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ABSTRACT: Effective repair of critical-size long bone defects Amphiphilic Templated bone formation
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presents a significant clinical challenge. Electrospun scaffolds - ) — - .
. . . . . Spiral-wrapped bioactive

can be exploited to deliver protein therapeutics and progenitor gl electrospun scaffold

cells, but their standalone application for long bone repair has ~ e

not been explored. We have previously shown that electrospun W_, N ——
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yapatite (HA) guide the osteogenic differentiation of bone
marrow stromal cells (MSCs), making these scaffolds uniquely
suited for evaluating cell-based bone regeneration approaches.
Here we examine whether the in vitro bioactivity of these electrospun scaffolds can be exploited for long bone defect repair,
either through the participation of exogenous MSCs or through the activation of endogenous cells by a low dose of recombinant
human bone morphogenetic protein-2 (thBMP-2). In critical-size rat femoral segmental defects, spiral-wrapped electrospun
HA-PELA with preseeded MSCs resulted in laminated endochondral ossification templated by the scaffold across the
longitudinal span of the defect. Using GFP labeling, we confirmed that the exogenous MSCs adhered to HA—PELA survived at
least 7 days postimplantation, suggesting direct participation of these exogenous cells in templated bone formation. When loaded
with 500 ng of rhBMP-2, HA—PELA spirals led to more robust but less clearly templated bone formation than MSC-bearing
scaffolds. Both treatment groups resulted in new bone bridging over the majority of the defect by 12 weeks. This study is the first
demonstration of a standalone bioactive electrospun scaffold for templated bone formation in critical-size long bone defects.

KEYWORDS: electrospinning, amphiphilic polymer, hydroxyapatite, bone tissue engineering, bone marrow derived stromal cells,
BMP (bone morphogenetic protein)

1. INTRODUCTION

There remains a significant clinical need for better strategies to
repair critical-size bone defects resulting from congenital
conditions, trauma, or tumor resection. Autografting proce-
dures are considered the gold standard, but they can lead to
significant donor site morbidity and are limited by autograft
supply.' Allografts, obtained from human donors, are
alternatives to autografts but carry an inherent risk for disease
transition and suffer from long-term failure rates as high as 60%
over 10 years.” Current commercially available bone graft
substitutes are typically weak and brittle gels or foams that
possess poor handling characteristics (e.g, inconvenient

engineering approaches that combine biomaterials exhibiting
desired physical and biological properties with safe loading
doses of biological factors and/or effectively delivered skeletal
progenitor cells.

Electrospinning is a widely used technique to manufacture
tissue engineering scaffolds with nanofibrous morphology
similar to that of native extracellular matrices.* Such scaffolds
provide a high surface area for cell attachment and
proliferation* and when properly engineered can also guide
stem cell differentiation.”~ As growth factor delivery vehicles,
the high surface area of electrospun scaffolds is desired for
protein adsorption and improved sustained release.® For bone

surgical insertion and inadequate graft fixation) and limited
bioactivity.® Adequate bone healing facilitated by these
materials typically requires the delivery of high doses of
exogenous growth factors such as recombinant human bone
morphogenetic protein-2 (thBMP-2). Meanwhile, commer-
cially available bone graft substitutes are not optimized to
support efficient delivery of exogenous stem/progenitor cells or
guide their in vivo differentiation. The performance of bone
graft substitutes can potentially be improved through tissue
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tissue engineering, electrospun composites combining degrad-
able polymers with osteoconductive minerals such as
hydroxyapatite (HA) have been shown to promote osteogenic
differentiation of bone progenitor cells, especially when the HA
is well integrated with the polymer matrix.””~ "' However,
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Scheme 1. Schematic of the Spiral Wrapping of HA—PELA Scaffolds with or without Preseeded Cells or Absorbed rhBMP-2 for
Implantation Into a S mm Rat Femoral Segmental Defect Stabilized by a PEEK Fixation Plate
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when the hydrophilic HA was poorly dispersed with hydro-
phobic biodegradable polymers such as poly(lactic acid) (PLA)
and poly(e-caprolactone) (PCL), the inadequate interfacial
adhesion could result in HA aggregation and mechanical failure
at the polymer—HA interface. This leads to deterioration of the
mechanical and handling properties as well as inconsistent
biological performance of the resulting composite scaffold.'*™'*

Gas plasma treatment, addition of surfactants, and surface
modification of HA have all been used to improve the
interfacial adhesion of HA with hydrophobic polymers with
varied successes. Gas plasma treatment of electrospun PCL
scaffolds increased hydrophilicity and improved the adhesion of
human fetal osteoblasts’™ but did not result in a statistically
significant improvement in scaffold mineralization. In critical-
size calvarial defects in rats, oxygen gas plasma-treated
electrospun PLA scaffolds coated with bioglass and HA were
shown to support more effective new bone formation (~70%
fill) than PLA alone, HA—PLA, or PLA with tricalcium
phosphate.'® Disadvantages to the plasma treatment approach
include potential disruption of scaffold morphology, limited
treatment penetration depth, and the transient nature of the
surface modification due to molecular motion.'” Surfactants
and silane coupling reagents have been used to disperse HA
with PLA for the preparation of electrospun composites;'®"?
however, the biocompatibility of these approaches is unclear.”
Poly(lactic acid-co-glycolic acid) (PLGA) scaffolds containing
HA surface grafted with PLA resulted in lower levels of calcium
deposition than unmodified HA when implanted intramuscu-
larly in rabbits.'

