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Abstract

Background Autologous bone grafting remains the gold
standard in the treatment of large bone defects but is limited
by tissue availability and donor site morbidity. Recombinant
human bone morphogenetic protein-2 (thBMP-2), delivered
with a collagen sponge, is clinically used to treat large bone
defects and complications such as delayed healing or non-
union. For the same dose of rhBMP-2, we have shown that a
hybrid nanofiber mesh-alginate (NMA-rthBMP-2) delivery
system provides longer-term release and increases
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functional bone regeneration in critically sized rat femoral
bone defects compared with a collagen sponge. However, no
comparisons of healing efficiencies have been made thus far
between this hybrid delivery system and the gold standard of
using autograft.

Questions/purposes We compared the efficacy of the
NMA-rhBMP-2 hybrid delivery system to morselized auto-
graft and hypothesized that the functional regeneration of large
bone defects observed with sustained BMP delivery would be
atleast comparable to autograft treatment as measured by total
bone volume and ex vivo mechanical properties.

Methods Bilateral critically sized femoral bone defects in
rats were treated with either live autograft or with the
NMA-thBMP-2 hybrid delivery system such that each
animal received one treatment per leg. Healing was mon-
itored by radiography and histology at 2, 4, 8, and
12 weeks. Defects were evaluated for bone formation by
longitudinal micro-CT scans over 12 weeks (n = 14 per
group). The bone volume, bone density, and the total new
bone formed beyond 2 weeks within the defect were cal-
culated from micro-CT reconstructions and values
compared for the 2-, 4-, 8-, and 12-week scans within and
across the two treatment groups. Two animals were used
for bone labeling with subcutaneously injected dyes at 4, 8,
and 12 weeks followed by histology at 12 weeks to
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identify incremental new bone formation. Functional re-
covery was measured by ex vivo biomechanical testing
(n = 9 per group). Maximum torque and torsional stiffness
calculated from torsion testing of the femurs at 12 weeks
were compared between the two groups.

Results The NMA-rhBMP-2 hybrid delivery system re-
sulted in greater bone formation and improved
biomechanical properties compared with autograft at
12 weeks. Comparing new bone volume within each group,
the NMA-rhBMP-2-treated group had higher volume
(p <0.001) at 12 weeks (72.59 £ 18.34 mm3) compared
with 8 weeks (54.90 £ 16.14) and 4 weeks (14.22 £+ 9.59).
The new bone volume was also higher at 8 weeks compared
with 4 weeks (p < 0.001). The autograft group showed
higher (p <0.05) new bone volume at 8 weeks
(11.19 + 8.59 mm®) and 12 weeks (14.64 + 10.36) com-
pared with 4 weeks (5.15 &+ 4.90). Between groups, the
NMA-thBMP-2-treated group had higher (p < 0.001) new
bone volume than the autograft group at both 8 and
12 weeks. Local mineralized matrix density in the NMA-
rhBMP-2-treated group was lower than that of the autograft
group at all time points (p < 0.001). Presence of nuclei
within the lacunae of the autograft and early appositional
bone formation seen in representative histology sections
suggested that the bone grafts remained viable and were
functionally engrafted within the defect. The bone label
distribution from representative sections also revealed more
diffuse mineralization in the defect in the NMA-rhBMP-2-
treated group, whereas more localized distribution of new
mineral was seen at the edges of the graft pieces in the
autograft group. The NMA-thBMP-2-treated group also
revealed higher torsional stiffness (0.042 £ 0.019 versus
0.020 £ 0.022 N-m/°; p = 0.037) and higher maximum
torque  (0.270 £ 0.108  versus  0.125 &£ 0.137 N-m;
p = 0.024) compared with autograft.

Conclusions The NMA-rhBMP-2 hybrid delivery system
improved bone formation and restoration of biomechanical
function of rat segmental bone defects compared with au-
tograft treatment.

Clinical Relevance Delivery systems that allow pro-
longed availability of BMP may provide an effective
clinical alternative to autograft treatment for repair of
segmental bone defects. Future studies in a large animal
model comparing mixed cortical-trabecular autograft and
the NMA-rhBMP-2 hybrid delivery system are the next
step toward clinical translation of this approach.

Introduction

Large segmental bone defects result from trauma, tumor
resection, skeletal reconstructions, and infections. Despite
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the endogenous regenerative capacity of bone, defects that
are critically sized do not heal spontaneously and require
therapeutic augmentation. Bone grafting has historically
constituted the main therapeutic intervention in these vol-
ume-filling applications. Autograft, surgically obtained
from the patient, has persisted as the gold standard of
treatment but has also been associated with a multitude of
complications at the donor site, limited availability, and
variation in ultimate outcomes (eg, eventual nonunion in
some cases) [25, 45]. Use of different harvest sites or
combined use of cortical grafts with limited amounts of
cancellous bone may not be sufficient to overcome these
challenges and thus motivates continued investigation of
alternative treatment strategies [17, 19, 32, 45].

