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Recent developments in synthetic bone grafting materials and adjuvant
therapeutic agents have opened the door to the regenerative reconstruction of
critical-size long bone segmental defects resulting from trauma, osteoporotic
fractures or tumour resections. Polymeric scaffolds with controlled
macroporosities, degradability, useful surgical handling characteristics,

and the ability to deliver biotherapeutics to promote new bone ingrowth

39 have been developed for this challenging orthopaedic application. This
review highlights major classes of degradable synthetic polymers and their
biomineral composites, including conventional and amphiphilic polyesters,

40 polyanhydrides, polycarbonates, and polyethylene glycol-based hydrogels,
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that have been explored for the regenerative reconstruction of critical-size

long bone segmental defects over the past two decades. The pros and cons of
these synthetic scaffold materials are presented in the context of enabling
or impeding the functional (mechanical and radiographic) repair of a long
bone segmental defect, with the long bone regeneration outcomes compared
with healthy long bone controls or results achieved with current grafting

standards.

Introduction

Despite the inherent healing capacity of bone,
regenerative reconstruction of critical-size long
bone segmental defects (LBSDs) resulting from
traumatic injuries, osteoporotic fractures among the
elderly, or tumour resections remains a formidable
clinical challenge due to inadequacies of existing
grafting technologies.'® Gold
cancellous autografts retrieved from the non-

bone standard
weight-bearing region of the patient’s own skeleton
(e.g. iliac crest, ribs) are known for rapid resorptions
in vivo and often result in poor unions in LBSD
reconstruction.” Although autologous cortical bone
grafts (e.g. fibular segments) can achieve higher
union rates and superior mechanical strength
restoration in LBSD reconstruction,® their limited
availability and associated donor site morbidity
present major hurdles for widespread clinical use.’
Meanwhile, devitalized allogenic long bone grafts
harvested from donor cadavers, although less limited

Biomater Transl. 2020, 1(1), 33-45

by supplies, are known for notoriously high failure
rates when used for LBSD reconstruction due to their
structural instability and poor vascularization.'® !!
For instance, 18% and 46% of traumatic long bone
injury patients in a retrospective study experienced
structural allograft failures in the first 3 years and
the longer term, respectively.'”” These limitations
associated with autografting and allografting have
driven the demands for viable synthetic bone graft
alternatives."

Current clinically-used synthetic bone graft substitutes
such as bioceramics, collagen sponges/hydrogels,
demineralized bone matrix paste/putty, or their
coarse combinations'* * are known for their
tendency to break and their inadequate/inconsistent
in vivo performances. For LBSD repair, auxiliary
metallic mesh cages are often used in addition
to conventional fixations to help locally retain
these mechanically-inferior formulations within
the defect.!® ' In addition, the slow resorption of
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calcium apatite-based ceramic grafts, known to persist for years in
vivo,' presents a hurdle to the timely restoration of the mechanical
integrity of the long bone."” Although human recombinant bone
morphogenetic proteins 2 and 7 (thBMP-2 and rhBMP-7) have
been clinically used to improve bone graft osteointegration and are
approved by the United States Food and Drug Administration for

222 the supraphysiological clinical doses (e.g.

certain indications,
milligrams scale) required are associated with local or systemic
complications ranging from ectopic bone formation to death.”?
Overall, synthetic bone grafts combining attractive surgical
handling characteristics, structural stability, suitable degradability
and safe doses of biotherapeutics expediting osteointegration are

still lacking for limb salvage applications.

Recent progress in understanding the cellular and molecular
processes governing long bone regeneration has offered new
clues for the design of next-generation synthetic bone grafts.
LBSDs are known to disrupt multiple tissue compartments
including the bone, bone marrow, periosteum, endosteum,
vasculature and surrounding muscles and nerves. Accordingly,
its regenerative healing is governed by tightly-orchestrated
signalling pathways involving a large number of cells (e.g.
immune cells, blood cells, mesenchymal and hematopoietic stem
cells, musculoskeletal cells), starting with acute inflammation and
ending with the remodelling of the regenerated bone.® Synthetic
bone grafts implanted into LBSDs directly interact with the
myriad of endogenous cells recruited to the defect site, impacting
their cross-talk during the dynamic competition between the
processes of tissue regeneration vs. degeneration. Strategies for
modulating immune responses, osteogenesis, vascularization,
and bone remodelling through the manipulation of biomaterial
hydrophilicity, surface charge, microroughness, porosities?® and/
or temporally-controlled delivery of biotherapeutics® ?* have been
actively explored. Varied successes of these approaches, although
not always generalizable across a broad spectrum of biomaterials,
point to a broad range of means to augment the performance of
synthetic bone grafts for LBSD reconstruction.

