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Abstract

Background: p-tricalcium phosphate (B-TCP) is one of the most common synthetic bone
grafting materials utilized in craniofacial reconstruction, however it is limited by a slow
degradation rate. The aim of this study was to leverage 3D-printing to accelerate the degradation
kinetics of B-TCP.

Methods: Twenty-two one-month-old New Zealand White rabbits underwent creation of
calvarial and alveolar defects, repaired with 3D-printed p-TCP scaffolds coated with 1,000 uM
of osteogenic agent dipyridamole. Rabbits were sacrificed after 2, 6, and 18 months post-surgical
intervention. Bone regeneration, scaffold degradation, and bone mechanical properties were
quantified.

Results: Histology analysis confirmed the generation of vascularized and organized bone. Micro
CT analysis from 2 to 18 months, demonstrated decreased scaffold volume within calvarial (23.6%
+2.5%, 5.1% + 2.2%; p < 0.001) and alveolar (21.5% + 2.2%, 0.2% + 1.9%; p < 0.001)

defects, with degradation rates 54.6%/year and 90.5%/year, respectively. Scaffold-inducted bone
generation within the defect was volumetrically similar to native bone in the calvarium (55.7% *
6.9% vs. 46.7% + 6.8%; p=0.064) and alveolus (31.4% + 7.1% vs. 33.8% * 3.7%; p=0.337).
Mechanical properties between regenerated and native bone were similar.
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Conclusions: Our study demonstrates an improved degradation profile and replacement

of absorbed B-TCP with vascularized, organized bone through 3D printing and addition of

an osteogenic agent. This novel additive manufacturing and tissue engineering protocol has
implications to the future of craniofacial skeletal reconstruction as a safe and efficacious bone
tissue engineering method.

Introduction/Background

B-tricalcium phosphate (B-TCP), one of the most common synthetic bone grafting products,
is frequently utilized in craniofacial reconstruction. -TCP is a porous osseoconductive
bioactive ceramic compound which has similar mechanical properties as cancellous bone.(1-
4). The graft material is biocompatible and may be used as granules or implantable solid
shapes, with numerous applications in spine, orthopedic, and craniofacial surgery,(1, 5-7)
but it is notably brittle and slow to resorb.(8)

Although solid B-TCP is absorbed over time, a relatively slow degradation rate predisposes
this product to exposure, infection, and fracture. Clinical trials of B-TCP products in the
craniofacial skeleton report the graft material lasting several years,(9-12) with similar
findings noted in animal models.(13-16) Of note, highly porous scaffolds with bone marrow
aspirate, protein-rich plasma, or stem cell cultures have the highest degradation rates,(17—
22) suggesting the utility of tissue engineering principles in transforming the degradation
rate while maintaining the necessary mechanical stability of solid B-TCP implants in
craniofacial surgery. Balancing the needs of osteogenesis, mechanical stability of the
scaffold and degradation Kinetics has significant importance in the growing face, as bone
implants should ideally grow and remodel with the patient.

Our tissue engineering laboratory has successfully leveraged 3D printers to manufacture
3D-printed bioactive ceramic (3DPBC) scaffolds composed of B-TCP in an architecture
which balances the needs of rigidity with efficient vascular ingrowth, osteogenesis, and
degradation kinetics.(23-26) In these studies, we coated the scaffolds with dipyridamole
(DIPY), an indirect adenosine 2A receptor (A,aR) agonist with pro-osteogenic activity,(27-
31) further optimizing the osteogenic capabilities of our bioceramic scaffolds.(23) DIPY
was selected for its regenerative equivalence to recombinant human bone morphogenic
protein 2 (rhBMP-2) but without premature suture fusion or osteolysis.(24, 26) Long-term
investigation in a growing craniofacial rabbit model showed equivalent bone regeneration
to autologous bone graft without ectopic bone growth, premature suture fusion, or facial
asymmetry.(32)

