, 8,
10, 12, 14, 16, 18, 20, and 22 times the voxel size, and the
shrunk VOI (VOIpost) was determined. The binarized solid
object volume calculated after the shrink wrap operation was
completed (OVpost) equaled OVpre because no polymer was
lost from the scaffold in this nondestructive technique. The
percentage of volume inaccessible to the shrinking VOI was
determined as:

% Inaccessible volume¼
VOIpost �OVpost

VOIpre �OVpre
· 100%

Histological processing

After micro-CT scanning, the samples were dehydrated in
a graded series of ethanol (from 70% to 100%) and embedded
in methylmethacrylate. Once polymerization was complete,
a modified diamond saw technique53 was used to make three
10-mm-thick coronal sections per sample. Each section was
subsequently stained with methylene blue=basic fuschin.

Light microscopy and histological scoring

Each of the three sections per sample was evaluated sep-
arately by two blinded observers ( J.D.K. and P.M.M.) using

light microscopy. A quantitative grading scale was used to
assess the quality of the scaffold–bone interface and the tis-
sue response within the pores of the scaffold (Table 4). Once
this had been completed, a consensus score was reached for
each section, and the overall mean score for the group was
calculated. The mean histological scores for the groups in this
study (Groups 0.5B=0V, 0.5B=6V, 0.5B=12V, 1B=0V, 1B=6V,
and 1B=12V) were compared against the mean histological
scores for the groups scored by Patel et al.44 (Groups 0B=0V,
0B=12V, 2B=0V, and 2B=12V). Note that although the blinded
observers who performed the histological scoring in Patel
et al.44 (Zarana Patel and Simon Young) were different from
this study (Paschalia Mountziaris and James Kretlow), the
same quantitative scoring system was used.

Statistical methods

For evaluation of the in vitro VEGF and BMP-2 release
rates, a repeated measures analysis of variance (ANOVA)
was performed, followed by a Tukey’s multiple comparison
test to determine statistical significance with 95% confidence
intervals ( p< 0.05). Standard ANOVA was performed on the
in vivo % bone formation and bone score data, followed by a
Tukey’s multiple comparisons test to determine statistical
significance with 95% confidence intervals ( p< 0.05).* A
truncated regression and ordered logit analysis was per-

Table 4. Quantitative Histological Scoring Guide
as Used in This Study and Patel et al.44

Description Score

Hard tissue response at scaffold–bone interface
Direct bone to implant contact without

soft interlayer
4

Remodeling lacuna with osteoblasts
and=or osteoclasts at surface

3

Majority of implant is surrounded by
fibrous tissue capsule

2

Unorganized fibrous tissue (majority of
tissue is not arranged as capsule)

1

Inflammation marked by an abundance of
inflammatory cells and poorly organized tissue

0

Hard tissue response within the pores of the scaffold
Tissue in pores is mostly bone 4
Tissue in pores consists of some bone within

mature, dense fibrous tissue and=or a few
inflammatory response elements

3

Tissue in pores is mostly immature fibrous tissue
(with or without bone) with blood vessels and
young fibroblasts invading the space with few
macrophages present

2

Tissue in pores consists mostly of
inflammatory cells and connective tissue
components in between (with or without
bone) OR the majority of the pores are
empty or filled with fluid

1

Tissue in pores is dense and exclusively of
inflammatory type (no bone present)

0

*Because responses were measured as percentages, results from the standard ANOVA were confirmed using a truncated ANOVA–type
approach for the PBF and bone score data, and a log-transformed % response for the VEGF release data. The truncated ANOVA assumes
responses to be in the range of 0–100, while standard or ordinary least squares ANOVA assumes that responses can be between negative to
positive infinity. The results for both analyses were identical.
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formed on the % bone formation and bone score data, re-
spectively, to determine if the results from this current study
could be compared to previous work performed by this
laboratory.44 The results are reported as means� standard
deviation for n¼ 3 for the in vitro studies and n¼ 8–9 for the
in vivo studies.

Results

Porous PPF scaffolds

Quantitative micro-CT analysis was performed on re-
constructed porous PPF scaffold datasets to determine mor-
phological characteristics such as porosity and pore
interconnectivity. Mean PPF scaffold porosity (n¼ 8) was
found to be 77.9� 2.1%. Serial pore interconnectivity analy-
sis was performed by examining the change in % inaccessible
volume, as larger pore size cut-offs were selected (i.e., the
smallest pore the VOI could shrink through was increased
from 32, 64, 96, 128, 160, 192, 224, 256, 288, 320, up to
352 mm). Up to the 192-mm size cut-off, the % inaccessible
pore volume of the scaffolds stayed below 2%. However,
when the VOI shrink wrap algorithm was instructed to limit
the size of the smallest pore it could penetrate to 224 mm or
larger, the % inaccessible pore volume increased sharply to
approximately 38% (Fig. 1).

