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INTRODUCTION:  

Severe craniomaxillofacial (CMF) injuries are prevalent after a wide range of acute and chronic 
injuries, are typically large in size, and are characterized by significant loss of hard and soft 
tissue. Our primary objective is to demonstrate a novel approach for creating mechanically 
robust, patient-customized biomaterials for large, load-bearing maxillofacial bone defects. We 
address a fundamental bottleneck in CMF biomaterial design. Constructs must balance very 
real considerations regarding mechanical competence and load bearing, the need to fit complex 
defect geometries unique to each patient, and biotransport of nutrients within the construct 
during healing. To do this, we are developing approaches to integrate a biomolecule decorated 
collagen scaffold with micro-scale porosity into a mechanically-robust polymeric frame 
generated via 3D-printing with macro-porosity. We are first validating the osteogenic potential of 
growth factor decorated composite (Aim 1). We are evaluating the influence of composite 
structural properties on mesenchymal stem cell (MSC) osteogenesis in vitro and will 
subsequently establish whether, and to what extent, selective incorporation and release of the 
growth factors BMP-2/VEGF, the mineral zinc, or modifications to scaffold glycosaminoglycan 
(GAG) content enhances osteogenesis. Next, we will examine the quality and kinetics of 
mandible bone regeneration using the composite in critically-sized mandibular ramus defects in 
the Yorkshire pig (Aim 2). The larger goal of this program is to identify a shelf-stable, patient 
customizable biomaterial that can be seeded with autologous MSCs intraoperatively and 
immediately implanted in order to regenerate large, load-bearing CMF bone defects. 
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OVERALL PROJECT SUMMARY:  
 
Through the forth year of this project, we have made significant progress in addressing tasks 
and milestones associated with Major Tasks 1 and 2. Our efforts are on track to meet the goals 
of the entire research project, which are to validate the osteogenic potential of the biomolecule 
decorated collagen composites via tiered in vitro and in vivo assays. However, during the past 
year we had significant time where laboratory shut down in response to the novel coronavirus 
stalled in person laboratory work. While this in person shut down actually facilitated data 
analysis and manuscript preparation for the vast majority of in vitro studies, we were unable to 
initiate the in vivo porcine mandible regeneration studies. To complete the in vivo animal 
component of the proposed work we have requested and received a No Cost Extension 
(through 9/30/2021). 
 
MAJOR TASK 1: Composite Fabrication 
 
The primary goals associated with Major Task 1 are: 

• Fabricate PCL cages for collagen-PCL composites 
• Fabricate library of collagen-PCL composites and growth factor modified composites for 

in vitro testing 
 
Key Milestones associated with Major Task 1 are: 

• Biophysical characterization of mineralized collagen scaffolds and PCL-collagen 
composites 

• Biophysical and functional characterization of growth factor loading/elution  
 
 
MAJOR TASK 2: In vitro osteogenesis assays 
 
The primary goals associated with Major Task 2 are: 

• Assess mechanisms by which the mineralized collagen scaffold accelerate MSC 
osteogeneic differentiation and matrix biosynthesis. 

 
Key Milestones associated with Major Task 2 are: 

• Identify the degree to which BMP-2, VEGF, and growth factor sequestering chemistries 
incorporated within the collagen scaffolds increase MSC osteogenic differentiation. 

 
 
Summary of Results, Progress and Accomplishments with Discussion: 
 
PRIOR WORK (reported in YR2 annual report). First generation composite biomaterials 
for CMF repair. A significant challenge to improving the quality and speed of craniomaxillofacial 
bone regeneration are competing design requirements for a biomaterial platform: porosity 
required for cell recruitment and adequate biotransport; mechanical strength that is significantly 
reduced by the inclusion of pores; shape-fitting to improve conformal contact and 
osseointegration between the implant and the defect. With USMRMC funding, we developed a 
new class of collagen composite biomaterial. We leveraged 3D printing tools to create macro-
scale poly (lactic acid) (PLA) reinforcement frames that can be integrated into the collagen 
suspension prior to lyophilization, resulting in a multiscale scaffold-fiber composite. A critical 
advance associated with this work was demonstrating an approach to render the composite 
shape-fitting to address an unmet clinical need: the need for close conformal contact between 



biomaterial implant and the surrounding wound site. We showed selective removal of 
circumferential fiber segments from the PLA frame could yield a composite that was deformable 
radially yet retained sufficient spring-back capacity to increase the required push-out force. 
These findings confirm that the addition of even small volume fractions (~10% v/v) of polymeric 
mechanical reinforcement are sufficient to increase composite mechanical strength and address 
the current translational limitation of the mineralized collagen scaffold (compressive moduli < 
1MPa). We completed biophysical and vitro MSC osteogenic activity characterization [1]. 
 