Allograft, demineralized bone matrices, biomaterial
scaffolds, and the highly potent osteoinductive factor bone
morphogenetic protein (BMP) are common alternatives to
autograft. Allograft has reduced osteoinductive potential
and slower healing, whereas demineralized scaffolds lack
structural stability [1, 13, 19, 25]. The widespread use of
recombinant human BMP-2 (thBMP-2) highlights its ca-
pability to augment large segmental bone defect repair,
especially in the context of animal studies, with BMP-2
supplementation showing improved healing compared with
allograft and ceramic fillers [25, 46]. Concerns about BMP-
2 side effects, optimal delivery scaffolds, and BMP-2 re-
lease kinetics notwithstanding, rhBMP-2 delivered in an
absorbable collagen sponge (ACS-rhBMP-2) has become a
popular clinical alternative to bone grafting in the United
States while tunable delivery systems with tailored BMP
release kinetics are sought [28, 47].

Alginate hydrogels modified through the addition of
arginine-glycine-aspartic acid (RGD) to promote cell ad-
hesion and gamma-irradiation to enhance degradation have
been used for bone tissue engineering [2, 3, 36, 39]. We
have previously observed higher mineral content and
biomechanical properties in critically sized femoral seg-
mental defects treated with a perforated nanofiber mesh
enclosing RGD-alginate and thBMP-2 (NMA-rhBMP-2)
hybrid delivery system at equivalent doses and with ad-
vantageous thBMP-2 release kinetics as compared with
ACS-thBMP-2 [8, 9, 27, 28]. However, its performance
relative to autograft, the gold standard, is unknown.

Our goal in this study was therefore to compare healing
with cortical autograft treatment to the NMA-rhBMP-2
hybrid delivery system. Our primary questions were (1)
whether the NMA-rthBMP-2 group would produce quanti-
tatively similar levels of bone mineral volume (BV) and
bone mineral density (BD) to freshly harvested autograft;
and if so, (2) whether the biomechanical properties of the
healed bones would be different between treatments. Using
vital bone labels [42] (fluorochromes binding the
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mineralizing front of bone tissue) and histology, we also
determined the quality and distribution of the regenerated
bone.

Materials and Methods
Study Design

All animal procedures were approved by the Georgia Tech
Institutional Animal Care and Use Committee. Bilateral
critically sized segmental defects (§ mm length) [8, 34] were
created in the middiaphysis of femora of 13-week-old female
Sasco Sprague-Dawley rats (Charles River, Wilmington,
MA, USA) after stabilization of each femur with a fixation
plate (Fig. 1A). Animal age, gender, and strain were chosen
for their size compatibility for longitudinal micro-CT ana-
lysis as established in previous studies with this model [8-10,
27, 28]. A porous electrospun polycaprolactone nanofiber
mesh (NFM) sheet (12 x 19 mm) with 1-mm diameter
perforations was preformed into a tube and positioned
around the proximal and distal stumps of the femur such that

Fixation Plate

A Rat Femur Seg. Defect Model

Bone label
Calcein Green

Week 2 4

it completely enclosed the defect space and spatially retained
the delivered therapeutics within the defect space (Fig. 1B)
[28]. The two treatments—autograft or NMA-rhBMP-2—
were evaluated in the same animal with randomized allo-
cation of treatment to the left or right limb for each group.
The alginate treatment was always administered first to allow
harvesting of both middiaphyseal regions, which were then
combined to create the autograft implants for the contralat-
eral defect. The muscles were sutured over the defect and the
skin closed with wound clips. Animals were given a single
injection of sustained-release buprenorphine (Wildlife
Pharmaceuticals, Windsor, CO, USA) for analgesia. Unre-
stricted ambulation was allowed and the healing progress
was observed over a 12-week period. Of 23 animals, one
animal was euthanized on Day 0 to provide initial morselized
bone graft morphology and one animal was noted to have an
infection in the defect region on euthanasia at 12 weeks. All
other surgeries and recovery in the study design (Fig. 1C)
were considered uneventful. Samples were assigned for
routine histology at four time points 2, 4, 8, and 12 weeks
(n = 1-2). Two animals were assigned for sequential vital
bone labeling at three time points (4, 8, and 12 weeks)

NFM mesh around defect

Bone label
Calcein Blue (1 day prior)
Harvest & Histology (n = 2)

Bone label
Xylenol Orange

8 12
]

1

Bone defects Radiographs (n = 22)
created Tle

11
C MCT (n=1)  Histology (n=1) Histology (n = 2)

Fig. 1A-C (A) Rat femur with polysulfone stabilization plates
showing the middiaphyseal defect, polysulfone fixation plate, and
poly-caprolactone (PCL) nanofiber (NFM) mesh tube fitting around
the proximal and distal stumps to enclose the defect space. (B) Three-

Radiographs (n = 21)
CcT

Radiographs (n = 15)
uCT (n = 14)
Biomechanics (n = 9)
Histology (n = 2)

