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Abstract

Background—Commercially available recombinant human bone morphogenetic protein 2
(rhBMP2) has demonstrated efficacy in bone regeneration, but not without significant side effects.
In this study, we utilize rhBMP2 encapsulated in PLGA microspheres (PLGA-rhBMP2) placed in
a rabbit cranial defect model to test whether low-dose, sustained, delivery can effectively induce
bone regeneration.

Methods—rhBMP2 was encapsulated in 15% poly (lactic-co-glycolic acid), using a double
emulsion, solvent extraction/evaporation technique, and its release kinetics and bioactivity were
tested. Two critical-size defects (L0mm) were created in the calvarium of New Zealand White
rabbits (5-7 mos of age, M/F) and filled with a collagen scaffold containing one of four groups: 1)
no implant, 2) collagen scaffold only, 3) PLGA-rhBMP2(0.1ug/implant), or 4) free rhBMP2
(0.1ug/implant). After 6 weeks, the rabbits were sacrificed and defects were analyzed by uCT,
histology, and finite element analysis.

Results—RhBMP2 delivered via bioactive PLGA microspheres resulted in higher volumes and
surface area coverage of new bone than an equal dose of free rhBMP2 by uCT and histology
(p=0.025, 0.025). FEA indicated that the mechanical competence using the regional elastic
modulus did not differ with rhBMP2 exposure (p=0.70). PLGA-rhBMP2 did not demonstrate
heterotopic ossification, craniosynostosis, or seroma formation.

Conclusions—Sustained delivery via PLGA microspheres can significantly reduce the rhBMP2
dose required for de novo bone formation. Optimization of the delivery system may be a key to
reduce the risk for recently reported rhBMP2 related adverse effects.

Level of Evidence—Animal Study

Introduction

Recombinant human Bone Morphogenetic Protein 2 (rhBMP2) has been demonstrated to
promote osteogenesis and is currently FDA approved for clinical use in spinal fusion,
treatment of long bone fractures, sinus surgery and the repair of alveolar defects!2,
RhBMP2, as it is currently available (INFUSE, Medtronic Sofamor Danek, Memphis, TN),
is delivered at approximately 1.5mg/cc3 with patients receiving 2-14mg per treatment?. In
these concentrations and doses, it has demonstrated efficacy in bone regeneration and bony
union®, but not without significant side effects® including heterotopic ossification (HO)7-9,
transient bone resorption19, wound complications!?, local inflammation12 and seroma
formation® 13. 14, Such side effects are poorly tolerated in anatomic regions requiring
precise control over bone morphology and geometry, like the head and neck. This is
especially important in the pediatric patient, with animal studies suggesting an interaction of
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rhBMP2 and the growing brainl® and the premature fusion of cranial sutures'6. There have
been numerous attempts to achieve the ideal delivery— timing, concentration, dose,

vehicle-- of rhBMP2 for the repair of calvarial defects, but the ideal system remains
elusive® 13,14, 17,

In normal physiologic conditions, endogenous BMP?2 is secreted by various cell types as an
inactive precursor becoming tightly bound within the extracellular matrix. Under the
conditions of bony injury and repair, it is released from the matrix and activated via
enzymatic digestion to initiate receptor-mediated signaling in target cells. Studies have
shown that demineralized bone has its own BMP2 carrier systems that are able to efficiently
release BMP2 into the extracellular matrix at low doses and in a sustained manner during
bone healing811, The purpose of this study is to measure the osteogenic efficacy of
sustained release rhBMP2 utilizing a poly-lactic-co-glycolic acid (PLGA) microsphere
delivery system loaded onto an FDA approved collagen sponge. Our primary endpoint is
quantity of regenerated bone, with secondary endpoints being histologic analysis,
biomechanical properties, and the presence of side effects.