With the goal of achieving well-integrated polymer—HA
composites without surface-modification of the scaffold or HA
itself, we recently developed the biodegradable amphiphilic
triblock copolymer poly(p,L-lactic acid)-co-poly(ethylene gly-
col)-co-poly(p,i-lactic acid) (PELA).” The hydrophilic poly-
(ethylene glycol) (PEG) was chosen as the center block to
enable the dispersion and binding with the hydrophilic HA
mineral, while the hydrophobic PLA blocks provided
biodegradability and aqueous stability. The chosen molecular
weight of the PEG block was 20 kDa, facilitating bioresorption
and renal clearance.”” The high molecular weight (120 kDa) of
PELA copolymer enabled polymer entanglements for facile
electrospinning. The electrospun HA—PELA composites
supported far more potent osteogenic gene expression of rat
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bone marrow derived stromal cells (MSCs) in vitro than
conventional electrospun HA—PLA composites.” For example,
little or no differences in mRNA expression of early- or late-
stage osteogenesis markers (RUNX2 or osteocalcin) were
observed when adding calcium-deficient HA to electrospun
PLLA scaffolds."" Similarly, little change in gene expression was
observed when culturing human embryonic stem cell-derived
MSCs on PLLA/PLGA scaffolds with varying HA contents.”
By contrast, the expression of osteopontin and osteocalcin was
over 2 orders of magnitude higher for MSCs cultured in
osteogenic medium for 2 weeks on HA—PELA than conven-
tional HA—PLA. This enhanced bioactivity of electrospun HA—
PELA may be due to the uniform presentation of HA to
adhered cells and due to the increased bioactivity of proteins
adhered to amphiphilic polymers,z‘*_26 such as PELA,
compared to hydrophobic polymers such as PLA. Meanwhile,
we also observed high elasticity (>200% ultimate strain),
superhydrophilicity (water contact angle ~ 0°), and hydration-
induced stiffening (with storage modulus increased from 2 to
~25 MPa) of the HA—PELA composite.” These unique
physical properties, a result of the stable HA integration and the
dynamic phase- separation of the amphiphilic blocks,” are in
stark contrast to the brittleness, low aqueous wettability, and
deteriorating mechanical integrity upon wetting exhibited by
conventional degradable polymer—mineral composites. HA—
PELA-based scaffolds could address a number of major
limitations of conventional bone tissue engineering scaffolds
by enabling facile absorption of aqueous suspensions of cells
and growth factors, easy surgical handling, and stable fixation
upon implantation. The combination of enhanced bioactivity
and handling characteristics makes the simple electrospun HA—
PELA scaffolds uniquely suited for evaluating cell- and protein
factor-based bone regeneration approaches and ultimate clinical
translation for treating critical-size bone defects. However,
whether these standalone bioactive electrospun composites can
promote volumetric bone regeneration (particularly within
critical-size long bone defects), a challenging clinical problem in
orthopedic trauma care,”” has not been explored.

Here we exploited the handling characteristics (hydro-
philicity, elasticity) and in vitro bioactivity of electrospun
HA—PELA in the form of 3-D spirals for augmenting the repair
of critical-size long bone defects. We aimed to examine whether
enhanced bioactivity in vitro translates to effective templated
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bone regeneration in vivo. We tested the overall hypothesis that
electrospun bioactive scaffolds support osteogenesis through
the action of exogenously seeded progenitor cells or through
endogenous progenitor cells recruited to the scaffold with a low
dose of osteoinductive growth factor. We tested this hypothesis
by comparing the performance of spiral-wrapped HA—PELA
scaffolds with or without preseeded MSCs to scaffolds loaded
with a low dose of rhBMP-2 (500 ng) in healing S mm critical-
size femoral segmental defects in rats (Scheme 1). We first
validated the feasibility of delivering exogenous progenitor cells
and growth factors via electrospun HA—PELA by tracking the
survival of labeled cells in vivo and the release profile of
bioactive rhBMP-2 in vitro, respectively. Bone formation
supported by the scaffolds in each treatment group was
longitudinally monitored using X-ray radiography and
quantitative in vivo microcomputed tomography (-CT). The
morphology of bone formation, particularly immature bone,
and the immune response to the scaffold degradation
byproducts was assessed using end-point histology.

2. MATERIALS AND METHODS

2.1. Scaffold Fabrication. PELA was synthesized and electrospun
with HA as previously described.” Briefly, PELA was synthesized by
ring-opening polymerization of 3,4-dimethyl-1,4-dioxane-2,5 dione
(p,L-Lactide; Sigma-Aldrich, St. Louis, MO) initiated by PEG (20 000
Da; Fluka BioUltra, Switzerland) and catalyzed by Sn(II) 2-
ethylhexanoate (500 ppm; Sigma-Aldrich, St. Louis, MO). The
resulting polymer (MW 131800 Da, PDI 1.43) was dissolved in
chloroform, purified by precipitation in methanol, and dried in a
vacaum oven. Polycrystalline HA powder (consisting of loose
aggregates of ~100 nm crystallites) was purchased from Alfa Aesar
(Ward Hill, MA). The HA (10 wt %) was bath sonicated in S mL of
1:4 (v/v) dimethylformamide/chloroform for 30 min prior to the
addition of PELA (125 g 25% w/v). The mixture was stirred
overnight at room temperature. The suspension was then electrospun
at a rate of 1.7 mL h™' with a syringe pump (Orion Sage M361;
Thermo Scientific, Billerica, MA) through a 22 G needle at 12 kV
(supplied by a high-voltage power supply from Gamma High Voltage
Research, Ormond Beach, FL) onto a grounded aluminum collector
positioned 15 cm away. HA—PELA scaffolds with a thickness of 0.10—
0.20 mm were obtained after 2 h of electrospinning. The scaffolds were
dried in a vacuum oven at room temperature for 48 h to remove any
residual solvent and stored in a desiccator at 4 °C prior to use.

2.2. Rat Bone Marrow Stromal Cell (MSC) Isolation. MSCs
were isolated from the long bones of 4 week old male Charles River
SASCO SD rats according to the protocol approved by the University
of Massachusetts Medical School Institutional Animal Care and Use
committee, as previously described.*® Bone marrow was flushed with
cold minimal essential medium (¢MEM; Life Technologies, Carlsbad,
CA). Prior to plating, red blood cells were lysed with sterile water, cells
were resuspended in MSC expansion medium (aMEM without
ascorbic acid, supplemented with 20% fetal bovine serum, 2% L-
glutamine, and 1% penicillin—streptomycin), and passed through a
sterile strainer. Nonadherent cells were removed after 4 days of
culture, and the remaining adherent cells were expanded until 70%
confluence prior to use.

2.3. Scaffold Preparation. Scaffolds were sterilized by exposure to
UV light (254 nm) for 30 min on each side and equilibrated overnight
in MSC expansion medium prior to use. For MSC-loaded scaffolds,
100 000 MSC/cm? in a 50 4L expansion medium were seeded onto
scaffolds (5.3 mm X 40 mm X 0.10—0.12 mm) which were placed in
6-well ultralow cell attachment plates (Corning Inc., Corning, NY).
Following 30 min of incubation (37 °C, 5% CO,), 2 mL of expansion
medium was added to the wells and the scaffolds were incubated for an
additional 24 h. Scaffolds were washed 3 times with PBS prior to
implantation. Cell-free and rhBMP-2-loaded scaffolds were processed
in the same manner but without MSCs. Loading of thBMP-2 (CHO-
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derived; R&D Systems, Minneapolis, MN; 500 ng in 50 uL PBS) was
performed 15 min prior to implantation.

