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Abstract

Purpose—Vascularized bone tissue transfer, commonly used to reconstruct large mandibular
defects, are challenged by long operative times, extended hospital stay, donor-site morbidity, and
resulting health care. 3D-printed osteoconductive tissue-engineered scaffolds may provide an
alternative solution for reconstruction of significant mandibular defects. This pilot study presents a
novel 3D-printed bioactive ceramic scaffold with osteoconductive properties to treat segmental
mandibular defects in a rabbit model.
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Methods—Full-thickness mandibulectomy defects (12mm) were created at the mandibular body
of six adult rabbits and replaced by 3D-printed ceramic scaffold made of 100% p-tricalcium
phosphate, fit to defect based on CT imaging. After 8-weeks, animals were euthanized, the
mandibles were retrieved, and bone regeneration was assessed. Bone growth was qualitatively
assessed with histology and backscatter scanning electron microscopy, quantified both
histologically and with microCT and advanced 3D image reconstruction software, and compared
to unoperated mandible segments (UMS).

Results—Histology quantified scaffold with newly formed bone area occupancy at 54.3

+ 11.7%, compared to UMS baseline bone area occupancy at 55.8 + 4.4%, and bone area
occupancy as a function of scaffold free space at 52.8 + 13.9%. 3D volume occupancy quantified
newly formed bone volume occupancy was 36.3 £ 5.9%, compared to UMS baseline bone volume
occupancy at 33.4 + 3.8%, and bone volume occupancy as a function of scaffold free space at 38.0
+ 15.4%.

Conclusion—3D-printed bioactive ceramic scaffolds can restore critical mandibular segmental
defects to levels similar to native bone after 8 weeks in an adult rabbit, critical sized, mandibular
defect model.

Keywords

3D printing; tissue engineering; craniomaxillofacial; bone regeneration; reconstruction;
osteoconduction

Introduction

Mandibular reconstruction is often required in settings of craniomaxillofacial trauma,
congenital disfigurement, and oncologic resection. With the aid of technology, surgeons are
able to expedite patient return to baseline function through recent developments in virtual
surgical planning (1). Vascularized bone tissue transfer remains the preferred reconstructive
option for large mandibular defects, but these flaps are still subject to limitations such as
donor site morbidity, prolonged operative time, extended hospital stay, infection, and
delayed healing (2-4). In contemporary healthcare, cost must also be considered, as hospital
charges for fibula free flaps have been estimated at $60,000 per patient (4). The opportunity
to decrease the challenges to free tissue transfer has driven the development of tissue
engineering approaches to mandibular reconstruction. Despite the presence of conceptual
data in the literature regarding scaffold design parameters and their in vitro osteogenic
potential evaluation through various cell culturing methods, there is a paucity of translational
in vivo studies assessing 3D printed scaffolds (5-7), and an ideal approach to tissue
engineered bone repair remains elusive (8).

Within the field of bone tissue engineering, calcium phosphate-based biomaterials have
gained prominence due to their osteoconductivity, biocompatibility (9, 10), and reports of
safe use for decades (11). Many FDA approved synthetic grafting materials, and bone
substitutes, which include calcium phosphate-based bioactive ceramic biomaterials, are
utilized in over 50% of bone-grafting cases in the United States (12). Furthermore,
applications are limited: while osteoconductive, these materials lack design parameters to
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address large, patient-specific defects. Large repair sites require interaction between
synthetic grafting material and the defect margins, which is not adequate with granular-
based or block-based grafting materials as they cannot be properly shaped to fit and fill
defects in a geometrically stable fashion. In addition, though osteoconductive, granular-
based graft materials provide nucleation sites for osteogenesis in a random fashion; this lack
of spatial coordination hinders organized directional bone growth and extensive subsequent
remodeling is necessary for complete repair. Such grafts only provide satisfactory results
when packed into defects with bone walls that support bone derived osteogenic content and
adequate material packing (e.g. smaller craniomaxillofacial defects). However, little
attention has been paid to the geometry of biomaterials and their potential effect on bone
regeneration at larger defects, where there is lack of bone derived osteogenic potential,
despite modalities such as 3D printing offering an approach to control these parameters.

