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a b s t r a c t

Delivery of recombinant proteins is a proven therapeutic strategy to promote endogenous repair
mechanisms and tissue regeneration. Bone morphogenetic protein-2 (rhBMP-2) has been used to
promote spinal fusion and repair of challenging bone defects; however, the current clinically-used
carrier, absorbable collagen sponge, requires high doses and has been associated with adverse
complications. We evaluated the hypothesis that the relationship between protein dose and regenerative
efficacy depends on delivery system. First, we determined the dose-response relationship for rhBMP-2
delivered to 8-mm rat bone defects in a hybrid nanofiber mesh/alginate delivery system at six doses
ranging from 0 to 5 mg. Next, we directly compared the hybrid delivery system to the collagen sponge at
0.1 and 1.0 mg. Finally, we compared the in vivo protein release properties of the two delivery methods. In
the hybrid delivery system, bone volume, connectivity and mechanical properties increased in a dose-
dependent manner to rhBMP-2. Consistent bridging of the defect was observed for doses of 1.0 mg and
greater. Compared to collagen sponge delivery at the same 1.0 mg dose, the hybrid system yielded greater
connectivity by week 4 and 2.5-fold greater bone volume by week 12. These differences may be
explained by the significantly greater protein retention in the hybrid system compared to collagen
sponge. This study demonstrates a clear dose-dependent effect of rhBMP-2 delivered using a hybrid
nanofiber mesh/alginate delivery system. Furthermore, the effective dose was found to vary with
delivery system, demonstrating the importance of biomaterial carrier properties in the delivery of
recombinant proteins.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Large bone defects associatedwith high-energy trauma, fracture
nonunion, and bone tumor resection present a difficult challenge to
orthopaedic surgeons accentuated by the limited effectiveness of
current treatment options. The gold standard of care, the autograft,
in which bone graft particles are surgically transplanted from the
patient’s iliac crest, is limited by the available volume of graft
material and significant donor site morbidity [1,2]. Allografts are
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thereforeoftenused tobridge thedefects; however, these frequently
fail to revascularize and remodel, resulting in graft fracture or tissue
necrosis, requiring debridement and retreatment [3e5].

Biomaterials-mediated delivery of biologic agents including
growth factors, stem cells, and genes has been used to stimulate
regeneration of the structure and function of various tissues and
has specifically emerged as a promising alternative to bone grafting
techniques [6]. Delivery of recombinant proteins is a particularly
attractive therapeutic strategy to promote endogenous repair
mechanisms and tissue regeneration [6]. For a given protein, the
delivery system may affect regenerative response by modulating
protein stability and release kinetics. Langer and Folkman first
demonstrated in 1976 the possibility of sustaining protein release
via encapsulation in biocompatible polymers [7]. Since then,
investigators have explored numerous materials and encapsulation
and tethering techniques for tissue regenerative applications. For
example, Griffith and colleagues have tethered growth factors to
biomaterial substrates to regulate spatiotemporal presentation to
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mesenchymal stem cells and hepatocytes [8e10], and Phelps et al.
covalently linked PEG hydrogels with vascular endothelial growth
factor (VEGF) and cell adhesive peptides to enhance vascular
network formation in vivo [11]. Others, such as Stayton and
Mooney, have focused on modifying the degradation properties of
various hydrogels tomodulate growth factor delivery [12,13]. These
inexhaustive examples illustrate the variety and power of the
biomaterial delivery approach; however, degradation properties,
release kinetics, and other material properties must be designed
and tailored for each application [14,15].

Delivery of recombinant human osteoinductive growth factors
is one of the most successful and clinically-applicable bone tissue
engineering strategies to date [14]. The principle of bone induction
dates back to Marshal Urist’s seminal discovery in 1965 of the
potential of devitalized, decalcified allografts to induce heterotopic
bone formation [16]. Subsequently, Urist, Reddi, and others
extracted and identified the active biological agents, the bone
morphogenetic proteins (BMPs), which belong to the transforming
growth factor-b (TGF-b) supergene family [17e22]. Identification of
the genetic sequence of BMP-2 by Wozney and colleagues enabled
production of highly purified BMPs through recombinant gene
technology, which has facilitated its use as a clinical therapy
[21,23e25]. To date, two of the BMPs have been approved by the
FDA for use in humans: BMP-2 and BMP-7, also known as human
osteogenic protein-1 (hOP-1) [26].

