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Abstract

The effects of bone anabolic agents such as bone
morphogenetic proteins (BMPs) have the potential to be
augmented by co-treatment with an anti-catabolic such as
a bisphosphonate. We hypothesised that the effects of
bisphosphonates on BMP-induced bone anabolism would
be dose dependent, and we aimed to test this in a small
animal model. Agents were delivered locally using a
biodegradable poly-p, L-lactic-acid (PDLLA) polymer
delivery system. Recombinant human BMP-7 (25 ug) was
tested with a range of doses of the bisphosphonate
pamidronate (0.02 mg, 0.2 mg and 2 mg local PAM; 0.3
mg/kg and 3 mg/kg thrice-weekly systemic PAM) versus
BMP-7 alone. Polymer pellets were surgically implanted
in the hind limbs of female C57BL6/J mice (8-10 week)
and ectopic bone nodules were harvested at 3 and 8 weeks
post-operatively. At 3 weeks, local low dose PAM (0.02
mg) induced a 102% increase in rhBMP-7 induced bone
volume (p<0.01) as measured by microCT, and this was
comparable to systemic PAM (0.3 mg/kg thrice-weekly).
In contrast, local high dose PAM (2 mg) resulted in a 97%
decrease in bone volume (p<0.01). Radiography and
histology indicated that the polymer vehicle was still largely
present at 8 weeks indicating inefficient biodegradation.
This is the first study to validate the utility of local co-
delivery of BMP/bisphosphonate via biodegradable
polymer and supports the continued refinement of more
advanced bioresorbable delivery systems for clinical
applications.
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Introduction

Bone morphogenetic proteins (BMPs) produced via
recombinant gene technology (thBMP-2 and thBMP-7/
OP-1) have been clinically used for spinal fusion and the
repair of non-unions (Friedlaender et al., 2001; Govender
etal., 2002; Vaccaro et al., 2003; Mulconrey et al., 2008).
BMPs exert their effects on cells via binding to specific
membrane receptors. The binding of BMPs to type-I and
type-II membrane serine/threonine receptors, stimulates
the initiation of an intracellular signalling cascade
(Dimitriou and Giannoudis, 2005; Termaat et al., 2005).
BMPs are able to strongly promote the recruitment and
differentiation of mesenchymal progenitor cells into bone-
forming osteoblasts (Okamoto et al., 2006). In an
orthopaedic context, this can facilitate the generation of
large amounts of new bone. However, BMPs are also able
to directly and indirectly induce osteoclast differentiation,
and mature osteoclast function and survival, leading to
premature or excessive bone resorption (Itoh et al., 2001;
Kaneko et al., 2000; Katagiri and Takahashi, 2002). Bone
resorption may be additionally problematic in the context
of bone tissue engineering, where the new bone is often
mechanically unloaded (Cooley et al., 2005; Seeherman
et al., 2010). Consequently, one approach to maximize
the effects of BMPs is to systemically administer an anti-
resorptive (such as a bisphosphonate), and this has been
effective in small animal critical-size bone defect repair
(Seeherman et al., 1998; Seeherman et al., 2000; Bouxsein
etal., 2001; Little et al., 2005), and bone remodelling in
bone graft chambers (Harding et al., 2008; Tagil et al.,
2006), as well as non-human primate bone defects
(Seeherman et al., 2001). Bisphosphonates accumulate
at sites of bone mineral deposition, and in particular in
regions of high bone turnover. They are released during
bone resorption and internalized by osteoclasts leading
to inhibition of osteoclast activity and/or osteoclast
apoptosis. Consequently, bisphosphonates are potent
inhibitors of osteoclast mediated bone resorption (Rogers,
2003). The mechanism of action differs between the type
of bisphosphonates. Non-nitrogen containing-
bisphosphonates are metabolized to give toxic by-products
that induce cellular apoptosis. In contrast, nitrogen
containing-bisphosphonates bind and inhibit the enzyme
farnesyl diphosphate synthase, which in turn leads to
decreased cellular function and apoptosis (Luckman et
al., 1998; Coxon et al., 2000; Green, 2005).
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Due to the potent capacity of BMPs to produce bone
in a range of tissues, systemic approaches are not viable.
Any system for BMP local delivery should take into
account its short biological half-life and rapid local
clearance in order to maximise new bone (Ruhé et al.,
2006). Animal-derived collagen has historically been and
remains the primary BMP carrier material for clinical
defects. While collagen is a natural component of the
skeleton, as a BMP carrier material it is has certain
limitations. Collagen has relatively poor BMP retention
(Kato et al., 2006b), leading to a requirement for higher
BMP drug concentrations and thus a higher cost (Geesink
et al., 1999). There are also potential risks of disease
transfer from animal-derived collagen (DeLustro et al.,
1990), as well as an immunogenic response from the host
(Olsen et al., 2003). Collagen also has poor mechanical
strength and can therefore be difficult to shape (Friess,
1998; Yang et al., 2001).