Materials and Methods

PLGA-rhBMP2 Microspheres

rhBMP2 was encapsulated in 15% poly (lactic-co-glycolic acid) (PLGA) (66-107 kDa,
75:25) (Sigma- Aldrich; St. Louis, MOQ.), using a double emulsion solvent extraction/
evaporation techniquel®. Microspheres were lyophilized and stored at -80°C until use.
Protein release kinetics were determined using the same PLGA microspheres encapsulating
bovine serum albumin (BSA) (Sigma- Aldrich; St. Louis, MO.) Protein quantification was
done by incubating microspheres at 37°C and measuring protein release using a
bicinchoninic acid (BCA) assay kit (Thermo Scientific; Rockford, IL.). Encapsulation
efficiency was determined by dissolving PLGA microspheres in dichloromethane (Sigma-
Aldrich; St. Louis, MO) and performing a BCA assay to determine total quantity of protein
encapsulated. This calculation ensured that the proper quantity of microspheres was added to
achieve 0.1ug rhBMP2/implant. Bioactivity of PLGA-rhBMP2 was determined in co-culture
with pre-osteoblastic MC3T3 cells based on alkaline phosphatase activity.

Preparation of Collagen Scaffolds

Immediately prior to implantation, native collagen scaffolds (Duragen®, Integra
LifeSciences; Plainshoro, NJ) with a mean volume of 205.15+/-11.27um?3 were loaded with
PLGA-rhBMP2 (0.1ug rhBMP2/implant) or free rhBMP2 (0.1ug/implant). To verify
microsphere loading and distribution, rhodamine labeled microspheres were used and
evaluated with fluorescent microscopy.

Surgery/Implantation

All procedures were conducted in accordance with guidelines from the institutional animal
care and use committee. Anesthesia was initiated by intramuscular injection of ketamine/
xylazine (50mg/kg, 2.5mg/kg) and maintained on isoflurane (1-5% per L O,). Prior to
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incision, rabbits received a subcutaneous dose of buprenorphine (0.05mg/kg), intravenous
dose of cefazolin (20mg/kg) and a fentanyl patch (25mcg/hr/72hrs).

Seven New Zealand White rabbits (Covance; Princeton, N.J.), 5-7 months of age, male and
female, underwent bilateral, circular, 10mm craniectomy with a fine pineapple burr on a
Midas Rex surgical drill (Medtronic Sofamor Danek; Memphis, TN) (Figure 1). Two
implant placements were chosen randomly from 1 of 4 experimental groups (Table 1) in
each animal. Care was taken to avoid injuring the underlying dura. Each implant was placed
in the respective defect (Figure 1) and a single layer closure was performed. Post-op
analgesia was delivered based on the veterinary staff's assessment of the animal's
discomfort.

After 42+/-2 days, rabbits underwent euthanasia with initial intramuscular injection of
ketamine/xylazine (50mg/kg, 2.5mg/kg), lethal intravenous overdose of pentobarbital (125
mg/kg) and thoracotomy. Following dissection, samples were fixed in 37% formalin
(Sigma-Aldrich; St. Louis, MO.) for 1-2 weeks prior to decalcification.

Bone regeneration was assessed using micro-computed tomography (UCT) with 30um slice
thickness (VivaCT40; Scanco Medical, Easton, PA.). uCT was performed after sample
harvest and formalin fixation, prior to decalcification. 3-D reconstruction using standard
bone thresholding and quantitative analysis of new bone was performed, measuring volume
and surface area of new bone using commercially available software (Mimics, Materialise;
Leuven, Belgium). Each sample was analyzed in a qualitative manner by two independent
observers for the presence of HO and craniosynostosis.

Finite Element Analysis (FEA)

Post-hoc FEA was performed on all samples to understand the mechanical properties of
newly formed bone using Rajapakse's technique20-23, uCT data was resliced to ensure that
mechanical modeling was performed with simulated loading in the cranial-caudal axis (C-
C). Three, 1530um x 1530um x 330um regions of interest (ROI) were chosen (third
dimension along the C-C axis) for each rabbit sample to include an area on the medial edge
of each defect site, a control sample of unaltered calvarium on the midline adjacent to the
two defect sites and a region on the medial portion of the defect margin.