PRIOR WORK (reported in YR3 annual report). Zinc-modified scaffolds promote scaffold 
osteogenic activity.  Implant osteoinduction and subsequent osteogenic activity are critical 
events that need improvement for regenerative healing of large craniofacial bone defects. While 
preliminary data was reported in the Year 2 Annual report, in the past year we successfully 
completed our study of incorporation of zinc ions into the mineralized collagen scaffold to 
accelerate MSC osteogenesis. Zinc is an essential trace element in skeletal tissue and bone, 
with soluble zinc being shown to promote osteogenic differentiation of porcine adipose derived 
stem cells. We augmented the mineral content of a class of mineralized collagen scaffolds 
under development for craniomaxillofacial bone regeneration via the inclusion of zinc ions to 
promote osteogenesis in vitro. Zinc sulfate was added to a mineralized collagen-
glycosaminoglycan precursor suspension then freeze dried to form a porous biomaterial. We 
reported biophysical parameters of zinc functionalized scaffolds via imaging (scanning electron 
[2]microscopy), mechanical testing (compression), and compositional (X-ray diffraction, 
inductively coupled plasma mass spectrometry) analyses. Zinc-functionalized scaffolds display 
morphological changes to the mineral phase and altered elastic modulus without substantially 
altering the composition of the brushite phase or removing the micro-scale pore morphology of 
the scaffold. These scaffolds also display zinc release kinetics on the order of days to weeks 
and promote successful growth and pro-osteogenic capacity of porcine adipose derived stem 
cells cultured within these zinc scaffolds. Taken together, we believe that zinc functionalized 
scaffolds provide a unique platform to explore strategies to improve in vivo osteogenesis in 
craniomaxillofacial bone injuries models [3].  
 
Mineralized collagen scaffolds fabricated with amniotic membrane matrix increase 
osteogenesis under inflammatory conditions. Defects in craniofacial bones occur 
congenitally, after high-energy impacts, and during the course of treatment for stroke and 
cancer; improved regenerating healing likely requires addressing challenges associated with the 
inflammatory environment surrounding the injury. We have adapted the mineralized collagen 
scaffold under development as part of this project, already capable of supporting significant 
osteogenic differentiation and matrix biosynthesis in the absence of osteogenic media or 
supplemental proteins, to include 
amniotic membrane matrix derived 
from placentas (Fig. 1). We report 
increased mechanical properties of 
a mineralized collagen–amnion 
scaffold and investigated 
osteogenic differentiation and 
mineral deposition of porcine 
adipose-derived stem cells within 
these scaffolds as a function of 
inflammatory challenge. 
Incorporation of amniotic 
membrane matrix promotes 
osteogenesis similarly to un-

 
Fig. 1. Isolation of amniotic membrane from placentas and synthesis of 
mineralized collagen and mineralized collagen–amnion scaffolds. 



modified mineralized collagen scaffolds, and increases in mineralized collagen–amnion 
scaffolds under inflammatory challenge. Together, these findings suggest that a mineralized 
collagen–amnion scaffold may provide a beneficial environment to aid craniomaxillofacial bone 
repair, especially in the course of defects presenting significant inflammatory complications. See 
appendix: [2]. 
 
Anisotropic mineralized collagen scaffolds accelerate osteogenic response in a 
glycosaminoglycan-dependent fashion. Regeneration of critically-sized craniofacial bone 
defects requires a template to promote cell activity and bone remodeling. However, induced 
regeneration becomes more challenging with increasing defect size. Methods of repair using 
allografts and autografts have inconsistent results, attributed to age-related regenerative 
capabilities of bone. We adapted the mineralized collagen scaffold under development as part 
of this project seeking scaffold technologies to promote craniomaxillofacial bone regeneration as 
an alternative to repair. We hypothesized modifying the pore anisotropy and glycosaminoglycan 
content of the scaffold will improve cell migration, viability, and subsequent bone formation (Fig. 
2). Using anisotropic and isotropic scaffold variants, we first tested the role of pore orientation 
on human mesenchymal stem cell (MSC) activity. We subsequently explored the role of 
glycosaminoglycan content, notably chondroitin-6-sulfate, chondroitin-4-sulfate, and heparin 
sulfate on mineralization. We found that while short term MSC migration and activity was not 
affected by pore orientation, increased bone mineral synthesis was observed in anisotropic 
scaffolds. Further, while scaffold glycosaminoglycan content did not impact cell viability, heparin 
sulfate and chondroitin-6- sulfate containing variants increased mineral formation at the late 
stage of in vitro culture, respectively. Overall, these findings show scaffold microstructural and 
proteoglycan modifications represent a powerful tool to improve MSC osteogenic activity. See 
appendix: [4]. 
 
