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METHODS ARTICLE

Spatial Recombinant Human Bone Morphogenetic Protein 2
Delivery from Hydroxyapatite Scaffolds Sustains Bone
Regeneration in Rabbit Radius

Joo L. Ong, PhD,' Stefanie M. Shiels, PhD,"? Joseph Pearson, PhD,"® Suyash Karajgar, MS, Solaleh Miar, PhD,
Gennifer Chiou, BS,' Mark R. Appleford, PhD," Joseph C. Wenke, PhD2* and Teja Guda, PhD'

Regenerating large bone defects requires a multifaceted approach combining optimal scaffold designs with
appropriate growth factor delivery. Supraphysiological doses of recombinant human bone morphogenetic pro-
tein 2 (thBMP2), typically used for the regeneration of large bone defects clinically in conjunction with an acel-
lular collagen sponge (ACS), have resulted in many complications. In this study, we develop a hydroxyapatite/
collagen I (HA/Col) scaffold to improve the mechanical properties of the HA scaffolds, while maintaining open
connected porosity. Varying thBMP2 dosages were then delivered from a collagenous periosteal membrane and
paired with HA or HA/Col scaffolds to treat critical-sized (15 mm) diaphyseal radial defect in New Zealand
white rabbits. The groups examined were ACS +76 g thBMP2 (clinically used INFUSE dosage), HA +76 g
rhBMP2, HA +15 pg thBMP2, HA/Col +15 pg rhBMP2, and HA/Col +15 pg rhBMP2 + bone marrow-derived
stromal cells (bMSCs). After 8 weeks of implantation, all regenerated bones were evaluated using microcom-
puted tomography, histology, histomorphometry, and torsional testing. It was observed that the bone volume
regenerated in the HA/Col +15 pg thBMP2 group was significantly higher than that in the groups with 76 ug
rhBMP2. The same scaffold and growth factor combination resulted in the highest bone mineral density of the
regenerated bone, and the most bone apposition on the scaffold surface. Both the HA and HA/Col scaffolds
paired with 15 pg rhBMP2 had sustained ingrowth of the mineralization front after 2 weeks compared to the
groups with 76 ug thBMP2, which had far greater mineralization in the first 2 weeks after implantation.
Complete bridging of the defect site and no significant difference in torsional strength, stiffness, or angle at
failure were observed across all groups. No benefit of additional bMSC seeding was observed on any of the quan-
tified metrics, while bone-implant apposition was reduced in the cell-seeded group. This study demonstrated
that the controlled spatial delivery of thBMP2 at the periosteum at significantly lower doses can be used as a
strategy to improve bone regeneration around space maintaining scaffolds.
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Inside-out or outside-in: growth factors delivered from the outside of porous mineral-collagen scaffolds, maintain strength

and regrow bone better in a rabbit study.

Twitter handle for senior author (@Guda_Lab) and sponsoring institution (@UTSA)

Impact Statement

This study provides insights on bone regeneration in the presence of spatially controlled delivery of recombinant human
bone morphogenetic protein 2 (rthBMP2) from porous hydroxyapatite scaffolds coated with collagen I films. Using critical-
sized defects created in the radial diaphysis of skeletally mature New Zealand White rabbits, microcomputed tomography
and histomorphometry indicated significantly higher bone regeneration, bone mineral density, and bone-implant contact,
as well as sustained regeneration over longer durations with lower dosage of rhBMP2 delivered periosteally.

Introduction

LARGE VOLUMETRIC BONE defects that are stabilized, but
untreated, do not heal of their own accord. Multiple
synthetic biomaterial scaffolds have been developed as bone
grafts to treat large bone defects. The focus in such research
has primarily been on material osteoconductivity: scaffolds
that act to maintain space within the large defect to maintain
anatomical form and reduce the local strain to physiologi-
cal levels, and are readily infiltrated and remodeled by the
osteoblasts as they regenerate new bone tissue. Polymeric
matrices,' ™ gels,“‘6 ceramic scaffolds,”® and compositeg_13
systems have been widely investigated for bone regenera-
tion, and each system has its own unique advantages and
drawbacks. Ceramic scaffolds, especially calcium Phospha—
tes, are similar to the native mineral phase of bone, 4 but are
brittle and structural ceramics are difficult to shape to pre-
cisely fit bone defects.

Hydroxyapatite (HA) is the synthetic osteoconductive
ceramic similar to the mineral in native bone (biological
apatite) and can be prepared to have mechanical properties
similar to bone tissue.'* In previous studies, we have shown
that porous HA scaffolds (pore sizes ranging from 200 to
500 um) provided enhanced bone regeneration and mech-
anical support in segmental defects in vivo.*'> Specifically,
we designed a bilayer HA scaffold to mimic the cortical
and trabecular structure of bone, finding that the flexural
toughness was similar to autologous bone grafts that are con-
sidered the gold standard treatment.® In another study, we
tested the porous HA scaffold paired with a collagen wrap
to act both like a barrier membrane as well as a periosteal
scaffold to guide bone growth. This approach was shown to
increase bone mineral density, regenerated bone volume,
and interfacial bone ingrowth.'®

The porous HA scaffold can also have varying pore sizes,
which we recently demonstrated differentially impact scaf-
fold vascularization in vitro'” since the matrix mechanics
within pores directs vascular sprouting and growth. In this
study, we propose a method to improve the mechanical
properties of HA scaffolds by coating the surface of the
scaffold with collagen type I, the primary extracellular
matrix protein in native bone tissue. In addition to improv-
ing mechanical properties, this approach could potentially
improve cell attachment and availability of growth factors
during bone regeneration.