Portending the tissue engineering paradigm in the early 1980’s,
Reddi and colleagues first isolated and combined these soluble
osteoinductive factors with insoluble substrata to induce bone
formation [17,19]. This approach has seen continued success and
aims to stimulate the endogenous regenerative potential of the host
by recapitulating themolecular cascades that lead tobone formation
during development [27,28]. However, as animal model and clinical
data accumulate, the importance of the biomaterial carrier has
become increasingly evident [26,29], andwhile hOP-1 and rhBMP-2
havebeen successfully used in spinal fusion andopen tibial fractures
[30e34], significant limitations to current delivery systems remain
[29]. In current clinical practice, rhBMP-2 is delivered by implanting
an absorbable collagen sponge soaked in water-solubilized protein
[29]. However, complications associated with rapid protein degra-
dation and diffusion (such as soft tissue inflammation and ectopic
bone formation) [35e37], the cost of the high doses required for
efficacy [38e42], and concerns over a correlation between
extremely high doses of rhBMP-2 and cancer incidence [43] suggest
that spatiotemporal delivery strategies may improve the efficacy,
efficiency, and safety of recombinant growth factor delivery.

Of particular importance for growth factor delivery vehicles is
the release profile of the protein from the scaffold, which must
maintain a sufficient concentration to induce the desired response
for a long enough time to promote recruitment of endogenous
progenitor cells [14]. Development and assessment of such delivery
vehicles requires systematic evaluation of protein dose-response
Table 1
Groups and analyses performed.

Groups Analysis methods & Sa

Dose (mg rhBMP-2) Delivery System X-ray Mic

0.0 Mesh/Alginate 10 10
0.1 Mesh/Alginate 10 10
0.5 Mesh/Alginate 10 10
1.0 Mesh/Alginate 9 9
2.5 Mesh/Alginate 10 10
5.0 Mesh/Alginate 10 10
0.1 Collagen Sponge 9 9
1.0 Collagen Sponge 10 10
2.5 Collagen Sponge e e
relationships as well as comparison to the current clinical standard
for both protein release and function. Such studies will facilitate
comparison between different carrier systems, animal models, and
associated protein doses.

The goal of this study was therefore to characterize and evaluate
the dose-response of rhBMP-2 in a recently described protein
delivery system designed to provide controlled spatial and
temporal protein delivery [44], to compare this system with the
clinically-used collagen sponge, and to explain the differences in
response by quantifying the in vivo protein release profile of each.
We hypothesized that bone regeneration responds in a dose-
dependent manner to recombinant rhBMP-2 delivery in the
nanofiber mesh/alginate delivery system and that this delivery
system enhances bone regeneration over the currently-used
collagen sponge delivery method due to sustained protein release,
thereby reducing the necessary effective dose.

2. Materials and methods

2.1. Surgical procedure

Bilateral, critically-sized (8 mm) segmental defects were surgically created in
femora of 13week-old SASCO Sprague Dawley rats, as previously described [44e46].
Limbs were stabilized by custom radiolucent fixation plates that allowed in vivo
monitoring with X-ray and microcomputed tomography (microCT). The experi-
mental design featured 8 groups (Table 1, n¼ 9e10 per group). In 6 groups, the dose-
response of bone regeneration to rhBMP-2, when delivered in an alginate hydrogel,
was evaluated at 0.0, 0.1, 0.5, 1.0, 2.5, and 5.0 mg rhBMP-2, respectively. In these
groups, a nanofiber mesh tube was fitted over the bone ends, and RGD-function-
alized alginate hydrogel [13] containing rhBMP-2 was injected into the defect space,
as described previously [44]. In the remaining 2 groups, 0.1 and 1.0 mg soluble
rhBMP-2 was adsorbed onto an 8 mm� 5mm diameter collagen sponge, which was
then press-fit into the defect. Post-surgery, animals were given subcutaneous
injections of buprenorphine every 8 h for three days. All procedures were approved
by the Georgia Institute of Technology Institutional Animal Care and Use Committee
(IACUC, protocol # A08032).

2.2. Nanofiber mesh production

Nanofiber meshes were produced as previously described [44]. Briefly, poly-(3-
caprolactone) (PCL) was dissolved at a concentration of 12% (w/v) in a 90:10 volume
ratio of hexaflouro-2-propanol:dimethylformamide (SigmaeAldrich) and electro-
spunontoa static collector. Twenty-four1-mmdiameter perforationswerepatterned
into the nanofibermesh sheets,whichwere thenglued into tubes of 4.5mmdiameter
and12mmlength.Mesh tubeswere sterilizedby100%ethanol evaporation, andwere
stored in sterile phosphate buffered saline (PBS) prior to implantation.