Stiffness of Nanoparticulate Mineralized Collagen Scaffolds Triggers Osteogenesis via 
Mechanotransduction and Canonical Wnt Signaling. As part of our further optimization of 
scaffold biophysical properties to support craniofacial bone regeneration, we examined the role 
of carbodiimide crosslinking induced 
stiffening of the mineralized scaffold on 
MSC osteogenic activity. We reported 
that the use of carbodiimide crosslinking 
increases scaffold elastic modulus 10-
fold. Moreover, we examined two 
aspects of MSC osteogenic 
differentiation in response to scaffold 
stiffening. Both crosslinked and non-
crosslinked scaffolds are capable of 
autogenously activating the canonical 
BMPR signaling pathway with 
phosphorylation of Smad1/5. 
Interestingly, human mesenchymal stem 
cells cultured on crosslinked scaffolds 
display significantly elevated expression 
of the major mechanotransduction 
mediators YAP and TAZ expression, 
coincident with β-catenin activation in the 
canonical Wnt signaling pathway. 
Inhibiting YAP/TAZ activation reduces 
osteogenic expression, mineralization, 

 
Fig. 2. Hypothesis 1: anisotropic pores will have greater mineral 
formation and cell activity than isotropic pores. The different 
molds used during freeze drying to fabricate isotropic and 
anisotropic mineralized collagen scaffolds is demonstrated. 
Hypothesis 2: chondroitin-4-sulfate and heparin sulfate will have 
greater mineral formation and cell activity than scaffolds 
containing chondroitin-6-sulfate. Anisotropic scaffolds 
containing the same amount of chondroitin-6-sulfate, 
chondroitin-4-sulfate, or heparin sulfate are compared. 



and β-catenin activation in crosslinked scaffolds moreso thatn non-crosslinked. These results 
indicate that increasing scaffold stiffness via carbodiimide crosslinking induces osteogenic 
differentiation via the mechanotransduction mediators YAP/TAZ and the canonical Wnt 
signaling pathway, whereas the canonical BMPR signaling pathway is activated independent of 
scaffold stiffness. This adds an important observation regarding alterations to the mineralized 
collagen scaffold to maximally support MSC osteogenesis. See appendix: [5]. 
 
Sequential sequestrations increase the incorporation and retention of multiple growth 
factors in mineralized collagen scaffolds. Over the past year we completed analysis of, and 
successfully published a manuscript describing, the use of non-covalent growth factor 
sequestration methods to improve the bioactivity of our mineralized collagen scaffold. This is a 
major element of the proposed efforts in this project and has been a project that took almost two 
years to complete. Here, growth factor signaling has the potential to coordinate the behavior of 
multiple cell types following an injury, and effective alteration of growth factor availability within a 
biomaterial can be critical for accelerating bone healing. During this project we have optimized 
the design parameter of a mineralized collagen scaffolds to facilitate cell invasion and MSC 
osteogenesis. Here we describe the use of modified simulated body fluid treatments to enable 
sequential sequestration of bone morphogenic protein 2 and vascular endothelial growth factor 
into the mineral phase of these mineralized collagen scaffolds (Fig. 3). This approach is unlike 
traditional crosslinking based methods for incorporating growth factors; we have now showed as 
part of this project optimization of 
scaffold structure (pore anisotropy 
[4]), scaffold composition 
(glycosaminoglycan content [4]; 
incorporation of amnionic 
membrane[2]), and crosslinking[5] 
to support beneficial MSC 
osteogenic activity. Hence, 
incorporation of growth factors 
must be performed in a manner 
orthogonal to those efforts. Here 
we show that sequential exposure 
to biomolecules of interest and 
simulated body fluid can be used to 
sequester 60–90% of growth factor 
from solution into the mineral 
phase without additional 
crosslinking treatments. This 
approach allows high levels of 
retention for both individual growth 
factors (>94%) or multiple growth 
factors (>88%) that can be layered 
into the material via sequential 
sequestration steps. Sequentially 
sequestering growth factors allows 
prolonged release of growth factors 
in vitro (>94%) and suggests the 
potential to improve healing of 
large-scale bone injury models in 
vivo. Future work will utilize this 
sequestration method to induce 

 

 

 
Fig. 3. Hypothesis 1: Growth factor sequestration with varying modified 
simulated body fluid (mSBF) treatments. Hypothesis 2: Sequential 
sequestration of individual growth factors (BMP2 or VEGF). Hypothesis 
3: Sequential sequestration of multiple growth factors (BMP2 and 
VEGF) versus sequentially sequestered BMP2 then VEGF. 



cellular activities critical to bone healing such as vessel formation and cell migration. See 
appendix: [6]. 

Inclusion of a 3D-printed mesh improves mechanical and osteogenic performance of a 
mineralized collagen scaffold. During this project we have reported on the concept of 
incorporating polymer-based reinforcement meshes into the mineralized collagen scaffold to 
increase the mechanical performance of the resulting composite. In work recently submitted[7] 
we showed the degradation byproducts and acidic release from the printed polymer structures 
have limited negative impact on the viability of mesenchymal stem cells but may be chosen to 
actively promote osteogenic activity. Inclusion of a mesh (Fig. 5) formed from Hyperelastic 
BoneTM bioinks generates a reinforced composite with significantly improved mechanical 
performance (elastic modulus, push-out strength). Composites formed from the mineralized 
collagen scaffold and either Hyperelastic Bone supported human bone-marrow derived 
mesenchymal stem cell osteogenesis and mineral biosynthesis. Strikingly, composites 
reinforced with Hyperelastic Bone mesh elicited significantly increased secretion of 
osteoprotegerin, a soluble 
glycoprotein and 
endogenous inhibitor of 
osteoclast activity. These 
results suggest that 
architected meshes can be 
integrated into collagen 
scaffolds to boost 
mechanical performance and 
actively instruct cell 
processes that aid 
osteogenicity; specifically, 
secretion of a factor crucial to 
inhibiting osteoclast-
mediated bone resorption. 
Future work beyond the 
scope of this project will 
focus on further adapting the 
polymer mesh architecture to 
confer improved shape-fitting 
capacity as well as to 
investigate the role of 
polymer reinforcement on 
MSC-osteoclast interactions 
as a means to increase 
regenerative potential. 