The past two decades have also witnessed rapid developments
and popularization of a range of rapid prototyping/three-
dimensional (3D) printing technologies, particularly fused
deposition modelling and bioprinting, for the fabrication of
biomaterial scaffolds to guide tissue regenerations.?””?* Compared
to more conventional porous scaffold fabrication techniques such
as gas foaming, particulate leaching, thermally-induced phase
separation, freeze drying and freeze casting,?”*® these 3D-printing
techniques have the distinct advantage of precise spatial and
geometrical controls over scaffold micro/macro-porosities and,
in the case of bioprinting, co-delivery of biotherapeutics/cells.
Combined with electrospinning” and 3D weaving,®” 3' these
enabling tools have made it possible to recapitulate complex
mesoscale structural features of skeletal tissues in biomimetic
synthetic bone grafts to promote vascularization, osteointegration
and effective bone remodelling.

In this review, we highlight recent synthetic bone grafts fabricated
from degradable synthetic polymer/mineral composites, particularly
polyesters, polyanhydrides, and polycarbonates, as well as degradable
poly(ethylene glycol) (PEG)-based hydrogels for the regenerative
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repair of critical-size LBSDs (Table 1). An electronic search of
Google Scholar, PubMed, Medline, EMBASE, and Cochrane Library
for literature describing “critical-size long bone defect regeneration”,
published in English between 2000 and 2020, was performed. The
results were then screened by title and abstract to only include
those involving degradable synthetic polymers. Finally, we further
narrowed down the list by excluding animal studies that employed
neither proper controls nor quantitative outcome measures. Some
of these grafts were fabricated by 3D printing and will be pointed
out accordingly. Whenever possible, the guided bone regeneration
outcomes including the radiographic union, degree of new bone
formation, synthetic graft degradation/resorption, and the functional
properties of regenerated bone are compared to those achieved
with current grafting standards or healthy controls. Although
angiogenesis is known to be tightly coupled to osteogenesis and an
important parameter of functional bone regeneration,” the highly
varied (or lack of) quantitative assessments of angiogenesis in most
studies makes head-to-head comparisons difficult. Accordingly,
we choose to focus on restoration of the mechanical properties
of the regenerated long bone as a key indicator of functional long
bone regeneration as its success requires sufficient vascularization
and integration with the host bone. The varied successes and
limitations of these synthetic bone grafts will be appreciated from
their physiochemical properties, degradation characteristics and the
dose of their integrated biotherapeutics. Most examples highlighted
involve the delivery of osteogenic proteins and peptides rather
than exogenous therapeutic cells that might represent a higher
translational barrier in terms of regulatory approvals.

Biodegradable Synthetic Polymer-Based
Composites for Critical-Size Long Bone
Segmental Defect Regeneration

According to the definition of the American Society for Testing
and Materials, biodegradability refers to the susceptibility of a
material to be decomposed into carbon dioxide, methane, water,
and/or inorganic compounds as well as biomass.** Here we focus
on synthetic biodegradable polymers capable of undergoing
decomposition in humans and vertebrate animals into fragments
that can be further metabolized and readily removed from the body
through natural pathways (e.g., excretion or metabolism).** The
most commonly-used biodegradable polymers for orthopaedic
applications include polyesters (conventional and amphiphilic
polylactides, poly(propylene fumarate) (PPF)), polyanhydrides,
and polycarbonates. Here we discuss recent applications of
synthetic bone grafts composed of these degradable polymers and
other structural additives such as the osteoconductive biominerals
hydroxyapatite (HAp) and p-tricalcium phosphate (B-TCP) for
the regenerative repair of LBSDs.

Polyester-based composite bone grafts

Conventional polylactide-based composites

Polyesters remain the most popular and widely used biodegradable
polymers for medical uses.*® Of them, polylactides are the most
extensively investigated, with poly(lactic acid) (PLA), polyglycolic
acid, poly(D,L-lactic-co-glycolic acid) (PLGA), polycaprolactone
(PCL) and their copolymers cleared by the United States Food
and Drug Administration for various medical applications
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Table 1. Degradable synthetic polymeric scaffolds for long bone segmental defects