To overcome these shortcomings, synthetic
biodegradable polymers can be considered as a potential
alternative. Poly-p,L-lactic-acid (PDLLA) is a common and
inexpensive polymer that has been used as an implant
coating material for growth factor delivery (Schmidmaier
et al., 2001; Schmidmaier et al., 2004), and for BMP
delivery in bone tissue engineering and defect repair
(Zegzulaetal., 1997; Saito et al., 1999; Saito etal., 2001a;
Saito et al., 2001b; Saito and Takaoka, 2003; Saito et al.,
2003; Kato et al., 2006a; Kato et al., 2006b; Yu et al.,
2010). PDLLA also has the capacity to act as a local
delivery system for bisphosphonates (Choi et al., 2007,
Greiner et al., 2007a; Greiner et al., 2007b; Greiner et al.,
2008). A local approach could overcome some of the
adverse side-effects associated with systemic
bisphosphonate dosing including stomach ulceration, low
bioavailability of oral drugs and flu-like symptoms
(Thiébaud et al., 1997, Monkkonen et al., 1998). Renal
failure and osteonecrosis of the jaw are rare but more severe
adverse effects associated with systemic bisphosphonate
use (Marx, 2005). Nevertheless, high doses of local
bisphosphonate (2-3 mg pamidronate) in a poly-L-lactide-
co-glycolide (PLGA) polymer have been reported to impair
bone formation in a calvarial defect model (Choi et al.,
2007). We hypothesised that the capacity of locally
delivered bisphosphonate to aid or inhibit bone formation
may be dose dependent. We speculated that a range of
local bisphosphonate doses could be used to reveal both
effects.

In this study we used a simple, well-described in vivo
model of intramuscular BMP-induced bone formation.
BMP-induced nodule formation has been previously
described using a range of delivery systems including
collagen, carboxymethylcellulose, and synthetic polymers
(Saito et al., 2001a; Little et al., 2005; Saito et al., 2005;
Kato et al., 2006b; Schindeler et al., 2008). We selected a
static dose of recombinant human BMP-7 (25 ug rhBMP-
7) and a variable dose of local pamidronate (0 mg, 0.02
mg, 0.2 mg and 2 mg). Control groups where pamidronate
was administered systemically (0.3 mg/kg and 3 mg/kg
thrice-weekly) were also tested. The aim of this study was
to examine in principle whether local bisphosphonate
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Bone tissue engineering with local BMP/Pamidronate

dosing has the potential to augment BMP-induced bone
anabolism, and we hypothesised that this would occur only
within a specific dose range.

Materials and Methodology

Pharmaceuticals

Purified rhBMP-7 was produced and donated by Stryker
Biotechnology (Hopkinton, MA, USA) and supplied as a
lyophilized protein in lactose monohydrate carrier (0.01%
trifluoroacetic acid, pH 3.3). Disodium pamidronate (PAM)
powder (Cipla, Mumbai, India) was used for local delivery.
A solution of Pamisol® (Mayne Pharma, Mulgrave, VIC,
Australia), i.e., disodium pamidronate in mannitol,
phosphoric acid, and sodium hydroxide in water (pH 6.5)
was used for systemic delivery, diluted with saline as
necessary.

Polymer carrier materials and manufacturing
Poly-p,L-lactic-acid (PDLLA) biodegradable polymer
(inherent viscosity 0.55-0.75, average M 75,000-120,000,
Sigma-Aldrich, Sydney, Australia) and organic solvent,
ethyl acetate (analytic reagent grade, Chem Supply,
Gillman, South Australia) were used for the fabrication of
biodegradable polymer carrier. PDLLA pellets each
containing 25 ug thBMP-7 and 0 mg, 0.02 mg, 0.2 mg, or
2 mg PAM were prepared by the solvent casting method.
Briefly, PDLLA was solubilised in ethyl acetate solvent
by vortex and water bath sonication. Two drug solutions
were prepared by mixing thBMP-7 or PAM in ethyl acetate.
The polymer and drug solutions were combined by
vortexing and sonication in a water bath (25°C). The
solvent was removed by vacuum evaporation resulting in
a semi-solid polymer. A compressor system modified from
0.3ml insulin syringes (B. Braun Medical Industries,
Penang, Malaysia) was used to compress the semi-solid
polymer into disks (average diameter 2.8 mm and height
1.6 mm). Following compression, the residual solvent was
removed by vacuum evaporation (Fig. 1).