Adapting the design of conformal fitting polymeric reinforcement cages to meet 
translational challenges. During Year 3 of this project, we reported [1] a polymer fiber 
reinforcement strategy for the mineralized collagen scaffold. As stiffness requirements for 
confined CMF bone defects are lower (5-10 MPa[8]) than for segmental bone defects, we 
prioritized biomaterial innovations to improve conformal contact with the defect margin. The 
initial composite used a PLA-fiber array to create conformal fitting design elements for our 
scaffold. In the past year we adapted the design of the reinforcing cage for the porcine CMF 
defect model. This requires a more robust PCL-based bioink for comparison to results reported 
outside of this project that used a high-density PCL reinforcing strategy. We have fabricated 

Fig. 5. Fabrication of composites used in vitro and for mechanical 
testing. (A) Hyperelastic Bone and Fluffy-PLG were 3D printed in “cross 
designs” for in vitro testing or as a mesh for mechanical testing. Cross 
prints were printed individually and added to a continuous mineralized 
collagen suspension in an aluminum mold. After the addition of multiple 
prints, the entire mold was freeze-dried and a 6 mm biopsy punch was 
used to remove scaffold and 3D-print together. Mesh reinforced 
composites were fabricated by adding the entire mesh to the aluminum 
mold with mineralized collagen suspension and biopsy punching 10 mm 
diameter composites after lyophilization. Mesh 3D-prints were printed with 
either 2 mm or 3 mm line spacing. (B) Images of cross design and mesh 
3D-prints, scale bar represents 3 mm. (C) SEM images of mineralized 
collagen scaffold and cross design reinforced composites and acronyms 
used to represent the groups in the study. Scale bar represents 150 µm 
and white arrows indicate interface between the mineralized collagen and 
3D-printed reinforcing structures. 



prototype PCL reinforcement cages with conformal-fitting geometries and received ACURO 
approval for animal studies of PCL-reinforced mineralized collagen scaffolds in a porcine 
mandible defect. We have developed proof-of-concept for a novel composite based on the 
mechanical performance of low-density Voronoi foams (Fig. 6). These open cell foams pack to 
fill space and their random nature (absence of regularity) affords a simple approach to define 
mechanical performance independent of foam geometry.[9,10] Under load, the fibers that define 
the pores of these foams bend elastically during the first ~10% applied strain then buckle 
plastically.[9] Mechanical performance of these meshes is controlled by overall relative density 
(ρ*/ρs; ρ*, density of the porous material; ρs, density of the solid phase) not pore geometry, 
making them ideal for maintaining mechanical properties despite being cut/shaped. So rather 
than requiring a global optimization process, Voronoi foams can be rapidly generated to meet 
defined mechanical benchmarks. 

Fig. 6. Tough and tunable Voronoi structures. (A) Creating a Voronoi structure within any space. First, a 
set of “seed” points are added to the space. Then phantom lines (green) are drawn between these points, with 
phantom points (green) in the middle of these areas. Finally, the lines of the Voronoi structure (blue) are 
drawn between the phantom lines connecting the phantom points. (B) Representative stress-strain curve of 
foams, such as Voronoi structures. These structures are characterized by a linear elastic regime, a collapsed 
plateau, and densification. Increasing the density of Voronoi structures increases the modulus (elastic 
regime). (C) Voronoi structures can be added to any size or shape design and can achieve conformal fitting 
by the reversible collapse of pores. Additionally, the thickness of the individual struts in the architecture and 
the material it is comprised of can lead to tunable strength and elasticity. Finally, strain can easily be localized 
by printing these designs with regions of variable porosity or density of material. (D) The goal of this study 
was to incorporate tunable Voronoi 3D-printed architectures into mineralized collagen scaffolds for use in 
bone repair. Mineralized collagen scaffolds off excellent bioactivity and osteogenic properties due to the 
mineral, glycosaminoglycans, collagen, and porous nature of this material, however, this porosity also lends to 
these being very soft structures and more difficult to handle in bone repair situations. 3D-printed Voronoi 
structures offer a mechanically stable material with tunable mechanics, however, the macro-scale porosity 
and print material may not be as osteogenic as mineralized collagen scaffolds. Combined together, 
mineralized collagen and 3D-printed Voronoi structures have the ability to promote osteogenesis while also 
maintaining strength. Scale bar represents 100 µm. 