Graft composition Animal Segmental Therapeutics Regeneration outcomes  Limitations
defect
3D printed PCL/B-TCP  Sheep* 3 cm tibial 3.5 mg rhBMP-7 Radiographic union; Slow graft
composite mechanical restoration resorption
PLGA microparticles Sheep™® 2.5 cm femoral 4-mg rhBMP-2 Radiographic union (no Tendency of PLGA
mechanical testing) breakage
PLGA-coated gelatine Dog* 2.5 cm tibial 0.4 mg/mL Radiographic union; Small sample size;
sponge rhBMP-2 mechanical restoration Bone resorption
Porous PLA-PEG/HAp  Rabbit* 1.5 cm radial 5-20 ug thBMP-2  Radiographic union (no Slow graft
mechanical testing) resorption
PLA-DX-PEG/b-TCP Rabbit* 1.5 cm femoral 50 mg rhBMP-2 Radiographic union; Graft distortion
mechanical restoration; full within defect
graft resorption
3D-printed PELGA/HAp Rat* 5 mm femoral 400 ng thBMP-2/7  Facile & stable graft Larger animal
fixation; rapid union, translation
full graft resorption & unknown
mechanical restoration
Solid PPF rod/porous Rat® 5 mm femoral  2-8 pg rhBMP-2 Improved defect fixation by Regeneration
sleeve with PLGA solid rod; improved bone impeded by solid
microparticle formation rod; no union
Crosslinked PPF/PPF Rabbit®! 1.5 cm radial 200 pg TP508 Improved osteointegration ~ No union; slow graft
diacrylate with PLGA resorption
microparticle
Salicylic acid-based Rat®* 5 mm femoral 12 ug rhBMP-2 Ectopic bone formation Poor graft
poly(anhydride-ester)/ suppressed; long bone mechanical
PCL membrane regeneration improved (no  property; long-term
mechanical testing) remodelling unclear
Tyrosine-derived Rabbit” 1.5 cm radial 17-35 ug thBMP-2  Improved bone formation ~ No union
polycarbonate/CP (no mechanical testing)
pHEMA-HAp composite Rat''® 5 mm femoral 400 ng thBMP-2/7  Radiographic union; Slow graft
mechanical restoration resorption
MMP-sensitive 4-arm Murine'* 2.5 mmradial 30 ng thBMP-2 Radiographic union; Potentially high
PEG hydrogel with mechanical restoration; manufacturing cost
integrin binding MMP-responsive
GFOGER degradation

Note: 3D: three-dimensional; CP: calcium phosphate; DX: p-dioxanone; GFOGER: a2f1 integrin-specific hexapeptide sequence
Gly-Phe-Hyp-Gly-Glu-Arg; HAp: hydroxyapatite; MMP: matrix metalloproteinase; PCL: polycaprolactone; PEG: poly(ethylene

glycol); PELGA: poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic-co-glycolic acid); pHEMA: poly(2-hydroxyethyl
methacrylate); PLA: poly(lactic acid); PLGA: poly(D,L-lactic-co-glycolic acid); PPF: poly(propylene fumarate); rhBMP: recombinant
human bone morphogenetic protein; TP508: Chrysalin, a 23-amino acid peptide representing amino acids 508-530 of human

prothrombin; B-TCP: B-tricalcium phosphate.

ranging from resorbable sutures, drug delivery formulations to
orthopaedic applications.*® These polymers can be prepared by
ring-opening polymerization or copolymerization of glycolide,
lactide, and/or e-caprolactone. They undergo biodegradation via
nonspecific hydrolytic scissions of the ester linkages at varied rates.
End degradation products such as lactic acid, a natural metabolite,
can be transported to the liver for metabolic conversions.”

The most common use of polylactides for LBSD reconstruction is
to exploit their degradability for the in vivo delivery of osteogenic
therapeutic factors. An earlier study delivering thBMP-2 and
autologous blood via PLGA microparticles to 25-mm, critical-size
femoral segmental defects in sheep® demonstrated the efficacy
of 2- and 4-mg rhBMP-2 or autologous blood in improving
new bone formation within the LBSD compared to the empty
PLGA microparticle carriers. With the delivery of therapeutics,
new bone mineral content within the LBSD was found to reach
that of the intact femur by 4 months while the recanalization of
the intramedullary canal approached completion by 12 months.

Biomater Transl. 2020, 1(1), 33-45

However, the tendency of the weak PLGA to break in situ was
noted and the biomechanical restoration of the regenerated bone
was not evaluated. PLGA was also used to coat gelatine sponge
grafts for the delivery of 0.4 mg/mL rhBMP-2 into 2.5-cm tibial
segmental defects in dogs.”” Unlike the defect treated with the
polymer-coated gelatine sponge scaffold alone that failed to bridge
by 4 months, the defects treated with the polymer-coated gelatine
sponge grafts impregnated with hBMP-2 achieved radiographic
union by 4 months (Figure 1A-E). Upon removal of the fixation
plate, the regenerated bone continued to be remodelled over 2
years (Figure 1F-H), with the torsional stiffness exceeding that
of the intact tibiae at 8 months and returning to the level of intact
tibiae at 2 years.

The osteoconductive minerals 3-TCP and HAp, known for their
varying in vivo resorption rates,* abilities to absorb a wide range
of protein factors* and to buffer acidic degradation products of
polylactides, have long been used to fabricate degradable polymer-
mineral composite bone graft substitutes.*>* A successful use of
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Figure 1. Radiographs of a defect treated with polymer-coated gelatin sponge impregnated with recombinant bone
morphogenetic protein 2 (0.4 mg/cm?) (anteroposterior view). (A-H) Radiographs were taken at 0 (A), 4 (B), 8 (C), 16
(D and E; before and after plate removal, respectively), 32 (F), 52 (G) and 104 (H) weeks postoperatively. Arrowheads
in B and C indicate the hypertrophic bone beyond the metal plate. Reproduced from Kokubo et al.* with permission

from Elsevier.