Bone scaffold materials are usually paired with osteo-
inductive growth factors to induce osteogenesis. For exam-
ple, the use of BMP2 and BMP7'® is clinically approved for

the regeneration of large bony defects. However, the recom-
mended dosages of these growth factors for regenerative
applications are supraphysiological by several orders of
magnitude.' These high doses have been associated with
exorbitant costs and serious adverse effects, including life-
threatening cervical swelling, osteoclast activation with tran-
sient bone resorption, ectopic bone formation, and cyst-like
bone void formation.'®? Approaches that allow a reduced
dose of BMP2 to be used will allow for greater safety and
efficacy in bone regeneration procedures. In this study, we
propose that the spatial control of BMP2 can be used to
maintain efficacy of regeneration at lower doses. This hypo-
thesis is tested by reducing the BMP2 dose to 20% of
clinical dosage, and delivering it periosteally using the same
delivery mechanism.

The triad of factors traditionally used to regenerate bone
tissue is completed by osteogenic cells. Mesenchymal stem
cells (MSCs) are typically recruited endogenously to the
site of injury in normal bone regeneration.>” To ensure both
rapid and adequate osteogenic cells locally, the addition of
MSC:s to the scaffold has been previously tested with mixed
results.”* In this study, we test whether the pairing of an
optimized hydroxyapatite-collagen I (HA/Col) porous scaf-
fold with the periosteal delivery of thBMP2 would accel-
erate bone tissue regeneration in a critical-sized segmental
defect in the rabbit radius if supplemented by bone marrow-
derived MSCs. Compared to control groups, all assessed in
the same model for a period of 8 weeks allow the compre-
hensive evaluation of various osteoconductive, osteoinduc-
tive, and osteogenic factors and their relative import in
promoting bone tissue regeneration.

Materials and Methods
Scaffold preparation

The HA scaffolds were prepared using a polymer tem-
plate coating and sintering process as previously descri-
bed.®'® Briefly, interconnected polyurethane sponges (EN
Murray, Denver, CO) with a mean pore size of 340 pm were
twice coated with HA slurry, vacuum dried overnight, and
sintered at 1230°C for 3h to allow a 100% crystalline HA
structure to be formed and for the underlying polyurethane
template to be fully oxidized. The sponge templates were
designed to mimic a 15 mm segmental defect in the rabbit
radius model and had an elliptical cross-section to match
explanted bone, which averaged a 5 mm major axis and a
3 mm minor axis.
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To modify these ceramic scaffolds to more closely mimic
native bone and to improve mechanical properties, thin film
collagen I coatings were applied to the scaffolds. HA scaf-
folds were coated with a 4% (weight:volume) rat tail col-
lagen I in 0.05M acetic acid solution by immersion and
drainage. Immediately, pores in scaffold architecture were
exposed through the use of controlled air pressure. Scaffolds
were allowed to dry overnight at 37°C, followed by a wash
with deionized water. The procedure was repeated to pro-
vide scaffolds a second coat of collagen. All scaffolds were
sterilized using ethylene oxide gas sterilization before
in vitro studies or in vivo implantation.

Scaffold characterization

The porosity of scaffolds was characterized using helium
pycnometry (Accupyc 1340, Norcross, GA)*® to measure
the true scaffold solid volume (V;q) for HA scaffolds with
and without collagen coating (n=8 samples/group). Micro-
computed tomography (microCT) scans were performed
using Skyscan 1076 (Skyscan, Kontich, Belgium) at a
8.77 um pixel resolution and images were reconstructed
using Mimics software (v11, Materialise, Leuven, Belgium).
The microCT images were thresholded such that the HA
scaffold volume from the microCT matched the Vg, ;g mea-
sured from helium pycnometry, and the low-density material
around the scaffold was identified as collagen. Mechanical
strength, elastic modulus, and toughness of HA scaffolds
with and without collagen coating (n=35 samples/group)
were measured by compression to failure (Insight 5, MTS,
Eden Prairie, MN) in displacement control mode at a con-
stant strain rate of 0.125 mm/min.”

Human embryonic palatal mesenchymal cells were grown
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) F-12 media supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic/antimycotic mixture. Cells
were seeded on scaffolds at 2x10° cells/scaffold and cul-
tured for 9 days using osteogenic media (DMEM with 7%
FBS, 1% antibiotic-antimycotic, 50 mg/mL L-ascorbic acid,
10~® dexamethasone, and 10 mM B-glycerol phosphate) with
medium changes and collection every 2 days. Cell pro-
liferation (by measuring metabolic activity) was assessed
using an Alamar Blue assay26 on days 3, 5, 7, and 9. Com-
mitment to an osteogenic lineage was assessed by measuring
alkaline phosphatase (ALP) production in the supernatant
media on days 1, 3, 5, 7, and 9. Four samples per time point
per group were evaluated for the in vitro cell culture.