3D printing of bioactive synthetic materials in scaffold form allows for customized designs
based on clinical imaging. 3D printing for tissue engineered bone has been described with
varying success over the last fifteen years (13-27), likely due to a lack of hierarchical
approach to scaffold design. Geometries at macro- (overall structure), meso- (strut size and
pore size/interconnectivity), micro- (surface properties) and nano- (material properties,
biocompatibility) structure levels have been individually explored (10, 28), but have lacked
multivariable study design, thereby limiting an understanding of the contributions and
limitations of each structural level to osteoconductivity. A similar nonhierarchical approach
describes a majority of the endosteal implant fixation literature (29), which hindered
bioengineers attempting to improve clinical results until a more methodical approach was
recently proposed.

Work over the past decade addressed the lack of objective parameter implant studies in order
to improve upon biomaterial designs for bone healing (30, 31). This included assessment of
factors such as endosteal implant healing chamber dimensions, and how spaces between
implant threads interact with violated osteotomy walls to facilitate intramembranous-like
healing pathways (31). By methodically assessing these bulk configurations, as well as
factors such as surface treatments, endosteal metallic implant work has shed light on design
factor contributions to early vs. late bone healing that are likely applicable to biomaterials
such as osteoconductive 3D printed scaffolds. Previous studies have highlighted that
bioactive ceramic porous geometries demonstrate the same intramembranous-like healing
pathway that healing chambers (regions between implant threads) exhibit upon endosteal
fixation (31, 32), but are challenged to osteoconduct across large defects instead of small
portions of drill sites. Given the variety of bony defects that can require surgical
intervention, assessment of macrogeometry at various anatomic sites is warranted to
determine where bone can and cannot be regenerated.

The objective of this pilot study is to assess the utility of 3D-printed bioactive ceramic
(3DBC) scaffolds for treating significant mandibular defects. We hypothesized that 3DBC
scaffolds can successfully repair critical segmental bony defects in a dynamic, load-bearing
rabbit mandible.
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Materials and Methods

Colloidal Gel formulation

Previously calcined and milled ceramic powders were used for the colloidal gel formulation
(33). Concentrated B-TCP colloidal gel, where the solid volume fraction (¢ceramics) Of the
ceramic was ~46%, was produced by mixing a pre-calculated amount of ceramic powder,
ammonium polyacrylate (~14.5 mg/gram ceramic) (Darvan 821A; RT Vanderbilt, Norwalk,
CT, USA) solution to disperse particles, deionized water (DI)-H20, hydroxypropyl
methylcellulose, 7 mg per milliliter of ceramic (Methocel F4AM; Dow Chemical Company,
Midland, MI, USA) as the thickening agent, and polyethylenimine, 150 to 200 mg per 30
mL of colloidal gel, (Sigma-Aldrich, St. Louis, MO, USA) to gel the colloidal ink
suspension (33, 34).

Scaffold Design, Implementation, and Analysis

The B-TCP scaffolds were fabricated via robocasting, using a 3D direct-write micro printer
gantry robot system (Aerotech Inc., Pittsburgh, PA, USA) used to extrude the colloidal ink.
The 3D defect-sized scaffolds (11-mm length, 9-mm major axis diameter, 4.5mm minor axis
diameter; 250 pum struts, and 330 um pore spacing) were designed with a computer-aided
design (CAD) system (RoboCAD 4.3; 3D Inks LLC, Tulsa, OK, USA) to precisely replace
defect sites (Figure 1). The colloidal ink was loaded into a syringe (Nordson Corp.,
Westlake, OH, USA) and subsequently equipped with 250 um-diameter extrusion nozzle
(Nordson Corp.). The 3D cuboidal scaffolds were printed in layer-by-layer fashion at 8-
mm/s print speed. The entire deposition process occurred in a low-viscosity paraffin oil tray
to prevent drying of the structure during fabrication. After being allowed to partially dry,
scaffolds were sintered in a multi-step process which ending with a dwell at 1100°C for
4hrs; higher temperature (1100°C) allowed for construct densification (34) while two lower
temperature dwells (400°C and 900°C) allowed for organic burnout.