3D-printed macroporous PCL/B-TCP composite scaffold for the
repair of 3 cm, critical-size tibial segmental defects in sheep was
demonstrated with the incorporation/delivery of 1.75 or 3.5 mg
rhBMP-7.* Bony callus bridged over the critical-size LBSDs by 3
months, with the torsional strength of the regenerated bone in both
groups reaching the level achieved by the autologous cancellous
bone grafting control. By 1 year, the mechanical restoration
resulting from the PCL/B-TCP/3.5-mg rhBMP-7 treatment
transcended those treated with the autologous cancellous bone
graft control, although the synthetic bone graft was not fully
resorbed, likely due to the slow degradation of PCL.

It should also be noted that the milligram scale of recombinant
bone morphogenetic protein (BMP) protein therapeutics used in
combination with the polylactide-based scaffolds in these large
animal LBSD repair studies resembled the high human clinical
doses known for adverse local and systemic health risks. More
recently, 3D-printed elastic composites of HAp/PCL or HAp/
PLGA with mineral contents as high as 90 wt% were developed as
BMP delivery carriers for spinal fusion and calvarial bone repair
applcations.® It remains to be seen whether these high-mineral
content polylactide composites may facilitate the functional
regeneration of LBSDs, especially with substantially reduced
effective loading doses of BMP therapeutics.

Amphiphilic polylactide-based composites
To improve the aqueous wettability, enhance the interfacial

B-TCP/Polymer/rhBMP-2

2 weeks

4 weeks

8 weeks

bonding with hydrophilic biominerals, and expedite the
hydrolytic degradation of polylactide-based composite grafts,
amphiphilic block copolymers containing both hydrophilic PEG
block and hydrophobic PLA, PGLA or PCL block have been
developed. A number of studies have explored the use of these
amphiphilic polylactide-mineral composites for the repair of
critical-size LBSDs. Porous amphiphilic copolymer PLA-PEG/
HAp composites in combination with 5 or 20 ug rhBMP-2
were shown to enable bony callus formation bridging over 15-
mm radial segmental defects in rabbits within 2 months.* The
composite grafts, however, were not fully resorbed by 2 months,
and it was unclear how the mechanical integrity of the repaired
defect compared to that of intact controls. Similarly, composite
grafts composed of amphiphilic random copolymers consisting
of PLA, p-dioxanone and PEG (PLA-DX-PEG) and B-TCP were
used to deliver 50 pg of thBMP-2 for the repair of 15-mm femoral
segmental defects in rabbits.”” Bony callus bridged over the defects
at 2 months (Figure 2), restoring the bending stiffness to 40%
of the intact controls. The implant was completely resorbed by 6
months, accompanied by the restoration of mechanical integrity
and natural anatomical structure of the regenerated femur
through continued remodelling of the new bone.

We have developed multi-functional shape memory composite
bone grafts based on the amphiphilic copolymers PLA-PEG-
PLA or PLGA-PEG-PLGA with HAp, and elucidated how useful
physical handling characteristics and biological performances

B-TCP/Polymer No implant

Figure 2. Representative femoral radiographs. From left, implanted with B-TCP with PLA-DX-PEG and rhBMP-2,
B-TCP with PLA-DX-PEG without thBMP-2, and critical size bone defect without implantation (sham surgery).
Sequential radiographs show bone repair at 2, 4, and 8 weeks after implantation in the experimental group. Reproduced
from Yoneda et al.”” with permission from Elsevier. DX: p-dioxanone; PEG: poly(ethylene glycol); PLA: poly(lactic acid);
rhBMP-2: recombinant bone morphogenetic protein 2; 3-TCP: 3-tricalcium phosphate.
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may be engineered to enhance LBSD regeneration outcomes
through a series of studies.®** With the hydrophobic PLA
or PLGA blocks providing tunable degradability while the
hydrophilic central PEG block enables strong bonding with
HAp, the amphiphilic composites exhibited enhanced elasticity
and aqueous wettability.* °» 5! Compared to conventional
polylactide-HAp composites, the well-integrated HAp in the
amphiphilic composites more effectively promoted osteochondral
lineage commitment of bone marrow-derived stromal cells in
unstimulated culture and supported far more potent osteogenesis
upon in vitro osteogenic induction.”’ The well-dispersed HAp
distribution within the amphiphilic composites, maximizing
mineral surface area for protein absorption, also enabled the
sustained release of BMP protein therapeutics from both
electrospun fibrous meshes® and 3D-printed macroporous
scaffolds® for guided long bone regeneration. By controlling
the block length and the ratio of hydrophobic PLA/PLGA us.
hydrophilic PEG, we also programmed hydration-induced
stiffening behaviour, driven by microphase separation and PEG
crystallization, to enable stable self-fixation of the amphiphilic
composites within confined defects.*”* Finally, taking advantage
of the respective thermal transitions of the amphiphilic blocks,
we programmed shape memory behaviours that enable facile
temporary shape programming at ambient temperature and shape