In vitro growth factor release kinetics

In vitro release of VEGF or BMP-2 from GMPs alone and
porous PPF scaffolds incorporating GMPs was evaluated
within collagenase-containing PBS over 28 days (Figs. 2 and 3).
As in previous studies,45–47,54 the release profileswere split into
four time segments to facilitate comparisons in release rates
between Group G=V and Group PG=V, or Group G=B and
Group PG=B: Phase 1 (the first 24 h), Phase 2 (days 1–3),
Phase 3 (days 3–16), and Phase 4 (days 16–28) (Tables 5 and 6).
The repeated measures ANOVA found that the type of re-
lease vehicle used (i.e., GMP only vs. composite scaffolds)
had an overall significant effect on % cumulative release
( p¼ 0.0041).

For VEGF, both G=V and PG=V exhibited a fairly large
burst release in the first 24 h with G=V and PG=V releasing

60.7� 9.6% and 79.9� 5.1%, respectively (Fig. 2). This was
followed by significantly reduced release rates thereafter (in
Phases 2, 3, and 4): Group G=V exhibited VEGF release rates
from 0.1% to 11%=day, while Group PG=V exhibited rates
ranging from 0.0% to 5.2%=day. Between groups, only the
Phase 1 and Phase 2 release rates were statistically signifi-
cantly different. Within groups, for PG=V, Phase 1 was sig-
nificantly different ( p< 0.05) from each of the other phases,
while Phases 2, 3, and 4 were not significantly different from
each other. Both Phases 1 and 2 were significantly different
from each of the other phases within group G=V.

BMP-2 did not exhibit the same large burst release profile
as seen with VEGF in the first 24 h, as seen by comparison of
Figures 2 and 3. In Phase 1, G=B and PG=B released BMP-2 at
a rate of 2.8� 0.5% and 19.7� 8.0%, respectively. Subsequent
release rates were significantly reduced, with G=B releasing
BMP-2 at approximately 0.3%=day for the remainder of the
study, while the release rates for Group PG=B in Phases 2–4
ranged from 0.5% to 2.0%=day. A statistically significant
difference between groups was only found for the Phase 1

FIG. 1. Pore interconnectivity of porous PPF scaffolds, as
measured by microcomputed tomography (micro-CT). The
sudden increase in the percentage inaccessible volume be-
tween a 192 and 224 mm size cut-off indicates an average
pore interconnect size within that range.

FIG. 2. Profile of the in vitro release of VEGF in collagenase
buffer. Average percent cumulative VEGF release from
GMPs only versus porous PPF scaffolds incorporating GMPs
(composite). Error bars represent means� standard devia-
tion for n¼ 3.

FIG. 3. Profile of the in vitro release of BMP-2 in collagenase
buffer. Average percent cumulative BMP-2 release from
GMPs only versus porous PPF scaffolds incorporating GMPs
(composite). Error bars represent means� standard devia-
tion for n¼ 3.
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release rate. Within groups, PG=B’s Phase 1 release rate was
significantly different from all other phases, while none of
the release rate phases for G=B were significantly different
from each other.

In vivo dose effects of BMP-2 and VEGF

By integrating the healed area of each serial binarized
tomogram throughout the defect volume, the percentage of
bone fill (PBF) that had occurred within each group was
determined (Fig. 4). The 12 week bone formation data from
previous work (i.e., Groups 0B=0V, 0B=12V, 2B=0V, and
2B=12V)44 were included for comparison, because truncated
regression analysis showed that study (i.e., the previous
work or this current work) had no significant effect on PBF,
with p¼ 0.6403. As can be seen in Figure 4, the amount of
bone formation exhibited by Groups 2B=0V (37.4� 18.8%)
and 2B=12V (39.7� 14.1%) was statistically significantly dif-
ferent from all other groups.

Specifically, Groups 1B=0V (19.4� 7.5%) and 0.5B=0V
(6.2� 4.9%) showed a statistically significant decrease in
bone formation from Group 2B=0V, indicating a BMP-dose-
dependent decrease in bone formation, although 1B=0V and
0.5B=0V were not statistically different from each other. A
rescue effect of simultaneously adding VEGF was not

observed in the groups that contained either 1 or 0.5 mg of
BMP-2. Groups 1B=6V (15.7� 13.0%) and 1B=12V (9.3�
6.3%) were not significantly different from 1B=0V, nor were
0.5B=6V (7.6� 4.4%) and 0.5B=12V (12.2� 10.5%) signifi-
cantly different from 0.5B=0V, indicating that the addition of
6 or 12mg of VEGF to the BMP-only controls in this study did
not result in a higher amount of bone formation at 12 weeks.
While several groups in this current study displayed a higher
mean PBF than the 0B=0V control group of the previous
study44 (i.e., Groups 0.5B=12V, 1B=0V, 1B=6V, and 1B=12V),
the difference was not significant.