In Vivo Rabbit Model Surgical Procedure

Following approval of Institutional Animal Care and Use Committee, all surgeries were
performed under sterile conditions. Following pre-treatment with subcutaneous
buprenorphine (0.02 mg/kg) and enrofloxacin (5 mg/kg), five rabbits were anesthetized via
intramuscular administration of Ketamine (35 mg/kg) and Xylazine (5mg/kg). Through a 5-
cm submandibular incision, a 12mm segmental defect was created at the mandibular body in
five skeletally mature New Zealand White rabbits (NZWRs), weighing ~3.5kg (Figure 2A
and 2B). One scaffold was inserted into each (Figure 2B) defect and plated (Signo-Vinces,
Campo Largo, Brazil) in continuity with bone, then overlying soft tissue and skin were
closed; no evidence of oral cavity communication occurred. Each animal’s contralateral
mandibular body served as its own uninjured internal control. Buprenorphine (0.01 mg/kg)
and enrofloxacin (5 mg/kg) were administered every 12 hours for 48 hours post-op. Animals
were given food ad /ibitum, without activity restrictions, and were euthanized via anesthetic
overdose at 8-weeks.
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Advanced Imaging and 3D Quantification

Samples were scanned using micro-computed tomography (UCT 40, Scanco Medical,
Basserdorf, Germany). All DICOM format data were imported into Amira 6.1 software
(Visage Imaging GmbH, Berlin, Germany) for quantitative analysis of bone formation.
Scaffold was isolated via volume editing, and regions of bone were isolated by thresholding.
Bone was quantified using Amira 6.1 software material statistics.

Histologic Preparation, Scanning Electron Microscopy, 3D Quantification and Statistical

Analysis

Results

After scanning, the embedded blocks were cut into sections using a diamond saw (Isomet
2000, Buehler Ltd., Lake Bluff, IL, USA). The sections were ground on a grinding machine
(Metaserv 3000, Buehler, Lake Bluff, IL, USA) under water irrigation with a series of SiC
abrasive paper until they were ~100 um thick, after which samples were stained in
Stevenel’s blue and Van Geison red to differentiate the soft, connective, and bony tissues.
Qualitative depictions of bone regeneration were performed using histology and
corresponding regions with backscatter electron microscopy. Histological and 3D
reconstructed data are presented as mean values with 95% confidence interval (Cl). To
accurately report new bone growth, unoperated mandible sections (UMS) from the
contralateral mandibular body underwent 2D and 3D analysis to quantify native bone area
and volume occupancy for comparisons with scaffold regenerated segments.

All %bone data were analyzed using paired t-test with a confidence interval of 95% (IBM
SPSS v23, IBM Corp., Armonk, NY, USA).

Two animals presented signs of infection approximately ten days after surgery. While both
animals successfully completed the study time frame, necropsy revealed lack of scaffold
osseointegration and these samples were excluded from analyses. Removal of surgical
hardware for the remaining subjects revealed scaffold integration (Figure 3A). 3D analysis
demonstrated directional bony ingrowth from both defect walls into scaffold pores and
lumen (Figure 3B and 3C). Histomorphologic assessment depicted no inflammation, and
bone healing by an intramembranous-like healing pathway, bridging both bone segments
within the scaffold. A highly cellular and vascularized woven bone structure was observed in
direct contact with the scaffold, within the scaffold structure, and within the scaffold lumen
(Figure 4A). High magnification depicted contact between woven bone and a resorbing
scaffold structure, as well as regions of lamellar bone formation surrounding primary
osteonic structures with vascular components at their respective centers within the scaffold
porosity (Figure 4B and 4C). Scanning electron microscopy depicts bone healing with a
spectrum of bone maturity ranging from woven to lamellar reorganization, with scaffold
strut resorption (Figure 5), as well as concentric rings forming, guided/directional new bone
formation between struts, bone-mediated scaffold resorption at bone/scaffold interfaces, and
microcracks corresponding to regions of bone remodeling (Figure 6A).
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Histology quantified bone area occupancy as a function of scaffold free space at 52.83