recovery at safe physiological temperatures.*-% 2

The successful translation of these multifunctional amphiphilic
degradable shape memory composites for safer and more effective
regenerative LBSD repair was recently demonstrated in rodents.*
Specifically, the macroporous 25% Hap-PLGA-PEG-PLGA(8/1)
grafts incorporating PLGA-PEG-PLGA triblock copolymers,
with a lactide to gylcolide ratio of 8:1, and 25 wt% Hap, were 3D
printed to fit 5-mm, critical-size femoral segmental defects in rats.
The graft could be compressed into a short cylinder at the time
of surgery for convenient placement within the LBSD, and then
underwent shape recovery at body temperature and spontaneous
swelling and stiffening upon contact with bodily fluid. These
unique graft characteristics translated into much shorter surgery
time compared to the placement of the weak collagen sponge
controls, and resulted in superior graft fixation as demonstrated
by the substantially-higher graft fixation force measured (> 2
orders of magnitude higher than that of collagen sponge) and
the 100% graft stability achieved in vivo. Importantly, when
the graft was loaded with 400 ng of a thBMP-2/7 heterodimer,
(equivalent to ~13 pg in a 60-kg human), it led to the formation of
bridging bony callus as early as 1 month (Figure 3A). Continuous
remodelling led to steady increases in bone volume and bone
mineral density (Figure 3B), the recanalization of regenerated
bone, and the full resorption of the bone graft by 3 months
(Figures 3A and C), culminating in the restoration of torsional
strength to the level of intact controls by 4 months (Figure 3D).
It should be noted that such a functional LBSD regeneration was
achieved with a recombinant BMP protein therapeutic dose >
2 orders of magnitude lower than those typically required with
collagen sponge carriers. Indeed, the significantly lower effective
BMP loading dose on the amphiphilic composite graft, along with
the excellent graft fixation stability, translated into the complete
elimination of ectopic bone formation that was consistently

Biomater Transl. 2020, 1(1), 33-45

Biomaterials Translational

observed in LBSDs treated with collagen/BMP controls. It
remains to be seen whether this exciting shape memory bone
graft technology may translate into safer and more effective limb
salvage in larger animals and humans.

Poly(propylene fumarate)-based composites

Poly(propylene fumarate) (PPF), an unsaturated linear polyester
used for orthopaedic applications,®™ * can be prepared by the
transesterification of di-(2-hydroxypropyl) fumarate. Fumaricacid,
the main degradation product of PPF, is one of the essential Kreb’s
cycle acid intermediates and is widely used in the food industry.
The fumarate double bonds in PPF allow the polymer to be
further crosslinked in situ for applications ranging from injectable
biodegradable bone cements” ** to fabricating macroporous
scaffolds crosslinked in 3D-printed negative moulds.*® By altering
the composition and crosslinking of the polymers, PPF with
compressive strength ranging from tens to hundreds of megapascals
can be prepared. Solid PPF intramedullary rods, with or without
a porous PPF sleeve for encouraging osteointegration, and with
rhBMP-2 delivery via embedded PLGA microparticles, were
examined for the stabilization and repair of 5-mm, critical-size
femoral segmental defects in rats.® The solid PPF intramedullary
rod, applied in addition to plate fixation, improved defect fixation.
Unfortunately, although the porous coating incorporating 2 or 8
ug of rhBMP-2 promoted new bone formation, complete union
was not achieved in any treatment groups examined, suggesting
that the solid PPF rod impeded long bone regeneration.

Porous, thermally-crosslinked PPF/PPF diacrylate composite scaffolds
containing PLGA microparticles loaded with the osteogenic
peptide TP508 were also examined for guided regeneration of 15
mm critical-size radial segmental defects in rabbits.®! Whereas the
composite scaffold containing 100 or 0 pug of TP508 led to minimal
bone formation (< 10% bridging), the scaffolds bearing 200 pg of
TP508 via the PLGA microparticles improved the osteointegration
(up to 80% bridging). Unfortunately, the PPF scaffold remained
largely undegraded and the defect failed to be fully bridged by 12
weeks. These studies point to the limitation of slowly degrading
PPF scaffolds for functional long bone regeneration.