We hypothesize that utilizing these 3DPBC-DIPY scaffolds will accelerate the degradation
rate of B-TCP, while regenerating vascularized, mature bone with mechanical and histologic
properties similar to those of native bone. This long-term animal study of immature rabbits
through the time of facial maturity reports on the new degradation kinetics profile achievable
through this novel manufacturing and tissue engineering protocol.
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All 3DPBC scaffolds were composed of 100% B-TCP, designed via computer assisted
design (CAD) (RoboCAD 4.5; 3D Inks LLC, Tulsa, OK, USA), and constructed using

a custom-built 3D direct-write micro-printer system (3D Inks LLC, Tulsa, OK, USA).
Colloidal gel ink was formulated to achieve a solid volume fraction of ~46% by blending
ceramic powder, ammonium polyacrylate, deionized water, hydroxypropyl methylcellulose,
and polyethlenimine.(24) Calvarial scaffolds were printed layer-by-layer in paraffin oil

as a 10 mm-diameter cylindrical lattice with 250 pm struts and 500 um pore spacing,

(24, 26) which was previously demonstrated to result in maximal bone regeneration and
effective scaffold degradation.(26) Alveolar scaffolds were printed ina 3.5 x 3.5 x 3.5
mm rectangular lattice in a similar strut and pore spacing.(24) Printed scaffolds were then
sintered to 1100°C to densify the constructs and remove impurities.(33)

Prior to implantation, scaffolds were loaded by immersion in 2% bovine collagen solution
(Collagen I, Bovine; Corning Inc., Corning, NY, USA) as a carrier and then coated with
1,000 uM DIPY.(23, 25, 26) Where the concentration was demonstrated in previous studies
to result in favorable bone regeneration.(23, 24, 26)

All experiments were approved by the NYU School of Medicine Institutional Animal Care
and Use Committee (IACUC) and were performed in accordance with their standards.
Twenty-two one-month-old (immature) New Zealand White rabbits underwent creation of
unilateral right-sided 10 mm calvarial(26) and 3.5 x 3.5 mm alveolar defects,(25) which
were all repaired using custom DIPY-3DPBC scaffolds (Figure 1).

Following general anesthesia and aseptic preparation of the site over the calvarium,
dissection was performed down to the periosteum. A 10 mm internal diameter trephine were
used to create the full-thickness defects, located 2 mm posterior and lateral to the coronal
and sagittal sutures, respectively. Preservation of the dura was confirmed after craniotomy.
The cranial defect was repaired with a DIPY-3DPBC scaffold which completely fit and filled
the defect such that circumferential abutment of the scaffold to the surrounding bone was
achieved.

Next, the animal was repositioned and attention was turned to the alveolus. Soft tissue and
periosteum were dissected to visualize the maxilla, alveolar ridge, and maxillary suture.
Using a 3D printed template, a uniform 3.5x3.5 mm full-thickness defect was created using
an oral surgery burr 2 mm posterior to the maxillary suture. Can was taken not to violate
the maxillary sinus. The alveolar defect was repaired with a DIPY-3DPBC scaffold which
completely fit and filled the defect such that abutment of the scaffold to the mesial, distal
and superior bone was achieved.

Subcutaneous analgesic and antibiotic were administered post-operatively, and animals were
given food ad /ibitum without restrictions to their activity. Animals were euthanized via
anesthetic overdose at 2 months (n = 6), 6 months (n = 8), and 18 months (n = 8), with

the latter two timepoints being beyond completion of craniofacial growth conservatively
estimated at 28—-30 weeks (Gilsanz 1988, Masoud 1986).
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Samples were then partitioned to isolate the region surrounding with calvarial or alveolar
defects. High-resolution micro computed tomography (UCT, Scanco medical, Basserdorf,
Germany) images were acquired at 18 pm slice resolution for specific areas of interest
within those sections. These UCT sections were then reconstructed in Amira (Mersion 6.3,
Visage Imaging GmbH, Berlin, Germany) to create 3D digital renderings of the defects to
analyze for bone regeneration and scaffold degradation. Areas of bone were distinguished
from scaffold by image thresholding using Hounsfield units (24, 26). Volumes of bone

(BV) and of scaffold (SV) were calculated as proportions of the total volume (TV) of the
defect (BV/TV and SV/TV, respectively). Contralateral 10 mm calvarial discs and 3.5 x 3.5
mm alveolar sections were also isolated and quantified for native bone volume fraction for
comparison. Un-implanted scaffolds were also scanned and reconstructed to establish a =0
time point to evaluate scaffold degradation kinetics. pCT analysis was conducted by a single,
blinded investigator (CS).