An additional method of analysis used to assess bone
healing was the scoring of bone formation by blinded ob-
servers shown maximum intensity projections of each animal
(Fig. 5). The mean bone scores as seen in Figure 6 show that
Groups 2B=0V (3.4� 0.5) and 2B=12V (3.6� 0.5) had a sta-
tistically significantly higher score than Groups 0B=0V
(2.0� 1.1) and 0B=12V (2.0� 0.5) (as shown previously44),
and that Groups 0.5B=0V (2.4� 0.7) and 0.5B=6V (2.4� 0.5)
showed a statistically significant decrease in bone formation
as compared to 2B=12V.

In terms of the number of samples that exhibited bony
bridging within each group, a dose-dependent decrease was
observed for BMP-2, such that Group 2B=0V had 3=8 sam-
ples bridged, while Groups 1B=0V and 0.5B=0V had 1=8 and
0=8 samples bridged, respectively. Further, the addition of
VEGF seemed to increase the number of bridged samples per
group in certain cases: Group 2B=12V versus Group 2B=0V
(5=8 vs. 3=8 bridged), Group 1B=6V versus Group 1B=0V
(3=8 vs. 1=8 bridged), and Group 0.5B=12V versus both
Groups 0.5B=0V and 0.5B=6V (2=8 bridged vs. 0=8 bridged
for both).

As an adjunct to micro-CT analysis, both qualitative
(Fig. 7) and quantitative (Fig. 8) histological examinations
of Groups 1B=0V, 1B=6V, 1B=12V, 0.5B=0V, 0.5B=6V, and
0.5B=12V were performed to characterize the tissue response
at the scaffold–bone interface and within the pores of the

Table 6. Release Kinetics of BMP-2 from GMPs Only
and Composite Scaffolds

Phase 1
(%=day)
First 24 h

Phase 2
(%=day)
Days 1–3

Phase 3
(%=day)
Days 3–16

Phase 4
(%=day)

Days 16–28

In vitro BMP-2 release kinetics
Gelatin MPs a

2.8� 0.5 0.3� 0.1 0.2� 0.0 0.3� 0.2
Composites a,b

19.7� 8.0 2.0� 0.5 0.8� 0.1 0.5� 0.0

Average percent values (% release per day) are given with
standard deviations for n¼ 3.

aStatistical significance ( p< 0.05) between groups for Phase (i.e.,
Phase 1, 2, 3, or 4).

bWithin each group, a statistically significant difference ( p< 0.05)
of that particular phase from all other phases.

FIG. 4. Percent bone formation within the defect at 12
weeks as measured by micro-CT. Values are given for %
bone formation of the groups performed by Patel et al.44

(Groups 0B=0V, 0B=12V, 2B=0V, and 2B=12V) and this cur-
rent study (Groups 1B=0V, 1B=6V, 1B=12V, 0.5B=0V,
0.5B=6V, and 0.5B=12V). Error bars represent means� stan-
standard deviation for n¼ 8–9. At 12 weeks, Groups 2B=0V
and 2B=12V are statistically significantly different ( p< 0.05)
from all other groups, as denoted by asterisks (*).

Table 5. Release Kinetics of VEGF from GMPs Only
and Composite Scaffolds

Phase 1
(%=day)
First 24 h

Phase 2
(%=day)
Days 1–3

Phase 3
(%=day)
Days 3–16

Phase 4
(%=day)

Days 16–28

In vitro VEGF release kinetics
Gelatin MPs a,b a,b

60.7� 9.6 11.3� 1.5 0.8� 0.3 0.1� 0.1
Composites a,b a

79.9� 5.1 5.2� 0.7 0.5� 0.2 0.0� 0.0

Average percent values (% release per day) are given with
standard deviations for n¼ 3.

aStatistical significance ( p< 0.05) between groups for Phase (i.e.,
Phase 1, 2, 3, or 4).

bWithin each group, a statistically significant difference ( p< 0.05)
of that particular phase from all other phases.
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scaffolds. In all samples, the porous PPF scaffolds were vis-
ible and intact with no obvious signs of degradation or
fracture. The majority of specimens were surrounded by a
thin layer of fibrous connective tissue. Unlike the previous
study by Patel et al.44 where notable differences in pore tissue
response were seen between the groups loaded with 2 mg of
BMP-2 (Groups 2B=0V and 2B=12V) and those without BMP-
2 (Group 0B=0V and 0B=12V), the pore tissue response
among all the groups of this study was quite uniform. The
majority of samples had pores mainly filled with immature
fibrous tissue containing blood vessels and fibroblasts and a
minimal presence of inflammatory cells such as neutrophils
or macrophages. Bone formation within the pores or along
the dural and periosteal surfaces of the PPF scaffolds was
observed more commonly in samples from Group 1B=0V,
while the other groups had sporadic bone formation.