Polyanhydride-based composites

Polyanhydrides, another class of biodegradable polymers frequently
used for drug delivery,*> ® can be prepared by ring-opening
polymerization, melt polycondensation, dehydrochlorination and
dehydrative coupling. The carboxylic acid degradation products
resulting from the hydrolytic cleavage of the anhydride linkages
should be carefully chosen for in vivo applications, to minimize
mutagenicity or cytotoxicity.** Of note, polyanhydrides that
can be hydrolysed into therapeutic acids such as salicylic acid,
a nonsteroidal anti-inflammatory drug, have been explored
for limiting undesired ectopic bone formation associated with
LBSD repair when high doses of thBMP-2 are delivered via
collagen sponge carriers.®® The idea was to utilize the ability of
nonsteroidal anti-inflammatory drugs to suppress bone formation
via the inhibition of cyclooxygenase-2°® to counter the excessive
release of rhBMP-2 into the tissues surrounding the LBSD.
Specifically, salicylic acid-based poly(anhydride-ester) (SAPAE)
was electrospun with PCL into thin membranes capable of fast
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Figure 3. Accelerated healing of 5-mm rat femoral segmental defects by 25% HAp-PELGA(8/1) grafts preabsorbed with
400-ng thBMP-2/7. (A) 3D pCT images and BMD colour maps (centre sagittal and axial slices) of the ROI showing
maturing regenerated bone within the defect over time. Global thresholding was applied to exclude bone densities below
518.2 mg HAp/cm® (HAp-PELGA graft invisible at this threshold). (B) Longitudinal uCT quantification of BV and BMD
(n > 12) within the ROI over time. Data are presented as means + SEM. **P < 0.01, ****P < 0.0001 (one-way analysis of
variance with Tukey’s post-hoc test). The global lower threshold of 518.2 mg HAp/cm® was applied for all quantifications.
(C) Histological micrographs of H&E-, ALP/TRAP-, and Tol blue-stained sections of explanted graft-filled femurs
over time. Scale bars: 1.2 mm (25x magnification) and 300 um (100x magnification). Boxed regions shown at higher
magnification in bottom rows. (D) Boxplots of failure torque and stiffness of intact (control) versus regenerated femur
(8/1 + BMP) 16 weeks after being treated with HAp-PELGA(8/1) grafts preloaded with 400-ng thBMP-2/7 (n=7). *P <
0.05 (Wilcoxon-Mann—Whitney rank sum test). Reprinted from Zhang et al.> with permission from AAAS. 3D: three-
dimensional; ALP: alkaline phosphatase; BM: bone marrow; BMD: bone mineral density; BMP: bone morphogenetic
protein; BV: bone volume; Ctl: control; H&E: haematoxylin and eosin; HAp: hydroxyapatite; HC: healing callus; n.s.:
P > 0.05; NB: new bone; PELGA: poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic-co-glycolic acid);
rhBMP: human recombinant bone morphogenetic protein; ROI: region of interest; S: scaffold; TRAP: tartrate-resistant
acid phosphatase; pCT: micro-computed tomography.

degradation (FD-SAPAE) or slow degradation (SD-SAPAE).
Collagen sponges loaded with 12-pg BMP-2 were placed within
5-mm rat femoral segmental defects with or without FD-SAPAE,
SD-SAPAE or PCL control membranes.”® Whereas massive
ectopic bone formation was observed in the groups without any
membrane wrapping or those wrapped with PCL control or SD-
SAPAE by 4 weeks, the treatment with FD-SAPAE membrane
improved bone formation within the LBSD while suppressing
ectopic bone formation. The study, however, did not investigate
the longer-term bone remodelling outcome or the mechanical
integrity of regenerated bone as a function of salicylic acid release
kinetics and membrane degradations. It should be noted that the
poor mechanical properties of the polyanhydride precludes its
use as a standalone bone graft for LBSD repair, and the complex
dynamics and interplay of the biological actions of BMP-2 and
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salicylic acid could present barriers to the clinical translation of
this strategy.

Polycarbonate-based composite bone grafts

Polycarbonates® are a class of thermoplastics that have broad-
ranging applications from construction materials, digital storage
media to containers and automobile parts. Poly(bisphenol A
carbonate), prepared from the condensation of bisphenol A with
phosgene or diphenyl carbonate, is a leading example due to its
high impact resistance, ductility, optical transparency and low
production costs.”” Unfortunately, the oestrogen-like behaviour
of bisphenol A”' causes major concerns for its use in applications
such as food containers as well as biomedically in vivo.”> Aliphatic
polycarbonates that are degradable into non-xenoestrogenic alkyl
alcohols and carbon dioxide under physiological conditions have

www.biomat-trans.com
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thus attracted attention for biomedical uses.”””* For guided bone
regenerations, porous poly(butylene carbonate) membranes®
and poly(trimethylene-carbonate) barrier films®! were examined
for treating non-weight-bearing calvarial and mandibular
defects, respectively; they were found to perform comparably in
terms of bone regeneration outcome to the respective PCL and
polytetrafluoroethylene controls. These aliphatic polycarbonates,
mechanically inferior to PCL, have not been applied to the
regenerativerepairofweight-bearing LBSDs. Meanwhile, toenable
the introduction of functionalities and hydrophilicity desired for
potential therapeutics delivery and osteointegration, carbonate
monomers with “clickable” functionalities including alkyne-,*
azide-* and (methyl)acrylate84 have been prepared. For instance,
we developed an azido-substituted cyclic trimethylene carbonate
monomer that can be used for controlled homopolymerization
and copolymerization with lactides,*” and demonstrated the facile
functionalization of the resulting polycarbonates and poly(ester-
carbonates) via either copper-catalyzed® or copper-free, strain-
promoted® azido-alkyne cycloaddition “click”
Whether and how mineral composites prepared with these
functional polycarbonates translate into the regenerative LBSD
repair remains to be determined.

chemistries.