Animal care

Female C57BL6/J wild type mice (8-10 week, average
weight 18 g) were housed in autoclavable polypropylene
solid boxes with stainless steel lids and polycarbonate water
bottles with food and mouse chow supplied ad libitum.
Ethics approval was obtained for all procedures from the
Westmead Hospital Animal Ethics Committee.

e
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Fig. 1. Double-plunger syringe system. (A) Semi-solid
polymer (p) is placed in syringe barrel and (B)
compressed between two syringe plungers, (C) leaving
a polymer pellet (p’).
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Surgical model

Ectopic bone formation was induced in a quadriceps
muscle pouch following surgical implantation of rhBMP-
7-loaded PDLLA carrier. The surgical model was based
on previously published methods where thBMP-2 was
delivered in a carboxymethylcellulose carrier (Schindeler
et al., 2008). In brief, anaesthesia was induced and
maintained using inhaled isofluorane. The operative site
was trimmed and prepared with povidone-iodine. A muscle
pouch was created using a scalpel in the right hind limb,
in line with the femur. The polymer pellet was inserted
and the muscle and skin closed using a 5-0 Vicryl suture
(Ethicon, Somerville, NJ, USA). Following surgery,
animals were recovered on a heated pad and placed in
recovery cages. Post-operative pain was managed with
subcutaneously injected buprenorphine (0.05mg/kg) and
dehydration was managed by saline injection, as required.
Animals were monitored by weekly weighing.

Experimental design

In the context of the thBMP-7 induced bone formation
model, the effects of different PAM doses and local versus
systemic delivery were compared. Mice were assigned to
each group: thBMP-7 only controls (n=9); hBMP-7 with
0.02 mg, 0.2 mg, or 2 mg local PAM (n=9 each); and
rhBMP-7 with 0.3 mg/kg/dose or 3 mg/kg/dose systemic
PAM (n=8 each). Mice receiving systemic PAM were
dosed subcutaneously thrice weekly from day 2 to day 19
to ensure that all forming rhBMP-induced bone could be
exposed to bisphosphonate (Schindeler et al., 2008). The
equivalent 8 total PAM doses were 0.048 mg (low dose
PAM group) and 0.48 mg (high dose PAM group). Animals
were euthanized using carbon dioxide at 3 weeks or 8
weeks post-operatively. Whole hind limbs were harvested
post-mortem, fixed in 4% paraformaldehyde, and stored
in 70% alcohol for radiographic and histological analysis.
Samples were excluded for those specimens where the
ectopic bone had provoked a periosteal response and fused
with the femora. The numbers for all inclusions are
summarised in Table 1.

A second experiment was subsequently performed with
an extended end point of 8 weeks. Animals in the systemic
PAM groups were again dosed subcutaneously thrice
weekly from day 2 to day 21. The equivalent total PAM
doses for the 8 week systemic groups were 0.054 mg (low
dose PAM group) and 0.54 mg (high dose PAM group).
Compared to the 3 week study, animals in the 8 week study
received one additional PAM dose (at exactly 3 weeks).

Table 1. Test groups

Bone tissue engineering with local BMP/Pamidronate

The additional PAM dose in the 8 week study allowed
retention of the bone formed up to 3 weeks. In the 3 week
study, no additional PAM dose was required, since animals
were sacrificed on the day the last dose was due.

Radiographic analysis
The placement of the ectopic bone nodules relative to the
femur was determined by radiography using a digital X-
ray machine (Faxitron X-rayCorp, Wheeling, IL, USA)
of whole hind limbs (27 kV, X2 magnification). Ectopic
bone samples and the surrounding soft tissue was further
isolated and radiographed individually (27 kV, x3
magnification). At this stage samples were excluded where
the ectopic bone had fused with the femur, or had migrated
out of the muscle pouch so that negligible bone had formed.
The remaining samples were examined by micro-
computed tomography (LCT) scanning using a SkyScan
1174 compact uCT scanner (SkyScan, Kontich, Belgium).
The primary outcome measure for the study was total bone
volume of the entire ectopic bone nodule. Samples were
scanned in 70% ethanol at 8.7 um pixel resolution, 0.5
mm aluminium filter, 50 kV X-ray tube voltage and 800
LA tube electric current. The images were reconstructed
using NRecon, version 1.5.1.5 (SkyScan). Bone volume
(BV, mm’®) of the entire ectopic bone nodule was analysed
with CTAnalyser software, version 1.9.2.3 (SkyScan). A
global threshold representing bone (44-255) was defined
following analysis of consecutive two-dimensional slices
of bone samples on CTAnalyser software. Representative
three-dimensional bone pellets were reconstructed with
transaxial slices (100 slices) from the pellet’s mid-section,
using CTVol Realistic Visualisation software version
2.1.0.0 (SkyScan). Representative ectopic bone samples
from each group were selected as having a BV closest to
the group’s mean.