Quantitative histological scoring (Fig. 8) correlated well
with the trends in the PBF data derived from micro-CT
analysis (Fig. 4). When considering the mean scaffold–bone
interface score (Fig. 8A), Group 2B=12V (3.0� 0.9) was found
to have a statistically significantly higher score versus
Groups 1B=6V, 1B=12V, 0.5B=0V, and 0.5B=6V (ranging from
2.0� 0.0 to 2.2� 0.6). This was consistent with the fact that
the majority of samples in this study were surrounded by a
fibrous capsule and received a scaffold–bone interface score
of 2 on histological examination. Pore tissue response (Fig.
8B) also showed a similar trend, with Group 2B=0V
(2.8� 0.9) having a significantly higher score than Groups
1B=6V, 1B=12V, 0.5B=0V, 0.5B=6V, and 0.5B=12V (ranging
from 2.0� 0.2 to 2.2� 0.4). In addition, Group 1B=0V
(2.7� 1.0) was observed to have a significantly higher pore
response score than Group 0.5B=0V (2.0� 0.3). This was also

FIG. 5. Examples of micro-CT generated maximum intensity projections of rat cranial defects at 12 weeks. (A) Group
1B=0V, Sample #7: bone score¼ 3, 28.5% bone fill. (B) Group 1B=6V, Sample #10: bone score¼ 4, 40.0% bone fill. (C) Group
1B=12V, Sample #22: bone score¼ 3, 10.9% bone fill. (D) Group 0.5B=0V, Sample #31: bone score¼ 2, 3.1% bone fill. (E)
Group 0.5B=6V, Sample #41: bone score¼ 3, 15.1% bone fill. (F) Group 0.5B=12V, Sample #49: bone score¼ 4, 35.0% bone fill.
Bars represent 2mm.
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consistent with the qualitative histological findings, which
showed the majority of implants in this study containing
mainly immature fibrous tissue within the pores and mini-
mal bone formation, with Group 1B=0V having more sam-
ples with moderate bone formation.

Discussion

Bone regeneration is a complex process involving the co-
ordinated spatio-temporal expression of amultitude of growth
factors. Thus, effective bone tissue engineering strategies may
require the controlled delivery of multiple growth factors at
specific rates. The present study first examined if using growth
factor loading doses of relevance to the planned in vivo work
(i.e., VEGF at 4.8mg=mg GMPs or BMP-2 at 0.8mg=mg GMPs)
would affect the in vitro release kinetics as compared to pre-
vious studies that used loading doses in the range of 6–60 ng
VEGF or BMP-2 per mg of GMPs.45,46 The study’s main aim
was to evaluate the osteogenic response to varied doses of both
VEGF and BMP-2, simultaneously delivered within a rat cra-
nial CSD over 12 weeks. Specifically, it was hypothesized that
by decreasing the amount of BMP-2 from 2mg in previous
work44 to 0.5–1mg in this study, a dose-dependent decrease in
bone formation would be seen at 12 weeks. It was also theo-
rized that the addition of VEGF in amounts of 6–12 mg would
counter this decrease in bone formation through the promo-
tion of angiogenesis and the recruitment and differentiation of
osteoprogenitor cells.

In the first part of this study, the in vitro release kinetics of
radiolabeled VEGF or BMP-2 from GMPs only and from
porous PPF scaffolds incorporating GMPs were examined.
For VEGF release, acidic GMPs crosslinked with 10mM
glutaraldehyde were loaded with VEGF, while PBS-loaded
basic GMPs crosslinked with 40mM glutaraldehyde were
included as well to simulate the composition of GMPs used
for the subsequent in vivo study. The BMP-2 release study
utilized samples of BMP-2–loaded basic GMPs crosslinked
with 40mM glutaraldehyde combined with PBS-loaded
acidic GMPs crosslinked with 10mM glutaraldehyde.

As in previous studies of in vitro VEGF release kinetics,45 a
large burst release was observed in Groups G=V and PG=V
during the first 24 h, which can be attributed to the loss of
uncomplexed VEGF from the gelatin microspheres.55 Subse-
quently, the VEGF release rate over Phases 2–4 (Table 5)
showed a significant decline in both groups, suggesting a
slower rate of VEGF release as the gelatin microspheres de-
graded through enzymatic hydrolysis.55While the cumulative
BMP-2 releases from Groups G=B and PG=B were less than
that of the VEGF releasing samples in this study, their release
curves were similar to those observed in previous work.46 Si-
milar to the VEGF releasing groups, Groups G=B and PG=B
exhibited increased rates of release in the first 24 h, followed by
diminished BMP-2 release over Phases 2–4 due to the initial
loss of uncomplexed growth factor, followed by slower release
of BMP-2 through enzymatic GMP degradation.

