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Abstract: Attempts to replicate native tissue architecture
have led to the design of biomimetic scaffolds focused on
improving functionality. In this study, biomimetic citrate-
based poly (octanediol citrate)-click-hydroxyapatite (POC-
Click-HA) scaffolds were developed to simultaneously repli-
cate the compositional and architectural properties of native
bone tissue while providing immediate structural support
for large segmental defects following implantation. Biphasic
scaffolds were fabricated with 70% internal phase porosity
and various external phase porosities (between 5 and 50%)
to mimic the bimodal distribution of cancellous and cortical
bone, respectively. Biphasic POC-Click-HA scaffolds dis-
played compressive strengths up to 37.45 = 3.83 MPa, which
could be controlled through the external phase porosity.
The biphasic scaffolds were also evaluated in vivo for the
repair of 10-mm long segmental radial defects in rabbits and
compared to scaffolds of uniform porosity as well as autolo-
gous bone grafts after 5, 10, and 15 weeks of implantation.

The results showed that all POC-Click-HA scaffolds exhibited
good biocompatibility and extensive osteointegration with
host bone tissue. Biphasic scaffolds significantly enhanced
new bone formation with higher bone densities in the initial
stages after implantation. Biomechanical and histomorpho-
metric analysis supported a similar outcome with biphasic
scaffolds providing increased compression strength, interfa-
cial bone ingrowth, and periosteal remodeling in early time
points, but were comparable to all experimental groups after
15 weeks. These results confirm the ability of biphasic scaf-
fold architectures to restore bone tissue and physiological
functions in the early stages of recovery, and the potential
of citrate-based biomaterials in orthopedic applications.
© 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 103A: 772—
781, 2015.
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INTRODUCTION

Current challenges in the management of large segmental
bone defects have driven research in the direction of creat-
ing biologically inspired substitutes to replicate the anisot-
ropy, nonlinearity, and local mechanical properties of native
bone tissue.!™ Bone is a relatively rigid and lightweight
organ optimized to withstand external loads through its
unique tissue architecture, which is a bimodal distribution
of highly porous cancellous bone surrounded by a dense
layer of cortical bone.*” The elucidation of this natural
structure has provided insights into the design of
biomimetic alternatives focused on tissue functionality.®> For

*These authors contributed equally to this work.

example, various multiphasic and gradient porosity scaffold
design strategies have been introduced to mimic the strati-
fied native architecture of bone and provide improved
mechanical and biological properties over conventional scaf-
folds of uniform porosity.*®” Thus, by simultaneously repli-
cating the respective porosities of dense cortical bone and
open network of cancellous bone within a single construct,
novel tissue engineered scaffolds can be produced to not
only provide long-term regenerative capabilities but also
immediate structural and load bearing support.®

In addition to recreating the native tissue architectures,
selecting the appropriate biomaterial for scaffold fabrication
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is equally important in the success of an orthopedic tissue-
engineered device.? Huge efforts have been devoted to the
hybridization of biodegradable polymers and inorganic bio-
ceramics to improve the mechanical properties and bioactiv-
ity of each component for orthopedic applications.’
Although promising, many of the previous composite mate-
rials are unable to match the native bone composition, pro-
vide adequate mechanical strength, minimize inflammatory
responses, promote bone regeneration, and fully integrate
with the surrounding tissue.!’ For example, many of the
current materials are limited by the total amount of biocer-
amic that can be incorporated into the composite before
becoming too brittle, which ultimately limits their osteo-
genic potential in load bearing applications.'” Therefore,
carefully selecting the candidate polymers to composite
with bioceramics at the molecular level may constitute a
significant aspect in bone biomaterial design.