+ 13.93%. 2D quantity of scaffold with newly formed bone was not statistically different
from UMS bone area occupancy (54.39 + 11.76% and 55.8 + 4.4%, respectively, p=0.85)
(Figure 7A-C). 3D analysis quantified bone volume occupancy as a function of free space at
38.01 + 15.18%. 3D scaffold with newly formed bone volume occupancy was not
statistically different from UMS bone volume occupancy (36.33 + 5.96% and 33.4 + 3.8%,
respectively, p=0.32) (Figure 7A-C).

Discussion

The promise of biomaterial synthesis and tissue engineering has yet to be realized, yet the
principles of bone healing have been well-described in biomaterials such as endosteal
implants and other implantable scaffolds; osseointegration via rapid, new bone formation
has been widely reported. This pilot study explored mandibular regeneration by using 3D
printing to synthesize B-TCP scaffolds with porous geometries that augment
osteoconduction in healing chambers of metallic biomaterials and lattice-based scaffolds at
critical-size defects.

The scaffold strut and porous dimensions used in this study were designed to elicit bone
healing behavior reminiscent of osseointegration, the intimate contact between living bone
and endosteal implant (31). Scaffold pores behaved as healing chambers, guiding
osteoconduction where surgically violated bone walls ossified directionally into pores via an
intramembranous-like healing pathway quickly filling the scaffold lattice structure with
woven bone (31). Continuous communication of pores across the entire scaffold was critical,
as reports have unequivocally described dimensional limits for optimal healing chamber
configurations to hasten bone formation (35). Scaffold porosity has been suggested to be
permissive to factors that facilitate bone healing (e.g. blood clot rich in osteogenic cells)
(29).

The critical-size defect in this study exceeded established protocol dimensions (36). Full-
thickness circular defects 10mm in diameter have been established as critical-sized in the
rabbit mandible (36), even with mandible continuity at the superior and inferior margins.
Our defect was 12mm in length and required plating as mandible continuity was completely
interrupted. The porous B-TCP scaffolds conducted bone regeneration bridging this defect
span through initial extensive woven bone formation despite atemporal return to masticatory
function employed in the current model. At the 8-week in vivo endpoint, initial woven bone
replacement with lamellar bone was observed along with scaffold resorption. Historically,
scaffold designs have been comprised of hydroxyapatite (HA) as bulk material. HA has been
blended and 3D printed with polymers such as Polycaprolactone (PCL) and Polylactic Acid
(PLA) (37); PCL and PLA are biodegradable, biocompatible polyesters, but are not ideal for
bone tissue engineering due to inferior mechanical properties (e.g. compressive strength,
Young’s modulus) (37) and questionable osteoconductive capacity (38), both of which are
addressed by the properties of HA (37). However, relative to p-TCP, HA has a high initial
compressive strength and low resorption kinetics /n vivo (1-2% per year at five years post-
implantation) (39), thus limiting temporal scaffold material replacement by bone. B-TCP as
a bioactive ceramic material has been demonstrated to degrade/resorb more rapidly /n vitro
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and /n vivo relative to HA, allowing for more rapid bone replacement. From a lattice-based
scaffold designing standpoint, this material degradation rate can be altered by increasing the
scaffold macroscopic surface area via strut diameter changes (struts of a smaller diameter
result in higher surface area) or by changing material micro/nano porosity levels through the
interplay of ink formulation and sintering processes.

Our results were presented as scaffold + bone occupancy of defect site relative to UMS
dimensions and UMS bone occupancy. They were reported together because as p-TCP
resorbs, new bone formation replaces it; B-TCP’s rapid resorption Kinetics were exploited to
potentially achieve total scaffold replacement by bone over time. New bone + p-TCP
scaffold occupancy at 8 weeks was comparable to UMS bone occupancy at skeletal maturity,
irrespective of two or three-dimensional analysis. Bone alone accounted for up to half of this
occupancy. Histology and scanning electron microscopy both demonstrated directional bony
ingrowth into the scaffold interstices, tracking healing pathway origins to defect walls and
marrow spaces. Electron microscopy revealed both new bone growth and scaffold resorption
at bone/scaffold interfaces. While bony healing within 3DBC scaffolds has been reported in
in vivo models (10), a significant bone healing response of a critical segmental defect in a
weight bearing mandible has not been reported to date.