2.3. Alginate gel & collagen sponge growth factor loading

Recombinant human BMP-2 (R&D Systems) was reconstituted in 0.1% rat serum
albumin in 4 mM HCl, according to manufacturer instructions. For the mesh/alginate
delivery groups, the BMP-2 was then mixed at 6 different concentrations with RGD-
functionalized alginate [13,47] to a final concentration of 2% alginate, which was
cross-linked by mixing rapidly with 0.84% (m/v) CaSO4. Each defect received 200 ml
of the pre-gelled alginate containing 0.0, 0.1, 0.5, 1.0, 2.5, or 5.0 mg rhBMP-2,
depending on group. For the collagen sponge delivery groups, rhBMP-2was pipetted
onto the scaffolds 10min prior to implantation at either 2 or 20 mg/ml, for the 0.1 and
1.0 mg groups, respectively.
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2.4. Faxitron and MicroCT

Digital radiographs (Faxitron MX-20 Digital; Faxitron X-ray Corp.) were taken at
2, 4, 8, and 12 weeks post-surgery with an exposure time of 15 s and a voltage of
25 kV (n ¼ 10 per group). Bridging was defined by appearance of continuous bone
crossing the defect. Bridging rates were blindly assessed by two independent
observers, with differences determined by a third independent arbiter. Atweeks 4, 8,
and 12 post-surgery, animals were scanned using in vivo microCT (Viva-CT 40;
Scanco Medical) at medium resolution and 38.5 mm isometric voxel size, with the
scanner set at a voltage of 55 kVp and a current of 109 mA. The volume of interest
(VOI) encompassed all bone formation within the center 120 slices (4.56 mm)
between the native bone ends. New bone formation was segmented by application
of a global threshold (386 mg hydroxylapatite/cm3) corresponding to 50% of the
native cortical bone density, and a Gaussian filter (sigma ¼ 1.2, support ¼ 1) was
used to suppress noise.

2.5. Biomechanical testing

After 12 weeks, animals were euthanized by CO2 asphyxiation, and femora
(n ¼ 8e9 per group) were excised for biomechanical testing in torsion to failure as
described previously [45]. Briefly, limbs were cleaned of soft tissues and the ends
potted in Wood’s metal (Alfa Aesar). The fixation plates were then removed, and
limbs were mounted on a Bose ElectroForce system (ELF 3200, Bose EnduraTEC) and
tested to failure at a rate of 3�/sec. Maximum torque at failure and torsional stiffness,
given by the slope of the line fitted to the linear region of the torque-rotation curve,
were computed for each sample.

2.6. Histology

One representative sample per group was taken for histology at week 12 post-
surgery. Samples were chosen based on microCT-calculated average bone volume at
week 8. Samples were fixed in 10% neutral buffered formalin for 48 h at 4 �C and
then transferred to a formic acid-based decalcifier (Cal-ExII, Fisher Scientific) for 2
weeks under mild agitation on a rocker plate. Following paraffin processing, 5 mm-
thick mid-saggital sections were cut and stained with Safranin-O/Fast-green [48]
and Haematoxylin and Eosin (H&E). Due to the presence of carboxyl groups, algi-
nate carries a negative charge [49], allowing high contrast staining with Safranin-O.

2.7. BMP-2 tracking

A separate study was conducted to compare the protein release and degradation
over time in vivo. Segmental defects were created as described above and were
treated with 2.5 mg near-infrared (NIR) fluorophore-tagged rhBMP-2, delivered in
either collagen sponge or nanofiber mesh/alginate. rhBMP-2 was tagged with an in
vivo NIR fluorochrome label (VivoTag-S 750, VisEn Medical) using NHS-ester
chemistry. Briefly, rhBMP-2 was reconstituted in 4 mM HCl at a concentration of
100 mg/ml. Due to presence of glycine in the lyophilization buffer, the buffer was
exchanged to 100 mM NaPO4 at pH 7.5 by two rounds of filtration through a 3 kDa
centrifugal filter (Millipore Amicon Ultra, Millipore). The proteinwas then labeled by
4 h incubation with 6 M excess of the fluorophore at room temperature. Excess
fluorophore was removed by gel filtration through Zeba Spin Desalting Columns (7K
MWCO, Fisher Scientific). Protein tagging was verified by SDS-PAGE (S-Fig. 3).
Labeled protein fluorescence was tracked over 21 days in vivo using a 700 series
Xenogen IVIS Imaging System. Animals were imaged at 745 nm excitation, 780 nm
emission and 60 s exposure time at 0, 3, 7, 14, and 21 days post-surgery. Fluorescence
intensity was measured as background-subtracted average efficiency within a fixed
region of interest (ROI) centered on the defect site. Values from each sample were
normalized to that sample’s initial intensity to represent percentage of protein
remaining [15,50]. Nonlinear regression analysis of release profiles were performed
on raw data in GraphPad Prism using a one-phase exponential decay model
(GraphPad Software, Inc.).

2.8. Statistical analyses

All data are presented as mean � standard error of the mean (SEM). Differences
between groups and among time points were assessed by analysis of variance
(ANOVA) with pairwise comparisons made by Tukey’s post hoc analysis, Chi-
squared analysis with individual comparisonsmade by Fisher’s Exact test, analysis of
covariance (ANCOVA) and Student’s t-test, where appropriate (a ¼ 0.05). A natural
log transformationwas applied to maintain normality of residuals and homogeneity
of variance, when necessary and appropriate. Minitab� 15 (Minitab, Inc.) was used to
perform the statistical analysis.