FEA was performed on each ROI by modeling a compressive force in the cranial-caudal
axis. A micro-scale bone tissue modulus of 20GPa for native calvarium, a conservative
estimate of 18GPa for regenerated calvarium and 0.3 Poison's ratio? was chosen for the
analysis based on previous nano-indentation results in a rabbit cranial model2®. In the defect
margin ROI, native and regenerated bone were outlined and the respective micro-scale tissue
modulus was applied. The lateral surfaces of the ROl were constrained to mimic in situ bone
conditions. Regional Young's modulus / apparent stiffness and stress maps were generated
by solving the finite-element system21. Analyses were performed by grouping ROIs into
native calvarium vs. defect site, exposure to PLGA-rhBMP2 vs. exposure to free rhBMP2,
and defect margin vs. bone regenerate and native calvarium.
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Following radiographic analysis, samples were decalcified in formic acid (ImmunoCal™;
decal® Tallman, N.Y.) for 14 days before undergoing processing and paraffin embedding.
Five pm thick sections were taken across the central region of each defect and stained with
H&E and trichrome. Defect margins were clearly visible based on differences in bone
trabecular morphology.

Statistical Analysis

Results

Kruskal- Wallis multiple comparison testing was performed when comparing greater than
two groups. Individual subgroup analyses of bone volume, surface area and regional
Young's were performed using Mann-Whitney tests, with the most important comparison
being 0.1ug PLGA-rhBMP2 vs. 0.1ug Free rhBMP2. All statistical tests on bone quantity
were performed in a one-sided manner with significance determined by p<0.05 due to our
initial hypothesis that the introduction of growth factor would improve bone growth.
Statistical testing on bone quality (FEA) was performed in a two-sided manner with
significance determined by p<0.05.

Scaffold Loading and In Vitro Assays

Microspheres were generated ranging in diameter from 5.55um to 125.18um , with a mean
of 54.85+/-27.61um. Based on the release kinetics of BSA encapsulated in our PLGA
microspheres in vitro, rhBMP2 is released in a logarithmic fashion with 30% of
encapsulated rhBMP2 released in a burst fashion within the first 24 hours and the remainder
delivered in a sustained manner over 35 days (Figure 2). Bioactivity of PLGA-rhBMP2 was
confirmed by its ability to induce alkaline phosphatase activity in a co-culture with a pre-
osteoblastic cell line (MC3T3) (Figure 2). Empty PLGA microspheres had no effect on
alkaline phosphatase induction. Visual inspection, as well as fluorescence microscopy,
revealed a heterogenous microsphere sample that was loaded efficiently on our scaffold
prior to implantation (Figure 3).

Computed Tomographic Image Analysis

New bone volume and surface area were compared among different experimental groups by
UCT. Kruskal Wallis multiple comparisons test was first performed on bone volume
(p=0.031) and surface area (p=0.032). VVolume analysis showed that the PLGA-rhBMP2
group (0.1ug rhBMP2/implant) (49.25+/-9.13mm3) outperformed both the empty control
(20.21+/-8.78mm3, p=0.025) and 0.1ug rhBMP2 group (37.51+/-2.25mm3, p=0.025) (Figure
4). Surface area analysis showed that the PLGA-rhBMP2 group covered 63.59 mm2
+/-6.95mm? of the defect site, outperforming the untreated control (42.54+/-14.42 mm?
(p=0.025)), scaffold only control (45.06+/-10.07mm?2 (p=0.010)), and equivalent dose of
free rhBMP2 (52.06+/-4.16mm? (p=0.025)) (Figure 4, Table 2). None of the experimental
samples exhibited heterotopic ossification, craniosynostosis, or seroma formation (Table 2)
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Histologic Analysis

The qualitative analysis of histologic sections of all samples with H&E and trichrome
staining revealed varying stages of calcified bone regenerate in each experimental group.
Representative sections appeared to form bone through endochondral ossification with
multiple samples showing a cartilage intermediate (Figure 6). All new bone formed in a
woven fashion with disorganized trabeculae, presence of neovascularization and osteoblasts
around the periphery (Figure 6). The transition to a more mature lamellar phenotype was
also present in some areas of new bone. The development of cortical tables and a new
diploic space was not present in any defect sites. Negative and positive controls had defects
that were filled with a collagenous scar and a small amount of bone regenerate around the
edge of the defect.