Animal Model

A unilateral 15 mm critical-sized bone defect was created
in the radial diaphysis of skeletally mature New Zealand
White rabbits (Myrtles Rabbitry, Inc., Thompson Station,
TN). A 25mm incision was made over the middle third
of the radius. The overlying tissues were then dissected to
expose the radial diaphysis, where a 15mm segmental
defect was created with an oscillating saw (MicroAire Sur-
gical Instruments, Charlottesville, VA), under saline irri-
gation. The entire segment of the native radius was removed
to create the bony defect, and the periosteum scraped and
removed for a 5 mm region from the defect interfaces, but
the interosseous syndesmosis (the intact periosteum between
the radius and the ulna in rabbits) was left intact.

Following the defect creation, the surgical site was treated
with (a) an acellular collagen sponge (ACS) with the recom-
mended 76 pg dose of rhBMP2 (INFUSE®, clinical control)
for this model or a 15 mm HA scaffold described previously
combined with either a recommended 76 g thBMP2 dose
or an experimental 15 pg thBMP2 (20%) dose loaded onto
the ACS and wrapped around the scaffold'® within the
defect site. Furthermore, the collagen-coated HA scaffold
either (d) without cells or (e) seeded with 2 X 10° rabbit bone
marrow MSCs>* both paired with the 15 ug thBMP2 dose
loaded onto the ACS was evaluated. The MSCs were iso-
lated from bone marrow aspirates from the tibia and iliac
crest of donor rabbits as previously reported.?*

Briefly, after aseptic exposure of the tibia and iliac crest
using a drill, a 15-gauge aspiration needle was inserted and a
syringe containing heparin was used to collect the marrow.
Ficoll-Paque addition and centrifugation at 500 g for 10 min
were used to first remove the buffy coat layer, followed by
washing with phosphate -saline (PBS) containing 2mM of
ethylenediaminetetraacetate and centrifugation two times at
500 g for 10 min. Nucleated cells from this were then seeded
in tissue culture flasks and maintained in Minimum Essen-
tial Medium Eagle-alpha modification (¢-MEM) supple-
mented with 20% FBS, 1% antibiotic-antimycotic, and
2mM L-glutamine. Nonadherent cells were removed after
48h of culture, the adherent cells (considered passage 0)
expanded to confluence, and the cells used for in vivo stud-
ies were within passage 3.

The ACS was stretched around the defect site and held in
place by cerclage sutures that were tied around the radius and
ulna, both proximal and distal to the defect site. All animals
(10 animals per treatment type) were kept alive for 8 weeks
postsurgery. The rabbits received sequential fluorochrome
labels for calcium at 2 weeks (Calcein green), 4 weeks (Xy-
Ienol orange), and 6 weeks (tetracycline) following scaffold
implantation.”* These labels were used to understand in-
growth at various stages of bone healing within the groups.

The protocol was approved by the Institutional Animal
Care and Use Committee at the Army Institute of Surgical
Research, Ft. Sam Houston, TX, and followed the Guide for
Care and Use of Laboratory Animals. After 8 weeks, ani-
mals were euthanized and the radius-ulna complex was
excised. From each group, three samples were preserved in
formalin for histological evaluation, while the other seven
samples were wrapped in PBS-soaked gauze and frozen
before mechanical testing. All 10 samples were scanned for
microCT evaluation.

MicroCT evaluation

MicroCT analysis of specimen hydrated with PBS or in
formalin was performed on Skyscan 1076 (Bruker Corpo-
ration, Allentown, PA) at a 8.77 um pixel resolution as
previously described.®!31%2* Briefly, the total bone formed
within the defect site (region of interest) was measured,
based on differences in density. New bone evaluation was
conducted by distinguishing ‘‘density ranges in Houndsfield
Units (HU)” between the scaffold (HU: 1080-3050), native
bone (HU: 740-1080) and the newly forming osteoid or
remodeling native bone (HU: 200-740). The mineralized
tissue volume was separated based on location into the vol-
ume occupied by the scaffold and surrounding bone, which
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was labeled as callus to distinguish spatial bone regeneration
patterns. The region of interest evaluated included the 15 mm
defect span. The bone mineral density of the regenerated
ossified tissue in the defect space was also calculated for all
samples to assess the quality of bone regeneration.>*

Histological evaluation

Bone-scaffold blocks were embedded in photo-curing
resin (Exakt 7200 VLC, Oklahoma City, OK), and thin sec-
tions of the bone-scaffold blocks were prepared using a
precision microsaw. The sections were stained with Paragon
(Multiple Tissue Stain) and Aniline Blue, which stains
collagen/bone blue and vessels/soft tissue pink, and imaged.
Prepared slides were imaged for polyfluorochrome stains
using specific filters (excitation/emission wavelengths: L5
480/527 nm, N3 546/600 nm, Chroma 425/475LP nm) as
previously described.”* Image channels were then merged to
create composite 2-, 4-, and 6-week bone fronts in the red/
blue/green channels with an additional layer for phase-
contrast imaging of the final bone front at 8 weeks.