Statistical analysis

For statistical analysis of in vivo data, group sizes <10
necessitated non-parametric statistical tests. Kruskal Wallis
and Mann Whitney U tests were performed using SPSS
Statistics version 17 (SPSS, Chicago, IL, USA). Statistical
significance was set at t<0.05.

Histological analysis

For paraffin histology, samples were decalcified and
embedded in paraffin blocks. 0.5 mm-thick sections were
cut using a Leica RM 2155 Microtome (Leica
Microsystems, Wetzlar, Germany). Sections were stained

Group BMP-7 PAM PAM N N
(local delivery | (local delivery | (systemic via | (3 week) | (8 week)
via pellet) via pellet) injection)
1 25 ug 0 mg 0 mg 8 9
2 25 pg 0.02 mg 0 mg 9 8
3 25 ug 0.2 mg 0 mg 9 8
4 25 pg 2.0mg 0 mg 9 9
5 25 ug 0 mg 0.3 mg/kg 7 8
6 25 ug 0 mg 3 mg/kg 7 7
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Fig. 2. Bone formation following 3 week implant insertion in muscle pouch as assessed by quantification bone
volume with representative x-ray and uCT images. (A) Bone volume (mm?) of ectopic bone nodules was measured
by UCT of dissected specimens. rhBMP-7 induced bone formation was significantly increased by co-delivery of
local 0.02 mg PAM (102%), systemic PAM 0.3 mg/kg (97%) and 3 mg/kg (169%). No significant increase in bone
formation was found in the local 0.2 mg PAM group. Local 2 mg PAM reduced bone formation (97%). Statistical
significance was calculated versus thBMP-7 alone (*=p<0.01). (B) X-ray images and (C) three-dimensional pCT
reconstructions of entire ectopic bone nodules showing bone formation in all groups except rhBMP-7/local 2 mg

PAM.

with Haematoxylin & Eosin (H & E), Alcian blue &
Picrosirius red for bone and cartilage, and Tartrate Resistant
Acid Phosphatase (TRAP) for osteoclasts. Stained sections
were scanned with ScanScope digital slide scanner (Aperio
Technologies, Vista, CA, USA), and images were captured
with ImageScope (Aperio Technologies).

Results

Local low dose and systemic PAM increase rhBMP-7
induced bone formation

Pellets containing hBMP-7 with and without PAM were
surgically implanted into C57B6/J mice. Three mice were
excluded due to pellet misplacement (operatively) or
migration (post-operatively) as per Table 1. Specimens
were harvested after 3 weeks, during which time some
mice received systemic PAM injections. All samples were
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subjected to X-ray and UCT scanning followed by
histological processing. The primary outcome measure for
the study was total bone volume (BV, mm?®) of the entire
ectopic bone nodule, as quantified by uCT (Fig. 2A).

All treatment groups were compared to the control
group of hBMP-7 alone. BV was increased by 102% with
co-delivery of low 0.02 mg local PAM (p<0.01) compared
to controls. This dosage effectively doubled the amount
of net bone at 3 weeks. There was a 14% increase in BV in
the medium 0.2 mg local PAM that was not significant
(p<0.6). The high 2 mg local PAM treatment dramatically
impaired bone formation, reducing the total BV by 97%
(p<0.01). In this high dose group many specimens had
absolutely no bone as visualised by X-ray or detected by
UCT with standard thresholds for bone.

Both 0.3 mg/kg and 3 mg/kg systemic PAM groups
showed considerable increases in BV. Compared to