2.4. MSC Attachment and Viability on Spiral-Wrapped HA—
PELA. MSCs were seeded onto electrospun HA—PELA scaffolds as
described above. After 24 h, scaffolds were spiral wrapped into 3-D
cylinders or cultured on unperturbed electrospun meshes in the
ultralow attachment 6-well plates. At each time point, fresh medium
containing 9% (v/v) Cell Counting Kit-8 reagent (CCK-8; Dojindo
Molecular Technologies Inc., Japan) was added to the wells. After 4 h
incubation, 100 pL of medium was removed for measurement of
absorbance at 450 nm with 650 nm background correction on a
Multiskan FC microplate photometer (Thermo Scientific, Billerica,
MA). The remainder of the medium was aspirated, the scaffolds were
washed with PBS, and medium was replaced for continued culture up
to 14 days. The CCK-8 assay was carried out at day 1, 7, and 14.
Following the 14-day culture, the spiral-wrapped scaffolds were
unwrapped and the adherent cells were labeled with Alexa Fluor 488
Phalloidin and DAPI (Life Technologies, Carlsbad, CA) and imaged
on an inverted epifluorescence microscope (Ziess Axiovert 40 CFL;
Carl Ziess, Germany).

2.5. In Vitro rhBMP-2 Release from HA—PELA. Electrospun
HA-PELA scaffolds (n = 3) were punched into 0.32 cm? circles,
sterilized 30 min/side with UV, and equilibrated overnight in
deionized water at 37 °C. They were then air dried in a biosafety
cabinet, placed in ultralow attachment 24-well plates (Corning Inc,
Corning, NY), and loaded with 75 ng thBMP-2 in S uL of PBS. One
milliliter of PBS was then added to each well, and the plate was
incubated at 37 °C. For each time point, the release buffer (1 mL) was
collected and replenished with fresh PBS. The release buffer was
frozen and stored at —80 °C prior to rhBMP-2 measurement. At the
end of the release experiment, all collected release buffers were thawed
and the rhBMP-2 concentration was determined using a rhBMP-2
ELISA kit (R&D Systems, Minneapolis, MN).

2.6. In Vitro Bioactivity of rhBMP-2 Retained on HA—PELA
Following 7-Day Incubation in PBS. The HA—PELA scaffolds,
retrieved after 7 day PBS incubation from the BMP-2 release study,
were then assessed for their ability to support C2CI12 trans-
differentiation in order to confirm the osteogenic bioactivity of the
rthBMP-2 retained on the scaffolds. C2C12 cells were seeded directly
onto the scaffolds (20000 cells/cm?) that were placed in ultralow
attachment 96-well plates (Corning Inc., Corning, NY) and cultured in
DMEM containing 5% fetal bovine serum and 1% penicillin—
streptomycin for 72 h. The scaffolds were fixed in periodate-lysine-
paraformaldehyde (PLP) fixative,”” and alkaline phosphatase (ALP)
activity was stained using a Leukocyte Alkaline Phosphatase Kit
(Sigma-Aldrich, St. Louis, MO). Following staining, the scaffolds
where imaged on an inverted microscope (Ziess Axiovert 40).

2.7. In Vivo Study Design and Surgical Procedure. Electro-
spun HA—PELA alone (n = 12), preseeded with MSCs (n = 11), or
loaded with thBMP-2 (n = 11) were rolled into 5.3 mm long and 3
mm wide spirals and press fit into 5 mm segmental femoral defects in
rats. Bone healing was monitored over time by in vivo y-CT every 4
weeks and also radiographed every 2 weeks. Animals were sacrificed at
4 or 12 weeks for histology (n = 2 per treatment group/time point). A
subset of animals was sacrificed at 12 weeks for torsion testing (n = 4
for HA—PELA with preseeded MSCs; n = 7 for HA—PELA with
thBMP-2). In order to track the fate of transplanted MSCs, a subset of
animals received scaffolds seeded with green fluorescent protein
(GFP)-transduced MSCs and were sacrificed at 2 days, 7 days, or 4
weeks post-op for histology (n = 2).

All animal procedures were approved by the University of
Massachusetts Medical School Institutional Animal Care and Use
Committee. Male Charles River SASCO SD rats (290—300 g) were
sedated with 5% isoflurane—oxygen and maintained at 2% isoflurane—
oxygen during surgery. A S mm critical-sized femoral defect was
created and stabilized with a polyetheretherketone (PEEK) fixation
plate as previously described.*® Briefly, the femur was exposed by a
combination of sharp and blunt dissection. The periosteum was
circumferentially removed in order to emulate a challenging healing
environment. A PEEK fixation plate was secured with 2 stainless steel
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bicortical screws flanking each side of the defect and with the two
immediately adjacent to the defect further stabilized with hex nuts.
The S mm defect was created with an oscillating Hall saw, and bone
debris was removed by copious irrigation with sterile saline. The
empty, MSC-loaded, or rhBMP-2 loaded spiral wrapped scaffolds were
then fit into the defect. The wounds were closed with sutures, and the
rats were given cefazolin (20 mg/kg, once per day) and buprenorphine
(0.08 mg/kg, every 8 h) subcutaneously for 2 days. Rats were
radiographed immediately following surgery to confirm proper PEEK
plate fixation.

2.8. Microcomputed Tomography (u-CT). Every 4 weeks
following surgery, animals were sedated and maintained with 2%
isoflurane—oxygen for scanning of the femurs on a Scanco vivaCT 75
u-CT system (Scanco Medical, Switzerland) at a voxel size of 30 X 30
X 30 um®. Scans were also performed on 12 week explants with the
same scanning resolution. The center of the defect and surrounding
cortical bone was located based on the bicortical screws flanking the
defect. From the defect center, a total of 83 30 um slices from each
side were included to construct the region of interest (ROI) within the
defect site, totaling 5.01 mm in length, for analysis. A global threshold
was applied to remove soft tissue and scaffold background for
quantification and reconstructing 3-D images. Bone volume and bone
mineral density within the ROI were calculated using Scanco Medical’s
3D analysis software.