Scaffold degradation profile was constructed by plotting percent change in scaffold volume
fraction over time. An inverse exponential function was fitted to the degradation curves and
used to calculated yearly degradation rate of the 100% B-TCP scaffolds.

After uCT imaging, samples were dehydrated in a series of 70-100% ethanol (EtOH)
solutions and embedded in methyl methacrylate resin. The embedded blocks were subjected
to serial sectioning with a diamond saw (Isomet 2000, Buehler Ltd., Lake BIuff, IL, USA)
with individual slices glued onto acrylic slides and ground on a grinding machine (Metaserv
3000, Buehler, Lake Bluff, IL, USA) under continuous water irrigation with a series of

SiC abrasive paper until a thickness of 100 um was achieved. The slides were then stained
using Stevenel’s blue and van Gieson’s picrofuchsin to differentiate between bone, scaffold,
and soft tissue. These samples were imaged at low magnification (1x, 10 um/pixel) using
pathology slide scanner (Aperio Technologies, Vista, CA, USA) and qualitatively evaluated
for suture patency, bone organization, ectopic bone formation, scaffold fragmentation, and
histologic evidence of excess inflammation or morbidity secondary to surgery.

A second set of slides were prepared in similar fashion for nanoindentation but with the
additional step of sequential 9 to 1 um diamond suspension (Buehler, Lake Bluff, IL)
polishing for scratch removal. Nanoindentation testing was performed using a nanoindenter
(Hysitron T1 950, Minneapolis, MN) equipped with a Berkovich diamond three-sided
pyramid probe/tip.(24) A loading profile with peak load of 300 uN at a rate of 60 UN/s
was applied, with a holding period of 10 seconds and unloading period of 2 seconds. For
each specimen, indentation (16 points, 5 um apart in a 4 x 4 grid) was performed within
scaffold interstices at sites of newly regenerated bone and within unoperated native bone
outside of the scaffold, the latter of which served as an internal control. Regions of bone
were chosen by visualization with light microscopy. The indentation protocol generated
a force-displacement curve via TriboScan software with slopes that yielded the reduced
modulus (£,) and hardness (H) of bone tissue using the formulae:

_ =

E, = XS
"2 fA(he)
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where A(/,) is the contact area at peak load (Pax) and Sis stiffness.(24)

Sample size was determined a priori using power analysis based on preliminary 8-week
experiments. Analysis revealed n = 6 per group was necessary to achieve a power >80% to
detect 25% mean differences in bone volume regeneration relative to control with a standard
deviation of 15% at an alpha (a) of 0.05. All uCT data was assessed for normality using the
Shapiro-Wilk test (p > 0.05) prior to further analysis. Bone volume percentage and scaffold
volume percentage at 18 months were compared between scaffold-repaired defects and
contralateral native bone using a generalized linear mixed model (GLMM) in SPSS (Version
26.0, IBM Corp., Armonk, NY). All data is presented as a mean value with corresponding
95% CI. Temporal analysis of bone regeneration from 2 months to 18 months, reduced
elastic modulus, and hardness were also analyzed using a GLMM.(24)

Amira software reconstruction was used to visualize and quantify new bone formation

and scaffold presence. At 18 months, mean bone volume percentage (BV/TV) within the
calvarial and alveolar defects were 55.7% + 6.9% and 31.4% =+ 7.1%, respectively. Bone
volume percentage in the calvarium was significantly increased compared to that at 2
months (25.8% + 7.9%, p < 0.001) and no different at 6 months (53.9% + 6.9%, p= 0.705)
or compared to native bone density (46.7% + 6.8%, p= 0.064) (Figure 2c). Bone volume
percentage in the alveolus was no different compared to that at 2 months (28.4% + 8.2%, p
= 0.566), significantly decreased from 6 months (52.9% + 7.1%, p < 0.001), and no different
from native bone density (33.8% + 3.7%, p = 0.337) (Figure 2c).