Tyrosine-derived polycarbonates (Tyr-PCs), with hydrolytically-
labile carbonate linkages and ester linkages along the main
chain and connecting the side chains, respectively, were first
developed by Kohn and Langer in 1987 as structural analogues
of conventional poly(amino acids).¥* Being mouldable,”
biocompatible and exhibiting good bone apposition,’** this
relatively new class of degradable polycarbonates have been
explored for orthopaedic applications ranging from fixation
rods¥ to guided craniomaxillofacial bone regeneration.”**® A
Tyr-PC terpolymer, polymerized from 89 mol% desaminotyrosyl-
tyrosine alkyl ester and 10 mol% desaminotyrosyl-tyrosine and
incorporating 1 mol% 1000-Da PEG, was explored for the repair
of 15-mm, critical-size radial segmental defects in rabbits, with
the polymer scaffold coated with calcium phosphate and 0-, 17-
or 35-pg thBMP-2." Whereas the Trp-PC + calcium phosphate
scaffold alone induced minimal bone formation (< 2.5%), the
loading of 17- or 35-ug rhBMP-2 led to significant increases in
new bone formation within the LBSDs at 4 and 8 weeks. However,
the defects were not fully restored at 8 weeks and the mechanical
integrity of the regenerated bone was not evaluated.

As scaffold degradation kinetics and the immunogenicity of
degradation products directly impact immune responses including
macrophage polarization and the efficiency of osteogenesis,
osteointegration and remodelling, the hydrolytically-degradable
carbonate and ester linkages in Tyr-PCs provide a unique
opportunity to modulate the osteoimmunological responses.
For example, by manipulating side chain chemistry, Tyr-PCs
can be engineered to achieve faster hydrolysis of the carbonate
linkages, thereby delaying/mitigating the acute inflammatory
responses often observed with the acidic degradation products of
polyester-based scaffolds.!® Long-term local and systemic safety
profiles, however, will have to be established after any chemical
modifications under the context of specific in vivo applications.
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Limitations of polysaccharide-based hydrogels
Naturally-occurring polysaccharide-based hydrogels such as
hyaluronic acid,! alginate,'®'%® and chitosan'®'!"! have been
explored for LBSD repairs with varying degrees of success, with
the polysaccharides often chemically modified with cell-adhesive
peptides/proteins and/or loaded with osteogenic/angiogenic
factors. Due to the intrinsically weak mechanical properties,
these hydrogel formulations were often augmented with other
structural components including osteoconductive minerals, or
delivered within a secondary containment to the site of LBSDs.
The microgram-scale thBMP-2 delivered via most of these
scaffolds for treating rodent critical-size LBSDs, when scaled
to human, is unlikely to address the safety concerns associated
with the current clinical doses delivered with collagen sponge
carriers. Finally, covalent modifications of naturally-occurring
polysaccharides in a regioselective manner and with reproducible
stoichiometric control can be challenging.

Limitations of non-degradable crosslinked synthetic
hydrogel composites

In comparison, wholly synthetic hydrogels crosslinked from
well-defined building blocks present unique advantages in
addressing some of the challenges associated with naturally
occurring polysaccharide-based hydrogels. For instance, poly(2-
hydroxyethyl methacrylate)-based hydrogels bearing biomimetic
mineral-binding ligands can be readily prepared by copolymerizing
functional methacrylate monomers."” '3 We demonstrated
that high-mineral content (up to 70 wt%) poly(2-hydroxyethyl
methacrylate)-HA composite with outstanding structural integrity,
interfacial adhesion and compressive elasticity can be prepared
for bone tissue engineering applications.'* '"* When the poly(2-
hydroxyethyl methacrylate)-mineral composite grafts containing
50 wt% HA and 400-ng rhBMP-2/7 were press-fit within 5-mm,
critical-size femoral segmental defects in rats, they led to robust
bridging bony callus formation by 6 weeks, with the torsional
integrity of the remodelled new bone comparable to that of healthy
controls."'® However, due to the non-hydrolytically degradable
nature of the polymethacrylate network, the composite graft
remained sandwiched within the new bone, likely taking a very
long time for the graft to be resorbed. This is also a limitation
of conventional photo-crosslinked polyethylene glycol di(meth)
acrylate-based hydrogels as synthetic bone grafts. Although lower
molecular mass PEG oligomers can be excreted through the urine,
the slow degradation of the crosslinked system could impede timely
tissue integration and graft resorption for LBSD reconstruction.'"’
Accordingly, there is a need for PEG-based hydrogels with
more controlled degradation and bio-functionalities (e.g. cell-
adhesiveness to overcome its bioinert nature''®) for LBSD
reconstructions.