2.9. Histology. Explants were fixed in PLP fixative® at 4 °C for 2
days and subsequently decalcified in 18% aqueous ethylenediaminete-
traacetic acid (EDTA) (pH 8.0) for 4 weeks with exchanges of fresh
EDTA solution twice a week. Following removal of the PEEK fixation
plates, the explants were subjected to serial dehydration, paraffin
embedding, and sectioning. Six micrometer thick sections were stained
by hematoxalyin and eosin (H&E) or toluidine blue. As with the y-CT
imaging, the defect site and surround cortical bone was located by the
bicortical screws flanking the defect. The position of the screws and
the S mm defect size reproducibly created using the double-bladed
oscillating saw within the space defined by the flanking screws allowed
for the differentiation of the cortical bone surrounding the defect from
the new bone formed within/over the defect.

2.10. Lentiviral GFP Transduction of MSCs and Tracking of
Implanted GFP-MSCs. MSCs were transduced with lentiviral vectors
(Cellomics Technology, Halethorpe, MD) expressing enhanced GFP
driven by cytomegalovirus (CMV), elongation factor-1 alpha (EFla),
or ubiquitin C (UBC) promoters. Cells were transduced with the virus
at a multiplicity of infection of S, 25, or 50. Passage 1 MSCs were
seeded at a density of ~10000 cells/cm? in transduction medium
(aMEM, 20% heat-inactivated FBS, 1% L-glutamine) and cultured for
24 h before the respective lentiviral vectors were added. The culture
plates were spun for 30 min in a centrifuge (1200 X g, 32 °C) to
increase transduction efficiency before being subjected to continued
culture for 24 h in transduction medium. The medium was then
changed to MSC expansion medium, and the cells were cultured for an
additional 24 h prior to use. Transduction efficiency (% of cells
transfected as revealed by green fluorescence) was examined by
epifluorescence microscopy (Zeiss Axiovert 40 CFL) in 3 randomly
selected fields of view at 100X magnification.

In order to track the viability of MSCs seeded on the scaffold and
implanted in the rat femoral segmental defect, GFP-MSCs were
seeded on HA—PELA as described above. One of the GFP-MSC-
seeded scaffolds, prepared at the same time as the scaffolds to be
implanted, was rinsed with PBS and imaged on a fluorescent
microscope (Zeiss Axiovert 40 CFL) to obtain preimplantation GFP
signal control. Remaining scaffolds were wrapped into 3-D cylinders
and implanted into the rat critical size femoral defects as described
above. At 2 days, 7 days, and 4 weeks post-op, animals were sacrificed
and the scaffolds were excised from the defects, carefully unwrapped,
and mounted on a microscope slide for GFP imaging.

Immunohistochemical staining was used to track GFP-MSCs at 4
weeks post-op. Explants were fixed, decalcified, and processed for
histology as described above. The sections were deparaffinized,
unmasked in 10 mM sodium citrate buffer (pH 6.0), and treated
with rabbit polyclonal GFP antibody (#2555; Cell Signaling
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Technology, Danvers, MA) in SignalStain Antibody Diluent (Cell
Signaling Technology). SignalStain Boost (Cell Signaling Technology)
was used for detection of the rabbit antibodies. SignalSlide GFP IHC
controls (Cell Signaling Technology) were used as positive controls.
2.11. Statistical Analysis. All statistical analysis was performed
with Prism 6.0 (GraphPad Software Inc., La Jolla, CA). Grubbs’ testing
(alpha = 0.05) identified one outlier in the u-CT quantification of the
HA—PELA group, which was removed from subsequent analyses.
Shapiro-Wilk testing confirmed that the data in all groups followed a
normal distribution. One-way analysis of variance (ANOVA) with
Tukey posthoc testing was thus used for all statistical comparisons.

3. RESULTS

3.1. MSC Attachment and viability. MSCs readily
adhered to the HA—PELA scaffolds. Although cell viability
was significantly reduced (by 30%) at 24 h post spiral wrapping,
comparable numbers of viable cells were present on flat and
spiral-wrapped scaffolds by 7 and 14 days in culture (Figure
1A). MSCs adhered on scaffolds after 14 days in culture were
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Figure 1. Viability of MSCs adhered to flat and spiral-wrapped HA—
PELA scaffolds over time. (A) CCK-8 cell viability over 14 days. Day 0
cell viability was determined prior to spiral wrapping the scaffolds: (*)
p < 005, (**) p < 0.01 (ANOVA with Tukey posthoc). (B) Actin
staining of adhered MSCs on the spiral-wrapped scaffold after 14 days
in culture. Scale bar = 250 pym.

visualized by F-actin (fluorescent phalloidin) and nuclei
(DAPI) staining (Figure 1B). Substantial nonspecific absorp-
tion of DAPI onto the electrospun scaffold was observed.
3.2. Tracking GFP-Labeled MSCs in Vivo. We compared
the labeling efficacy of GFP driven by cytomegalovirus (CMV),
elongation factor l-alpha (EFla), and ubiquitin C (UBC)
promoters at three multiplicities of infection (MOJ; S, 25, 50)
to optimize lentiviral GFP transduction of MSCs. CMV and
EFla promoters resulted in the highest levels of GFP signal
with high labeling efficiency (>90%) (Figure S1A, Supporting
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Information). EF1a-GFP at an MOI of 25 was chosen for all
subsequent MSC labeling due to the uniform GFP signal, low
cytotoxicity (Figure S1B, Supporting Information), and
minimal effects on cell proliferation (Figure S1C, Supporting
Information). There was no significant compromise in the
potency of induced osteogenic or adipogenic differentiations of
the MSCs upon GFP labeling (Figure SID—G, Supporting
Information).

GFP-labeled cells were seeded on HA—PELA and implanted
in the 5 mm femoral segmental defect, and their fate was
tracked over 4 weeks post-implantation. GFP-MSCs remained
detectable on the scaffold at 2 and 7 days after implantation
(Figure 2) as shown by fluorescent microscopy, although the

Pre-implantation 2 days post-op 7 days post-op

Figure 2. Fluorescence microscopy of GFP-labeled rMSCs adhered to
HA-PELA scaffolds before and after implantation. Scale bars = 300

pm.

number of GFP-positive cells decreased over time. Morphology
of the GFP-labeled cells attached to the scaffolds changed from
a rounded shape preimplantation to a more extended/spindle
shape, supporting their adhesion and spreading on the
osteoconductive scaffolds. No labeled cells were detected at 4
weeks post-op by immunohistochemistry (IHC) with anti-GFP
antibodies (data not shown).