Mean scaffold volume percentage (SV/TV) within the calvarial and alveolar defects at 18
months were 5.1% + 2.2% and 0.2% * 1.9%, respectively. Scaffold volume percentage in
the calvarium was significantly decreased compared to that at 2 months (23.6% * 2.5%, p<
0.001) and at 6 months (15.2% + 2.2%, p < 0.001) (Figure 3c). Scaffold volume percentage
in the alveolus was significantly decreased compared to that at 2 months (21.5% + 2.2%, p
< 0.001) and at 6 months (6.7% + 1.9%, p <0.001) (Figure 3c). The annual degradation rates
of 100% B-TCP scaffolds in the calvarium and alveolus were calculated to be 54.6% and
90.5%, respectively (Figure 4).

In the calvarium, regenerated bone and native bone had statistically homogenous elastic
moduli (12.6 GPa = 1.8 GPa vs. 13.2 GPa + 1.8 GPa, p=0.616) and hardness (0.54 GPa +
0.06 GPa vs. 0.53 GPa + 0.06 GPa, p=0.812) (Fig. 5a and 5b). In the alveolus, regenerated
bone and native bone had similar elastic moduli (11.7 GPa + 1.5 GPa vs. 11.3 GPa £ 1.5
GPa, p=10.707) and hardness (0.64 GPa £ 0.05 GPa vs. 0.66 GPa + 0.05 GPa, p=0.703)
(Figure 5c and 5d).
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Histology of tissue samples from animals after 18 months of scaffold implantation revealed
vascularized and organized bone without suture fusion (Figure 6). Neither evidence of
ectopic bone formation nor inflammatory cell infiltration was visualized.

Discussion

We present a novel tissue engineering and manufacturing protocol to transform the
degradation profile of B-TCP for more efficacious use in pediatric patients. Our study
demonstrates an acceleration of -TCP degradation to 55-90%/year through 3D printing and
addition of dipyridamole (DIPY). Absorbed B-TCP was replaced by vascularized, organized
bone, with histologic and mechanical properties similar to native bone and without damage
noted to the growing suture.

Standard of care for these patients remains autologous bone.(34-37) Limitations of bone
grafting include donor site morbidity, bone resorption, limited quantity and shape of bone
stock, and difficulty shaping bone grafts into complex 3D forms to reconstruct craniofacial
defects.(35, 37-42) Limitations to current standard of care for bony reconstruction of the
pediatric craniofacial skeleton inspire development of alternative interventions, especially
in the field of tissue engineering. Utilizing computer aided design/manufacturing (CAD/
CAM) software would enable surgeons to precisely design and manufacture scaffolds to the
specifications of a patient’s craniofacial defect.(17, 25, 43, 44)

B-TCP, in particular, provides structure and rigidity, promotes osteocyte migration, and is
biocompatible and biodegradable, making it the ideal synthetic bone replacement material
for tissue engineering.(1, 5-8, 45) Historically, scaffolds designs have been comprised of
hydroxyapatite (HA) as bulk material.(25) Though relative to p-TCP, HA has high initial
compressive strength and low resorption kinetics /n vivo (1-2% per year at five years
post-implantation), limiting scaffold replacement by bone over time.(46) As a result, B-TCP
ceramic was developed, with biocompatibility and osteoconductivity similar to HA but
with an increased degradation rate.(46, 47) Similar attempts in designing biodegradable,
biocompatible scaffolds for bone tissue engineering led to the use of polymers such as
collagen, polycaprolactone (PCL), poly(glycolic acid) (PGA), and poly(lactic acid) (PLA),
but these natural and synthetic polymers are not ideal for bone tissue engineering due to
inferior mechanical properties compared to bioceramics.(48-50)

Long-term growth and development of the craniofacial skeleton must also be carefully
considered since even standard of care bone grafting may lead to potential growth restriction
due to multiple revision surgeries (51) or secondary surgery due to bone graft absorption.
Therefore, our novel tissue engineering protocol sought to accelerate the slow degradation
rate of B-TCP to facilitate timely replacement by new bone tissue that would grow and
remodel with the patient.