Designed to address the limitations of the previous mate-
rials, citrate-based hydroxyapatite (HA) composites are a
new class of orthopedic biomaterial, which offer numerous
advantages for orthopedic tissue engineering'°*® Citrate, a
historically known metabolic byproduct of the Kreb’s cycle, is
naturally abundant in bone tissue and has been recently
found to be a bound and integral part of apatite nanocrystal
structure playing important roles in bone formation, stability,
strength, and maintenance.’®'” When incorporated into bio-
material design, citrate provides valuable pendant carboxyl
chemistry, which improves HA calcium chelation and allows
for the ability to incorporate up to 65 wt.-% HA in the com-
posite for improved osteoconductivity and osteointegration.'®
Previous citrate-based composites are able to induce rapid
mineralization in vitro, up regulate alkaline phosphatase
(ALP) and osterix (OSX) gene expression, accelerate osteo-
blastic phenotype progression, and promote osteoconductiv-
ity and osteointegration in vivo from their ability to better
replicate the native bone citrate and inorganic mineral con-
tent.'*> These recent insights have reintroduced interest
into the role of citrate in bone development and have pro-
vided a new hypothesis that osteoblasts are specialized
citrate producing cells providing the increased citrate levels
necessary for proper bone formation.'” Due to these multiple
benefits, we believe that citrate should be considered in
orthopedic biomaterial and scaffold design.

We have recently developed a clickable biodegradable
citrate-based elastomer, poly (octanediol citrate)-click (POC-
Click), which uses azide-alkyne cycloaddition (click chemis-
try) as an additional crosslinking mechanism to improve the
mechanical strength of the bulk material without sacrificing
valuable pendant carboxyl chemistry for HA calcium chela-
tion."® In this study, biomimetic POC-Click-HA biphasic scaf-
folds were developed to simulate both the architectural and
compositional properties of native bone tissue to provide the
necessary mechanical properties, porosity, and bioceramic
content. It is hypothesized that a citrate-based HA composite
can provide an osteoconductive surface for bone regeneration
and tissue integration, while the biphasic scaffold design can
mimic the hierarchical organization of cancellous and cortical
bone. A scaffold with this type of architecture can potentially
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provide the necessary porosity in the internal phase for tis-
sue ingrowth with reduced porosity in the external phase to
meet the immediate mechanical demands for the repair of
large segmental bone defects.* POC-Click-HA scaffolds were
fabricated and characterized for their resulting geometries,
mechanical properties, and efficacy to repair 10-mm long
segmental radial defects in rabbits.2%*!

MATERIALS AND METHODS

HA [M,: 502.32, assay >90% (as Caz (PO4),); particle size:
>75 um (0.5%), 45-75 um (1.4%), <45 um (98.1%)] was
purchased from Fluka (St Louis, MO). 1,8-octanediol (98%),
citric acid (99.5%), and all remaining chemicals were pur-
chased from Sigma-Aldrich (St Louis, MO) and used as
received unless stated otherwise.

POC-Click synthesis

2,2-Bis (azidomethyl) propane-1,3-diol (diazido-diol mono-
mer, DAzD) and propargyl 2,2-bis (hydroxyl-methyl) propio-
nate (alkyne-diol monomer, AlD) were synthesized as
described elsewhere.?? POC-Click prepolymers with azide
functionality (POC-Click-N3) were synthesized by the copoly-
merization of citric acid, 1,8-octanediol, and AID in a
1.0:0.7:0.3 molar ratio, respectively. Briefly, a mixture of cit-
ric acid and 1,8-octanediol were added to a 100 mL three-
necked round bottom flask fitted with an inlet and outlet
adapter. The mixture was melted under a flow of nitrogen
gas by stirring at 160°C in a silicone oil bath. The tempera-
ture of the system was subsequently lowered to 120°C fol-
lowed by the addition of the AID monomer and allowed to
react for 2 h to create the POC-Click-N3 prepolymer. To
remove any of the unreacted monomers and oligomers, the
prepolymer was dissolved in 1,4-dioxane, and purified by
drop wise precipitation in deionized water produced from a
Direct-Q 5 Water Purification System (Millipore, Billerica,
MA). The undissolved prepolymer was collected and
lyophilized in a Freezone 6 Freeze Dryer (Labconco, Kansas
City, MO) to obtain the purified pre-POC Click-N3;. POC
Click prepolymers with alkyne functionality (POC-Click-Al)
were synthesized as described above using citric acid,
1,8-octanediol, and DAzD in a 1.0:0.7:0.3 molar ratio,
respectively.