3.3. Retention and Release of rhBMP-2 from HA-
PELA. A slow yet sustained release of thBMP-2 from the HA—
PELA scaffold was detected by ELISA over 72 h (Figure 3A).
Only ~10% of the rhBMP-2 absorbed to the scaffold was
released within the first 24 h, and a cumulative 12% was
released by 72 h. The rhBMP-2 retained on the scaffolds
remained bioactive and was able to induce the osteogenic
transdifferentiation of C2C12 myoblasts, as evidenced by the
positive staining for osteogenic marker ALP of the C2C12 cells
cultured on the scaffold preloaded with thBMP-2 and subjected
to a 7 day prior incubation in PBS (Figure 3B). ALP staining
was not detected with the cells cultured on the scaffold without
rthBMP-2 loading.

3.4. Radiographic Follow-up of Implanted Spiral-
Wrapped HA—PELA with/without Preseeded MSCs or
rhBMP-2. HA—PELA scaffolds, with or without preseeded
MSCs or absorbed rhBMP-2, were manually wrapped into
cylindrical spirals (Figure 4A) and implanted into S mm rat
femoral defects (Figure 4B). The implanted scaffolds could not
be readily visualized by post-op X-ray radiographs due to the
relatively low density of the HA (10 wt %) within the HA—
PELA scaffold (Figure 4C). The untreated defect remained
unfilled by 12 weeks post-op as revealed by X-ray radiography
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Figure 3. (A) Cumulative percentage of thBMP-2 (75 ng loading
dose) released from HA—PELA (n = 3) in PBS at 37 °C. (B) Alkaline
phosphatase staining of the C2C12 myoblasts cultured on HA—PELA
with or without preabsorbed rhBMP-2 for 3 days. The scaffolds
bearing 75 ng of thBMP-2 were incubated in PBS for 7 days before
being retrieved and seeded with C2C12 cells. Scale bars = 250 ym.

(Figure 4C), confirming that the S mm defect was indeed a
critical-size defect. New bone formation was visible by
radiography in all treatment groups by 12 weeks post-op
(Figure 4C). The greatest amount of bridging bony callus was
detected in the groups treated with HA—PELA and 500 ng of
thBMP-2. Of note, for the group treated with HA—PELA and
MSCs, the new bone formation appeared to have occurred
within, instead of surrounding the outer surface of, the spiral-
wrapped scaffold.

3.5. Histological Evaluation of the Cellularity and New
Bone Formation within and Surrounding the HA—PELA
Scaffold with/without MSCs or rhBMP-2. Histological
sections were cut longitudinally, revealing the new bone/
scaffold morphology across the length of the 5 mm defect
(Figure SA). Additional high-magnification images of the center
of the scaffolds, allowing easier identification of new bone,
scaffold degradation, blood vessel formation, and immune cell
penetration are shown in Figure S2, Supporting Information.
HA—PELA scaffolds remained visible in all treatment groups by
12 weeks, in agreement with our prior in vitro degradation data
(~80% scaffold mass remaining after 12 weeks in PBS at 37
°C)” (Figure 5SB). Immune cells infiltrated within these HA—
PELA scaffolds consisted primarily of macrophages and foreign
body giant cells (askterisk (*), Figure SB). No lymphocytes,
neutrophils, eosinophils, or mast cells that would have
suggested acute inflammatory responses or allergic reactions
were detected. Consistent with this mild local immune
response, the implantation of HA—PELA also did not lead to
gross changes to vital/scavenger organs by up to 24 weeks post-
implantation (Figure S3, Supporting Information).

Substantial new bone formation at the scaffold/cortical bone
interface, accompanied by neovessel formation (arrowheads,
Figure SB), was readily detected in all treatment groups by 12
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'ﬁ:);,f.?ML Al
+ 500 ng rhBMP-2

Figure 4. Spiral wrapping and surgical implantation of HA—PELA scaffolds and post-op radiographical follow-ups of the site of implantation. (A)
Wrapping HA—PELA scaffolds into cylindrical spirals prior to surgery. (B) Implantation of spiral-wrapped HA—PELA scaffolds into 5 mm rat
femoral segmental defects. (C) Radiographs of the scaffold-filled defect immediately post-op, untreated control defect after 12 weeks, and scaffold-

filled defects after 12 weeks.

weeks (visible as early as 4 weeks) as revealed by H&E and
polarized light microscopy. The new bone formed within the
HA-PELA scaffolds, however, differed significantly in both
morphology and maturity among the 3 treatment groups. The
new bone formed within the bare HA—PELA scaffold was
randomly aligned and remained immature by 12 weeks as
reflected by the lack of strong birefringence under polarized
light. By contrast, the new bone formed at the center of the
scaffold preseeded with MSCs was directly templated by and
encapsulated between adjacent scaffold layers. The new bone
formation templated by MSC-seeded HA—PELA, however, was
still characterized with a weak birefringence at 12 weeks. New
bone formation was also visible within the HA—PELA scaffold
absorbed with thBMP-2, although they did not appear to be
clearly templated by the spiral-wrapped scaffold morphology.
With the delivery of thBMP-2, strong birefringence at both the
cortical—scaffold junction and along the outer periphery of the
scaffold indicative of aligned collagen fibers and more mature
bone was observed under polarized light. Finally, purple
toluidine blue staining for cartilaginous matrix was detectable
in all areas of new bone formation, most notably at the cortical
bone—scaffold junctions, in all treatment groups.

3.6. u-CT Analyses. Bone mineral density mapping of the
longitudinal and axial center slices of the reconstructed ROI at
4 and 12 weeks post-op was used to visualize the morphology
and maturity the new bone formed around/within the scaffold-
filled defects over time (Figure 6). Density maps of the
implanted HA—PELA scaffold immediately post-op confirmed
that the HA within the scaffold is not visible with the density
thresholds used for imaging (Figure 6). The color mapping
revealed that new bone formed at the scaffold/cortical bone
interface and within the scaffold-filled defect in all treatment
groups after 4 weeks. Most robust and mature bone formation
was observed with the group absorbed with thBMP-2, with the
recanalization of the new bone clearly visible at 12 weeks. More
robust new bone appeared to be localized on the side opposite
the PEEK fixation plate. In the absence of rhBMP-2, bone
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formation was clearly templated by the spiral-wrapped scaffolds
in both the HA—PELA alone and HA—PELA + MSCs groups.
The templated new bone growth in these treatment groups was
visualized as the vertical lines and concentric lines in the
longitudinal and axial color maps, respectively. Maturation of
the new bone from 4 to 12 weeks was observed for all groups,
as evidenced by the increased red color in the mineral density
color mapping.