www.ecmjournal.org
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Fig. 3. Representative histological sections of interfaces of ectopic bone formed following 3 weeks intramuscular
implantation. (A) BMP control, and (B) Local high PAM dose (2 mg). H & E staining showed large amounts of
residual polymer (P) surrounded by haematopoietic marrow (M) and bony trabeculae (T), which was encapsulated by
a host muscular tissue region (H). Bone formation was consistently found in all groups, except local high PAM (2
mg), where sporadic or no bone formation was observed. Polymer was mainly surrounded by fibrous tissue (F).
(Scale bar=200 pm)
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Fig. 4. Representative Tartrate Resistant Acid Phosphatase (TRAP)-stained histological sections of osteoclasts in
trabecular-like structure of ectopic bone formed following 3 weeks intramuscular implantation. (A) BMP control,
(B) BMP + local low PAM (0.02 mg), (C) BMP + local medium PAM (0.2 mg), (D) BMP + local high PAM (2 mg),
(E) BMP + low systemic PAM (0.3 mg/kg), and (F) BMP + high systemic PAM (3 mg/kg). Compared to BMP
control, local low and medium PAM groups (B and C), resulted in lower osteoclast positive staining at the bone/
pellet region compared to bone/host tissue region. In addition, local medium PAM dose (0.2 mg) group (C) resulted
in lower overall osteoclast positive staining in the trabecular bone sheath. (Scale bar = 200 pum)
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Fig. 5. Bone formation following 8 week implant insertion in muscle pouch as assessed by quantification bone
volume with representative x-ray and pCT images. (A) Bone volume (mm?®) of ectopic bone nodules was measured
by UCT of dissected specimens. At 8 weeks the rhBMP-7 induced bone formation no longer significantly increased
by co-delivery of local 0.02 mg PAM or systemic PAM 0.3 mg/kg, although systemic PAM 0.3 mg/kg still showed a
difference (79%). Local 0.2mg and 2 mg PAM reduced bone formation by 54% and 87%, respectively. Statistical
significance was calculated versus hBMP-7 alone (*=p<0.01). (B) X-ray images and (C) three-dimensional pCT

reconstructions of entire ectopic bone nodules.

controls, the 0.3 mg/kg systemic PAM increased BV by
97% (p<0.01), which was comparable to the 102%
improvement seen with local low dose PAM (0.02 mg).
The 3 mg/kg systemic PAM increased BV by 169%
(p<0.01).

As a secondary outcome, the architecture of the ectopic
bone nodules was examined by radiography (Fig. 2B) and
UCT (Fig. 2C). Three-dimensional uCT reconstructions
of transaxial mid-sections of bone nodule were generated.
A trabecular-like bone structure was observed around a
hollow core that was speculated to contain residual
polymer. Due to the low material density of PDLLA, it
was not represented in the reconstruction.

Increased thickness of trabecular-like bone structure
was observed in the low 0.02 mg local PAM group, and
both systemic PAM groups. Medium 0.2 mg local PAM
did not increase bone sheath thickness of thBMP-7-
induced bone, and high 2 mg local PAM led to inconsistent
and small, abnormally shaped bone nodules.
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Biodegradation of solvent-cast rhBMP-7/PDLLA
polymer at 3 and 8 weeks

Histological analysis confirmed that the majority of the
biodegradable polymer pellet remained after 3 weeks post-
implantation.

In most groups, the residual pellet was surrounded by
hematopoietic marrow and bony trabeculae (Fig. 3A). Co-
delivery with high 2 mg local PAM led to abundant fibrous
tissue formation and little bone (Fig. 3B). Comparing
osteoclast positive staining in the bony trabeculae of BMP
control with co-treatment groups (Fig. 4A-F), lower
osteoclast positive staining was found in bony trabeculae
closer to polymer pellet of local PAM low and medium
dose (Fig. 4B and C). In addition, medium 0.2 mg local
PAM dosing resulted in lower overall osteoclast-positive
staining in the trabecular bone sheath.

To determine whether the residual PDLLA pellet would
degrade further over time and whether it could continue
to affect bone formation and resorption, a second

www.ecmjournal.org
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Fig. 6. Representative histological sections of ectopic bone formed following 8 weeks intramuscular implantation.
At the 8 week time point, PDLLA polymer was still present in the core of implanted ectopic bone nodules. (A)
rhBMP-7 control, (B) thBMP-7 with local low PAM (0.02 mg), (C) thBMP-7 with local medium PAM (0.2 mg), (D)
rhBMP-7 with local high PAM (2 mg), (E) rhBMP-7 with low systemic PAM (0.3 mg/kg), and (F) rhBMP-7 with
high systemic PAM (3 mg/kg). Alcian blue/Picrosirius red staining indicated remaining islands of cartilage in the
bone formed by rhBMP-7 with local 2 mg PAM. (Scale bar =200 um).

experiment with a later time point of 8 weeks was
instigated. In this study, four mice were excluded at the 8
week endpoint due to pellet misplacement or ectopic bone
fusing with the femur. Of the exclusions, one specimen
was excluded from each of the control, local low PAM
(0.02 mg), local medium PAM (0.2 mg), and high systemic
PAM (3 mg/kg).