Additive manufacturing, also known as 3D printing, has the ability to create personalized
scaffolds based on clinical imaging and offers a valuable approach to fit-and-fill patient-

specific bony defects. Traditional scaffolds were composed of bulk material such as HA,

(50) but 3D printing allows for the design of porous scaffolds that act temporary void
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fillers like bulk scaffolds with the added benefit of pores that behave as healing chambers,
guiding osteoconduction from the walls of the defect into pores via an intramembranous-like
healing pathway and filling the scaffold lattice structure with woven bone.(52) Our calvarial
scaffolds had a porosity of 40% and alveolar scaffolds had a porosity of 32%. Based on prior
literature, these scaffolds would have an elastic modulus ranging from 10-20 GPa, similar
to that of bone of the same porosity.(53) In terms of compressive strength, however, porous
B-TCP scaffolds are inferior to porous HA scaffolds, both of which are inferior to bone of
the same porosity.(53) This finding, though, is only important when designing load-bearing
scaffolds, which is less of an issue in our calvarial and alveolar models as those locations are
generally non-load-bearing. Thus, our porous B-TCP scaffolds were designed to optimize
regenerate bone and degradation.

A review of literature of /n vivotranslational studies exploring B-TCP degradation revealed
several tissue engineering methods that altered the degradation profile of this biomaterial
(Table 1). A general consensus is p-TCP degradation rate should match osteogenesis
rate.(54, 55) Assuming equivalent osteogenic potential, premature degradation leads to
incomplete healing(56) and slow degradation leads to increased risk of inflammation,
infection, and rejection.(57, 58) Overall, seeding B-TCP scaffolds with bone marrow-
derived stem cells (BMSCs) slows degradation, (54, 55) while integration of osteogenic
agent acceleration degradation.(59-61) Some exceptions have been reported, possibly

due to increased vascularization promoting degradation via hydrolysis from tissue fluid
despite seeding of BMSCs;(62) growth factors stimulating already seeded stem cell
proliferation, collagen network formation, and mineral apposition delaying dissolution

and degradation;(55) and presence of BMSCs reducing the inflammatory response to slow-
degrading scaffolds.(58) Contrarily, some studies in craniofacial skeleton using BMSC-
seeded scaffolds found faster degradation when compared to plain scaffold on the order of
near complete degradation at 3 and 8 months. These studies included an adult canine orbital
wall (57) and mandible (56) models, respectively. A limit of this review is lack of consistent
defect model and measurement of degradation kinetics to compare with the rates calculated
in this study. Although, scaffold design and biomaterial property may play a bigger role

in degradation rate than the presence or absence of BMSCs and osteogenic agents, these
tissue engineering principles can help achieve balance between scaffold degradation and
bony regeneration, for a scaffold that degrades too rapidly would hinder the formation of
bridging bone across the defect. In our study, addition of osteogenic agent DIPY promoted
new bone formation without damage to sutures or ectopic bone growth and is, thus, another
safe and efficacious bone tissue engineering method.

Remodeling and pneumatization of regenerated bone were evident in the alveolus.

At 6 months, regenerated alveolar bone is denser than unoperated bone,(32) but 3D
reconstruction in this current study demonstrated decreased in regenerated bone volume
percentage from 6 months to 18 months, culminating at similar bone density between
regenerated and native contralateral alveolar bone. In addition, regenerated alveolar bone
was functionally similar to native bone in terms of mechanical properties. This morphologic
difference yet mechanical similarity has been noted in mandibular defect models.(56) In a
similar study published by our group, no significant difference was noted in bone volume
between calvarial and alveolar defects repaired with 3DPBC-DIPY scaffolds and autologous
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bone graft at 6 months.(32) Furthermore, regenerated bone density was significantly
increased compared to native contralateral unoperated bone density yet with similar
mechanical properties. Therefore, these results imply that regenerated alveolar bone tissue
eventually remodels to native bone density without detriment to function when given enough
time. Degradation rate and bone tissue properties were different between calvarial bone and
alveolar bone, highlighting the metabolic and mechanical heterogeneity in the craniofacial
skeleton that is important to consider when applying tissue engineering principles to
craniofacial reconstruction. Thus, we believe studies beyond our 18-month period will
demonstrate regenerated calvarial bone undergoing remodeling and pneumatization like
regenerated alveolar bone. Longer-term studies of both alveolar and calvarial models,
however, are required to draw definitive conclusions.