POC-Click scaffold fabrication

Biphasic scaffold fabrication. Biphasic scaffolds consisting
of similar internal phase porosities and various external
phase porosities were fabricated (Fig. 1). To create the
external phase, equimolar amounts of pre-POC-Click-N3 and
pre-POC-Click-Al were dissolved in 1,4-dioxane and mixed
with HA (65 wt.-%). Sodium chloride salt with an average
size in the range of 200-400 pm was added to the mixture
in various concentrations (5-50 wt %) to control the poros-
ity of the external phase. The mixture was stirred in a Tef-
lon dish until a homogenous viscous paste was formed.
Following solvent evaporation, cylindrical shaped scaffolds
were formed by inserting the viscous paste into Teflon
tubes (5 X 10 mm; inner diameter X length) purchased from
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FIGURE 1. Schematic representation of the POC-Click-HA Biphasic
scaffold design for long bone regeneration. Biphasic scaffolds were
fabricated with similar internal phase porosities (70%) and various
external phase porosities (5-50%). Biphasic scaffolds are referred to as
biphasic-X, where X denotes the salt weight percentage used to create
the external phase during fabrication. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

McMaster-Carr (Aurora, OH). Finally, the scaffolds were
postpolymerized in an oven maintained at 100°C for 1 day.
To create the internal phase, a 3-mm diameter hole was
lathed into the center of the scaffolds, and a paste similar to
the above mentioned procedure was created with a 70 wt.-%
salt concentration. The resulting paste was inserted into the
lumen of the external phase and allowed to dry overnight in
a laminar flow hood. After solvent evaporation, the scaffolds
were postpolymerized in an oven maintained at 100°C for 2
days followed by 120°C under 2 Pa vacuum for 1 day. The
salt was leached out from the scaffolds by immersion in
deionized water for 72 h with water changes every 12 h.
Finally, the scaffolds were lyophilized to obtain the final
biphasic scaffolds (5 X 10 mm; diameter X length). Biphasic
scaffolds are referred to as biphasic-X, where X denotes the
salt weight percentage used to create the external phase dur-
ing fabrication. For example, biphasic-50 denotes scaffolds
with 50% external phase porosity and 70% internal phase

porosity.

Single-phase scaffold fabrication. To fabricate scaffolds of
uniform porosity (70%), a paste similar to the inner phase
fabrication was inserted into Teflon tubes (5X 10 mm;
inner diameter X length). Following solvent evaporation, the
scaffolds were postpolymerized in an oven maintained at
100°C for 3 days followed by 120°C under 2 Pa vacuum for
1 day and processed as mentioned above.

Biphasic scaffold morphology and porosity
characterization

To view the scaffold cross-sectional morphology, samples
were freeze fractured using liquid nitrogen and cut using a
razor. Next, the samples were sputter coated with gold and
viewed under a FEI Quanta 200 environmental scanning
electron microscope (SEM) (FEI, Hillsboro, OR). To charac-
terize the scaffold geometries, three random locations were
selected and a total of 30 measurements were recorded
using NIH Image ] analysis software (National Institute of
Health, MD).

Scaffold mechanical characterization

Unconfined compression tests were performed using a 5900
series advanced electromechanical testing system (Instron,
Norwood, MA). Briefly, cylindrical shaped scaffolds
5X 10 mm (diameter X height) were compressed at a rate
of 2 mm min ! to failure. Values were converted to stress-
strain and the initial modulus (MPa) was calculated from
the initial gradient of the resulting curve. The peak stress
(MPa) and compressive strain at break (%) were also
recorded.

In vivo scaffold evaluation

Based on the results of in vitro studies, biphasic-50 scaffolds
(internal phase porosity of 70% and external phase porosity
of 50%) and single-phase scaffolds (uniform prosity of
70%) were chosen for the following animal study.

Animal surgery and grouping. Sixty New Zealand rabbits
(Average weight, 2.1 kg) were purchased from the Labora-
tory Animal Center of Southern Medical University to eval-
uatate the potential of citrate-based scaffolds as bone
substitutes to regenerate segmental bone defects. The ani-
mal experiments were carried out in compliance with a pro-
tocol approved by Southern Medical University’s
Institutional Animal Care and Use Committee (Guangzhou,
China). The rabbits were first anesthetized with 3% sodium
pentobarbital (1.5 mL/kg) by vascular injection. Prior to
skin incision, the targeted left radius was shaved and disin-
fected. Next, a 20-mm skin incision was made, and the
radial diaphysis was clearly exposed by dissecting overlying
connective tissues. Using a low-speed electric saw, an en
bloc osteoectomy was conducted to produce a 10-mm long
segmental bone defect. After removing the bone segments,