Radiographs (n = 18)
nCT
Histology (n = 2)

dimensional reconstruction of the micro-CT image of an autograft
treated sample showing the relative sizes of the cortical bone
fragments. (C) A schematic showing the experiment design including
interventions, outcome measures, and sample numbers.
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followed by terminal fixation and cryoprocessing
(12 weeks). Nine samples from each group were used for
ex vivo biomechanical testing. For histological analyses,
animals were anesthetized and the ascending aorta was
catheterized through the left ventricle followed by perfusion
fixation with 10% neutral-buffered formalin (Fisher Scien-
tific, Pittsburgh, PA, USA). For mechanical testing, legs
were harvested immediately after euthanasia by CO, in-
halation, wrapped in saline-soaked gauze, and stored at
—20 °C.

Therapeutics
Alginate Hydrogels (NMA-rhBMP-2)

Irradiated sodium alginate functionalized with RGD pep-
tide sequences (FMC Biopolymer, NovaMatrix, Sandvik,
Norway) was reconstituted in alpha-MEM (Gibco, Grand
Island, NY, USA) to yield a 2% w/v alginate solution.
Recombinant human bone morphogenetic protein (R&D
Systems, Minneapolis, MN, USA) was suspended in 0.1%
rat serum albumin (Sigma, St Louis, MO, USA) solution in
4 mM hydrochloric acid, and appropriate volumes were
added to provide 5 png of thBMP-2 per 150 uL of the al-
ginate solution. The alginate solution was gelled by
vigorous mixing after the addition of calcium sulfate
(0.21 g/mL, 25:1 ratio). All materials were aseptically
prepared in a laminar flow hood, and the hydrogels were
stored sterile overnight at 4 °C. During surgery, 150 pL of
alginate hydrogel, kept on ice between uses, was injected
into the defect space through the perforations in the NFM
tube as previously established [8, 27, 34].

Autograft

The diaphyseal segments obtained from both the right and left
femora were cleared of soft tissue, placed in saline until use,
and manually minced (morselized) into smaller pieces in a
sterile container using a bone cutter. The morselized pieces
showed a large distribution in size (Fig. 1B) and were not
characterized quantitatively. The cortical autograft pieces
were used to completely fill the inside of the NFM tube, which
was then placed around the ends of the bone stumps (Fig. 1B).

Radiological and Micro-CT Analysis of Bone
Regeneration
Sequential radiographs were used to qualitatively assess

defect bridging at 2, 4, 8, and 12 weeks postsurgery
(Faxitron MX-20 Digital, Tucson, AZ, USA). Images were
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anonymized and scored by three blinded reviewers (LBP,
M-TAL, CE) as 1 for bridged and O for not bridged, and
average scores > 0.66 (two of three blinded reviewers
concurring) were considered bridged. Micro-CT (Viva-CT
40; Scanco Medical, Wayne, PA, USA) was performed on
anesthetized animals for all time points, and three-dimen-
sional image reconstructions were used to quantify bone
formation with a mineral density threshold of > 50% of
native bone designated as new bone, as described earlier
[16, 34]. The central 121 image slices corresponding to
approximately the central 4.6 mm of the defect length were
analyzed for differences. BV and BD across the two
treatment groups and time points were calculated for sta-
tistical comparisons (n = 14 per group) as described
previously [8, 27, 34]. To accurately quantify the amount
of new bone formation in the presence of mature autograft
material, the respective 2-week BVs were used as a base-
line to subtract from the subsequent volumes for each
sample.

Histological Analyses
Vital Bone Labels

Two animals were administered a series of bone labels:
calcein green (10 mg/kg; Sigma CO0875) at 4 weeks,
xylenol orange (100 mg/kg; Sigma 398187) at 8 weeks,
and calcein blue (10 mg/kg; Sigma M1255) at 12 weeks
postsurgery as subcutaneous injections to identify temporal
mineralization patterns [15, 29, 33, 42]. Fixed samples
were processed into cryoblocks, and nondecalcified sec-
tions (5 um) were obtained to qualitatively observe repair,
the mineral deposition pattern visualized by bone labels,
and alkaline phosphatase (AP) staining for osteoblastic
activity [21, 22, 41, 44]. Slides were imaged at x 5 mag-
nification and high-resolution image mosaics were
acquired.