Bone front measurements and all histomorphometry
analysis were performed on high-resolution images using
BioquantOsteo (Nashville, TN). The basic measurements
were distance between the bone fronts, then summed and
averaged to determine depth of infiltration, the bone area
inside scaffold, and bone-scaffold contact length as a per-
centage of scaffold perimeter.

Biomechanical evaluation

The seven samples/groups were thawed from frozen and
kept constantly hydrated using PBS throughout the torsional
testing protocol. The distal ends of the antebrachial sections
were embedded in Loctite® marine epoxy and allowed to cure
for 24 h on each end. Once fully cured, the ulna was removed
from the load transfer by cutting through the distal ends
without disturbing the interosseous membrane. The samples
were loaded horizontally into a TG160 torsion machine
(TestResources Inc., Shakopee, MN). The functional mechan-
ical evaluation was conducted at a constant torsional strain rate
of 1°/sec until failure (50% drop in load). Torsional modulus,
strength, maximal angle at failure, and torsional toughness
were measured and normalized to the uninjured contralateral
limb, which was also tested in an identical manner.

Statistical Analysis

All data are reported as mean tstandard error of the
mean. Statistical significance of the changes in porosity and
mechanical properties due to collagen coating on HA scaf-
folds; and statistical differences in the ex vivo groups
measured by microCT, torsional testing, and histomorpho-
metry were determined using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. Significant
differences for the in vitro evaluation (across time and
collagen coating) as well as the in vivo evaluation of bone
infiltration measures (across time and scaffold group) re-
ported were determined using a two-way ANOVA and
Tukey’s test for post-hoc evaluation. Any statistical test
with p<0.05 was deemed significant, and all statistical
testing was conducted using SigmaStat (v14.5, Inpixion,
Palo Alto, CA).

ONG ET AL.

Results
Scaffold characterization

An open pore structure with uniform collagen coating was
observed by microCT imaging of HA scaffolds (Fig. 1A).
The porosity and mechanical characterization of HA scaf-
folds (Table 1) without and with a thin film coating of rat
tail Collagen I (HA/Col) demonstrated a small reduction
(but significant, p=0.019) in porosity from 88.01 +0.66% to
85.76 £0.53%, but increased compressive strength signifi-
cantly by 149+16% (p<0.001). The toughness of scaf-
folds, which is the amount of energy that can be absorbed
before failure, also increased significantly by 363+ 122%
(p=0.042).

During compressive testing to failure, no macrodamage
or collapse of the scaffolds was observed of the collagen-
coated HA scaffolds, while the uncoated HA scaffolds have
a fracture plane usually at 450 and evident breakage of
scaffold struts until the scaffold structure itself collapses
(Fig. 1B). Alamar blue-based quantification of cell activity
(Fig. 1C) indicated significant increase in both HA and HA/
Col scaffolds over time (p <0.0001), with the activity in the
HA/Col group being significantly higher as a main effect
(p<0.0001). ALP quantification in the supernatant media
(Fig. 1D) showed the characteristic significant increase
(p<0.0001) at time points after 3 days of in vitro culture
with osteogenic media, but no impact of collagen coating
on the scaffolds was observed (p=0.163).

MicroCT evaluation

The 15mm critical-sized defect created in the rabbit
radius was restored with one of five groups (1) ACS +76 ug
rhBMP2, (2) HA +76 pg thBMP2, (3) HA +15 ng rhBMP2,
(4) HA/Col +15ng rhBMP2, and (5) HA/Col +15pug
rhBMP2 + MSCs and evaluated 8 weeks after implantation
(Fig. 2). MicroCT reconstructions showed bridging across
the critical-sized 15mm gap in all groups evaluated and
integration of the bone ingrowth within the pores of the
scaffolds in the HA and HA/Col scaffold groups (Fig. 3A).
The inclusion of the ACS membrane as a periosteal graft
showed distinct ossification in the scaffold groups in the
region surrounding the bone defect and contributed to the
mineralized callus in the volumetric quantification.

In the rabbit radius model, three distinct fronts of bone
ingrowth are observed: from the proximal and distal inter-
faces of the defect site as well as from the ossification of the
interosseous syndesmosis between the radius and ulna that
exist in rabbits (Fig. 3A). In the case of the ACS +76 g
rhBMP2, since no scaffold was present to maintain space,
some soft tissue impingement resulted in the regenerated
bone tissue in the defect occupying less space than the
radius bone defect site (concave shape longitudinally instead
of the native convex curvature is observed in Fig. 3A). No
fragmentation of the scaffolds included was observed and
the structure of the HA and HA/Col scaffolds was retained
at 8 weeks (Supplementary Fig. S1), and as anticipated,
much denser than the regenerated bone.