The results of this study indicated that the effects of
bisphosphonate dosing did not persist significantly at this
later time point. WCT analysis of BV for the entire ectopic
bone nodule showed the local low PAM (0.02 mg) and
systemic 0.3 mg/kg PAM no longer showed a significant
increase, compared to controls. The local medium 0.2mg
PAM and local high 2mg PAM were significantly reduced
versus controls (54% and 87% decreases; p<0.02, p<0.01
respectively). The only group that showed a persistent
increase was the high 3mg/kg systemic dose PAM (79%
increase, p<0.02) (Fig. 5).

Both radiographic and histology revealed the majority
of the biodegradable polymer pellet still remained at 8
weeks. The PDLLA was encapsulated in a bony cortex,
which may affect the degradation rate. Alcian blue &
Picrosirius red staining of the control group indicated no
presence of cartilage and a thin bone sheath surrounding
the pellet. In the high local PAM (2 mg) group, cartilage
remnants enveloped in bone (primary spongiosa) were
present in the minimal bone that had formed. High systemic
PAM (3 mg/kg) co-treatment led to thicker bone sheath
with trabecular-like features although some islands of
cartilage were present in the bony trabeculae (Fig. 6).
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Discussion

To our knowledge, this is the first study to demonstrate
that BMP and bisphosphonate treatment can be synergistic
when co-delivered locally through a polymer scaffold. We
have previously described the concept of anabolic/anti-
catabolic treatment for orthopaedics with a focus on
systemic bisphosphonate treatments and these principles
have now been translated to the field of bone tissue
engineering (Little et al., 2005; Little et al., 2007).

A number of prior studies have examined the
interactions between BMPs and systemic bisphosphonates
in animal models (Seeherman et al., 2001; Little et al.,
2005; Tagil etal., 2006; Harding et al., 2008). In the earliest
of these studies, rhBMP-7/carboxymethylcellulose (OP-
1) was used in combination with the bisphosphonate
ZoledronicAcid (ZA) to stimulate healing in a rat critical-
sized femoral defect. Fracture callus size and strength were
greatly improved by a single systemic dose of ZA (0.1
mg/kg, immediately post-operatively, or 2 weeks post-
operatively) (Little et al., 2005). Analogous results were
obtained using a rabbit conduction bone graft chamber
model, where bony ingrowth into an isolated chamber was
quantified. Again, a combination of local hBMP-7 and
bolus systemic ZA (0.1 mg/kg) increased bone ingrowth
and net bone formation, compared to controls. In the
context of an unloaded chamber, intrinsic catabolic
pressures were high and the bisphosphonate-free controls
showed tremendous resorption within the same time period
(Tagil et al., 2006; Harding et al., 2008). Similar findings
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have been seen with other bisphosphonates and in higher
vertebrates. For example, systemic ibandronate (0.15 mg/
kg, monthly from 1 month pre-op until 6 months post-op)
eliminated transient bone resorption of thBMP-2/ACS-
induced bone in the distal femoral core defect of non-
human primates (Seeherman et al., 2001). Consistent with
these previous studies, we found that systemic doses of
PAM (0.3mg/kg and 3mg/kg) increased the net bone
produced by rhBMP-7 pellet implantation.

One important aim of this study was to compare the
efficacy of local versus systemic bisphosphonate dosing.
As previously noted, the complications associated with
systemic bisphosphonates make local dosing an appealing
alternative. Our data shows that local dosing of 0.02 mg
PAM and 0.2 mg PAM did not impair bone formation
compared to controls. The 0.02 mg PAM dose led to
increased net bone at the 3 week study end point. These
findings indicate that local bisphosphonate can be effective
in retaining thBMP-induced bone in the short term.

Previous attempts to deliver bisphosphonates locally
have not yielded favourable outcomes. Choi et al. found
that high doses (2 mg and 3 mg) of pamidronate (PAM)
delivered locally via polymer impaired bone healing rat
calvarial defect (Choi et al., 2007). Local PAM was also
found to impair an implant fixation model where 0.45 mg
rhBMP-2 and bone allograft were treated with 9 mg/ml
PAM (Baas et al., 2008). In both cases we speculated that
this impairment may be due to the PAM dose, and that
lower doses may have less adverse and possibly beneficial
effects. In our model system the highest local dose of 2
mg PAM severely impaired ectopic bone formation and
erratic bone formation ensued.

Data from Jakobsen et al. similarly advocates a
conservative approach to bisphosphonate dosing in the
context of local treatment. In a canine titanium implant
fixation model, morselised bone graft soaked in high dose
alendronate significantly impaired implant fixation,
inhibited new bone formation and reduced resorption of
the graft material (Jakobsen et al., 2007). A subsequent
study using a range of ZoledronicAcid (ZA) doses showed
that implant fixation in the canine model could be increased
with low ZA dose (0.005 mg/mL) but that the highest ZA
dose (0.5 mg/mL) decreased bone formation (Jakobsen et
al., 2010). These findings are consistent with our data
showing an optimal dose window for bisphosphonate
synergy with an anabolic bone stimulus.