Routine Histology

Samples for histological analyses were harvested at 2, 4, 6,
8, and 12 weeks postsurgery (n = 1-2), fixed, cleared of
excess soft tissue around the defect, decalcified in formic
acid (Cal-ExII; Fisher Scientific), and paraffin-embedded.
Five-micron sagittal sections were cut and stained with
hematoxylin and eosin (H&E), Safranin-O and Fast green
[34], Mallory’s aniline blue [40], and Picrosirius red stain
[34] to qualitatively determine the progression of miner-
alization, the presence of cartilage, and the degree of
mineralization of the bony structures within the healing
defect, respectively.
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Biomechanical Testing

Torsional testing was used as the index of functional re-
covery of the bone. Torsional tests to failure were performed
on samples harvested at 12 weeks postsurgery (n = 9 per
treatment group) as established earlier [8, 27, 28, 34]. Frozen
samples were thawed at room temperature, dissected to re-
move all soft tissues surrounding the defects, and then the
fixation plates were removed. The disarticulated bone ends
were potted in Wood’s metal (Alfa Aesar, Ward Hill, MA,
USA) and tested to failure in torsion (Bose ELF 3200, 3° per
second axial rotation in one direction irrespective of femur
tested). Samples were covered in saline gauze after dissec-
tion until testing. The torque-rotation curve was used to
calculate the maximum torque and torsional stiffness (slope
of the linear region) for each sample [31].

Statistical Analysis

Differences in BV and BD over time were examined in a
repeated-measures two-way analysis of variance model
with significance set at o = 0.05 (GraphPad; Prism, La
Jolla, CA, USA) with post hoc comparisons for pairwise

‘Week 2

Week 4

Alginate

Autograft

>

Alginate

Autograft

Fig. 2A-B Representative radiographs (A) and micro-CT recon-
structions (B) show a defect bridging over time in the two treatment
groups. The autograft showed radiodense shadows around bone
fragments as early as 2 weeks suggesting early mineralization. The

differences. Differences in biomechanical test parameters
(maximum torque and torsional stiffness) were evaluated
by a Student’s t-test or its nonparametric equivalent, the
Mann-Whitney U-test. Data are presented as mean £ SD.

Results

Comparison of Defect Mineralization and Morphology
Over Time Between NMA-rhBMP-2 and Autograft
Treatments

Overall, the NMA-rhBMP-2 group showed higher total
BV, higher new BV, and lower BD compared with the
autograft group by 12 weeks.

Defect Bridging

Radiographs qualitatively showed progressive mineraliza-
tion from 4 to 12 weeks in the NMA-rhBMP-2 groups
(Fig. 2A) and suggested more dense bone in the autograft-
treated defects. Defect bridging was observed in 11 of 15
autografts and 14 of 15 NMA-rthBMP-2 samples at
12 weeks (Table 1).

Week 8 ‘Week 12

NMA-rhBMP-2 group only showed limited bone formation at the
early time points (2, 4 weeks). The analyzed midsection of the defects
is shown with an overlay of the bone mineral density map (color map
scale: 527-1237 mg HA/cm?).
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Table 1. Bridging scores between the two groups over time determined from blinded scoring of radiographs showed apparent early healing of
autograft but better bridging at 12 weeks for the NMA-rhBMP-2 group

Treatment groups Radiographic bridging with time

2 weeks 4 weeks 8 weeks 12 weeks
NMA-rhBMP-2 0/22 0/21 14/18 14/15
Autograft 4/22 4/21 14/18 11/15

NMA-rhBMP-2 = nanofiber mesh alginate-recombinant human bone morphogenetic protein-2.

Bone Mineral Volume

Micro-CT analysis showed a similar progression of min-
eralization (Fig. 2B). The total BVs were 3.01 + 2.34,
17.22 + 10.37, 57.91 & 16.73, and 75.60 + 18.86 mm®
(n=14) at 2, 4, 8, and 12 weeks, respectively, in the
NMA-rhBMP-2 group and 40.75 £ 3.98, 45.90 £ 6.45,
51.94 £ 10.58, and 55.40 £ 12.45 mm® (n = 14) at 2, 4,
8, and 12 weeks, respectively, in the autograft-treated
group. BV in autograft-treated defects, which included
both the implanted autograft bone and newly formed bone,
was higher than that measured for the NMA-rhBMP-2
group at 2 and 4 weeks (p < 0.001). However, by 8 weeks
(dotted line, Fig. 3A), there was no difference between the
treatment groups. Notably, by 12 weeks, total BV was
higher in the NMA-rhBMP-2 group (p < 0.001). Within
groups, BV in the NMA-rhBMP-2 group increased over
time (p < 0.001; Fig. 3A). BV increases were less marked
in the autograft group with differences only observed at
12 weeks (from 2- and 4-week levels, p < 0.05) and at
8 weeks (from the 2-week level, p < 0.001). The volume
of newly formed bone was higher for the NMA-rhBMP-2
group (54.90 + 16.14, 72.59 & 18.34 mm® [n = 14]; 8
and 12 weeks) compared with autograft treatment
(11.19 + 8.59, 14.64 + 10.36 mm> [n = 14]; 8 and
12 weeks) at both 8 and 12 weeks (Fig. 3B: a, b; p <
0.001). Within groups, this new bone volume increased at
all time points for the NMA-rhBMP-2 treatment group
(p < 0.001), whereas the autograft group leveled off at
8 weeks (p < 0.05; Fig. 3B).