Regenerated bone volume was quantified within the
15 mm defect span and the bone volume regenerated in the
HA/Col +15 pug thBMP2 group (497 +46 mm®) was signifi-
cantly higher than the bone volume in the ACS +76 ug
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FIG. 1. HA Scaffold characterization after collagen coating. (A) MicroCT reconstruction of a 2x2 x4 mm block of the

HA scaffold (pseudo colored blue) without and after collagen (pseudo color orange) coating. (B) Compressive testing of HA
scaffolds without collagen coating (leff) showing shear failure, while after collagen coating did not show macroscale failure
damage. (C) Alamar blue cellular activity on scaffolds demonstrated a significant increase with time (p <0.0001) and a
significant increase with collagen coating across time ( p <0.0001). (D) Significant increase in alkaline phosphatase activity
(p<0.0001) observed with time across both groups with no impact of collagen coating. HA, hydroxyapatite; microCT,

microcomputed tomography.

rhBMP2 and HA +76pug rthBMP2 groups (p=0.015,
Fig. 3B). This difference in regenerated bone between groups
was consistent at various depths along the proximal to distal
15 mm defect span, with the HA/Col +15 pg rhBMP2 group
containing significantly greater bone area within the defect
(Supplementary Fig. S2), and across groups, the proximal
bone growth front was more prominent than the distal front.
No significant difference was found in the overall bone
volume regenerated with the addition of MSCs to the HA/
Col +15 pug rhBMP2 group (45229 mm”>, p=0.87).

The mineral density of the regenerated bone was quan-
tified as a metric of bone quality (Fig. 3C) and was highest
in the HA/Col +15pg thBMP2 group (1.12+0.04 mgHA/
cm?), which was significantly greater than the bone mineral
density of the regenerated bone in the HA +76 pg thBMP2
scaffolds (0.89 +0.06 mgHA/cm?, p=0.004). The bone min-
eral density was not significantly different between the other
treatment groups.

Histological evaluation

Histological evaluation of the bone regenerated within the
scaffolds and the ACS group with thBMP2 supported the
observations from the microCT images. Mineralized col-
lagenous tissue was observed in the periosteal region of all
defects after 8 weeks, especially at the sites where the ACS
had been placed around the scaffolds (Fig. 4A). The fraction
of available defect area filled with new bone area was cal-
culated and was found to be highest in the HA/Col +15 pg
rhBMP2 scaffolds (34.6+2.9%), which was significantly
greater than the bone area fraction of the regenerated bone
in the ACS +76 ng thBMP2 group (22.4£5.1%, p=0.015,
Fig. 4B).

Since the engraftment of the biomaterial scaffolds is
dependent on the contact between the newly regenerated
bone with the scaffold surface, the percentage of scaffold
surface in direct contact with new bone perimeter was

TABLE 1. CHANGES IN THE POROSITY AND MECHANICAL PROPERTIES
OF HYDROXYAPATITE SCAFFOLDS AFTER COLLAGEN COATING

HA HA + Col Increase (%) p
Porosity (%) 88.01+0.66 85.76+0.53 -2.55+0.60" 0.019
Strength (MPa) 0.38£0.09 0.95£0.06 149.1+16.1* <0.001
Stiffness (MPa) 90.1t16.4 107.616.0 19.4+£6.6 0.309
Toughness (MPa) 0.87£0.45 4.0411.07 362.7+122.2% 0.042

Significant differences and the corresponding p-value.
Col, collagen I; HA, hydroxyapatite.
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Ex-vivo Characterization @ 8 weeks

4 —— MicroCT 3D Analysis

Histological Evaluation

>
/ Fluorochrome Rate of bone
K 15 mm Ingrowth Quantification

Mechanical Torsion

FIG. 2. Critical-sized rabbit radius model. (A) A 15 mm defect in the rabbit radius is naturally supported by the ulna and
does not need additional fixation. The defect was restored with one of five groups (1) ACS +76 pg rhBMP2, (2) HA +76 ng
rhBMP2, (3) HA +15 pg thBMP2, (4) HA/Col +15 pg thBMP2, and (5) HA/Col +15 pg thBMP2 + MSCs and evaluated
8 weeks after implantation. (B) Treatment with the ACS sponge and the collagen wrap is not visible in postsurgery
radiographs, while (C) the HA scaffold used to treat the defect site is radio-opaque immediately after placement. ACS,
acellular collagen sponge; Col, collagen I; MSC, mesenchymal stem cells; thBMP2, recombinant human bone morpho-
genetic protein 2.