The concept of anabolic and anti-catabolic synergy has
gained additional support from alternative non-polymeric
delivery systems. When used to supplement bone graft,
rhBMP-7 and clodronate were found to increase bone
ingrowth (Jeppsson et al., 2003). In a later study, the dose-
dependent effect of local clodronate was trialled, and
although high doses did not impair bone formation, their
doses were still significantly less (21 ug per graft) than
the doses of PAM administered in our study (Agholme
and Aspenberg, 2009). Chen et al. used a ceramic [3-
tricalcium phosphate scaffold to co-deliver thBMP-2 and
the bisphosphonate minodronate. Addition of the
bisphosphonate prevented bone loss over 4 weeks and led
to a net increase in bone density and mechanical strength
over thBMP-2 alone (Chen et al., 2004). In a follow-up
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study, the ectopic bone was successfully used as a graft
material in a femoral muscle pedical flap model (Chen et
al., 2006).

This model of ectopic bone formation was used as an
assay system for rapid screening of local drug dosing, as
has been previously described (Schindeler et al., 2010).
While this system is a simple and reproducible method for
generating new bone, it has several important limitations.
It is able to produce a dense cortical-like bone sheath with
internal hematopoietic marrow and bony trabeculae, as
seen by histology, but PDLLA polymer degrades slowly
and is still present even after 8 weeks. The retention of
significant amounts of polymer even at the later time point
has lead us to speculate that an alternative faster degrading
polymer would be advantageous. Another limitation is that
it relies on inducible osteoprogenitors within the bone
marrow compartment, which may or may not behave in
the same manner as committed osteoprogenitors from the
periosteum or endosteal space. Ectopic bone induced by
rhBMP in an intramuscular site has been shown as suitable
graft material for bone defect repair (Chen et al., 2006;
Inoda et al., 2007), therefore we selected this model to
test our anabolic/anti-catabolic concept. More advanced
surgical models will be need to be applied to confirm the
utility of biodegradable polymeric scaffolds to co-deliver
BMP and bisphosphonate for the healing of critical defects.

In conclusion, despite the recalcitrant polymer
degradation, this study is the first to demonstrate a dose-
dependent response for local bisphosphonate co-delivered
with BMP via biodegradable polymer. As per the diamond
concept for bone tissue engineering, mechanical
stimulation is essential for optimal bone retention
(Giannoudis et al., 2007) and stress shielding can lead to
premature bone resorption. This study shows proof-of-
concept that with appropriate dosing, local bisphosphonate
may have the potential to improve BMP-induced bone and
thus may have translational applications for maximising
bone formation in mechanically unfavourable
environments.
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Discussion with Reviewers

Reviewer 1: I would like to know whether other growth
factors or bisphosphonates might be useful testing in such
a setting.

Authors: In future studies it may be worthwhile to confirm
the effects of alternative pro-osteogenic growth factors,
such as tThBMP-2 in combination with alternative
bisphosphonates or other anti-osteoclastic agents. This
study serves as a model where archetypical pro-anabolic
and anti-catabolic agents are used. Bisphosphonates were
of specific interest due to the previously reported concerns
with local dosing, particularly with Pamidronate.
Zoledronic acid would be another bisphosphonate of
interest as its greater potency could allow for lower doses
to be used locally to generate a comparable biological
effect.

Reviewer |: Why do authors think, that variation in dosage
of BMP7 is not necessary?

Authors: In another study where BMP dose was varied
(in the absence of bisphosphonate), bone formed in a BMP
dose dependent manner. However, in all cases the bone
architecture (a cortical shell with minimal interior bone)
was observed. This phenomenon is well described and not
novel. We sought to test the effects of an anti-catabolic
drug with the hypothesis that a moderate dose could
improve bone retention and lead to greater net bone with
different architecture.

Reviewer I1: What was the rationale for giving the animals
in the 8 weeks group injections for 21 instead of 19 days,
as was done with the 3 weeks group? Also, why was the
initial number of animals 9 in locally treated groups and 8
in systemically treated?
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Authors: In the 3 week group mice were dosed throughout
the post-operative time with no dose on the 3 week date as
this was the cull point. It was observed that the polymer
was largely unresorbed at 3 weeks we hypothesised that a
longer follow up could allow for the polymer to completely
resorb. Bisphosphonate dosing was allowed to continue
for the full 3 weeks so that systemic anti-resorptive therapy
could continue for this entire time. This was not an issue
for local dosing. An improved explanation has been added
to the methods section.