Reconstructed 3-D y-CT images confirmed the bony callus
formation at the graft—cortical bone interface and some degrees
of scaffold-templated growth toward the center of the defect in
the HA—PELA alone group (Figure 7A). Greater amounts of
scaffold-templated new bone formation were visible at the
center of the defect by 12 weeks with preseeded MSCs,
consistent with X-ray radiograph observations (Figure 4C). The
most robust bony callus formation bridging over the defect was
observed with the HA—PELA + rhBMP-2 treatment group.
Bone volume and bone mineral density in all treatment groups
increased over the 12-week post-op monitoring period (Figure
7B and 7C). The HA—PELA + rhBMP-2 group resulted in
significantly greater bone volume than HA—PELA alone or
HA—PELA + MSCs at both 4 and 12 weeks post-op (Figure
7B). There was no significant difference in bone mineral
density among the three treatment groups at a given time point
examined (Figure 7C).

4. DISCUSSION

We hypothesized that a spiral-wrapped bioactive electrospun
scaffold would potentiate the ability of exogenously seeded
progenitor cells or endogenous cells recruited with a low dose
of rhBMP-2 to repair long bone defects. To test this hypothesis,
we used a 5 mm rat femoral segmental defect which has been
validated as a critical-size long bone defect model to test the
performance of bone tissue engineering scaffolds by our group,
as shown in Figure 4C, and others.>*™ The critical size of the
defect, coupled with the removal of the surroundin

periosteum, serves to emulate a challenging clinical scenario®
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Figure S. Histological analysis of cellular infiltration and bone formation within/around the scaffold-filled defect at 12 weeks post-op. (A) Schematic
of the histological sectioning along the longitudinal direction to enable examination of new bone formation across the full length of the defect. (B)
Bright field and polarized light (PL) micrographs of hematoxlyn and eosin (H&E) and toluidine blue (Tol Blue) stained sections. For each treatment
group (HA—PELA, HA—PELA + MSCs, and HA—PELA + rhBMP2), images were taken both at the cortical bone—scaffold junction and within the
center of the scaffold. Arrowheads indicate blood vessels and asterisk (*) indicates macrophages/foreign body giant cells. Scale bar = 500 ym for
micrographs taken at 50X magnification and 150 gm for those taken at 200X magnification. Inset images show a representative blood vessel in the
HA-PELA group and a representative foreign body giant cell in the HA—PELA + MSCs group. Inset scale bars = 20 ym.
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Figure 6. Two-dimensional bone mineral density color maps of the scaffold-filled defect over time (red representing higher mineral density).
Longitudinal (top) and axial (bottom) midslices of the defect treated with HA—PELA immediately post-op, and HA—PELA, HA—PELA + rMSCs,
and HA—PELA + 500 ng rhBMP-2 at 4 and 12 weeks post-op. Scale bars = 1 mm.

precluding healing without proper intervention.>® In our prior degradable polymer/HA composites can be significantly
work we demonstrated that the handling properties (aqueous improved by using an amphiphilic PELA block copolymer
wettability and stability, tensile elasticity) and bioactivity instead of the conventional hydrophobic PLA.” Here we
(osteoconductivity and osteoinductivity) of electrospun demonstrated that these handling and bioactivity characteristics
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Figure 7. In vivo y-CT monitoring of the scaffold-filled defects over time. (A) u-CT 3-D reconstructions of the ROI immediately post-op and those
containing HA—PELA, HA—PELA + rMSCs, or HA—PELA + rhBMP-2 at 12 weeks post-op. Extra slices from the adjacent cortical bone were
included for the reconstruction of the post-op ROI for convenient visual reference. For all treatment groups at 12 weeks, only the S mm defect site is
shown. Global thresholding was applied to exclude the HA—PELA scaffold within the defect. (B—C) u-CT quantification of new bone volume
(mm?®) and bone mineral density (BMD; mg HA/cm®) in the ROI at 4 and 12 weeks post-op. Data are graphed as Tukey box and whisker plots
where whiskers represent the lower and upper 1.5 interquartile ranges (IQR). Data points outside the 1.5 IQR are plotted as individual points: (*) p

< 0.0, (**) p < 0.01, (***) p < 0.001.

made electrospun HA—PELA uniquely suited for the spiral-
wrapped scaffold-templated bone regeneration strategy.
Spiral-wrapping the electrospun HA—PELA scaffolds enabled
us to take advantage of both the high surface area of
electrospun materials to deliver therapeutics/support cellular
adhesion and the defined 3-D configuration of the spiral to
guide the cell-mediated regeneration of critical long bone
defects. Furthermore, the relatively low quantity of polymer
used to fabricate electrospun materials may also mitigate
potential adverse immune responses to the degradation
products of bulk degradable polymer scaffolds.*® Spiral-
wrapped scaffolds in combination with other materials have
been studied for potential tissue engineering applications in
vitro.”’~*' Zhang et al. and Wang and Xu described spiral-
wrapped electrospun PCL/salt-leached PCL film composites
and electrospun PCL/sintered PLGA scaffolds, respec-
tively,”~*' although neither design was tested in vivo. Jiang
et al. employed an electrostatic assembly strategy to fabricate a
spiral-wrapped membrane composed of chitosan/cellulose/HA
and tested their performance in augmenting the repair of rabbit
radius defects.”” However, the noncritical defect size they
employed makes the efficacy of the scaffold difficult to interpret
as the no-scaffold defect control also healed. Piskin et al. used
spiral-wrapped electrospun PCL scaffolds containing simvastin
to aid the healing of calvarial defects in rats; however, defect
closure was not achieved by 6 months post-op.*® Tubular
electrospun scaffolds and flat electrospun membranes have also
been used for containing soft hydrogels,**** delivering platelet-
rich plasma,* or guiding regeneration of nonweight-bearing
cranial/mandibular defects.*>~*® Overall, in vivo studies that
examine the efficacy of standalone 3-D electrospun scaffolds in
a clinically relevant critical long bone defect model are lacking.
Furthermore, a simple and scalable polymer and single-
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component scaffold design, such as as electrospun HA—
PELA, is important to facilitate clinical translation.” By using
spiral-wrapped HA—PELA as a standalone scaffold, we were
able to evaluate its efficacy in delivering exogenous MSCs vs
therapeutic proteins and how the simple bioactive electrospun
scaffolds can guide bone formation in critical-size long bone
defects without additional confounding variables.