A limitation of this study is the lack of a positive control population with standard of

care bone grafting. Previous research has already reported on the equivalent efficacy of
our DIPY-3DPBC scaffolds when compared autologous bone grafting in a growing animal
model.(32) In addition, these 3DPBC scaffolds, with and without DIPY, are able to repair
larger critically-sized defects beyond the ones used in this study as evidenced by prior
studies published by our group.(23, 25)

Degradation rate of 3DPBC scaffolds coated in collagen without DIPY was not analyzed in
this study. Although no direct conclusions can be made of the role of DIPY in degradation
of these scaffolds, previous studies have determined that DIPY significantly improves

bone regenerative capacity of 3DPBC scaffolds. (23) DIPY, therefore, ensures appropriate
replacement of a rapidly degrading scaffold with vascularized, organized bone. By balancing
biomaterial degradation and bone regeneration, 3DPBC-DIPY scaffolds provide a more
representative therapeutic device in this bone tissue engineering model.

Additionally, while histologic and mechanical analysis revealed normal bone density and
mechanical properties, micro-CT reconstruction of the alveoli revealed a gross architecture
qualitatively different from the contralateral side, the clinical implications of which are

not known. These differences may be resolved by a longer period of observation for bony
remodeling. It is important to note that the elastic moduli and hardness of the generated bone
is comparable to native bone. Nevertheless, the qualitative differences in bony architecture
between the native and generated bone underscore the importance of the complex balance
between osteogenesis, graft resorption, and remodeling integral in successful surgical
outcomes. Slow graft absorption may limit bony ingrowth,(38, 63) but rapid graft resorption
will lead to graft failure.(38, 64, 65)

Overall, this long-term animal study demonstrated accelerated B-TCP degradation rate using
3DPBC-DIPY scaffolds, while generating vascularized, mechanically stable bone.

Conclusion

The degradation kinetics of B-TCP can be altered through 3D printing and addition of
an osteogenic agent. Absorbed B-TCP is replaced by vascularized, organized bone, with
histologic and mechanical properties similar to native bone and without damage noted to the

Ann Plast Surg. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shen et al.

Page 9

growing suture. This additive manufacturing and tissue engineering protocol has implication

to

future reconstruction of the craniofacial skeleton, especially as a safe and efficacious

method in pediatric bone tissue engineering.
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Figurel.
(a) Schematic of location of unilateral calvarial defect. (b) Inferior view of 3D diagram of

printed calvarial scaffold. (c) Intraoperative image of fit-and-fill reconstruction of calvarial
defect with scaffold. (d) Schematic of location of unilateral alveolar defect. (€) 3D diagram
of printed alveolar scaffold. (f) Intraoperative image of fit-and-fill reconstruction of alveolar
defect with scaffold.
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Figure 2.
(a) 3D reconstructions of scaffold-regenerated bone (yellow) at 18 months /n vivo

demonstrate regeneration across entire span of calvarial and alveolar defects, with

morphology comparable to contralateral un-operated native bone. (b) Volumetric analysis
of shows comparable bone volume fraction regenerated by scaffold compared to native bone

(red dashed line; black dashed lines are 95% confidence intervals) at 18 months in both
(c) calvarium and alveolus (p=0.064 and p = 0.337, respectively). Error bars are 95%

confidence intervals. Bone Percent = Bone Volume/Total Volume.
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Figure 3.
(a) 3D reconstructions of scaffold (purple) and (b) volumetric analysis demonstrate

significant degradation of the scaffold from 2 months to 18 months in both (c) calvarium
and alveolus (p < 0.001 between all timepoints). Error bars are 95% confidence intervals
Scaffold Percent = Bone Volume/Total Volume.
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Figure4.