3. Results: dose-dependency

First, the dose-response of rhBMP-2 in the nanofiber mesh/
alginate delivery system was evaluated over 12 weeks in critically-
sized rat femoral bone defects.
3.1. Faxitron

In vivo digital radiographs (Fig. 1A) qualitatively demonstrated
a dose-dependent bone formation response to rhBMP-2, and
longitudinal evaluation of bridging rates likewise revealed signifi-
cant dose-dependency of defect bridging to amount of rhBMP-2
delivered using the mesh/alginate system (Table 2). Groups with
1.0 mg rhBMP-2 or greater achieved consistent (80e100%) bridging
by week 12 post-surgery. Doses less than or equal to 0.5 mg rhBMP-
2 failed to bridge consistently.

3.2. Microcomputed tomography

MicroCT scans confirmed the two-dimensional X-ray results.
Minimal bone formation occurred at low doses. Beginning at the
0.5 mg dose, however, bone formation was evident at the center of
the defects as well as on the surfaces of the nanofiber mesh, where
the holes in the newly-formed bone corresponded with mesh
perforations (Fig. 1B). Local density maps on saggital cross sections
demonstrated the distribution and maturity of bone within the
defects (Fig. 1B). At doses higher than 1.0 mg, bone formed
throughout the defects, with dose-dependent increases in defect
filling.

MicroCT was used to quantify 3D tissue ingrowth parameters
including volume, density, and connectivity of the newly-formed
bone. In the mesh/alginate groups, bone formation responded in
a nonlinear, dose-dependent manner to rhBMP-2. By week 12, the
1.0 and 2.5 mg doses had significantly greater bone volume than 0.0,
0.1, and 0.5 mg doses, and the 5.0 mg dose group exhibited signifi-
cantly greater bone volume than all other groups (Fig. 2A). The dose-
response curve exhibited linear biphasic behavior, with the slope
(m_bv) of the bone volume vs. dose curve decreasing significantly
(p < 0.0001) at 1.0 mg or greater (m_bv0.0e1.0 ¼ 50.1 � 4.8 mm3/mg
and m_bv1.0e5.0 ¼ 9.21 � 2.8 mm3/mg, R2 ¼ 0.75 and 0.30, respec-
tively, at week 12). There were no differences in mean mineral
density among the dose groups at any time point, though the
density increased with time for all groups (S-Fig. 1A). Connectivity
increased with rhBMP-2 dose in a similar manner to bone volume.
However, unlike bone volume, the connectivity of the bone micro-
structure decreased with time as the initial finely-trabeculated
structure was remodeled between 4 and 12 weeks (Fig. 2B).

3.3. Biomechanical testing

To evaluate the degree of functional restoration, biomechanical
testing in torsion to failure was performed on potted femurs.
Biomechanical properties increased continuously with increasing
dose of rhBMP-2, with the 1.0, 2.5, and 5.0 mg groups having signifi-
cantly greater torsional stiffness (Fig. 2C) and maximum torque at
failure (Fig. 2D) than the0.0, 0.1, and0.5mggroups. In contrast tobone
volume and connectivity, which featured a reduction in response to
increasing dose at doses greater than 1.0 mg rhBMP-2, mechanical
properties exhibited continuously increasing stiffness and torque
with increasing protein dose, and the dose-response curves did not
significantly change slope over the range of doses evaluated (p¼ 0.47
and p ¼ 0.65 for stiffness and torque, respectively).

3.4. Histology

Histological staining allowed evaluation of tissue morphology,
cellular infiltration, and alginate gel degradation at week 12. Hae-
matoxylin and Eosin staining revealed a mixture of osteocyte-
populated woven and lamellar bone in groups with bone formation
(Fig. 3A, S-Fig. 2). In the 0.0 mg group, the defect space appeared
highly homogeneous and filled with alginate gel. In this group, very



Fig. 1. Representative digital radiographs (A) and microCT reconstructions (B) showing 3-dimensional structure and saggital cross sections illustrating local mineral density
mapping. Segmental defects were treated with 0.0, 0.1, 0.5, 1.0, 2.5, and 5.0 mg rhBMP-2, as indicated, delivered in the nanofiber mesh/alginate delivery system.
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few cells had migrated into the defect space, and tissue invasion
into the alginate was minimal. In contrast, large numbers of
invading cells were present in all other groups, even at very low
doses of BMP, though cellular infiltration appeared to increase in
Table 2
Defect bridging results vs. rhBMP-2 dose delivered in the mesh/alginate system.