Favorable results were observed in the present study by utilizing principles of biomaterial
design to regenerate bone without bioactive molecule enhancement. This approach has been
taken by other groups (10), but to our knowledge, not in a mandible model. Others have
addressed bone regeneration through cellular (stem cell seeding) and molecular (bone
morphogenetic protein signaling) mechanisms (40, 41). Their results have offered insight on
the osseoinductive pathway of mesenchymal stem cells and proven that 3D printing can
direct spatial control of osteoblast differentiation based on design and deposition of growth
factors/inhibitors. However, stem cell therapy has yet to demonstrate regenerative outcomes
of clinical interest and continue to be strictly regulated and present ethical dilemmas. Our
focus on biomaterial properties did not require supplements to augment local cellular
nourishment/healing pathways, utilized endogenous healing mechanisms, and required less
time and variables to achieve a clinical outcome associated with stem cell harvest, culturing,
scaffold seeding, growth within a bioreactor and implantation. Another study employing the
same scaffold lattice parameters and material used in the present investigation, when coated
with an adenosine A2 receptor (A,aR) indirect agonist, demonstrated augmented bone
growth in a murine calvarial model as effectively as rhBMP-2 (42), without the
complications of BMPs (e.g. exuberant bone formation) (43). These positive results with
respect to increased bone formation capacity through the addition of AR indirect agonism,
to devices of the same mesoscale geometry and material utilized in the present study,
indicate that exploration of A,aR activation efficacy with osteoconductive scaffolds at
critical segmental mandible models are warranted. Longer time frame studies in more
challenging settings (e.g. soft tissue deficit) should also be assessed to determine if bone
growth will adequately replace the resorbable scaffold and restore full function and shape of
the resected mandible. The replacement of free space with new bone will likely vary as
scaffolds resorb over time, thus also citing a need for a longer time frame to determine when
full scaffold resorption is achieved. Studies addressing these gaps of knowledge pertaining
to regenerative capacity and degree of scaffold resorption with and without A,aR coating
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are underway in translational models of the mandibular ramus, upper extremity, calvaria and
alveolar process.
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Figure 1.
CAD Scaffold 12mm length, 9mm outer diameter, 5mm inner diameter (lumen),1.95 aspect

ratio (a) Iso view (b) front view and (c) superior view
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Figure 2.
Scaffold Placement (a) surgical segment compared to scaffold (b) surgical placement of

scaffold
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Figure 3.
(a) scaffold integration with rabbit mandible (b) lengthwise 3D reconstruction of scaffold (c)

end of scaffold with bony infiltration of lumen (d) lengthwise 3D reconstruction of scaffold
with translucent scaffold, solid bone (e) end of scaffold with bony infiltration of lumen with
translucent scaffold, solid bone *scaffold in purple, bone in yellow
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Figure 4.
(a) Sagittal histologic slice of scaffold in continuity with rabbit mandible (b) High

magnification from 4a demonstrating porous ingrowth (c) Highly cellular and vascularized
woven bone structure, as well as newer, organized lamellar bone formation depicted by
arrows. (I=Incisor, T=tooth, IAN= inferior alveolar nerve)
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Figure 5.
Electron microscopy depicting scaffold struts (green arrows) and new, intramembranous like

bone formation throughout scaffold interstices (red arrows). New, woven bone is seen filling
sites of scaffold degradation (yellow arrows), and regions of lamellar reorganization
juxtaposed with immature woven bone are evident (blue arrows, lamellar as brighter bone,
woven is darker).
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Figure 6.
(a) new bone formation on optical micrograph, with region selected for electron microscopy

outlined (b) Bone/scaffold interface depiction with electron microscopy (red arrows) (c)
Osteon depicted with concentric rings (green arrows) with electron microscopy
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