Integrating controlled degradation to crosslinked
polyethylene glycol-based hydrogels

To expedite the hydrolytic degradation of crosslinked PEG-based
hydrogels, degradable polymer segments (e.g. polylactide,'’
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polycarbonate'®) could be covalently integrated within the 3D
network. Alternatively, we showed that when isolated degradable
ester linkages were strategically placed near the strain-promoted
azide-alkyne cycloaddition crosslinking site of well-structured
PEG hydrogels, a broad range of degradation rates (from days
to years) predicted by first-order hydrolytic degradation kinetics
could be engineered.”?" Finally, PEG hydrogels crosslinked
by matrix metalloproteinase-sensitive peptide crosslinkers'?
have seen numerous applications for bone and cartilage tissue
engineering where the neotissue integration benefited from
timely, environmentally-responsive scaffold degradation.'?*'%
For instance, Shekaran et al.'” crosslinked four-arm PEG-
maleimides bearing the pro-osteogenic a2f1 integrin-specific
hexapeptide Gly-Phe-Hyp-Gly-Glu-Ar (GFOGER) with matrix
metalloproteinase-sensitive crosslinkers. These hydrogels were

Song, J;etal.

loaded with varying doses of rhBMP-2 for the repair of 2.5-mm
murine radial segmental defects. The GFOGER-functionalized
hydrogel alone was shown to result in substantial new bone
formation within the defect, outperforming those tethered
with the more commonly used cell adhesive RGD peptides.
Furthermore, with the delivery of a low dose of 30-ng rhBMP-2,
the GFOGER-modified, matrix metalloproteinase-responsive
hydrogel underwent timely in vivo degradation and BMP-2
release, effectively repairing the LBSD with bridging new bone
that fully restored its torsional integrity by 2 months (Figure 4).
By contrast, the collagen control absorbed with the same dose of
rhBMP-2 was unable to fully bridge the defect within the same
timeframe. This well-designed scaffold has the potential to be a
more effective and safer BMP therapeutics carrier for a range of
orthopaedic applications.

sk

ok

Figure 4. BMP-2 delivery from GFOGER-functionalized gels improves bone regeneration compared to collagen
foams. (A) 3D pCT reconstructions of radii (left) and mineral density sagittal sections (right). Scale bar: 1 mm. (B) pCT
measures of bone volume in radial defects. (C) Bridging score at 8 weeks post-implantation (n = 13). (D) Maximum
torque values for 8 weeks radial samples subjected to torsion mechanical testing to failure (n = 5-9). (E) Sections of
8 weeks radial samples stained with Safranin-O/Fast Green. Scale bar: 200 pm. (F) Retention of infrared dye-labelled
BMP-2 at implanted defect sites in vivo (n = 6). (G) Quantification of CD457/CD90* osteoprogenitor cells present in the
defects 7 days post-implantation (n = 4-6). *P < 0.05, ***P < 0.001, ****P < 0.0001, vs. collagen foam/low dose BMP-2.
Reproduced from Shekaran et al.'?* with permission from Elsevier. 3D: three-dimensional; BMP-2: bone morphogenetic
protein 2; GFOGER: 21 integrin-specific hexapeptide sequence Gly-Phe-Hyp-Gly-Glu-Ar; uCT: micro-computed

tomography.

Outlook

In the past two decades, a wide range of degradable synthetic
polymeric bone grafts have been developed to promote the
regenerative repair of LBSDs, some already yielding exciting
outcomes in preclinical animal models. For eventual successful
clinical translations, further enhancements of the efficacy and
safety while ensuring reproducible, scalable and affordable
manufacturing of these grafts will be necessary. It is also critical
that preclinical studies are more rigorously designed to include
functional outcome evaluations such as mechanical property
assessment of regenerated long bone against current grafting
standards and healthy controls. The assessment of longer-term
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local tissue responses and systemic safety of the synthetic bone
grafts and their degradation products should also be encouraged
within the bone tissue engineering community.

Emerging strategies for modulating osteoimmune responses
during scaffold-guided bone regeneration such as macrophage
polarization and osteoclast-mediated bone remodelling through
the manipulation of physiochemical properties of biomaterial
scaffolds® could lead to more effective regenerative repair of
LBSDs. For instance, pro- vs. anti-inflammatory cytokines® %
may be tethered to the synthetic bone graft to provide
environmentally-responsive, temporally-controlled release to
promote regenerative rather than degenerative repair processes.

www.biomat-trans.com
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Meanwhile, recent advances in designing viscoelastic synthetic
biomaterials'?'® that better recapitulate the dynamic tissue
mechanics including stress relaxation properties’®® may enable
better control over the fate and function of exogenously-
delivered cell therapeutics or the myriad of endogenous cells
recruited to the site of LBSDs. Furthermore, the engineering of
multifunctional synthetic bone graft properties such as shape
memory and in situ stiffening has the potential to improve the
efficiency and precision of the surgical delivery and fixation of
personalized bone grafts. Finally, the continued innovation of
materials fabrication techniques such as intravital bioprinting!?"!3?
may open the door for longitudinal delivery of therapeutics to
the surface of autogenic, allogenic and synthetic bone grafts in a
spatially-defined manner.
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