Dose Week 2 Week 4 Week 8 Week 12

0.0 mg 0/10 0/10 1/10 1/10
0.1 mg 0/10 0/10 1/10 3/10
0.5 mg 0/10 0/10 4/10 5/10
1.0 mg 1/9 6/9a,b,c 8/9a,b 9/9a,b,c

2.5 mg 2/10 6/10a,b,c 8/10a 8/10a

5.0 mg 3/10 9/10a,b,c 10/10a,b,c 10/10a,b,c

a p < 0.05 vs. 0.0 mg group.
b p < 0.05 vs. 0.1 mg group.
c p < 0.05 vs. 0.5 mg group.
a dose-dependent manner. The degree of fragmentation of the
alginate gel was found through Safranin-O/fast green staining to
likewise be dose-dependent, featuring negligible dissolution in the
0.0 mg group and increased tissue invasion and alginate fragmen-
tation with increasing amounts of rhBMP-2 (Fig. 3B). Regardless of
protein dose, the gel did not completely degrade by 12 weeks, as
indicated by the presence of small regions of alginate embedded in
mineralized matrix even at the 5 mg dose.
4. Results: Delivery system comparison

Next, we compared the nanofibermesh/alginate delivery system
at a non-bridging dose (0.1 mg) and a bridging dose (1.0 mg) with the
clinically-used collagen sponge delivery system at the same doses.
Finally, we compared the in vivo protein release kinetics of the two
delivery methods using fluorophore-tagged rhBMP-2.



Fig. 2. A, B: MicroCT evaluation of bone volume and connectivity, respectively, as a function of rhBMP-2 dose at week 4 (light dashed lines), week 8 (bold dashed lines), and week 12
(solid lines). Bone volume (A) and connectivity (B) demonstrated nonlinear dose-dependent responses to rhBMP-2, with a reduction in response to increased dose above 1.0 mg. C,
D: Post-mortem biomechanical properties as a function of rhBMP-2 dose. Torsional stiffness (C) and failure torque (D) continuously increased with increasing dose of rhBMP-2.
a: p < 0.05 as indicated, b: p < 0.05 vs. all other groups.

J.D. Boerckel et al. / Biomaterials 32 (2011) 5241e5251 5245
4.1. Faxitron

In vivo digital radiographs (Fig. 4A) qualitatively demonstrated
a delivery system-dependent bone formation response to rhBMP-2.
At 1.0 mg rhBMP-2, the mesh/alginate delivery system resulted in
100% defect bridging by week 12, while collagen sponge delivery
resulted in 60% bridging, though this differencewas not statistically
significant with p ¼ 0.0867 (Table 3). 0.1 mg rhBMP-2 was insuffi-
cient to induce robust bone formation in either delivery system.

4.2. Microcomputed tomography

MicroCT scans again confirmed the two-dimensional X-ray
results and clearly illustrated differences in delivery systems at
1.0 mg rhBMP-2 (Fig. 4B). Local density maps on saggital cross
sections demonstrated the distribution and maturity of bone
within the defects (Fig. 4B). Collagen groups exhibited formation of
thin bony shells containing small amounts of trabeculated bone,
while the mesh/alginate group featured bone formation
throughout the defect at 1.0 mg.

QuantificationofmicroCT images revealed significantdifferences
in bone formation between the collagen sponge and mesh/alginate
delivery systems (Fig. 5AeF). Atweek 4, therewere no differences in
bone volume between groups at either 0.1 or 1.0 mg dose (Fig. 5A).
However, by week 8, the bone volume in the mesh/alginate 1.0 mg
group was significantly greater than the collagen sponge 1.0 mg
group, and this effect widened to 2.5-fold greater by week 12
(Fig. 5C,E). Temporally, bone volume increased significantly from
week4 toweeks8and12withmesh/alginatedelivery,whereaswith
collagen sponge delivery, bone formation occurred rapidly over the
first 4 weeks but did not increase significantly after week 4. As
among the mesh/alginate groups, no differences in mean mineral
density were found between groups, though the density increased
with time ineachgroup (S-Fig.1BeD). Connectivitywas significantly
greater in the mesh/alginate 1.0 mg group than the collagen sponge
1.0 mg group at bothweeks 4 and 8 (Fig. 5D and E); however, byweek
12, the connectivity had normalized in both groups (Fig. 5F). No
differences in bone formation were found between collagen and
mesh/alginate delivery at the lowdose of 0.1 mg at any time point for
any measure (Fig. 5).

4.3. Biomechanical testing

Differences in torsional stiffness and maximum torque did not
reach significance between collagen and mesh/alginate delivery,
p ¼ 0.057 and p ¼ 0.082, respectively (Fig. 5G,H).