The mechanical performance of architected Voronoi foams is predictably dependent on print parameters 
(porosity, strut thickness) that can be defined by generative design algorithms (Fig. 7). As predicted, the 
porosity and thickness of printed Voronoi structures altered the Young’s Modulus, all decreasing the 
Young’s Modulus as density decreased. Due to the random structure of Voronoi designs, these by nature 
should be isotropic; however, in all of our tests we noticed some degree of anisotropy, as two or more 
sides had different moduli. This could be attributed to the small size of these designs and the large point 
spacing (i.e. 10 mm cubes with 4 mm point spacing). We hypothesize that a larger design, such as sheets 
of Voronoi structures, would result in a more isotropic structure, and CMF defects are typically 25 mm or 
larger in size. Voronoi computation models used to relate moduli to predictive equations have used a 
minimum of 27 cells to accurately assess isotropy 66, suggesting the differences in modulus may be due 
to an insufficient number of pores in that axis of compression. 

Local changes to Voronoi mesh architecture enable localized control over composite deformation (Fig. 8). 
We designed a biphasic 3D-print with a porous and dense region and were able to successfully combine 
this with mineralized collagen scaffolds to create a composite material, and further compared this to a 
composite with only one reinforced phase (porous). The compression of the biphasic 3D-print and 

Fig. 7. Tuning stiffness through Voronoi density and material thickness. (A) Four Voronoi designs (10 
mm cubes) of different porosities altered by changing the architecture were fabricated by 3D-printing 
photopolymerized resin. Designs were compressed and the stress-strain profiles were recorded, and as the 
volume % material of the design increased, the stiffness increased. The modulus of the four designs was 
compared to a predictive modulus for Voronoi architectures. (B) Three of the same Voronoi design (25 mm 
cubes) with different material thicknesses were 3D-printed using polycaprolactone. The modulus of these 
designs were tested against a predictive modulus for Voronoi architectures. Samples were loaded and 
unloaded compressively and the stress-strain profiles were recorded. The average modulus and deformation 
after loading increased with increasing strut thickness. ** indicates the 1.5 mm group was significantly (p < 
0.05) greater than all other groups. * indicates the 1.0 mm group was significantly (p < 0.05) greater than all 
other groups. (C) Analyzing anisotropy in 0.7 mm thickness Voronoi designs printed with polycaprolactone 
and 8% volume material (25 mm cubes). Each of the sides of one Voronoi design (x, y, z axis) were loaded 
and unloaded under compression and the modulus and deformation after loading were examined. * indicates 
which group(s) were significantly (p < 0.05) greater than another group. Differences in the modulus between 
sides of the same design can indicate anisotropy. Data expressed as average ± standard deviation (n=6). 



composite demonstrated stress-strain profiles of two different density materials, and DIC analysis 
demonstrated that strain is concentrated at the porous region. Compared to Voronoi composites with one 
phase, stress localization was randomly throughout the material. Upon comparing to the predictive 
modulus, this was fairly accurate for the dense structure, but not as accurate for the porous portion, most 
likely due to the analysis of the stress-strain curve portions and these combined structures leading to an 
altered moduli. 

Fig. 8. Localizing strain through biphasic Voronoi design. (A) Biphasic Voronoi designs were 3D-printed 
with photopolymerized resin into designs with a distinctly porous region and dense region. These were 
combined with mineralized collagen scaffolds to create a composite material. SEM images demonstrate the 
integration of the 3D-print with the surrounding mineralized collagen in the dense region (blue) and porous 
region (green). (B) Biphasic Voronoi 3D-prints were compressed and the stress-strain profile was recorded. 
The stress-strain profile was comprised of two different curves, whereas the porous region first compressed 
until failure (grey), and then the dense region was compressed (green), outlined on the stress-strain profile 
with matching images of the 3D-print under compression. (C) Biphasic Voronoi and mineralized collagen 
composites were compared to uniform Voronoi mineralized collagen composites, with the uniform region 
being the same throughout as the porous region of the biphasic Voronoi. These were compared under 
compression and further Digital Image Correlation to map strain regions and create contour plots. At 0%, 
2.2%, and 4.4% global applied strain, images of the composite are alongside representative strain localization 
images, with blue representing the greatest strain. (D) Line scans of the strain on biphasic Voronoi composite 
and uniform Voronoi composite were created from Digital Image Correlation data. Average strain at a global 
applied 4.4% strain was plotted as a function of position for each sample, with the average (black line) and 
standard deviation (interval contained by gray lines) of strain magnitude along the entire length of each 
scaffold. The porous region is demonstrated by a grey background and the dense region with green (n=6). 