We first demonstrated unequivocal feasibility of delivering
exogenous MSCs via spiral-wrapped HA—PELA in vivo.
Although it is believed that exogenous MSCs can improve
bone formation in critical-size defects,* > some studies fail to
show statistically significant improvement in bone formation
with cell-seeded constructs over cell-free constructs.” It is still
under intense debate as to whether exogenous MSCs locally
delivered to the defect site contribute to healing via paracrine
effect (e.g., secreted factors) or by direct participation in osteo/
chondral differentiation, with the former receiving more recent
recognition.> > Whereas literature reports on the fate of
transplanted MSCs vary, most suggest that implanted
exogenous cells have a limited lifetime within the defect site
and do not substantially differentiate into osteoblast-like
cells.****%7 ‘We believe that the biomaterial carrier plays an
important role in determining the fate of the exogenous cells it
delivers. We tested whether the bioactive electrospun HA—
PELA scaffold could support MSC transplantation to the long
bone defect. The hydrophilic surface and osteoconductive
nature of HA—PELA allowed for easy loading of the MSC
suspension and supported cellular adhesion and spreading
(Figures 1B and 2). The elastic properties of HA—PELA
facilitated the facile spiral wrapping of cell-laden HA—PELA.
Manual rolling of the scaffold did not compromise the viability
of the cells seeded on the scaffolds as revealed by in vitro
monitoring of cell viability and proliferation over the course of
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14 days after the spiral wrapping (Figure 1). The relatively high
cell seeding density of 100000 cells/cm? which would have
resulted in a confluent cell layer on tissue culture polystyrene,
was chosen due to the relatively low cell seeding efficiencies of
~35% on our electrospun scaffold. Future optimization of the
cell seeding efficiency could potentially reduce the number of
cells seeded.

Importantly, by tracking GFP-labeled MSCs, we showed that
viable exogenous cells could still be detected up to 7 days post-
implantation, although their number decreased over time
(Figure 2). These cells also changed morphology from a
rounded shape immediately after being seeded on HA—PELA
to a spindle shape over time. Such an improved cell spreading is
likely due to the absorption of endogenous cell-adhesive
proteins from the tissue microenvironment onto the scaffolds.
Agreeing with literature reports that exogenous cells seeded on
a mineral-based carrier cannot be detected 14 days post
subcutaneous implantation,*® we also did not observe GFP-
labeled rMSCs at later time points by IHC. While the
persistence of viable transplanted cells at 7 days may support
their direct participation in new bone formation, we were
unable to determine their ultimate fate and contribution
through the GFP-labeling approach.

Meanwhile, we demonstrated outstanding retention/release
profile of rhBMP-2 on the electrospun HA—PELA, which
established a clear benefit of HA—PELA for BMP-2 delivery.
Although clinically used collagen sponge carriers absorbed with
thBMP-2 can be as effective as autografts for inducing new
bone formation in some indications, particularly nonweight
bearing ones,>® they require loading doses of rhBMP-2 as high
as 4.9 or 12.7 mg per graft,”® compared to ~5 ug/kilogram
endogenous BMP-2 in natural bone.”” Documented complica-
tions from such supra-physiologic doses rhBMP-2, which
undergo burst release from the carrier (e.g., 100% released in
vitro after 2 days),>* include ectopic bone formation,
inflammation, sexual dysfunction, and potentially cancer.®"**
By contrast, although the expression of endogenous BMP-2 is
the highest early during fracture healing in mice (at ~1 day), its
expression is sustained throughout the 21 day healing cascade,
especially during the first week.®> Thus, a more physiologically
relevant delivery would require a scaffold capable of retention
and sustained release of the osteogenic protein with preserved
bioactivity over a reasonable time frame. The aqueous
wettability of HA—PELA and high surface area of the well-
integrated nanocrystalline HA (known for affinity for a wide
range of proteins)*® enabled facile loading and stable retention
of aqueous rhBMP-2. The HA—PELA exhibited a slow yet
sustained in vitro release of 10—15% of the loaded rhBMP-2
(235.8 ng/cm?, same as the in vivo loading dose applied in this
study) over the first 3 days (Figure 3A). Importantly, we also
showed that the rhBMP-2 retained on the scaffold after 7 day
incubation in PBS remained bioactive as evidenced by their
ability to induce osteogenic transdifferentiation of adhered
C2C12 myoblasts (Figure 3B).°* The stable retention and
sustained release of bioactive rhBMP-2, coupled with the
previously reported bioactivity of HA—PELA, may facilitate the
recruitment and differentiation of endogenous cells with a low
thBMP-2 dose, potentially mitigating clinical complications
associated with the burst release of high doses of rhBMP-2.

We then investigated how combining these therapeutic
modalities (exogenous cells or endogenous recruitment) with a
bioactive electrospun scaffold could differentially augment the
healing of critical-size rat femoral segmental defects. The spiral-
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wrapped HA—PELA scaffold, with a structure closely matching
with that of the removed midshaft femoral segment, was press
fit within the S mm segmental defect and remained stably fixed
throughout the course of the 12 week study. The implanted
scaffolds were still visible by histology at 12 weeks post-op
(Figure S), consistent with prior in vitro findings of ~20% mass
loss after 12 week incubation in PBS.” Macrophages and foreign
body giant cells but no neutrophils or eosinophils were
detected from the cells infiltrated in the scaffolds, consistent
with a mild foreign body and immunogenic responses to HA—
PELA and its degradation products and the lack of acute
inflammation or allergic reactions.®® Degradation-induced
immune responses to PLA-based materials are well docu-
mented.*>% Tt has been hypothesized that calcium phosphate
minerals including HA can buffer the acidic degradation
products of PLA, thereby mitigating their immunogenicity.67
It remains to be seen whether the mild local immune responses
observed, partially attributed to the buffering effect of the 10 wt
% HA incorporated into the amphiphilic scaffold, would be
sustained when more complete degradation of the scaffold
occurs at later time points.