Direct comparison of the release kinetics for Group G=V or
G=B to that previously seen from 10mM acidic GMPs45 or
40mM basic GMPs46 is not possible because this current
study utilized a mixture of acidic and basic GMPs for Groups
G=V and G=B. Comparison of Group PG=V with the 10mM
GMP composite from previous work45 or Group PG=B with
the 40mM GMP composite studied previously46 is some-
what more feasible, because the make-up of the composites
and the nature of the release buffer are identical.

However, a difference exists between the two composite
scaffolds in the loading doses of growth factor used: past
work utilized either 150 ng of VEGF loaded in 2.5mg of
acidic GMPs per composite45 or 150 ng of BMP-2 loaded in
2.5mg of basic GMPs per composite.46 In contrast, this cur-
rent in vitro study utilized growth factor loading concentra-
tions similar in magnitude to previous in vivo work,44 which
was either 6mg of VEGF in 1.25mg of acidic GMPs per
composite or 1 mg of BMP-2 in 1.25mg of basic GMPs per
composite. A higher Phase 1 release rate was observed for
the VEGF-releasing composite in this current study (79.9�
5.1%=day) versus the previous study (69.5� 2.6%=day),45

suggesting that by increasing the VEGF loading dose by 200
times, a greater proportion of the initial VEGF dose remained
uncomplexed. This may have contributed to the release of a
greater percentage of VEGF in the first 24 h, before any
substantial enzymatic gelatin degradation. Interestingly, a
similar Phase 1 release rate was observed for the BMP-2–
releasing composite in this study (19.7%� 8.0%=day) as
compared to previous work (17.8%� 6.1%=day),46 despite
the higher growth factor concentration loaded into the
GMPs. This could most likely be attributed to the fact that
Group PG=B was centrifuged down at each time point, be-
fore the aspiration of supernatant for radioactivity testing,
which reduced the chances of accidentally collecting stray
GMPs. Prior studies did not centrifuge the composites before
supernatant collection at each time point.

A statistically significant effect of vehicle type (i.e., GMPs
only vs. composite) on % cumulative release was observed
for both VEGF and BMP-2. As seen in Table 5, VEGF release
rate differed significantly between the two groups for Phases
1 and 2, suggesting a larger percentage of uncomplexed
VEGF was released from composite scaffolds versus GMPs
only. A similar trend was observed for BMP-2 release (Table
6). While the mechanism for this difference is unclear, issues
such as the interaction between the Pluronic F127 and
growth factor-loaded GMPs in the composite scaffolds, as

FIG. 6. Average bone score within the defect at 12 weeks
as measured by blinded observers assessing maximum in-
tensity projections of micro-CT datasets. Values are given for
bone score of the groups performed by Patel et al.44 (Groups
0B=0V, 0B=12V, 2B=0V, and 2B=12V) and this current study
(Groups 1B=0V, 1B=6V, 1B=12V, 0.5B=0V, 0.5B=6V, and
0.5B=12V). Error bars represent means� standard deviation
for n¼ 8–9. Statistically significant differences ( p< 0.05) are
denoted by asterisks (*).
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well the differences in handling between the two groups at
each time point measurement (i.e., centrifugation of the
Group G=V vs. noncentrifugation of Group PG=V), should
be taken into consideration. Further conclusions on the appro-
priateness of the in vitro VEGF and BMP-2 release kinetics for
in vivo applications are not possible because previous work

in our laboratory has shown that in vitro release kinetics
differ from in vivo release kinetics.45,46 Nonetheless, the early
VEGF and late BMP-2 release profiles observed in this cur-
rent study correlate well with the typically early expression
of VEGF and later BMP-2 expression during osteoprogenitor
cell differentiation in vitro56 and bone healing in vivo.57,58

FIG. 7. Representative histological sections of samples from (A) Group 1B=0V, (B) Group 1B=6V, (C) Group 1B=12V, (D)
Group 0.5B=0V, (E) Group 0.5B=6V, and (F) Group 0.5B=12V. Note the pores in all groups are mainly filled with fibrous tissue,
with a minimal amount of inflammation or bone formation. P, PPF scaffold; B, new bone. Bar represents 200 mm for all panels.
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The in vivo part of this current study utilized a rat cranial
CSD to address the dose effect of BMP-2 and VEGF on bone
formation at 12 weeks. Previous work in our laboratory44

found no significant difference in PBF at 12 weeks between
groups implanted with 2mg of BMP-2 (referred to as Group
2B=0V) and those implanted with 2mg of BMP-2 and 12mg
of VEGF (i.e., Group 2B=12V). There was, however, a signifi-
cant difference in PBF between those particular formulations
at 4 weeks, indicating that the beneficial effect of dual growth
factor release occurred somewhere between 4 and 12 weeks.