KEY RESEARCH ACCOMPLISHMENTS (cumulative):   
The overall goal of this project is to develop a novel composite collagen biomaterial to improve 
the quality and speed of craniomaxillofacial bone regeneration. The major elements of the 
project are to demonstrate design modifications to an existing mineralized collagen scaffold in 
order to: 

• Create a polymer-scaffold composite that exhibits improved compressive strength (vs.
the scaffold alone) as well as conformal fitting capacity to aid the composite to fit Against
the wound margins of irregular defect geometries.

• Demonstrate material and cytokine delivery innovations that accelerate cell infiltration
into the scaffold as well as subsequent osteogenic differentiation and angiogenic activity.

• Validate improvements to this scaffold via assessment of the quality and kinetics of new
bone formation in a porcine mandibular defect model.

Key accomplishments to date to meet these challenges: 
• Demonstrating multi-scale composite reinforcement paradigm for mineralized collagen

scaffolds to address acute clinical needs for biomaterials with improved macro-scale
compressive strength and conformal fitting within the defect margins [1].

• Confirming incorporation of a polymeric reinforcement frame does not negatively
influence the osteogenic capabilities of porcine adipose stem cells within the multi-scale
composite [1].

o NOTE: This finding extends beyond previous publications that examined the
activity of human and rabbit bone marrow derived MSCs in the mineralized
collagen scaffold alone [11,12] or that only confirmed adMSC viability in one
design variant of a collagen-PCL composite [13].

• Developing and characterizing a novel zinc-functionalized variant of the mineralized
collagen scaffold at the core of this CMF bone regeneration project. We confirmed zinc
can be incorporated into and released from the scaffold microstructure. We showed
incorporation of zinc improved scaffold mechanical properties, and that while zinc
incorporation alters microscale mineral morphology of the scaffold it does not affect the
Brushite phase of the calcium phosphate deposits. We showed zinc-functionalized
scaffolds accelerate adMSC proliferation and metabolic health while maintaining
osteogenic differentiation and mineral deposition capacity [3].

• In addition to long standing analysis of MSC-osteogenesis within mineralized collagen
scaffolds, we have showed the mineralized collagen scaffold may also alter activity of
osteoclasts [14,15], and motivates ongoing efforts to better investigate scaffold-
osteoclast-MSC interactions in the context of matrix remodeling.

• We demonstrated the use of cyclodextrin-based transient sequestration of growth factors
within the scaffold could enhance BMP-2 mediated osteogenic differentiation [16]. While
short term growth factor retention may accelerate cell recruitment, cyclodextrin studies
are now motivating current exploration of mineral-linked growth factor retention as an
alternative means to delivery growth factors within the collagen scaffold.

• We demonstrated the use of nanostructured mineral-based sequestration of growth
factors within the scaffold to enhance the bioavailability of BMP-2 and VEGF (manuscript
in preparation). Ongoing efforts will: 1) define the long-term biological efficacy of growth
factor retention; and 2) identify the VEGF loading paradigm that efficiently activates



vascular cell activity. These efforts are expected to be early in Year 4 of this project and 
are necessary prior to in vivo testing of a final scaffold composite in a porcine 
mandibular defect. 

• We completed design and manufacture of a novel PCL polymeric reinforcement cage.
The original PCL cage structure detailed in the motivation for this project contained high
(>30% vol/vol) polymer. We previously reported a fiber-based design to improve strength
and conformal fitting of a composite, but this relied on PLA-fibers. We have completed
adaptation of the PLA design to the additive manufacturing technology required to
fabricate PCL structures. This PCL design has the dual capacity to improve the
compressive strength of scaffold-PCL composites while also providing the opportunity to
enhance conformal-fitting capacity of the resulting implants (manuscript in preparation).

• We have adapted the structure of the mineralized collagen scaffold, creating a new class
of anisotropic mineralized collagen scaffolds. We are defined the role of scaffold
anisotropy (the inclusion of aligned tracks of pores) to aid MSC osteogenesis and
infiltration into the material as a means to accelerate healing.

• We have identified a variant of the mineralized collagen scaffold that contains amniotic
matrix as a portion of its organic composition to improve cell activity in response to
inflammatory challenge.

• We identified proteoglycans (heparin sulfate and chondroitin-6-sulfate ) that can be
incorporated into the mineralized collagen scaffold to maximize mineral formation in
vitro.

• Defined sequestration efficiency and release kinetics for VEGF and BMP-2 in the
mineralized scaffold using a mineral phase patterning approach that avoids covalent
growth factor attachment.

• We showed chemical crosslinking of the mineralized collagen scaffold to increase
scaffold stiffness does not affect scaffold-mediated activation of canonical BMPR
signaling required for MSC osteogenic differentiation. However, stiffer crosslinked
scaffolds promote MSC osteogenic differentiation via the mechanotransduction
mediators YAP/TAZ and the canonical Wnt signaling pathway.

• We showed architected meshes can be integrated into collagen scaffolds to passively
boost mechanical performance and actively instruct cell processes that aid
osteogenicity; specifically, secretion of a factor crucial to inhibiting osteoclast-mediated
bone resorption. Notably, the mechanical performance of architected Voronoi foams is
predictably dependent on print parameters (porosity, strut thickness) that can be defined
by generative design algorithms. Further, local changes to Voronoi mesh architecture
enable localized control over composite deformation.