A number of histological sections from microsphere containing groups had small quantities
of adjacent microspheres. In many instances the microspheres were either infiltrated by, or
adjacent to, multinucleated giant cells (Figure 6).

Finite Element Analysis

FEA was performed in order to investigate the relative mechanical competence of native
calvarium and bone regenerate. Native calvarium was found to have a mean regional
Young's modulus of 10.66 +/- 3.07GPa while bone regenerate regardless of experimental
group had a mean regional Young's modulus of 8.31 +/- 2.15 GPa (p=0.07). There was no
statistical difference between bone regenerate with and without rhBMP2 exposure (p=0.70)
and based on the method of rhBMP2 delivery (p=0.83). (Table 3)

There was a significant difference between the trabeculation patterning of native versus
regenerated bone. Regenerated bone appeared to have a much greater number of fine
trabeculations when compared to the native calvarium (Figure 5). There did not appear to be
a difference in patterning between rhBMP2-exposed bone regenerate and bone formed
through the animal's intrinsic healing mechanisms. Further modeling of the stress found in
the trabecular microenvironment appeared to indicate that stress is not evenly distributed to
all trabeculae in both native and regenerated calvarium (Figure 5). At the defect margin it
appears that native calvarium is the main load carrier and thus the physical properties of the
margin are determined by the mechanical competence of the native calvarium (Figure 5,
Table 3).

Discussion

At commercially available doses, rhBMP2 effectively enhances osteogenesis and bony
union®, but not without significant side effects® including heterotopic ossification’,
transient bone resorption1%, wound complications!!, local inflammation?2 |
craniosynostosis!®, and seroma formation* 13. 14, These side effects are believed to be
secondary to high growth factor concentrations® 26 and may be poorly tolerated in
anatomically sensitive areas such as the spine and craniofacial skeleton. In this study, we
utilize a total dose of rhBMP2, which in our microspheres is spread out over approximately
one month; this dose is approximately 10,000-100,000x less than the total dose that is
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clinically utilized?, the result being a significantly decreased local growth factor
concentration. The dose in this study is also significantly lower than previously published
work in this area® 13:27-29, Thuys, we are beginning to ask and attempt to answer the
question, what is the minimal dose and local concentration of rhBMP2 that can be delivered
over time in order to induce bone regeneration without the production of unwanted side
effects?

Both the free and encapsulated rhBMP2 group generated bone, and we demonstrate that
0.1ug PLGA-rhBMP2 group produced an increased volume and surface area of bone
compared to an equal 0.1ug dose of free rhBMP2. Although our dosing strategy may not
have been sufficient to achieve full defect closure at 42 days, it serves as a baseline from
which future studies can be performed to optimize osteogenesis while minimizing side
effects.

Bone formed with exposure to rhBMP2 demonstrated a similar histologic morphometry and
mechanical competence to bone formed through native healing mechanisms. New bone
appeared to form through endochondral ossification. Previous studies examining critically-
sized defects of the calvarium? 13.30. 31 were unable to find the presence of a cartilage
intermediate in their newly formed bone. Bone growth induced by the delivery of rhBMP2
has been found to promote osteogenesis in both an endochondral and membranous fashion,
varying based on the mode of rhBMP2 delivery32 33, |t is difficult to explain this difference,
though one might postulate that we created a microenvironment in our implants that led to
differing mechanisms of osteogenesis. This, in and of itself, is an interesting finding that
deserves further investigation. It is also possible that the rate of cartilage to bone conversion
may vary based on the dose of rhBMP2 used. At the low rhBMP2 dose utilized in our study,
it is possible that we induced a slow rate of conversion and thus were able to visualize the
preosteoid state.