Bone Mineral Density

BD in the NMA-rhBMP-2 group remained lower than au-
tograft at all time points (Fig. 4; p < 0.001). The BD values
were 524.55 4 47.25, 571.47 £ 34.99, 684.97 &+ 25.07,
and 779.96 + 21.72 mm HA/ cm® (n=14) at 2,4, 8, and
12 weeks, respectively, in the NMA-rhBMP-2 group and
937.22 £ 36.95, 930.86 + 39.48, 964.30 + 32.77, and
1000.48 & 23.15 mm HA/ cm’ (n=14) at 2, 4, 8, and
12 weeks, respectively, in the autograft-treated group. BD in
the NMA-rhBMP-2 treatment group increased over time
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(p < 0.001, for comparisons between incremental times, eg,
2-4,4-8,8-12), but BD increases in the autograft group were
noted only at 8 and 12 weeks compared with preceding
levels (p < 0.05).

Defect Morphology and Mineralization Pattern

Stark qualitative differences in distribution of newly de-
posited mineral were noted between the two groups on
examination of vital bone stain labeled samples as well as
by routine histological staining (Fig. SA-B) and represen-
tative images are presented in the following sections
(Figs. 5-7).

Vital Bone Stains

In the NMA-thBMP-2 group, green (calcein) and red
(xylenol) labels administered at 4 and 8 weeks, respec-
tively, were diffusely distributed (Fig. 5C), whereas the
autograft group showed localized mineral deposition at the
graft edges and in focal areas within the grafts at 4 weeks
(green) followed by predominantly edge deposition at
8 weeks (red) (Fig. 5D). Although the calcein blue label,
administered as a vital label subcutaneously (12 weeks),
was not clearly visualized, continued mineralization at
12 weeks was evident in both groups by subsequent calcein
blue staining of the sections (Fig. SE-F). AP activity was
diffusely distributed in the defect (Fig. 5G) in the NMA-
rhBMP-2 group, but only limited, edge-localized activity
(Fig. 5SH) was evident in the autograft group. Overall, vital
bone labels suggested a more localized region of new bone
formation in the autograft group compared with the NMA-
rhBMP-2 group (Fig. 5I-J).

Routine Histology

The NMA-rhBMP-2 group showed progressive mineral-
ization (eosin-pink) and residual alginate (hematoxylin-
purple) with time in H&E-stained sections (Fig. 6A-D).
Safranin-O stain confirmed this mineral and alginate
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Fig. 3A-B Comparison of BV between the two groups with time is
shown. (A) Total BV increased significantly in the NMA-rhBMP-2
group with time. This increase was much less marked in the autograft
group. The dotted line represents the mean BV of autograft group at
8 weeks. The NMA-rhBMP-2 BV was significantly lower than the
autograft group earlier than 8 weeks and was significantly higher

1500 < 1 NMA-rhBMP-2 Il Autograft
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Fig. 4 Comparison of bone mineral density (BMD) between groups
with time. Bone density in the NMA-rhBMP-2 group was always
lower than that of autograft (p < 0.001). The mineral density
increased significantly with time within both groups (p < 0.05) but
was less marked in the autografts (Autograft: c, d = higher than the
preceding time points within the group, NMA-rhBMP-2: all incre-
ments with time, p < 0.001) (mean + SD; n = 14).

distribution (bone and connective tissue: blue; alginate and
cartilage: red/orange; Fig. 6E-H). Mallory’s aniline blue
staining revealed mature bone formation (red) with time
and smaller pieces of disintegrating alginate hydrogel
(blue, acellular; Fig. 61-L). Cartilage tissue was not readily
apparent in this group, although regions of marrow for-
mation were evident. Picrosirius red stain under polarized
light revealed more red/green birefringent areas (more or-
ganized tissue) with time indicating a degree of remodeling
to fibrolamellar bone (Fig. 6M-P).

1007 —==
(”)\ L B s |
£ b
é 80+
p a
5 601
S
2 401
S
4]
E 20
4
B "
NMA-rhBMP-2 Autograft
*¥** p<0.001 **p<0.01 *p<0.05
a,b: p<0.001

subsequently (p < 0.05). (B) Comparing only the new bone formed
beyond 2 weeks (subtraction of 2-week values) revealed the sig-
nificantly lower new bone formation in the autograft group compared
with the NMA-rhBMP-2 group at 8 and 12 weeks (a, b: p < 0.001).
Within each group, however, the new BV rose significantly over time.

Autograft-treated defects showed minimal surface ap-
positional bone growth at 2 weeks by H&E stain,
progressing to union between autograft fragments by
4 weeks and overall union between autograft pieces by
12 weeks (Fig. 7A-D). Safranin-O stain confirmed this
observation and showed only sporadic areas of cartilage
between graft fragments at early time points (Fig. 7E-H).
Mallory’s aniline blue stain confirmed the presence of
sporadic cartilage areas between the autograft pieces and
revealed mature bone stained deep red at 8 and 12 weeks
(Fig. 71-L). The new bone was localized primarily at the
edges of the cortical graft, but Picrosirius stain revealed
birefringent areas suggestive of lamellar bone at graft
edges (Fig. TM-P). Sporadic areas of cartilage were noted
between graft fragments (Fig. 7B, F, J) and fibrous union
between some autograft pieces was observed. Mature
bone between autograft pieces was observed at 8 and
12 weeks.