Reviewer 11: It is of course never wrong to use non-
parametric tests, but the text suggests that this is required
because n<10, which is not correct. I suppose the reason
has to do with data distribution?

Authors: Standard parametric tests are based upon specific
assumptions including a normal data distribution and
equivalent variances. Tests to demonstrate normal
distribution and equal variances require higher n values
(or prior validation of these tests using the model system)
and n<10 was insufficient to prove these assumptions.
Notably, non-parametric tests are more stringent than
parametric tests and, as noted by the reviewer, their use is
not incorrect.

Reviewer Il: Why did you choose to use UCT instead of
quantitative histology?

Authors: Bone was quantified by 3-dimensional uCT
analysis, which allowed for volumetric measurement. As
induced bone nodules could vary in shape, the differences
in cross sectional area depending where a histological
section was taken would be a source of variability. A
volumetric metric was therefore selected as a more accurate
method of quantifying bone.

Reviewer IlI: In Fig. 2, is there any explanation for the
large variation in the 3 mg/kg PAM group in comparison
to the other groups?

Authors: The 3 mg/kg dose can be considered a high dose,
above the level of clinical relevance. It is possible that
such high doses could produce more variable results due
to their potential to produce adverse effects in a stochastic
fashion. However, the exact reasons for this variation
remain unclear and we have reported the essential finding
while minimising our editorial speculation.

Reviewer I1: There appears to be a discrepancy between
Figs. 2 and 4, because in Fig. 4 the medium dose shows
the most dense bone, whereas in Fig. 2 it is the low dose.
Are the images in Fig. 4 representative?

Authors: Representative images for Fig. 2 were selected
based on the median and every effort was made to choose
a consistent orientation. However, in the case of Fig. 4,
this is descriptive histology showing regions of slides
representing the overall trend of osteoclast staining. It
should not be extrapolated that the apparent differences in
bone in Fig. 4 are representative, particularly as zoomed
out views and quantification (Fig. 2) accurately report bone
formation.

www.ecmjournal.org



NYC Yuetal.

Reviewer 111: Is the non-osseous muscle pouch model
valid for bone formation in an osseous site like a fracture?
Authors: We have not specifically used these results to
extrapolate to fracture healing, although we postulate this
form of implant may be useful in the repair of critical sized
defects (one of the goals of bone tissue engineering). In
critical sized defects, the anabolic response is insufficient
to allow for normal bone repair and an exogenous anabolic
stimulus is required. The formation of ectopic bone is a
situation where the entire anabolic bone stimulus is, by
definition, exogenous. Nevertheless, this is a proof of
principle study looking at local dosing of BMPs and
bisphosphonates and future work will be required using
critical defect models to look at the use of these implants
in more clinically relevant models.

The use of a system featuring induced versus found in
the muscle compartment versus committed
osteoprogenitors found in a healing fracture has been added
to the paper discussion.

Reviewer I11: The authors claim that collagen is a rather
sub-optimal carrier for both BMP and bisphosphonates. 1
agree, but what do we know about PDLLA as carrier for
BMP. Why did you choose PDLLA, more than that it is
common and inexpensive —which is the only reason stated?
Maybe there are better polymers, which can aid in for
example the initial peak of released BMP, which probably
is beneficial, or preventing the BMP to be stuck in the
polymer. Regarding bisphosphonate delivery, maybe a fast
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resolving calcium-based bone substitute would be more
controllable? The problem with most previous studies, the
present being an exception, is that concentration-over-time-
curves are never presented so we really do not know when
the drug is released or of achieved concentrations. Why
did you choose a rather slowly dissolving polymer like
PDLLA? Have you tested other faster or slower dissolving
carriers? Please explain the choice of polymer.

Authors: As noted in the text, PDLLA has been previously
used clinically and experimentally to deliver growth
factors, BMPs, and bisphosphonates. It is also a low-cost
compound that is ultimately degradable into biocompatible
by-products (carbon dioxide and water). We concur with
the reviewer that other polymers may have a superior
capacity to deliver BMPs, but these will also need to be
directly compared and validated. In this study we have
selected PDLLA as a relatively slowly dissolving polymer.
Laboratory tests using an alternative faster degrading
polymer using solvent casting revealed high malleability
leading to inconsistencies in pellet shape and size, thus
leading PDLLA to be the most practical choice for this
proof-of-principle study. Ceramic scaffold are often slower
degrading and their radio-opaque nature makes it
challenging to quantify bone formation using radiography/
UCT, and were not considered suitable for this type of
experimental design. Future translational work will
examine a range of other polymers and fabrication
strategies that will likely improve biodegradability and
drug release to yield an optimal outcome.
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