CONCLUSION:  

Successful biomaterial implants to improve regenerative healing must meet a number of 
design requirements that are often in conflict with each other. They must be biocompatible, 
meet micro-scale mechanical needs to promote osteogenesis as well as macro-scale 
requirements for a mechanically robust implant, be bioresorbable, and conformal fitting within 
irregular defects to improve osseointegration. Through the third year of this project we have 
completed the design, fabrication, as well as mechanical and in vitro osteogenesis testing of 
a conformal fitting mineralized composite for CMF defect repair applications. We have 
demonstrated multiple means to incorporate and release growth factors from the scaffold. 
And we have shown incorporation of zinc ions into the scaffold mineral phase is a powerful 
stimulus to increase MSC proliferation and metabolic health. The ability to increase close 
contact between the biomaterial implant and the host bone as well as incorporate pro-
osteogenic factors (i.e., zinc) is particularly important for improving cell recruitment and 
subsequent osseointegration between host and implant. We have developed alternative 
methods to leverage mineral-based sequestration of growth factors within the mineralized 
collagen scaffold without the need for chemical crosslinking. We have also defined the role of 
scaffold anisotropy, modification of scaffold glycosaminoglycan content, and inclusion of 
amnion derived matric on guiding MSC osteogenesis. We have developed a Voronoi-based 
approach to create exotic polymeric reinforcement designs to address challenges of complex 
defect geometries (submitting intellectual property filing and working to complete a 
manuscript reporting this technology). We have shut down and restarted our laboratory in 
response to the novel coronavirus pandemic, received formal ACURO Animal Use approval 
for our in vivo trials, and are awaiting ACURO re-approval of our updated campus IACUC-
approved animal protocol so that we may initiate in-person operating room efforts required to 
execute those in vivo trials. We expect this work to generate significant enthusiasm in the 
regenerative medicine and biomaterials community regarding a new paradigm for 
orthogonally manipulating multiple design criteria to create biomaterials for large, load 
bearing craniofacial defects. Impact will be primarily in basic sciences associated with the 
design of regenerative biomaterials. 



PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS: 

a. List all manuscripts submitted for publication during the period covered by this
report resulting from this project.

(1) Lay Press:
Nothing to report

(2) Peer-Reviewed Scientific Journals:
Accepted/Published:

M.J. Dewey, A.V. Nosatov, K. Subedi, R. Shah, A. Jakus, B.A.C. Harley, ‘Inclusion of a 3D-
printed Hyperelastic Bone mesh improves mechanical and osteogenic performance of a
mineralized collagen scaffold,’ Acta Biomater., 121:224-36, 2021. PMCID: PMC7856202.

M.J. Dewey and B.A.C. Harley, ‘Biomaterial design strategies to address obstacles in
craniomaxillofacial bone repair,’ RSC Adv., 11(29):17809-27, 2021. PMCID: PMC8443006.
NOTE: review article which heavily cites work supported by this grant.

M.J. Dewey and B.A.C. Harley, ‘Principles of Bone Tissue Engineering,’ in B. Mahadik and
J. Fisher (eds.) Bone Tissue Engineering: Bench to Bedside Using 3D Printing, 2021.

In preparation 
M.J. Dewey, R. Sun Han Chang, A.V. Nosatov, K. Janssen, S.J. Crotts, S.J. Hollister, B.A.C.
Harley, ‘Tunable Voronoi reinforcements for mechanically stable implants to repair
craniomaxillofacial bone defects,’ in preparation.

(3) Invited Articles:
Nothing to report

(4) Abstracts:
Nothing to report

b. List presentations made during the last year (international, national, local societies,
military meetings, etc.).

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’
University of Florida, Depts. of Chemical Engineering and Biomedical Engineering, 10/2020
(virtual).

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’
University of Washington, Dept. of Bioengineering, 12/2020

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’
University of Toronto, Donnelly Centre for Cellular and Biomolecular Research, 1/2021
(virtual).

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’
University of British Columbia, School of Biomedical Engineering Research Symposium,



2/2021 (virtual; rescheduled from 6/2020 due to coronavirus). 

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’ Mayo 
Clinic, NeuroOncology Rounds, 2/2021 (virtual).  

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’ Notre 
Dame, Dept. of Aerospace and Mechanical Engineering, 3/2021 (virtual).  

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’ 
Clemson Award for Basic Science, Society for Biomaterials Annual Meeting, 4/2021 (virtual). 

B.A.C. Harley, ‘Building hierarchy: engineering porous scaffolds for regenerative medicine,’ 
Invited Keynote, Tissue and Cell Engineering Society Annual Meeting, 7/2021 (virtual). 

B.A.C. Harley, ‘Building tissues – engineering complexity through biomaterial design,’ 
Washington University in St. Louis, Dept. of Bioengineering, 11/2021. 