All treatment groups, including the HA—PELA scaffold
alone, facilitated new bone formation via an endochondral
ossification mechanism within the defect site, as revealed by
histology (Figure S) and u-CT analyses (Figures 6 and 7). The
new bone formation observed in the HA—PELA alone group,
particularly beyond the scaffold—cortical bone junction,
supports the osteoconductivity of the scaffold.>® The delivery
of MSCs via the HA—PELA spiral resulted in a substantial
increase in the new bone formed away from the cortical/
implant junctions. In agreement with our hypothesis that the
bioactive electrospun scaffold can support new bone formation
by exogenous cells, the new bone appeared to be directly
templated by the spiral-wrapped scaffold as confirmed by
histology (Figure SB) and y-CT 2-D bone mineral density
mapping (Figure 6). Such uniform distribution of new bone
across the longitudinal span of the defect, concentrically
separated by the spiral-wrapped electrospun scaffold and
apparently promoted by the preseeded MSCs, has not been
reported previously. Despite the unique morphology of the new
bone, the delivery of MSCs alone did not result in significantly
higher bone volume or bone mineral density than HA—PELA
alone or complete bridging of the defect by 12 weeks (Figure
7B and 7C). The undegraded spiral-wrapped scaffold could
have prevented the concentrically formed new bone from
growing across the axial space and fusing together é%iven the
small pore size (1—10 um) of electrospun materials.

With an exceptionally low dose of thBMP-2 delivered by
HA—PELA (~10-fold lower than those used clinically with
collagen sponges in humans, after scaling by defect
dimensions),*” we observed robust new bone formation across
nearly the entire defect site. Our earlier study showed that
HA—-PELA could effectively sensitize the response of MSCs to
osteogenic induction by orders of magnitude compared to
conventional degradable scaffolds in vitro.” We hypothesized
that the bioactive HA—PELA spiral may also sensitize the
response of the endogenous progenitor cells that migrated and
adhered onto the scaffold to the osteogenic induction by the
locally released rhBMP-2 in vivo. Indeed, the new bone formed
with rhBMP-2 induction was not only significantly higher in
volume than those templated by HA—PELA alone or HA—
PELA + MSCs (Figure 7B) but also appeared more mature as
revealed by polarized light microscopy (Figure SB) and the
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substantial recanalization of new bone by 12 weeks (Figure 6).
However, the new bone formed by rhBMP-2 induction
appeared less templated by the spiral configuration than the
bone formed in the MSC group. This may be due to the
released thBMP-2 being less confined to the immediate vicinity
of the spiral template, resulting in greater bone formation both
in between the spirally wrapped layers and on the scaffold outer
periphery. By contrast, the possible direct participation of
exogenous MSCs adhered to the HA—PELA could explain why
new bone formation was exquisitely templated by the spiral-
wrapped scaffold. However, the difficulty in tracking and
colocalizing the exogenous MSCs by IHC within the newly
formed bone over a longer period of time prevents us from
obtaining more conclusive direct evidence.

It should be pointed out that the elastomeric nature of PELA
results in a compressive modulus significantly lower than
cortical (GPa scale) or trabecular bone (MPa scale), even for
bulk rapid prototyped HA—PELA scaffolds (150 kPa
compressive modulus).”” Not as strong as other load-bearing
synthetic bone grafting materials,”® our HA—PELA scaffolds are
insufficient for load-bearing applications without auxiliary load-
bearing fixation (e.g, PEEK plate fixator used in this study).
Also, the efficacy of spiral-wrapped HA—PELA scaffolds, with
weight-bearing fixation, in augmenting the healing of critical-
size long bone defects in large animals remains to be
determined.

It should also be noted that restoration of the torsional
strength of the defect was not achieved by 12 weeks in any of
the treatment groups (Figure S4, Supporting Information). The
12 week time frame in the current study was not sufficient to
examine whether the spiral-templated new bone growth in
between adjacent scaffold layers would eventually merge into
more mature and congruent bone as the scaffold fully degrades.
Fusion of the concentrically distributed new bone layers could
potentially be accelerated by introducing macropores in the
spiral-wrapped electrospun scaffold, similar to the design
proposed by Jiang et al.>’ Meanwhile, doubling the loading
dose of thBMP-2 from the exceptionally low 500 ng/defect
applied in the current study, but still lower than the 2—11 ug
per 5 mm segmental defect utilized with most literature
scaffolds,>>****7'=7% may also expedite the functional healing
of the defect. Finally, applying a combination of exogenous
cells, therapeutic agents, or both to the spiral-wrapped scaffold
to synergistically stimulate the osteogenesis and angiogenesis
may also present an opportunity to further improve the
functional outcome of bone repair.

5. CONCLUSION

We tested whether the in vitro bioactivity of electrospun HA—
PELA combined with its unique physical characteristics would
translate spiral-wrapped electrospun HA—PELA scaffolds into a
simple standalone scaffold for effective delivery of exogenous
MSCs or rhBMP-2 and templated bone formation within
critical-size long bone defects. The HA—PELA scaffold was
readily seeded with MSCs or loaded with rhBMP-2, spiral-
wrapped, and stably implanted into 5 mm midshaft femoral
segmental defects in rats. The transplanted MSCs remained
viable and well spread on the scaffold at least 1 week after
implantation, whereas the preabsorbed rhBMP-2 was released
from the scaffold in a sustained manner with retained
bioactivity. We compared the bone repair templated by the
scaffold seeded with exogenous MSCs to the repair enabled by
endogenous cells recruited onto the scaffold with or without a
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low dose of rhBMP-2. We show that HA—PELA alone,
preseeded with MSCs, or with a low dose of thBMP-2 (500 ng)
all supported varying degrees of bone formation within the
defect. Bone formation was exquisitely templated by the spiral-
wrapped scaffold when combined with MSCs, resulting in the
formation of laminated new bone sandwiched in between
adjacent electrospun scaffold layers. The most robust bone
formation bridging over the scaffold-filled defect was obtained
with the use of a single low dose of 500 ng thBMP-2, although
the distribution of the new bone within the scaffold did not
precisely mirror the spiral-wrapped template. Overall, we
demonstrated that spiral-wrapped electrospun HA—PELA
scaffolds are both effective delivery vehicles for exogenous
progenitor cells/protein therapeutics and viable standalone
synthetic templates for guiding the repair of long bone defects.
This work shows that the in vitro bioactivity of electrospun
scaffolds can indeed translate to robust in vivo healing
outcomes. The design and validation of such simple and
scalable scaffolds is important for the clinical translation of
tissue-engineered materials for bone repair.
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