To take advantage of using the data from this previous
study for comparison (i.e., Groups 0B=0V, 0B=12V, 2B=0V,
and 2B=12V), this current study utilized the same surgeon
(S.Y.), animal subjects (male Fischer-344 rats), implant vehi-
cle (porous PPF scaffolds incorporating GMPs), and con-
centration of growth factor per mg of loaded GMP (i.e.,
0.8 mg BMP-2 per 1mg of 40mM basic GMPs or 4.8 mg of
VEGF per 1mg of 10mM acidic GMPs). The porous PPF
scaffolds used in this study had an average pore size of 300–

500 mm, a porosity of 77.9� 2.1% and a pore interconnect size
between 192 and 224mm, well above the minimum pore size
recommended for bone tissue engineering applications.59

It was hypothesized for this current study that by de-
creasing the dose of BMP-2 delivered, bone formation at 12
weeks would decrease in a dose-dependent fashion, but the
addition of VEGF would reverse this effect. Both % bone
formation (performed by software) and bone formation
scoring (performed by blinded observers) were used to as-
sess bone healing. A statistically significant drop in PBF was
observed between Group 2B=0V (37.4� 18.8%) and Groups
1B=0V (19.4� 7.5%) and 0.5B=0V (6.2� 4.9%) (Fig. 4), sug-
gesting a dose-dependent decrease in PBF as the total load-
ing dose of BMP-2 decreased from 2mg to 0.5–1mg. Group
2B=0V did not have a statistically significantly different mi-
cro-CT bone score from Groups 1B=0V or 0.5B=0V (i.e.,
3.4� 0.5 vs. 3.1� 0.4 and 2.4� 0.7, respectively). However, a
dose-dependent decrease in the number of samples per
group that exhibited bony bridging was observed: Group
2B=0V had 3=8 bridged, while Group 1B=0V had 1=8
bridged, and Group 0.5B=0V did not have any samples ex-
hibiting defect bridging. A similar trend was observed with
the histological scoring of the pore tissue response, with a
statistically significant decrease in score from Group 2B=0V
(2.8� 0.9) to Group 0.5B=0V (2.0� 0.3) and from Group
1B=0V (2.7� 1.0) to Group 0.5B=0V.

Cowan et al.42 examined the bone healing response to a
range of BMP-2 doses (30–240 ng=mm3) coated onto porous
PLGA scaffolds within a 5mM rat cranial defect. Using
micro-CT, these authors found a dose response effect on
new bone area at 12 weeks. In addition, the smallest BMP-2
dose of 30 ng=mm3 was found to have a statistically signifi-
cant difference in % bone fill versus the empty control (i.e.,
*58% vs. *15%). In this current study, Groups 2B=0V,
1B=0V, and 0.5B=0V had BMP-2 concentrations of 40, 20, and
10 ng=mm3, respectively. The PBF or micro-CT bone scores
for Groups 1B=0V and 0.5B=0V were not statistically signif-
icantly different, nor were these two groups significantly
different from the blank control Group 0B=0V, suggesting
the threshold dose for BMP-2–induced bone formation using
this particular animal model and release vehicle is between
20 and 40 ng=mm3.

While a dose-dependent decrease in bone healing was
observed among the BMP-2-only control groups, the addi-
tion of 6–12 mg of VEGF did not seem to have a beneficial
effect on % bone formation or micro-CT bone score. Statis-
tical analysis found that the BMP-2 dose had an effect on PBF
( p< 0.0001) and micro-CT bone score ( p< 0.0001), while
VEGF dose did not ( p¼ 0.9495 for PBF and p¼ 0.6488 for
micro-CT bone score). Specifically, there were no statistically
significant differences among the following for % bone for-
mation (Fig. 4): (1) Group 2B=0V versus Group 2B=12V, (2)
Group 1B=0V vs. 1B=6V vs. 1B=12V, and (3) Group 0.5B=0V
vs. 0.5B=6V vs. 0.5B=12V. In each of these three comparisons,
the addition of VEGF did not result in a statistically signifi-
cant increase in % bone formation versus the BMP-2-only
control, nor was the PBF for the groups performed in this
current study statistically significantly different than the
blank control Group 0B=0V. Similar results were seen for the
evaluation of micro-CT bone score, such that no statistically
significant increase in bone score was observed as 6 or 12mg
VEGF was added to either 0.5 or 1 mg of BMP-2 (Fig. 6).

FIG. 8. Average score for (A) the hard tissue response at
the scaffold–bone interface, and (B) the tissue response
within the scaffold pores within the defect at 12 weeks as
measured by blinded observers assessing histological sec-
tions. Values are given for bone score of the groups per-
formed by Patel et al.44 (Groups 0B=0V, 0B=12V, 2B=0V, and
2B=12V) and this current study (Groups 1B=0V, 1B=6V,
1B=12V, 0.5B=0V, 0.5B=6V, and 0.5B=12V). Note for Figure
8B that a significant difference also exists between Groups
1B=0V and 0.5B=0V. Error bars represent means� standard
deviation for n¼ 8–9. Statistically significant differences
( p< 0.05) are denoted by asterisks (*).
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Histological examination of the samples confirmed these
findings with the majority of the samples in this study (i.e.,
from Groups 1B=6V, 1B=12V, 0.5B=0V, 0.5B=6V, and
0.5B=12V) displaying minimal bone formation within the
pores, and instead containing mainly immature fibrous tis-
sue with minimal inflammation.