4.4. Histology

Histological staining with H&E and Safranin-O/fast green was
performed tocompare tissuemorphologyandcompositionbetween
delivery systems atweek 12 (Fig. 6). In contrast to themesh/alginate
groups which contained regions of non-degraded hydrogel through
week 12, the collagen sponges had completely resorbed. In the



Fig. 3. Week 12 histological staining of saggital sections at each dose of BMP-2, delivered in the mesh/alginate delivery system. H&E staining (A) illustrated bone formation (white
arrow) and cellular invasion. Images at 20x, scale bars: 50 mm. Safranin-O/fast green staining at 4x (B) illustrated dose-dependent increases in alginate gel (black arrow) frag-
mentation and degradation as well as tissue infiltration (fast green counterstain). Images at 4x, scale bars: 200 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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collagen sponge 0.1 mg group, defects were filled primarily with
fibrous tissue, while in the collagen sponge 1.0 mg group, the new
bone formed thin shells, containing trabeculated bone andmarrow.

4.5. BMP Release

To investigate a possible mechanism for the observed delivery
system-dependent increases in bone formation, fluorescently-
labeled protein was tracked over 3 weeks (Fig. 7). For both delivery
systems, the labeled protein profile decreased monotonically with
time and>90% of the initial dose deliveredwas released by 21 days.
The percentage of protein remaining in the defect region was
significantly elevated in the mesh/alginate group compared to
collagen sponge at both 3 and 7 days post-implantation. Based on
a simple release model, the protein profiles were fit to an expo-
nential decay to estimate the half-life of release (R2 ¼ 0.946 and
0.857 for collagen sponge and mesh/alginate groups, respectively).
Overall, the half-life of release was 1.87 days (95% CI: 1.49e2.49
days) and 3.19 days (95% CI: 2.23e5.59 days) for the collagen
sponge and mesh/alginate, respectively, though the difference did



Fig. 4. Week 12 digital radiographs (A) of segmental defects treated with 0.1 or 1.0 mg
rhBMP-2, delivered in either collagen sponge or in the nanofiber mesh/alginate
delivery system. MicroCT reconstructions (B) and saggital cross sections with local
mineral density mapping to illustrate bone formation, defect bridging and tissue
maturity.
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not reach statistical significance with p ¼ 0.094. No significant
differences in spatial distribution were found between the groups
at any time point (data not shown). SDS-PAGE analysis verified that
the tagged protein had similar molecular weight to the un-tagged
protein (S-Fig. 3). In vitro bioactivity assays and bone formation in
vivo demonstrated that the tagged rhBMP-2 maintained bio-
functionality, capable of inducing osteogenic differentiation of
mesenchymal stem cells to a similar degree as un-tagged protein, as
measured by calcium deposition (S-Fig. 4A), though tagged protein
induced a lesser amount of bone formation in vivo suggesting
a somewhat reduced activity (S-Fig. 4B).

5. Discussion

Delivery of recombinant proteins carries great promise for the
field of regenerative medicine; however, optimal doses and
delivery vehicles have not yet been determined. This study presents
the dose-response relationships for rhBMP-2 delivered in
a controlled-release hydrogel in comparison to the currently-used
Table 3
Defect bridging results based on delivery system.

Group Week 2 Week 4 Week 8 Week 12

M/A 0.1 mg 0/10 0/10 1/10 3/10
Col 0.1 mg 0/9 0/9 0/9 0/9
M/A 1.0 mg 1/9 6/9 8/9 9/9
Col 1.0 mg 1/10 3/10 4/10 6/10a

a p < 0.05 vs. collagen 0.1 mg group.
collagen sponge carrier, and revealed a reduction in the necessary
effective dose for the spatiotemporal delivery system.

5.1. Dose-dependency

When delivered in the nanofiber mesh/alginate delivery system,
rhBMP-2 induced bone regeneration in a nonlinear dose-depen-
dent manner, as evaluated by bridging rate, bone volume,
connectivity, and mechanical properties. Interestingly, the dose-
response curves for bone volume and connectivity exhibited linear
biphasic characteristics, with the slope significantly decreasing
after the onset of bridging at 1.0 mg. This decrease in responsiveness
to rhBMP-2 with increasing dose is likely due to saturation of BMP
receptors and responding cell supply or simply from bone filling up
available space in the defect region. Consistent with the onset of
defect bridging, torsional stiffness and strength were not dose-
responsive at less than 1.0 mg, but at higher doses, exhibited
significant dose-dependent increases in mechanical properties.

The observation that mechanical properties did not level off
within the range of growth factor dose analyzed may be explained
by the histological observation that alginate degradation also pro-
ceeded in a dose-dependent manner, such that at higher doses,
increased gel degradation allowed improved mechanical integrity.
Since alginate is algae-derived, it cannot be enzymatically degraded
in vivo, requiring hydrolysis or loss of the cross-linking Ca2þ ions for
degradation [13]. The observed increase in cell and tissue infiltra-
tion with increasing dose may have increased the number of cells
responsible for clearing foreign material and exposed more of the
alginate surface for hydrolysis, contributing to the dose-depen-
dence of gel degradation. Another possible explanation is that the
presence of the rhBMP-2 in the gel directly affected mechanical
properties or degradation profiles independent of cellular and
tissue interactions. Together, these effects allowed increased
mechanical integrity in the higher doses which contained more
bone and lower amounts of residual hydrogel.