FIGURE 2. Representative SEM cross sectional images of POC-Click-HA biphasic scaffolds fabricated with a 70% internal phase porosity and (A)

5, (B) 10, (C) 24, and (D) 50% external phase porosities.
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FIGURE 3. Compressive mechanical (A) peak stress, (B) initial modulus,

and (C) peak strain of POC-Click-HA biphasic scaffolds fabricated with

various external phase porosities (* indicates significant difference p < 0.05; * indicates no significant difference p> 0.05).

the uniform bone defects were treated with various bone
grafts and randomly assigned into according groups: (1)
single-phase scaffold, (2) biphasic-50 scaffolds, and (3)
autologous bone grafts. As a negative control, the bone
defect was left untreated. After implantation, the incision
was sutured by layers, and all rabits were given penicillin
for 3 days to prevent wound infection.?®> 5, 10, and 15
weeks after surgery, the rabbits were sacrificed and the
radial samples were kept in 4% formalin solution for the
following assessments.

Computer tomography analysis. Radial specimens from
each group were subjected to computer tomography using a
Micro-CT imaging system (ZKKS-MCT-Sharp-III scanner, Cas-
kaisheng, China). Three-dimensional (3D) reconstructed
images were derived with ZKKS-MicroCT 3.0 software. To
quantify the bone formation in the bone defect, a rectangu-
lar area of interest was defined to cover the bone defect for
quantitative evaluation. The bone mineral content (BMC)
and bone mineral density (BMD) was separately measured.
Data was processed with the analysis software mentioned
above. To distinguish new bone from scaffolds and osteoids,
the density in Micro-CT ranging from 2.5 g cm™? (scaffold
density) to 1.7g cm ™ > (osteoids or native bone density) was
exclusively defined as new bone formation.

Histological analysis. To conduct histological assessments,
radial samples were first decalcified with ethylenediamine-
tetraacetic acid and embedded with paraffin. Next, the sam-
ples were cut into 4-um thick cross-sections (at least 10
sections for each sample) and stained with hematoxylin and
eosin (H&E) and Masson’s Trichrome after deparaffination
and dehydration.?>"?° For quantitative histological analysis,
photos of bone sections were obtained under electronic
microscope and the derived photos were subjected to
computer-assisted histomorphometric measurements. New
bone area (NBA), defined as the fraction of bone area to the
whole visible field, was measured and analyzed using
an automated image analysis system (FreeMaxver3.0, Zhon-
grui, Taiwan) equipped with a CCD camera (Kodak DCS,
Atlanta, GA).

Biomechanical testing. Radial samples collected at three
time points were obtained by careful dissection of sur-
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rounding soft tissues. Prior to three-point bending test, both
ends of the specimens were fixed with clamps and placed
on an ElectroForce 3510 Universal Material Testing Machine
System (Bose, Eden Prairie, MN). Tests were conducted with
an average free span of 20 mm and a deflection speed of
2 mm min ' The elastic modulus and maximal bending
load was separately recorded and analyzed.??

FIGURE 4. Micro-CT images of bone regeneration in radial diaphysis
defects treated with (A) no bone graft (negative control), (B) autolo-
gous bone grafts, (C) POC-Click-HA single-phase scaffolds, and (D)
POC-Click-HA biphasic-50 scaffolds at three predetermined time
points (5, 10, and 15 weeks).
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TABLE |. Rabbit Radial Bone BMC and BMD for Each Group (Mean + SD)

5 Weeks 10 Weeks 15 Weeks
BMC (mg) BMD (mg/cm?®) BMC (mg) BMD (mg/cm?®) BMC (mg) BMD (mg/cm?®)
Empty defect 2.20+0.19 574.1+19.9 2.65+0.21 684.3 + 31.1 3.36+0.20 743.4+64.7
Single-phase 2.95+0.13° 776.5 + 43.1° 3.21+0.20° 792.1 +67.2° 3.04+0.17° 850.9 + 50.9°
Biphasic 3.17 +0.16P 808.7 + 36.6° 3.24+0.19° 850.6 + 65.12 3.07 +0.16° 873.8 +55.3°
Autologous bone 3.05+0.15° 798.7 + 50.3° 3.17 +0.21° 858.7 + 86.8° 3.03+0.19° 838.2 +51.6°

@Significant difference from Empty defect group at the same time point (p < 0.05).
bSignificant difference between Single-phase scaffold group and Biphasic-50 scaffold group at the same time point (p < 0.05).