A justified criticism of previous work in this area is the lack of testing of mechanical
properties of engineered bone. To our knowledge this is the first study to use FEA to better
understand the mechanical properties of both native calvarium and regenerated bone. Using
this modeling technique, we were not able to show a statistically significant difference in the
mechanical competence of regenerated bone compared to native calvarium, although post-
hoc power calculations revealed that our study was under-powered to elucidate a difference.
That said, it did appear that the inclusion of rhBMP2 did not affect the mechanical
competence of bone regenerate. Adequate mechanical competency of the bone regenerate
adds further validity to the clinical use of rhBMP2.

There are several limitations to this study using the methods outlined. The relative
dispersion of our data remained high most likely due to the many layers of uncontrollable
intrinsic variability in our experiment. Each rabbit may have differing intrinsic regeneration
capacity, which we have not accounted for by including two experiments in each animal.
There may have been minor variability in size and shape of the defects, though the random
assignment of groups intra-operatively should have controlled for this, somewhat. Release
kinetics were determined in vitro and growth factor release may potentially be accelerated or
decelerated, in vivo. Closure was performed in one layer providing the potential for
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interaction between each experimental sample. We feel that it is unlikely that a significant
paracrine effect would occur as each sample was maintained inside of the delivery scaffold.
Our experiment only allowed for analysis at a single time point, giving no indications of
bone regeneration rates during the experimental period, or after further bone maturation.
Increasing the experimental time may have also allowed our experimental groups to further
outperform our controls. FEA has been validated for use in understanding the mechanical
properties of long bones; however, we believe this is its first use to understand the properties
of the calvarium. We have not performed testing to validate the mechanical analyses that
were performed.

At all doses and delivery methods of rhBMP2 complete closure of the cranial defects was
not achieved after 6 weeks, potentially due to insufficient doses in this animal model.
Heterotopic ossification was not appreciated in this time period and it is unknown whether it
would have occurred if the animals were followed for a longer duration. Our low dose was
chosen based on previous in vitro work on the potency of free rhBMP2 at 20-50ng/ml34: 35,
It is known that the necessary rhBMP2 dose varies between animal species25. The delivery
method may also have led to uneven delivery of growth factor over the defect leading to
asymmetric bone growth in some animals. Further studies will focus on these limitations
with the hopes of translating to humans.

Conclusions

Sustained, low-dose rhBMP2 delivery via PLGA microspheres (0.1ug rhBMP2/implant)
provides for enhanced osteogenesis when compared to an equal dose of free rhBMP2 (0.1ug
rhBMP2/implant). Future work will continue to focus on the optimal dosing and scaffold
delivery of encapsulated rhBMP2 to completely heal cranial defects in a safe and effective
manner.
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Figure 1.
Intraoperative view of 10mm bilateral defect creation (left) and placement of growth factor

loaded scaffold into defect site (right)
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Curve displaying release kinetics of BSA encapsulated in PLGA microspheres over 35 days
(left). Color change representing alkaline phosphatase activity after co-culture of PLGA-

rhBMP2 and pre-osteoblastic MC3T3 cells (right).
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v4

Figure 3.
Duragen scaffold under fluorescence microscopy. PLGA microspheres (arrow) loaded with

rhodamine dye (red).
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3 mm

3 mm

Figure4.
Representative three-dimensional reconstructions of microCT data thresholded for bone.

Each sample has two defects (L,R). Groups A, B (top left), Groups B, D (bottom left)
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Figure5.
Representative microCT after reorientation in the cranial/caudal axis (Group D), sample

regions of interest (ROI) include native calvarium (arrow), defect margin (arrow head) and
defect site (square). Representative model of stress applied to bone trabecula in a sample
ROI of native calvarium (top right) and defect site (middle right) and defect margin (bottom
right).
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Figure6.
Representative sections through the center of the defect site with H&E staining. Mature

(arrow) found adjacent to the sagittal suture (top left). Newly formed bone (arrow) with
microspheres (arrowhead) present within the bone trabeculae (top left). Cartilage
intermediate (arrow) within newly formed bone , osteoblasts (arrowhead) line edge of
regenerating bone (top right). Neovascularization (arrow) within trabeculae of newly formed
bone (bottom right).
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