quantified for the four treatments, which included the HA  Fluorochrome labeling

and HA/Col scaffolds. While bone was observed in direct

apposition on the surface of both the HA and HA/Col scaf- Sequential fluorochrome injection (calcein green, xylenol
folds (average Bone/Scaffold contact 30.8+3.2%), cellular orange, and tetracycline) labels were used to stain mineral
debris was found between the new bone tissue and the scaf- deposition at 2, 4, and 6 weeks after implantation to indi-
fold surface in the HA/Col +15pg rthBMP2 + MSC group cate progression of bone regeneration within the defect
(Bone/Scaffold contact 14.9+1.9%, p=0.17, Fig. 4C). (Fig. 5A). The extent of bone mineral fronts was calculated
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FIG. 3. MicroCT characterization after 8 weeks. (A) Longitudinal representative microCT sections of the defect site
8 weeks after implantation (whife shows poor space maintenance, black arrows show stabilizing callus, and gray arrows
indicate bone fronts). (B) Bone volume measurements showed that ACS +76 pg thBMP2 regenerated the least bone, while
the HA/Col scaffolds with 15 pg of rhBMP2 regenerated greater mineralized tissue than the ACS and HA scaffolds at 76 ng
of thBMP2 (indicated by *). (C) These results also supported the bone mineral density evaluation, indicating regenerated
bone quality.
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FIG. 4. Histomorphometric analysis of the bone regeneration. (A) Histological sections stained with Paragon (Pink) for
soft tissues, Aniline Blue (Blue) for mineralized tissue. Scaffold is black (4 X magnification composite images). Inset images
show the apposition of bone tissue against the scaffold (black) at 20 X magnification. (B) Bone area measurement indicated
that the collagen-coated HA scaffold with 15 pg of rhBMP2 regenerated greater mineralized tissue than the ACS with 76 g
of rhBMP2 (shown by *), (C) Percentage bone/scaffold contact using stained histological sections (significant differences

shown by *, p<0.05).

independently from the proximal and distal interfaces as
well as from the interosseous syndesmosis with the ulna, but
only the net sum of infiltration from the proximal and dis-
tal defect margins is reported for each of the five treat-
ments after the first 2 weeks, from week 2 to 4, and from
week 4 to 6.

In the groups with the 76 pg thBMP2 (both with ACS
and HA scaffolds), a majority of the bone infiltration was
observed in the first 2 weeks (75.4+9.9% of total in growth)
compared to the three groups with 15 nug thBMP2, where
only 38.1+5.3% of total in growth happened over the first
2 weeks. In distinct contrast, in the groups with 15pug
rhBMP2, continued robust bone regeneration progression
over weeks 2-4 was observed (60.4%5.1% of total in
growth) compared to only 22.1+9.4% further in the groups
with 76 ng thBMP2. The overall bone regeneration progres-
sion observed in weeks 2—4 was significantly greater in the
HA/Col +15pg thBMP2 group (3191+462 pum, p=0.035)
compared to the ACS +76 ug thBMP2 (318 £60 um) and
HA +76 pg thBMP2 (315+253 pm) during the same time
(Fig. 5B).

Biomechanical testing

Functional torsional testing of the radii was conducted to
failure for all five groups. Since there is a high variability
between animals irrespective of treatment groups in the
absolute values of torsional strength and stiffness, con-
tralateral radii were used to normalize results and reduce
interanimal variations (Table 2). In terms of absolute val-
ues, the torsional stiffness was found to be highest in the
HA/Col +15pg rthBMP2 group (60+16 N.mm/deg) com-
pared to 41+ 13 N.mm/deg for the ACS +76 ug rhBMP2
treatment.

No significant difference was observed in torsional stiff-
ness, maximal torque loading, maximal angle at failure, and
torsional toughness between any of the treatments. The HA
+15pg treatment showed highest torque (130+26% of
contralateral), torsional stiffness (2294 101% of contralat-
eral), and overall toughness (140+21% of contralateral),
whereas the ACS +76 pg demonstrated the greatest angular
rotation (155+41% of contralateral) recovery at break
(Table 2, Supplementary Fig. S3).
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FIG. 5. Quantifying the rate of bone infiltration. (A) Fluorochrome injections of Calcein Green (false green) at 2 weeks,
Xylenol Orange (false red) at 4 weeks, and Tetracycline (false blue) at 6 weeks indicate progression of bone regeneration
within defect. Diffused bone fronts are observed within the scaffold groups. (B) The rate of bone infiltration after 2, 4, and
6 weeks across all groups indicates that HA with 76 ug thBMP2 after first 2 weeks, while HA/Col scaffolds without MSCs
show greater bone regeneration in the 2—4-week time frame compared to the 0-2- and the 4-6-week time frames.

Discussion

Porous HA scaffolds function as efficient space main-
taining constructs that provide a Ca** source for bone regen-
eration, but do not show significant degradation or loss of
structure over time.?’ Conversely, a majority of collagen-
HA based systems previously investigated have actually
been based on porous collagen scaffolds coated with nano-
HA??° or incorporating microparticles of HA.'*-%!

The nano-HA coatings are usually deposited using Ca**
and PO, ion-rich fluids such as simulated body fluids and

are intended to rapidly provide these same ions to pro-
mote an osteogenic response.’> The microparticles of
HA act both as the porogens within the collagen matrices,
which open up pores for bone regeneration’®>* upon being
resorbed by wound site macrophages when implanted,®*
and provide the additional benefit when incorporated into
the collagenous scaffolds to noncovalently bind®> to and
increase bioavailability of growth factors such as BMP2
and vascular endothelial growth factor,®® which promote
regeneration of vascularized bone. These collagen-HA scaf-
folds are highly porous (>95%), but the structural porosity is

TABLE 2. TORSIONAL MECHANICAL PROPERTIES OF THE SURGICALLY RESTORED RADII COMPARED
TO THEIR CONTRALATERAL RADII FOR EACH OF THE TREATMENT GROUPS