Statistical analysis

Data are expressed as the mean = standard deviation. The
statistical significance between two sets of data was calcu-
lated using a two-tail Student’s t-test. Analysis of variance
(ANOVA) with Newman-Keuls multiple comparisons test
post hoc analysis was used to determine significant differen-
ces among three or more groups. Data analysis was per-
formed using SPSS software (SPSS, Chicago, IL). Statistical
significance was noted when a p < 0.05 was obtained.

RESULTS

Biphasic scaffold morphology

SEM images of biphasic POC-Click-HA scaffolds fabricated
with various external phase porosities are shown in Figure
2, which show the presence of two distinct scaffold architec-
tures. Biphasic internal and external phase diameters were

measured using Image ] software to be 2.96 = 0.05 mm and
5.02 = 0.07 mm, respectively. The average pore size for all
scaffolds was 338.12 £ 42.06 pm.

Biphasic scaffold mechanical properties

The fabricated scaffolds were evaluated for their compres-
sive peak stress, initial modulus, and peak strain at break.
As shown in Figure 3(A,B), a decreasing trend in peak stress
and initial modulus were seen as the porosity of the exter-
nal phase was increased. Compressive peak stress values
significantly decreased from 37.45*=3.83 down to
2.26 £0.27 MPa for biphasic-5 and 50 scaffolds, respec-
tively (p < 0.05). A similar inverse relationship was seen for
the initial modulus, which shows a decrease from
1250.01 = 230.60 down to 55.15 = 15.83 MPa as the exter-
nal phase porosity was increased from 5 to 50%. In

o T

FIGURE 5. Hemotoxylin and eosin (H&E) stained and Masson’s Trichrome stained sections of (A, C) POC-Click-HA single-phase scaffolds and (B,
D) POC-Click-HA biphasic-50 scaffolds after 15 weeks of implantation in a 10-mm long rabbit radial defect model showing the presence of new
bone formation (I: implant; Green arrow: new bone formation; Yellow arrow: fibrous tissue; magnification 200X). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

776 GUO ET AL.

CITRATE-BASED BIPHASIC SCAFFOLDS



ORIGINAL ARTICLE

FIGURE 6. Histological assessment of periosteal remodeling bone defect sites treated with POC-Click-HA biphasic-50 scaffolds (A: H&E staining
200x, B: H&E staining 500X, and C: Masson’s Trichrome Staining 500%) and in normal bone (D: Masson staining 200%) after 5 weeks of implan-
tation. (I: POC-Click-HA Biphasic-50 implant; green arrow: periosteal remodeling; red arrow: normal periosteum). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

contrast, Figure 3(C) shows that the compressive strain at
break increased in correlation with the external phase
porosity, but was not significantly different (p > 0.05).

Computer tomography analysis

Bone regeneration in the bone defect sites over time was
recorded using 3D reconstructed micro-CT images (Fig. 4).
In the negative control group, the radial segmental bone
defects remained unrepaired without observable bone
bridging after 15 weeks of implantation [Fig. 4(A)]. In con-
trast, the bone defects were regenerated and bridged to var-
ious extents in the other three groups [Fig. 4(B-D)]. For the
autologous bone graft treated animals, the bone defects
were bridged by new bone after 5 weeks of implantation
and greatly regenerated over time. By 15 weeks, they were
almost completely repaired and the medullary cavity was
completely bridged. However, the diameter of the regener-
ated radius was smaller compared to scaffold implantation
groups [Fig. 4(B)]. Fifteen weeks after implantation, the
bone defects were almost completely regenerated in both
scaffold groups with bridged medullary cavities [Fig.
4(C,D)]. The BMD and BMC of each group at various time
points are shown in Table I. At the 5-week time point, the
BMD in animals treated with biphasic scaffolds was signifi-
cantly higher than those treated with single-phase scaffolds
and autologous bone grafts (p < 0.05), but no significance
was found among scaffold groups and autologous bone graft
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group with regard to both BMD and BMC (p > 0.05) in later
time points.