Biomechanical Testing

The maximum torque at failure was 0.270 £ 0.108 and
0.125 & 0.137 N-m and the torsional stiffness was
0.042 £ 0.019 and 0.020 % 0.022 N-m/° for the NMA-
rhBMP-2 group and the autograft group, respectively. The
NMA-rhBMP-2-treated group revealed better functional
regeneration with higher torsional stiffness (p = 0.037)
and higher maximum torque (p = 0.024) compared with
autograft (Fig. 8). The torque and stiffness values for the
NMA-thBMP-2-treated group corresponded well with
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Vital Bone Labels
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NMA-rhBMP-2
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Fig. SA-J Representative nondecalcified cryosections (5 pm) at
12 weeks were processed for routine H&E staining (A-B), vital
bone labels (green = Week 4; red = Week 8) (C-D), mineral content
(E-F), AP (osteoblastic activity) (G-H), and DAPI (nuclear) on the
same sections. Images I and J are overlay images of the regions
identified in A and B. The NMA-rhBMP-2 group showed diffuse
mineral deposition in the defect at 4 weeks with evidence of
continued activity (A, C, E, I [region of interest denoted by *]).

previously reported values for this model and were com-
parable to the reported value of intact bone in the literature
(dotted line in Fig. 8A-B) [8, 28].

Discussion

Autografts are the gold standard in the treatment of
volumetric bone defects by virtue of their availability,
compatibility, and high success rate despite inherent
complications such as donor site morbidity. Although au-
tograft provides scaffold, osteoinductive proteins, and
osteogenic cells, challenges still exist in their use such as
limited availability and associated morbidity [18].
Clinically, rhBMP-2 has been used to overcome the
limitations of bone grafting such as slow healing and
nonunion. Scaffold-based BMP delivery, especially on an
absorbable collagen sponge (eg, ACS-rhBMP-2), has be-
come popular as a clinical therapeutic alternative, at least
in the United States, on the basis of promising animal and
clinical results [20, 24, 35, 37, 38, 46]. However, evidence
of large doses of thBMP-2 leading to instances of hetero-
topic ossification, excessive inflammation, or poor bone
structure has led to concerns regarding its clinical use,
where an exact dose-response relationship has not been
determined [6, 37, 38, 47]. It is thought that research that
demonstrates efficacy with use of lower doses and/or a
more sustained delivery of thBMP-2 could thus lead to
increased use of rhBMP-2 in place of autografts. We have
previously demonstrated improved functional bone
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Limited AP activity was also diffusely distributed in the defect and
appeared at the mineralizing edge of the bone (G). The autograft
group showed a more localized mineral deposition at the graft edges
and focal areas within the grafts at 4 weeks followed by pre-
dominantly edge deposition at 8 weeks (B, D, F, J [region of interest
denoted by "]). Very limited AP activity was noted on some autograft
margins and the defect boundary (H). (Composite images show entire
defect in both cases [A—H]; magnification x 5).

regeneration when directly comparing the NMA-rhBMP-2
hybrid delivery system with the ACS-rhBMP-2 delivery
system for the same dose of rhBMP-2 [8, 27]. However, the
efficacy of the NMA-rhBMP-2 hybrid delivery system has
never been compared with use of live autograft to augment
healing of critically sized long bone segmental defects. In
this study, we demonstrate that NMA-rhBMP-2 treatment
provides improved bone regeneration and restoration of
biomechanical function compared with morselized cortical
autograft treatment in a rat model.

This study used morselized cortical autograft to fill the
critically sized segmental defect. A nonhomogenous size
distribution of the autograft pieces was used here. Although
some have shown that using highly morselized autograft
fragments of cortical bone (25 pm to 2 mm, in canines)
resulted in fibrous nonunion [23], benefits of smaller bone
fragments have also been reported, likely arising from
larger surface area [13] or better distribution of available
periosteal or endosteal cells [26]. Typically, cortical auto-
graft is gradually remodeled and replaced by regenerating
bone, often delaying healing [11, 12, 19]. It is conceivable
that use of cancellous autograft fragments may have pro-
duced better mineralization and functional recovery than
observed in this study. However, the large volume of au-
tologous cancellous bone that would have been required to
fill the large defect in this preclinical study, like in actual
clinical practice, precluded its use as a result of limited
availability. Regardless of the source of autograft, the re-
sults of this study and earlier work [37] support that a
comparable and even improved degree of healing can be
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Fig. 6A-P Representative decalcified paraffin sections (5 pum) of
NMA-rthBMP-2 samples at 2 to 12 weeks were processed for routine
H&E staining (A-D), Safranin-O/Fast green (E-H), Mallory’s
modified aniline blue stain (I-L), and Picrosirius red (M-P) staining
to characterize bone regeneration. Dotted lines in H&E images
indicate areas of higher magnification shown in Safranin-O or
Mallory’s stain images, whereas Picrosirius stain images are from
nonoverlapping areas. Bone appeared pink in H&E sections (A-D),
whereas alginate and partly mineralized areas appeared pink-purple.
Cartilage and alginate stained red with Safranin-O (E-H) and blue
with Mallory’s aniline stain (I-L). Additionally, mature bone stained
deep red, whereas newly formed bone stained orange-red with
Mallory’s stain. Organized collagen structures, typical of mature
bone, appeared brightly birefringent orange-red, yellow, or green with
Picrosirius red stain under polarized light (M—P). Limited early bone
formation was evident at 2 weeks (region of interest denoted by *)