Max torque (%)

Stiffness (%)

Max angle (%) Torsional toughness (%)

ACS+76 ng 113.1+18.7 151.1£29.5 155.1+41.0 107.5£29.0
HA+76 ng 102.8+14.4 192.8+29.4 114.5+25.7 70.3+9.3

HA +15pg 130.0+26.2 229.3+£101.2 107.3+13.4 139.9+21.4
HA/Col+15pg 107.7£17.4 181.9+21.9 67.7£6.9 99.3+22.6
HA/Col +15 pg+MSCs 78.4+£10.6 93.8£10.9 90.6£15.2 88.4+21.8

MSC, mesenchymal stem cells.
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between proteinaceous collagen sheets (prepared by acid
dissolution and lyophilization) and/or created by particles of
calcium phosphate.

Since the overall modulus of these scaffolds is very low
0.24 kPal),34’37 they can be infiltrated and remodeled easily
by cells and mineralized tissue. The strategy to promote
bone regeneration using HA and HA/Col scaffolds devel-
oped in this study is diametrically different. Specifically, the
porosity of HA scaffolds is open, interconnected porosity
(85-88%) organized by large (12- to 14- sided polyhedral)
pores closely packed to result in open windows between
pores. When coated with thin films of collagen I, by dip
coating and vacuum evacuation, the porosity only showed a
minor reduction, while the strength improved to 0.95 MPa
and elastic modulus to 107 MPa (Table 1).

Similar preparations of HA scaffolds by template coating,
then further coated by collagen I and vacuum evacuation,
have been reported previously, but resulted in much lower
porosity, as well as poor mechanical 8properties (fracture
strength <0.3 MPa, modulus <8 MPa).3 Thus, the HA/Col
scaffolds developed in this study were significantly tougher
and unlike the uncoated HA scaffolds, did not show brittle
fracture either in mechanical testing (Fig. 1) or in microCT
observations around the HA scaffold edges sometimes
observed after in vivo implantation.'”

While the traditional triad of bone tissue engineering has
revolved around osteoconductive scaffolds, osteogenic cells,
and osteoinductive growth factors, it has been well docu-
mented that the biomechanical stability*®*° and effective
mechanotransduction at the defect site* are equally critical
to maintain continued bone regeneration. The use of ACS
as wraps to protect the microenvironment of the defect site
and provide mechanical protection from micromotion have
been demonstrated previously by our group in both the rat
femoral defect with internal ﬁxation,41 as well as the rabbit
radius model without additional fixation.'® The ACS, by
virtue of the location it is placed in, functions as a de facto
periosteal scaffold. Previous work has attempted to rely on
the use of the periosteum to provide instructive cues toward
the development of novel biomaterials capable of regen-
erating vascularized bone in the defect sites.*>

Specifically, the periosteum is known to be richly Jpopu-
lated by both capillary endothelial cells and pericytes® and
can contribute to vascularization and osteogenesis within
bone grafts. We found that the use of collagen-guided
membranes in long bone defects resulted in increased con-
trol of the regenerative microenvironment and enhanced
osteoconductivity of bone scaffolds, primarily through the
formation of a stabilizing callus,'® which was observed in
the microCT, and histological analyses of this study as well.

While guided membranes have been used extensively for
craniofacial applications,* it is only recently* that they are
being recognized as potential mechanisms to harness a native
periosteum-mimicking response. The secondary advantage of
using the collagenous membrane as a periosteal guide is the
ability to leverage it to deliver growth factors effectively at
the defect site. ACS is the clinically approved carrier for
rhBMP2 (as the INFUSE product by Medtronic, which forms
the ACS +76 pg thBMP?2 group in this study).

However the rapid, bolus release from the ACS, and
associated concerns with local inflammation and sequelae, has
been widely documented in literature.***’” While the mea-

sured concentration of BMP2 is ~21.4+12ng/g from de-
mineralized bone obtained from human donors, clinical
treatment of fractures currently uses a supraphysiological
dose of 800,000ng/mL.*® Although the approved delivery
of supraphysiological doses of BMPs has shown considerable
promise in treating critical-sized bone defects when compared
to autografts, limitations to such use include high associated
costs, upregulation of BMP inhibitors such as noggin, and the
adverse effects that are sometimes life threatening.'®

The supraphysiological doses are buffered by pairing the
ACS + rhBMP2 with calcium phosphates, which bind the
thBMP2*"# and increase duration of local availability. How-
ever, the early burst of hBMP2 has been credited to function
more as an endogenous osteogenic progenitor recruitment signal
to the site of injury, while a sustained release of thBMP2 acts as a
strong differentiation signal."® In the rabbit radius model, for a
critical-sized defect, the clinical-equivalent recommended dose
is 7075 pg of thBMP2,>*>" while there have been multiple
studies evaluating lower doses.™>>* Results in this study, in
terms of the torsional mechanical properties (Table 2) as well as
the bone volume regenerated in the HA/Col +15 pg thBMP2
group (Fig. 3), are comparable or significantly higher than these
reports. This is likely due to both the dose and location of the
rthBMP2 delivery.