For comparison, the mechanical properties of age-matched
intact femurs were 0.030� 0.001 N-m/deg and 0.31�0.02 N-m for
torsional stiffness and failure torque, respectively [46]. At the 5.0 mg
dose, the torsional stiffness of the regenerated defects exceeded the
intact bone stiffness, while the failure torque reached about 60% of
that of the intact bone. A previous study using this model
demonstrated similar results, with mesh/alginate delivery of 5 mg
rhBMP-2 reaching about 75% of intact bone properties for both
stiffness and torque, though these were not statistically different
from the native bone properties [44].

5.2. Delivery System comparison

Bone formation was significantly increased in the nanofiber
mesh/alginate delivery system over the current clinically-used
collagen sponge delivery method for the 1.0 mg groups. Although
the amount of bone formation was similar at week 4, by week 8
there was significantly greater bone volume in the mesh/alginate
group compared to the collagen sponge group, and this difference
increased through week 12. By week 4, the amount of active
rhBMP-2 remaining in the defect would likely be minimal for both
groups, however, this enhancement in bone formation between
week 4 and week 8 in the mesh/alginate system may be attributed
to an increased attraction of cells into the defect at earlier time
points or enhanced activation of those cells from the released
rhBMP-2, resulting in elevated activity through week 8. 0.1 mg
rhBMP-2 was not sufficient to induce robust bone formation;
however, 0.1 mg caused substantial increases in cellular migration
into the defect compared to mesh/alginate-only treatment,
demonstrating that even a low dose of rhBMP-2 possesses potent



Fig. 5. In vivo microCT quantification of bone volume (AeC) and connectivity (DeE) at week 4 (A, D), week 8 (B, E) and week 12 (C, F) post-surgery. Dark bars represent mesh/
alginate delivery system and light bars represent collagen sponge delivery system. Mesh/alginate delivery yielded an early increase in connectivity (D) and conferred a 2.5-fold
greater bone volume by week 12 (C) in comparison to collagen sponge delivery. Post-mortem biomechanical testing (G, H) revealed significant dose-dependent increases in stiffness
(G) and failure torque (H) but differences between delivery systems were not significant at either dose. a: p < 0.05 as indicated, c: p < 0.05 vs. same group at week 4.
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chemoattractant capacity for endogenous cells [51] and suggesting
that low doses of rhBMP-2may be useful for combination strategies
involving gene therapy or growth factor co-delivery which require
a strong host cell response. To facilitate cellular invasion, the algi-
nate gel was functionalized with RGD peptides. RGD (Arg-Gly-Asp)
is the primary sequence motif of fibronectin responsible for
integrin binding, and may have enhanced protein-cell-matrix
interactions and the ability of cells to migrate into the defect [13].
The RGD alone was not sufficient to induce cellular invasion or gel
dissolution, as evident in the 0.0 mg group, though cellular infil-
tration and associated gel fragmentation increased in an rhBMP-2
dose-dependent manner.

Although early bone formation occurred at a similar rate
between delivery systems, an early enhancement in connectivity
was observed in the mesh/alginate group, and this difference per-
sisted through week 8. In both delivery systems, however, the
connectivity decreased with time, despite increasing with dose of
rhBMP-2, resulting in similar connectivity at week 12. As
connectivity is a normalized measure of the number of redundant
structures, the dose-dependent increase may be explained by an
increase in the number of bone nucleation sites. However, as time
progressed, spaces between distinct islands of bone filled in,
reducing the total number of unique structures within the defect
space, causing a reduction in connectivity over time, though the
actual integrity increased.

Differences in mechanical properties between the collagen and
mesh/alginate systems did not reach statistical significance, though
the trends were consistent with the observed differences in bone
formation. As seen histologically, the alginate hydrogel did not fully
degradeover the time courseof the study, and theextant alginategel
may have interfered with the mechanical integrity of the resulting
bone by preventing complete interconnectivity. This underscores
the importance of optimizing carrier degradation kinetics and
protein-carrier concentrations for effective sustained delivery.