achieved using the NMA-rhBMP-2 hybrid delivery system.
Although a single dose of thBMP-2 was evaluated in this
study, its selection was based on a broader dose-effect
study in this model comparing the NMA-rhBMP-2 hybrid
delivery system and the ACS-rhBMP-2 system [8]. Lower
doses of thBMP-2 were used than are clinically prevalent,
if one extrapolates from the clinical situation to the rat [8,
27]. Although qualitative radiographic assessments were

Picrosirius red

seen as pink areas (A), blue with Safranin-O (E), and orange-yellow
with Mallory’s (I, region of interest denoted by “2”) and limited red
staining areas with Picrosirius stain (M). Alginate appeared red in the
Safranin-O-stained image and blue in Mallory’s (I, region of interest
denoted by “1”). Progressively more bone deposition was evident
with time appearing as better-defined pink regions in H&E-stained
sections (A-D). Corresponding sections stained with Safranin-O (E-
H) showed blue areas of bone and red areas of remaining alginate.
Mallory’s stain with time (I-L) revealed an increase in deep red
staining showing larger regions of mature bone (regions of interest
denoted by " or “3”) with less of poorly mineralized tissue—orange
stain (J region of interest denoted by “4”) and less residual alginate
(1). Picrosirius red staining revealed increase in areas of birefringence
with time suggestive of more fibrolamellar bone (regions of interest
denoted by “5, 6” in N-P) (Scale: A-D: 300 pum, E-P: 150 pum).

made in our study, the use of micro-CT data provided
better longitudinal and quantitative comparisons within and
between groups. Furthermore, our reliance on torsional
biomechanical testing as an assay of functional regen-
eration is a clinically relevant and widely accepted
functional outcome measure. Finally, there is always a
possibility of a systemic interaction between bilateral
segmental defect surgeries, which may influence healing of
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Week 8 Week 4 Week 2

Week 12

Fig. 7A-P Representative decalcified paraffin sections (5 pm) of the
autograft group at 2 to 12 weeks were processed for routine H&E
staining (A-D), Safranin-O (E-H), Mallory’s aniline blue stain (I-L),
and Picrosirius red (M—-P) staining to characterize bone regeneration
as with the NMA-rhBMP-2 group. The dotted lines in H&E images
indicate areas magnified for corresponding image areas in Safranin-O
and Mallory’s aniline-stained sections (except K). Picrosirius red
images are of nonoverlapping representative areas. The autograft
group did not reveal clear evidence of appositional bone formation at
2 weeks by H&E (A, 1). However, small focal areas showing a mix of
endochondral and fibrolamellar appositional bone formation were
visible on autograft surfaces (A, *). Safranin-O staining did not reveal
clear cartilage areas (E, *), but blue staining regions were evident
with Mallory’s stain with areas of new immature bone deposition (I,
*). Picrosirius stain confirmed this early mineralization near the bone
stump with minimal activity in the autograft pieces (M, 1). At
4 weeks, cartilage (B, *) was clearly visible in a focal region between
autograft fragments (B, 1) and more mature appositional bone at the

the respective individual defects. However, we have pre-
viously observed no interactive effects on bone healing
even with high BMP delivery on one side. Differential
weightbearing is another possible concern with bilateral
surgery. However, this concern is minimized by the fact
that even untreated defects are sufficiently stabilized by the
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Hematoxylin & Eosin Safranin O, Fast Green

Mallory’s Aniline B

Picrosirius red
SN 57

autograft margins (B, 2). Red staining of corresponding areas of
cartilage with Safranin-O (F, #) and blue cartilage (*) and red adjacent
bone in Mallory’s stain confirmed the presence of cartilage and more
mature appositional bone, respectively (J). Picrosirius stain revealed
organized fiber structures with stark birefringence (N, 2) at the autograft
edges (N, 1). At 8 weeks, appositional mineralized connections (C, b
between autograft pieces were clearly visible (C, 1). This area did not
stain for cartilage (G, *), but core areas of red staining suggestive of
cartilage were visible in the autografts with Safranin-O stain (G). In
other areas, varying amounts of new bone mainly on the surface of
autograft-appositional bone were visible (K, ") without staining for
cartilage tissue. Picrosirius staining confirmed this surface localization
with brightly birefringent areas (O, 2) along autograft (O, 1) margins.
At 12 weeks, the autograft pieces had progressed to bony union
between autografts (" in D, H, L) with Picrosirius staining showing
typical organized structures in red-green birefringence (P) (Scale: A, B,
C = 300 pum; D, H, L = 600 pum; others = 150 pm).

fixation plates to allow excellent mobility a few days
postsurgery [8, 14, 27, 28, 34].