Interestingly, although PBF and micro-CT bone score did
not show improvement with the addition of VEGF to the
BMP-2-only controls, there were some inconsistent but no-
ticeable trends in the number of samples per group dis-
playing defect bridging. As shown previously,44 Group
2B=0V had 3=8 samples bridged, while Group 2B=12V had
5=8 samples bridged. In this current study, Group 1B=0V had
1=8 samples bridged and Group 1B=6V had 3=8 samples
bridged. Additionally, Group 0.5B=0V had no samples
bridged, but Group 0.5B=12V had 2=8 samples bridged.
However, there was no clear trend to this effect, because
VEGF loaded groups such as Groups 1B=12V and 0.5B=6V
had no samples bridged.

These data suggest an unclear long-term (i.e., 12 weeks
postimplantation) effect to the combined delivery of VEGF
and BMP-2 versus BMP-2 alone, using this particular animal
model and delivery vehicle, at the loading doses chosen.
While the benefit of BMP-2 delivery for bone regeneration
has been clearly established in the literature, there is still a
paucity of data concerning the benefits of multi-growth fac-
tor controlled release in this area.

Previous studies have combined BMP-2 with TGF-b3,43,60

FGF-2,61 or VEGF,34,44,62 using a variety of animal models
and delivery systems, with mixed results. Oest et al.60 im-
planted poly(L-lactide-co-D,L-lactide) scaffolds containing
BMP-2 (200 ng) and TGF-b3 (20 ng) into a rat segmental de-
fect. The authors found no significant difference in bone
formation at 4 or 16 weeks between growth factor-enhanced
scaffolds versus blank scaffolds. Akita et al.61 used a 4mM
rat cranial defect model to compare groups implanted with a
gelatin sponge containing PBS-only, human mesenchymal
stem cells (hMSCs), or hMSCs with 10mg BMP-2 and 10mg
FGF-2. At 4 weeks, the group with hMSCsþ growth factors
had significantly higher bone mineral density versus the
PBS-only and hMSC-only groups, although no significant
differences were found at 8 weeks. Neither of these two
studies compared dual growth factor delivery to single
growth factor delivery.

In contrast, previous studies examining the effect of BMP-
2 and VEGF combined delivery have included groups with
either BMP-2-only or VEGF-only for comparison. Kakudo
et al.62 implanted collagen disks containing either 2mg of
BMP-2 (96 ng=mm3) alone, or 2mg BMP-2 and 1 mg of VEGF
(48 ng=mm3) into a rat ectopic bone formation model. At 3
weeks, the BMP-2þVEGF group had significantly greater
bone area and capillary density than BMP-2 alone. Peng
et al.34 used an orthotopic bone model to show the beneficial
effect of combining VEGF and BMP-2. In one part of that
study, the authors implanted cell-impregnated gelatin disks
into a 6mM rat cranial defect. The disks contained transduced
MDSCs expressing either BMP-2 (250 ng=106 cells=24 h) or
VEGF (200 ng=106 cells=24 h). At 3 and 6 weeks postimplan-
tation, defects containing implants with both BMP-2 and
VEGF expressing cells were found to have a significantly
higher relative bone density than those containing either
BMP-2–expressing cells only, or VEGF expressing cells only.

Further, that same study found an inverse relationship be-
tween the degree of bone healing and ratio of VEGF to BMP-2,
such that a VEGF:BMP-2 ratio of 1:5 exhibited greater bone
area at 3 weeks versus ratios of 1:1 or 5:1, although the dif-
ferences were not significant.

The studies by Peng et al.34 and Kakudo et al.62 seem to
suggest that the combination of BMP-2 and VEGF provides
bone tissue engineering constructs with increased osteogenic
potential over BMP-2 or VEGF alone. Although such benefits
were not observed in the current study, it should be noted
that these aforementioned studies utilized different: (1) doses
of growth factor, (2) delivery vehicles (i.e., growth factor-
impregnated collagen disks or transduced cells), (3) in vivo
models (i.e., muscle pouch or 6mM cranial defect), (4) as-
sessment time points (i.e., 3 or 6 weeks), and (5) assessment
methods (i.e., radiographic bone mineral density or histo-
logic measures of bone area). Further, it should be reiterated
that previous work in our laboratory44 showed a statistically
significant increase in bone formation for Group 2B=12V
versus Groups 2B=0V, 0B=12V, and 0B=0V at 4 weeks, while
the aim of this present study was to examine longer-term
bone regeneration at 12 weeks.