Degradation kinetics analysis of scaffold over 18 months used to calculate annual
degradation rate of B-TCP in calvarium and alveolus (54.6% and 90.5%, respectively).
Change in Scaffold Occupancy = (Scaffold Percent at time #(Scaffold Percent at time #-7).
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Elastic modulus (E) of (a) calvarial and (c) alveolar scaffold-regenerated bone show no
difference compared to that of native control. Hardness (H) of (b) calvarial and (d) alveolar
scaffold-regenerated bone show no difference compared to that of native control. Error bars

are 95% confidence intervals.
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Figure 6.
Non-decalcified histology of (a) calvarial and (b) alveolar scaffolds at 18 months show

blood vessels stained with Stevenel’s blue with surrounding organized bone (white arrows)
and patent sutures without evidence of disruption or premature fusion (green arrows)
adjacent to sites of reconstruction. No evidence of ectopic bone formation or inflammatory
cells were visualized in all samples.
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Year Author

Construct/Method

Experimental Model

Degradation Analysis

2002 Dong etal

2007  Yuanetal

2010 Wangetal

2013  Zhouetal

2014  Shimizu et
al

2016 Tee et al

2019 Han et al

2019  Kazemi et
al

2019 Tao et al

Species Anatomic
L ocation

7-wk-old Back
Fisher rats
18-mo-old Mandible
mongrel dogs
12-wk-old Femur
New Zealand
rabbits
1- to 2-y-old Medial
beagle dogs orbital wall
10-wk-old Cranium
Sprague-
Dawley rats
4-mo-old Mandible
domestic pigs
Sprague- Fibula
Dawley rats
5- to 6-mo- Calvaria
old New
Zealand
white rabbits
3-mo-old Femur
Sprague-
Dawley rats

B-TCP scaffolds seeded
with BMSCs either
cultured in osteogenic
medium or incubated in
nonosteogenic medium

B-TCP scaffolds seeded
with osteogenically
induced BMSCs

B-TCP scaffolds seeded
with osteogenically
differentiated BMSCs
and prevascularized with
insertion of femoral
vascular bundle into the
side groove of scaffold

B-TCP scaffolds seeded
with osteogenically
induced BMSCs

B-TCP scaffolds coated
in bFGF-containing
gelatin hydrogel

B-TCP scaffolds seeded
with BMSCs and
integrated with PLGA
microspheres containing
BMP-2

B-TCP microsphere-
hyaluronic acid powder
gel composite loaded
with rhBMP-2

Strontium substituted p-
TCP and bioactive glass
(50/50) scaffolds seeded
with BMSCs

B-TCP/collagen
composite

Implantation of multiple
blocks into separate
subcutaneous pouches

30-mm segmental
defect fixed with
titanium plate and filled
with scaffold

15-mm segmental
defect fixed with
titanium plate and filled
with scaffold

10-mm-diameter round
full-thickness defect
filled with scaffold

Bilateral 4-mm-
diameter full-thickness
defects filled with
scaffold

Bilateral 3.5-mm
segmental defect sealed
by either fibrin sealant
or fibrin sealant with
barrier membrane

5-mm segmental defect
filled with composite

8-mm-diameter full-
thickness defect filled
with scaffold

5-mm segmental defect
in ovariectomized

rats filled with
composite and locally
administered with PTH

On histology at 24 wk, control
scaffolds resorbed slower than
experimental scaffolds because
of decreased bone formation and
increased exposure to resorptive
soft tissue.

On plain radiograph and
histology at 32 wk, scaffold
almost completely degraded.

On histology at 12 wk,

most of the prevascularized
scaffold degraded faster than
non-prevascularized scaffold.

On micro-CT and histology,
induced scaffolds degraded
faster than both noninduced

and unseeded scaffolds.

BMD measurements of the
experimental group were similar
to those of normal bone at 3 mo.

On CT and histology at 4 wk,
bFGF-coated scaffolds degraded
faster than noncoated scaffolds.

On volumetric analysis and
histology at 12 wk, B-TCP
degradation decreased when
integrated with BMSC and
growth factor or with barrier
containment.

On histology at 9 wk, fewer
loaded composite remnants were
noted compared with unloaded
composite remnants.

On CT and histology at 5

mo, almost all the cell-loaded
scaffold was degraded, whereas
bone growth and degradation
were seemingly halted within
the cell-free scaffold because
of fibrous connective tissue
surrounding the slow-degrading
glass material.

On histology at 8 wk, the
PTH-administered group showed
decreased remaining biomaterial
compared with the composite-
only group.

bFGF, basic fibroblast growth factor; PLGA, poly(lactic-co-glycolic acid); PTH, parathyroid hormone; rhBMP-2, recombinant human-bone
morphogenetic protein-2.
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