Radiological bridging was observed in 93% of the
NMA-rhBMP-2-treated defects and 73% of autograft-
treated defects at 12 weeks. These data are consistent with
previous studies showing 20% to 30% occurrence of
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Fig. 8A-B Evaluation of functional regeneration as indicated by
biomechanical properties is demonstrated. (A) Torsional testing
showed a higher torsional stiffness in the NMA-rhBMP-2 group
compared with the autograft group (*p = 0.037). (B) Maximum

nonunion or other complications like pseudoarthroses and
graft fractures with cortical autograft [7, 17, 30]. The
higher bridging rate observed for the NMA-rhBMP-2
group can be explained by the greater amount of new bone
volume (over the 2-week levels) observed for this group
compared with the autograft group. Although new BV
(Fig. 3B) was not different between the two groups at
4 weeks, its distribution around the autograft fragments
may have contributed to the appearance of early bridging in
radiographs with autograft treatment. The autograft mate-
rial, being typically radiodense, complicated interpretation
of the micro-CT data and required us to subtract 2-week
BV from subsequent values to obtain a better realization of
newly formed bone in our longitudinal analysis. Further-
more, this comparison exposed the sharp contrast between
the amounts of newly formed bone resulting from the two
treatment strategies. The BD of the NMA-rhBMP-2 group
was always lower than the autograft group but this was not
surprising given that the autograft mineral density mea-
surement reflected both the implanted bone graft and newly
formed bone, whereas the NMA-rhBMP-2 group’s mineral
density was just newly formed bone. The autograft group
BD also increased with time (p < 0.05, except between 2
and 4 weeks). For autograft, these findings are suggestive
of limited osteoclastic activity and predominantly apposi-
tional bone formation. We did not observe an initial
reduction in autograft density as previously reported [17].
This could be explained by the early appositional bone
formation, which may limit osteoclast activity [26].

Vital bone labels clearly revealed that the mineralization
in the NMA-rhBMP-2 group was more pronounced at the
defect periphery initially but subsequently extended into
the defect center. Conversely, the autograft displayed some
areas of label (mineral) localization within the fragments at
4 weeks, but subsequent bone formation was largely lim-
ited to the periphery of the fragments. The presence of
nuclei in the lacunae of the autograft suggested that the
grafts retained viable cells that could participate in bone

torque at failure was also higher for the NMA-rhBMP-2 group
compared with autograft (*p = 0.02). The dotted line on both graphs
represents the mean value for intact bone from literature [28, 34]
(mean = SD; n = 9).

regeneration. In routine histology sections, the autograft
group showed primarily appositional bone formation,
mainly limited to their margins, at 4 weeks. Fibrovascular
stroma [4] was observed around the autograft pieces in
areas of limited healing. Although gene expression studies
do not suggest endochondral healing as a primary
mechanism of cortical autograft healing in rats [43], we
observed small focal areas of cartilage, suggestive of en-
dochondral ossification in the tissue between some
autograft pieces at 4 weeks of healing in addition to the
typical appositional intramembranous bone formation. This
is likely explained by contributions from the graft-derived
cells or by migration of stem cells/osteoprogenitor cells
into the defect region, although this was not specifically
characterized in this study. Although the diffusion-limited
environment in large autografts may limit viability to only
surface cells on the grafts [19], it is possible that the
morselized nature of autograft used in this study con-
tributed to mineralized healing either as a result of the
larger available surface area or graft-associated cells [4, 5,
13, 26].

The NMA-rhBMP-2 group showed better mechanical
properties at the 12-week time point despite the presence of
some residual alginate [8, 28, 34]. Although reduced me-
chanical strength of cortical autograft has been reported
during the early healing phase [11, 26], it is conceivable
that the autograft group in this study could have progressed
to improved mechanical strength with longer healing time.
The large BV of comparable density formed in the NMA-
rhBMP-2 group in this study underscores its potential as an
effective alternative to current clinical interventions (eg,
autograft, ACS-rhBMP-2 delivery systems) [8, 27]. Nev-
ertheless, this treatment method was successful in inducing
functional mineralized healing of a large segmental defect
with maximum torque and torsional stiffness reaching the
level of intact bone [28].

In conclusion, this study provides evidence that the
NMA-rhBMP2 hybrid delivery system could be an
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effective alternative to autograft treatment for repair of
segmental bone defects. Future large animal preclinical
studies are needed to confirm the efficacy of this approach
and as a next step toward clinical translation.
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