The ACS-based periosteal delivery of thBMP2 as an early
bolus sets up an external chemotactic gradient, and is effec-
tive at low doses since it targets recruitment of endogenous
cells, and rapidly forms an ossified callus, which further
creates a protected microenvironment and increases defect
site stability. The same ACS-based delivery within the
defect site is buffered by the HA and results in prolonged
mineralization (between weeks 2 and 4 in this study, Fig. 5)
and osteogenesis within the scaffold. This buffering within
the scaffold is potentially greater in the case of the HA/Col
scaffold, explaining the trend of greater bone volume and
mineral density observed in that group compared to the HA
scaffolds at the same 15 pg thBMP2 dose.

Osteogenic cells are critical to ensuring bone regenera-
tion within critical-sized defects. MSCs can be harvested
autologously from the patient for seeding the graft, and are
known to be both osteogenic as well as immunomodula-
tory.> Theoretically, the addition of MSCs to the fracture
site should lead to more successful unions. However, the
results on that front have been mixed. In previous studies, we
demonstrated that HA scaffolds with or without undifferen-
tiated MSCs in two seeding densities, implanted in the rabbit
radius, regenerated the same bone volume after 4 weeks.

Furthermore, in the same study, 8 weeks after implanta-
tion, the scaffold with no MSCs actually regenerated more
bone volume than the cell-seeded groups.”* Possible ex-
planations for this observation are that the absence of MSC
seeding promoted a more robust recruitment response, that
the early autocrine signaling mechanism of MSCs was
triggered with a suboptimal population density, or that in
situ recruited cells show superior callus formation. How-
ever, a lack of cell seeding and being restricted to endoge-
nous recruitment can also be a limitation.

In the porous HA scaffolds (350 pm pore size) implanted
in 10mm segmental bone defects in the rabbit radius, a
significant proximal to distal interface bias in regeneration
was observed. This was attributed to compromised vascular
supply at the distal end, which led to limited tissue infiltration
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in the scaffold interior.'® This lack of vasculature is hypoth-
esized to impede the regeneration of bone across large defects
in the extremities and craniofacial skeleton,56 leading to the
concept of “critical size bone defects,” which do not heal of
their own accord.”’ In this study, ~ 11,300/mm3 rabbit bone
marrow MSCs were seeded on the HA/Col scaffolds and
paired with 15pug thBMP2 on the ACS periosteally. That
group performed no different in terms of bone volume,
mineral density, and torsional properties as the group with the
HA/Col scaffold and 15 pg rhBMP2, but no cell seeding.

This is contrary to findings of significant improvements
in bone regeneration reported in mouse models, both of sub-
cutaneous (~4000/mm” human adipose-derived stem cells”®)
implantation as well as calvarial orthotopic defect (~200,000/
mm?® donor MSCs*) implantation on collagen-HA scaffolds
in immunocompromised animals. One potential hypothesis
to explain these differences (in addition to the immune-
competent vs. immune-compromised animal models) is that
the survival of implanted MSCs is determined by the local
vascularization or lack thereof. In mouse calvarial models, a
net scaffold thickness of 500 urnsg’60 ensures that seeded cells,
even at extremely high densities, are not far removed from the
vasculature. The high cell seeding density also does not
compete with endogenous recruitment in the calvarial model
since the local soft tissue volume adjacent to the defect that
would be a source of endogenous recruitment is fairly limited.

In the ectopic subcutaneous pouch, there is far greater
vasculature and soft tissue surrounding the site, but the cell
seeding density employed was relatively low.>® Histological
observations from the HA/Col +15pug rhBMP2 + MSCs
group in this study clearly indicated lower bone apposition-
scaffold contact because of cellular debris on the scaffold
surface, which was not observed in any of the other groups
(Fig. 4). So, in addition to the MSCs actually reducing
endogenous recruitment after the initial inflammatory
response, it is likely that implanted cell death due to lack of
sufficiently rapid vascularization further reduced any addi-
tional benefit from seeding MSCs.

We recently demonstrated the ability to maintain viable
osteogenic and angiogenic in vitro cell cultures by pairing
MSC seeding on the HA scaffolds with adipose tissue-
derived microvascular fragments within the pores of the
scaffolds. Future success of MSC seeding on scaffolds may
require prevascularization of the graft to ensure rapid inos-
culation to host vasculature so as to provide the necessary
nutrients for MSC survival.

Conclusions

In this study, we demonstrate that coating open porous
HA scaffolds with a thin film of collagen I significantly
improves mechanical strength and toughness without notice-
able change in porosity. We then demonstrate in a critical-
sized defect in the rabbit radius that pairing the HA/Col
scaffolds with 20% of the recommended rhBMP2 dose when
delivered periosteally using a collagen membrane results in
far greater bone volume regenerated, and improved bone
mineral density, bone-scaffold contact and torsional strength.
Moreover, in this study, the additional implantation of
MSC:s on these scaffolds did not improve bone regeneration.
The HA/Col scaffolds thus offer a viable design to function
as effective space maintainers to promote bone regeneration.
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