To explain the differences in bone formation between the two
delivery systems, we quantified the in vivo protein release profiles



Fig. 6. Week 12 histological staining of saggital sections. H&E staining (A) illustrated bone (b) and fibrous tissue (f) formation and residual alginate (a). Images at 20x, scale bars:
50 mm. Staining with Safranin-O (B) revealed a significant persistence of alginate gel (a) through week 12 in the mesh/alginate group. Large amounts of fibrous tissue (f) were
apparent in the collagen sponge group at 0.1 mg, while at 1.0 mg small amounts of trabecular bone (b) and fatty marrow filled the defect. The collagen sponge had entirely absorbed
by week 12 in both collagen sponge groups. Images at 4x, scale bars: 200 mm.
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of each. Sustained delivery vehicles for recombinant proteins have
been studied previously, primarily using 125I-labeled proteins
[15,50,52e57]. In this study, the protein release kinetics from the
collagen sponge were similar to those reported previously in
ectopic bone formation models, in which the retention half-life
ranged from several hours to several days [58e61]. In comparison
to collagen sponge, the sustained delivery method examined here
increased the protein retention, and resulted in a 2.5-fold increase
in bone volume over collagen sponge delivery.

A possible limitation of the protein tagging technique is that the
fluorophore attachment may have altered the release properties of
the protein. However, since the protein was not substantially
changed in size as a result of complexation and did maintain
bioactivity, albeit somewhat reduced in vivo compared to un-tagged
protein, it is likely that the diffusion properties were not substan-
tially changed. Regardless, both collagen sponge and mesh/alginate
delivery systems were analyzed with the same tagged protein,
allowing direct comparison. As with all protein labeling techniques,
the entity being tracked is the fluorophore, with the degree of
fluorophore-protein dissociation an unknown. Dissociation
would result inmeasurement of faster release kinetics than actually
exist as the fluorophore is substantially smaller in size than the



Fig. 7. In vivo tracking of fluorescent tag-labeled rhBMP-2 (inset) over 21 days revealed
a significantly elevated protein retention in the mesh/alginate group compared to
collagen sponge at day 3 and 7 post-implantation. Solid lines represent curve fit to
exponential decay (R2 ¼ 0.946 and 0.857 for collagen sponge and mesh/alginate
groups, respectively). The half-life of release was 1.87 days (95% CI: 1.49e2.49 days)
and 3.19 days (95% CI: 2.23e5.59 days), for the collagen sponge and mesh/alginate,
respectively.
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fluorophore-protein complex, resulting in greater diffusivity accord-
ing to theEinsteineStokes relation.However, in this experiment, both
groups received the same labeled protein, processed identically,
and the fluorophore-protein dissociation rate is not likely to differ
between delivery systems. Together, these limitations accentuate the
importance of including the collagen group when evaluating sus-
tained delivery vehicles for recombinant proteins to provide direct
comparison of the novel therapeutic with the clinical standard.

In this study, several combined factors may have prolonged the
protein release in the mesh/alginate system. First, the alginate
hydrogel mesh structure provides a diffusional barrier to BMP
release, whereas the collagen sponge relies mostly on desorption.
Second, the slow degradation kinetics of the alginate gel, despite
inhibiting whole bone remodeling, may have contributed to the
slower release kinetics. Third, the presence of the nanofiber mesh
tube has been shown to maintain spatial retention of alginate in the
defect [44] and may contribute to protein retention as well. Finally,
since alginate carries a negative charge [62], and rhBMP-2 carries
a positive charge of 10.5 at pH 7.4 [63], the opposite protein-matrix
charge interactions may also have contributed to protein retention.
Specifically, alginate has been shown to reversibly bind to heparin-
binding proteins such as BMP-2 due to the abundance of basic resi-
dues in the heparin-binding sequence, promoting interaction with
negatively charged carboxyl groups on the alginate chain [64,65].
This interaction has been shown to enhance the biological activity of
these proteins, likely through protection from degradation [55].

Much attention has recently been placed on developing
improved carriers for both rhBMP-2 and hOP-1 [15,66,67]. Like-
wise, the kinetics of protein release have been shown to have
profound effects on protein effectiveness and efficiency [15,50]. For
example, Li et al. evaluated the bone formation capacity of rhBMP-2
when delivered in polyurethane scaffolds possessing different
release kinetics, and found improved healing in scaffolds featuring
an initial burst followed by sustained release [68]. Subsequently,
Brown et al. demonstrated that a burst followed by a sustained
release of rhBMP-2 regenerated 50% more bone compared to
collagen sponge [69]. These results suggest that some amount of
early release combined with sustained delivery may enhance
growth factor efficacy, and together with the present data
emphasize the importance of spatiotemporal growth factor
presentation in tissue-engineered bone regeneration.
6. Conclusions

These data demonstrate the dose-response and temporal
release of rhBMP-2 in a spatiotemporal protein delivery system, in
comparison to the clinical standard collagen sponge. This work
demonstrates an improvement in bone formation over current
rhBMP-2 delivery methods, and highlights the importance of
quantification of release kinetics and scaffold degradation proper-
ties for evaluating novel recombinant protein carriers.
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