Histological analysis

In both scaffold groups, abundant new bone formation was
observed inside the scaffolds after 15 weeks of implantation
(Fig. 5), and prominent periosteal remodeling around the

g

8

g

new bone area ( um?)

o
1

Biphasic

Single-phase Autologous bone

FIGURE 7. Quantitative analysis of new bone formation area (NBA) in
bone defect sites treated with click-HA (POC-Click-HA) single-phase,
POC-Click-HA biphasic-50, and autologous bone after 15 weeks of
implanation. No statistical difference was observed among the three
groups (p>0.05).
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FIGURE 8. The maximum bending load of radial bones after 5, 10,
and 15 weeks of surgery in which a 10 mm defect was created and
treated with POC-Click-HA) single-phase, POC-Click-HA biphasic-50,
autologous bone, or left empty (negative control). # indicates signifi-
cant difference from empty defect group at the same time point
(p<0.05); * indicates significant difference between Single-phase
scaffold group and Biphasic-50 scaffold group at the same time point
(p<0.05); oo indicates significant difference from autologous bone
group at the same time point (p <0.05).

scaffolds was observed after 5 weeks of implantation
(Fig. 6). Meanwhile no obvious inflammatory response was
present at the implant-bone interfaces. Compared to that of
single-phase scaffolds, much less fibrous tissue was
observed within the biphasic-50 scaffolds (Fig. 5). After 15
weeks of implantation, the area of new bone formation in
animals treated with scaffolds was comparable to that of
animals treated with autologous bone grafts (Fig. 7)
(p > 0.05).

Biomechanical testing

The maximal bending load from three-point-bending mechan-
ical tests are shown in Figure 8. After 5 weeks of implanta-
tion, the maximum bending loads of radii treated with single-
phase and biphasic-50 scaffolds was 582.8 451 N and
608.0 =53.6 N, respectively, and was significantly higher
than that of autologous bone graft and negative control
groups (p < 0.05). The difference in maximal bending load
between the scaffold and autologous bone graft groups
decreased over time. At the end of the 15-week study, the
maximal bending load of autologous bone graft group was as
high as 1066.4 = 69.2 N and was comparable to that of both
biphasic-50 and single phase scaffold groups, which
werel1034.6 = 84.4 N and 1008.8 = 54.2 N, respectively.

The elastic modulus and stiffness of rabbit radius-ulna
complexes are shown in Table II. After 5 weeks of implanta-
tion, the elastic modulus and stiffness in the biphasic scaf-
folds were significantly higher than that in the single-phase
scaffold group and autologous bone group (p < 0.05). After
15 weeks of implantation, there was no significant differ-
ence found between scaffold groups and autologous bone
graft group (p > 0.05).
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DISCUSSION
The repair of large segmental bone defects remains one of
the most relevant challenges in reconstructive orthopedic
surgery and has driven the field to look toward tissue-
engineered approaches to simultaneously restore bone tis-
sue and function. In the traditional tissue-engineering para-
digm, scaffolds have served as a key component of the
regenerative process by providing a 3D template for cellular
organization and tissue development; however, it has
recently been identified that mechanical stability following
graft implantation is an equally important component in the
bone healing cascade.?*?” Unfortunately, many of the previ-
ous scaffolds designed for bone tissue engineering have
focused on increasing the porosity and pore size to favor
tissue ingrowth and nutrition supply. Although highly
porous structures have been shown to promote cell attach-
ment, proliferation, and differentiation, this directly results
in a decrease in the biomechanical strength of the scaffold,
which is a property important to the functionality of the
resulting graft for load-bearing applications.?®*° Therefore,
the goal of regenerating weight-bearing bone should not
only be to achieve proper anatomical morphology but also
restore proper tissue function within a reasonable time
frame 3032

To achieve this, many researchers have looked toward
nature to provide insights in the development of biologically
inspired approaches, which can meet the biomimetic micro-
architectural requirements for bone regeneration.>*-3° By
replicating the native tissue architecture at the macroscales,
microscales, and nanoscales, researchers are able to facili-
tate cell and extracellular matrix compartmentalization to
engineer more native-like and functional tissue.>® For exam-
ple, biomimetic multiphasic and functionally graded scaffold
architectures have gained recent interest from the apprecia-
tion that single-phase materials currently cannot possess
the range of physiochemical properties deemed suitable for
success in the biological milieu.® Thus, by effectively mim-
icking the natural multilaminated structure of cancellous
and cortical bone, it was reported that HA scaffolds with
multiphase porosities could induce rapid bone ingrowth
into the high porosity portion and withstand physiological
mechanical stress through the low porosity region after
implantation,*~7-2837-40