The results of this current study suggest that doses of
0.5–1mg of BMP-2 (i.e., 10–20 ng=mm3) released from 40mM
basic GMPs were insufficient to regenerate a significant
amount of bone in a critical-size rat cranial defect at 12
weeks, while 2mg of BMP-2 (40 ng=mm3) was able to over-
come this threshold. Regardless of a BMP-2 loading dose of
0.5, 1, or 2 mg, the addition of 6–12 mg of VEGF (i.e., 119–
239 ng=mm3) released from 10mM acidic GMPs did not re-
sult in a significant increase in percentage bone formation or
bone score over BMP-2 alone. In certain instances, however,
a larger number of samples per group exhibited bony
bridging when VEGF was combined with BMP-2 versus
BMP-2 alone, illustrating the need to use both quantitative
and qualitative methods of assessment for bone healing.

Given that VEGF plays an early role in bone repair
through its involvement with angiogenesis, it is less likely
that the release kinetics of VEGF from 10mM acidic GMPs
were suboptimal, considering its in vitro (Fig. 2) and in vivo45

release profiles. A lack of VEGF bioactivity was also less of a
concern because previous work has documented the in vitro
bioactivity of VEGF released from GMPs.45 Although a
weakness of this study may be that VEGF bioactivity was not
assessed by blood vessel quantification of histological sam-
ples at 12 weeks, the main focus of this study was to evaluate
the effects of VEGF and BMP-2 on bone formation. None-
theless, it is possible that an overly large burst release may
have resulted in insufficient amounts of VEGF present at
later time points to sustain the immature vessel network,
resulting in the pruning of unstable vessels.63 In fact, studies
that have utilized VEGF controlled release systems and ob-
served increases in bone formation over controls have used
more sustained release profiles.17

Consideration should also be given to previous studies34,62

which used VEGF=BMP-2 ratios of less than 1. In compari-
son, the VEGF=BMP-2 ratios utilized in this current study
(i.e., ranging from 24:1 to 6:1) may have resulted in subop-
timal bone formation due to excess VEGF pushing stem cells
within the healing defect towards an endothelial lineage, and
reducing the number of cells available for osteogenic differ-
entiation.64
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A final possibility as to why the simultaneous release of
VEGF and BMP-2 was not shown to increase PBF over BMP-
2 alone, is that adequate vascularization may not be a lim-
iting factor for bone regeneration in the rat critical-size
cranial defect model.42 The abundant vascularity present in
the overlying tissues for this particular bone defect model,
combined with the ability of BMP-2 to stimulate angiogen-
esis through VEGF expression in both osteoblasts and endo-
thelial cells36 may have actually rendered the addition of
VEGF as superfluous.

Conclusions

Effective bone tissue engineering strategies may require
the ability to recapitulate the natural bone healing environ-
ment through the controlled release of multiple growth fac-
tors. The field of dual growth factor controlled release,
however, is still relatively new and various combinations of
angiogenic and osteogenic growth factors are currently under
investigation. The first part of this study showed that vehicles
loaded with VEGF doses of relevance to in vivo applica-
tions exhibit a relatively large burst release in the first 24 h,
indicative of a large release of uncomplexed VEGF. This was
followed by a significantly decreased release rate over the
remaining 27 days, characteristic of the enzyme-mediated
hydrolysis of GMPs. While in vitro BMP-2 release from com-
posites also had a significantly higher Phase 1 release rate than
subsequent phases, BMP-2 had a more sustained release
profile overall versus VEGF. This study also investigated the
dose effect of BMP-2 and VEGF, simultaneously delivered in a
rat critical-size cranial defect. It was hypothesized that
decreased amounts of BMP-2 from previous in vivo work
would result in a dose-dependent decrease in bone formation
in the BMP-2-only control groups, and that this reduction in
bone formation could be reversed by the addition of increas-
ing amounts of VEGF. At 12 weeks, a dose-dependent de-
crease in bone formation was observed for decreasing loading
doses of BMP-2 from 2 mg to 0.5–1 mg. The addition of 6–12 mg
of VEGF to the BMP-2-only formulations did not result in a
significant increase in percentage bone formation ormicro-CT
bone score, although an increase in the proportion of bridged
defects was noted for certain dual release groups. These re-
sults suggest that there is no consistent, observable benefit to
the controlled, simultaneous release of BMP-2 and VEGF over
BMP-2 alone, for this particular release system and set of
loading doses after 12 weeks. Given the small number of
studies which have examined the effectiveness of controlled,
simultaneous BMP-2 andVEGF release, further investigations
are required to determine the optimal loading dose, growth
factor ratio, and release kinetics of these cytokines for long
term, effective bone regeneration.
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