In this study, we have developed a biomimetic citrate-
based biphasic scaffold to replicate the native architectural
and compositional properties of native bone tissue, which
can provide immediate structural support and long-term tis-
sue regeneration for large segmental bone defects. The
rationale behind the scaffold design are: (1) the use of a
citrate-based material can provide a highly effective means
to replicate the organic cell niche found in natural bone to
improve biocompatibility and enhance bone formation; (2)
citrate located in the bulk of the material provides pendant
carboxyl chemistry to chelate with HA particles and allow
for the incorporation of up to 65 wt.-% to match the native
inorganic mineral content, which is a feature not possible
with previous materials; (3) POC-Click biomaterials can be
composited with HA and crosslinked through clickable
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TABLE II. Three-Point-Bending Stiffness and Elastic Modulus of Rabbit Radii after 5, 10, and 15 Weeks of Surgery to Repair a
10 mm Defect Using POC-Click-HA Single Phase Scaffolds, POC-Click-HA Biphasic Scaffolds, Negative Control (Empty Defect),

and Autologous Bone

5 Weeks 10 Weeks 15 Weeks
Elastic Elastic Elastic
Stiffness Modulus Stiffness Modulus Stiffness Modulus
(N/m) (MPa) (N/m) (MPa) (N/m) (MPa)
Empty defect 343.9+24.2 93.7 +19.3 4447 +32.7 117.9+24.7 536.2 +31.4 143.7 = 20.8
Single-phase 517.5 + 26.4%P 155.7 = 25.82 735.0 = 29.7° 195.0 + 29.6P 896.1 + 38.2° 229.9 + 40.4°
Biphasic 697.6 = 24.8*° 162.7 = 30.3% 852.1+ 27.2*¢ 205.2 + 34.9%P 911.5 + 29.0? 240.1 +32.22
Autologous 613.8 = 30.1° 175.4 + 23.7° 771.6 = 39.8° 252.6 + 41.8° 870.0 = 23.0° 241.3+42.8°
bone

The results are expressed as the mean =+ SD.

2Significant difference from empty defectgroup at the same time point (p < 0.05).
bsignificant differencefrom autologous bonegraft group at the same time point (p < 0.05).
°Significant difference between Single-phase group and Biphasic-50 group at the same time point (p < 0.05).

moieties to preserve valuable citrate carboxyl chemistry for
HA binding resulting in strong composites; (4) A biphasic
scaffold design can better simulate the bimodal distribution
of highly porous cancellous bone and dense compact struc-
ture of cortical bone to provide immediate structural sup-
port following implantation; and (5) To impart porosity into
the grafts, we chose to use a cost-efficient and facile solvent
casting particulate leaching technique. One major advantage
to this approach is that the overall dimensions, geometry,
and phase porosities can be controlled using various Teflon
mold and lathe drill bit dimensions to fine-tune the result-
ing scaffold architecture and resulting mechanical properties
to meet the requirements for various anatomical locations.

SEM analysis of the POC-Click-HA biphasic scaffolds
shows the clear presence of a dense external phase sur-
rounding a porous internal phase to replicate the native
cortical and cancellous bone, respectively (Fig. 2). The
resulting porosities were chosen to match the respective
porosities of native bone, which have been found to be 10%
for cortical bone and 50-90% for cancellous bone.** The
size of the pores was chosen to be in the range of 200-400
pm, which has previously been shown to promote bone
regeneration and osteoinduction.” Native bone is a highly
dynamic and rigid tissue. The mechanical properties of the
POC-Click-HA biphasic scaffolds fabricated in this study
were highly dependent on the resulting porosity of the
external phase. Figure 2 shows a corresponding increase in
compressive strength as the porosity of the external phase
was reduced indicating that the mechanical strength of the
scaffolds was primarily due to the external phase. Although
the two phases do not appear to be well integrated from
the SEM images, it should be noted that the respective
phases were tightly bound together and did not separate
after fracture during mechanical testing.

In addition to mechanical testing, the fabricated POC-
Click-HA biphasic scaffolds were compared with single-
phase scaffolds and autologous bone grafts to determine
their ability to regenerate large segmental bone defects in
vivo using 10-mm long rabbit radial defects. Single-phase
scaffolds were included in this study to represent traditional
highly porous constructs of uniform porosity. POC-Click-HA
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scaffolds of uniform porosity (70%) were fabricated with
porosities similar to the internal phase of the biphasic scaf-
folds. POC-Click-HA biphasic-50 scaffolds were selected for
implantation due to the well-balanced external phase poros-
ity and scaffold strength. Histological analysis results show
the presence of new bone ingrowth into both single-phase
and biphasic POC-Click-HA scaffolds. Combined with micro-
CT analysis, the results show that citrate-based scaffolds sig-
nificantly increased BMC after 5 weeks of implantation
when compared to autologous bone grafts emphasizing the
importance of a porous component in the scaffold architec-
ture, which provides the appropriate space for the migration
of bone-forming cells and promotes the bone bridge connec-
tion to ultimately shorten recovery times (Table I). By the
end of the study, both single-phase and biphasic scaffold
architectures were able to completely repair the defect.

The remarkable bone tissue ingrowth can be attributed
to the osteoinductive and osteoconductive potential of
citrate-based orthopedic composites. Citrate, which is natu-
rally abundant in skeletal tissue, has been recently impli-
cated to play important roles in bone formation, stability,
strength, and maintenance.’*%'7*? Surprisingly, the role of
citrate has been rarely mentioned in the literature related
to bone cell culture and bone development in the past 30
years including those on orthopedic biomaterials and scaf-
folds. The natural presence and importance of citrate in
bone metabolism and physiology leads us to believe that
citrate can be exploited in orthopedic biomaterial design to
provide regenerative advantages not seen with previous
materials. For example, our previous studies have shown
that citrate-based materials have a unique ability to up reg-
ulate the in vitro gene expression of ALP and OSX in a pluri-
potent cell line, accelerate osteoblast phenotype
progression, and display excellent biocompatibility and
osteointegration in vivo,11A%15

An increase in osteoinductive activity is typically corre-
lated with an increase in HA content and porosity, but the
resulting brittleness limits their use as high porosity scaf-
folds.">*® To balance the porosity needed for osteoinductive
activity and the mechanical properties needed for functional
restoration, biphasic scaffolds were fabricated herein.
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Comprehensive biomechanical analysis of the two experi-
mental groups revealed that the restoration of flexural
strength, BMC, and modulus of the biphasic group were all
significantly greater than the single-phase group, which
highlights the role of a biphasic scaffold architecture in
improving physiological functions during the initial periods
of bone regeneration. The low porosity external phase of
the biphasic scaffold design not only serves to mimic the
ability of native cortical bone to withstand the biomechani-
cal forces traversing the defect but also prevents fibrous tis-
sue ingrowth by functioning as a barrier similar to collagen
membranes. It is worthy to note that the in vivo results pre-
sented above on long bone regeneration were based on
bare POC-Click-HA scaffolds without any additional cell
seeding, supplements, or growth factors. Intensive studies
have shown that a myriad of growth factors can promote
bone regeneration, and whether the incorporation of a sin-
gle growth factor or a cocktail of factors to potentially
improve the regenerative capabilities of citrate-based bone
scaffolds remains to be seen.***° However, these are the
first steps toward realizing the ultimate goal of this work,
which is to create an off-the-shelf graft ready for immediate
implantation and circumvent lengthy in vitro cell culture
requirements for the repair of large segmental bone defects.

CONCLUSIONS

In conclusion, biomimetic citrate-based biphasic scaffolds
were fabricated to replicate the native architecture of corti-
cal and cancellous bone using a simple and cost-effective
sodium chloride particulate leaching technique. Using this
design, various biphasic scaffolds can be produced with tun-
able architectural geometries and strength. The resulting
scaffolds were evaluated based on their geometry, mechani-
cal properties, and in vivo performance. It is believed that
architecturally and compositionally biomimetic citrate-based
scaffolds can potentially serve as off-the-shelf implants to
provide immediate structural support for large bone
defects.
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