INVENTIONS, PATENTS AND LICENSES: 

Marley Dewey, Brendan Harley, Daniel Weisgerber, ‘Adaptable PLA fiber reinforcement for 
conformal fitting,’ submitted, Nov. 2017. 

Marley Dewey, Brendan Harley, Rebecca Hortensius, Simona Slater, ‘Mineralized Collagen 
Scaffolds combined with the Amniotic Membrane derived from placentas to address 
inflammation in Craniomaxillofacial Bone Regeneration,’ submitted, July, 2018. 

Marley Dewey, Brendan Harley, Justine Lee, Ramille Shah, Adam Jakus, ‘Bioactive collagen 
composites for musculoskeletal tissue repair,’ submitted, September, 2020. 



REPORTABLE OUTCOMES: 

Mineralized collagen scaffolds fabricated with amniotic membrane matrix increase 
osteogenesis under inflammatory conditions. We have reported a process to incorporate 
amniotic derived extracellular matrix into a mineralized collagen scaffold to form a mineralized 
collagen–amnion composite biomaterial We reported inclusion of amniotic membrane matrix 
increases scaffold mechanicial properties without affecting the osteogenic capacity of porcine 
adipose-derived stem cells in the mineralized collagen scaffold. Incorporation of amniotic 
membrane matrix promotes increased osteogenic capacity in response to inflammatory media 
challenge. Mineralized collagen–amnion scaffold may provide a beneficial environment to aid 
craniomaxillofacial bone repair, especially in the course of defects presenting significant 
inflammatory complications. 

Anisotropic mineralized collagen scaffolds accelerate osteogenic response in a 
glycosaminoglycan-dependent fashion. We have adapted the lyophilization process used to 
fabricate porous collagen scaffold, incorporating a directional solidification approach to generate 
anisotropic mineralized collagen scaffolds containing aligned tracks of ellipsoidal pores. Notably, 
while pore anisotropy did not increase short term human mesenchymal stem cell (MSC) 
migration, anisotropic scaffolds promoted increased bone mineral synthesis in vitro. Further, 
altering scaffold glycosaminoglycan content to contain heparin sulfate or chondroitin-6-sulfate 
further increased mineral formation in vitro. These findings show scaffold microstructural and 
proteoglycan modifications represent a powerful tool to improve MSC osteogenic activity. 

Sequential sequestrations increase the incorporation and retention of multiple growth 
factors in mineralized collagen scaffolds. We have developed a process to decorate 
mineralized collagen scaffolds with activity inducing growth factors after scaffold fabrication. We 
showed sequential exposure to modified simulated body fluid treatments enable sequential 
sequestration of bone morphogenic protein 2 and vascular endothelial growth factor into 
mineralized collagen scaffolds without additional chemical crosslinking steps. This method 
allows scaffolds to: 1) sequester 60–90% of growth factor from solution without additional 
crosslinking treatments; and 2) retain high levels of individual (>94%) or multiple (>88%) growth 
factors that can be layered into the material via sequential sequestration steps. Sequentially 
sequestering growth factors allows prolonged release in vitro (>94%) and suggests the potential 
to improve healing of large-scale bone injury models in vivo.  

Stiffness of Nanoparticulate Mineralized Collagen Scaffolds Triggers Osteogenesis via 
Mechanotransduction and Canonical Wnt Signaling. We report the consequences of 
chemical crosslinking of mineralized collagen scaffolds on human mesenchymal stem cell 
(MSC) osteogenicity. Carbodiimide crosslinking increases the mechanical stiffness of the 
scaffolds. Mineralized collagen scaffolds activate canonical BMPR signaling pathways 
regardless of crosslinking status. However, stiffer crosslinked mineralized collagen scaffolds 
promote MSC osteogenic differentiation via the mechanotransduction mediators YAP/TAZ and 
the canonical Wnt signaling pathway. These finding provide important information regarding 
modification to scaffold properties to improve the efficiency of osteogenic differentiation in the 
absence of exogenous growth factors, a key requirement to aid surgical practicality. 

Tough and tunable scaffold-hydrogel composite biomaterial for soft-to-hard 
musculoskeletal tissue interfaces. We reported a process to incorporate a hydrogel based 
zone adjacent to mineralized collagen scaffold to reduce localized strain concentrations that 
occur at the interface between biomaterials with dissimilar mechanical properties. While this 
work was largely focused on tendon-to-bone enthesis repair, mechanical mismatch exists 



between mineralized collagen scaffolds and the defect margin of craniofacial bone defects, 
suggesting the potential use of adaptations to this technology to aid implant integration into 
complex craniomaxillofacial bone defects. 

Tunable Voronoi reinforcements for mechanically stable implants to repair 
craniomaxillofacial bone defects.  The design of biomaterial implants to induce regenerative 
healing of musculoskeletal defects often requires they address multi-scale mechanical 
challenges. Notably, material porosity, essential for cell-infiltration and diffusive transport, and 
mechanics, to promote surgical handling and implant stability, are often in direct conflict. 
Craniomaxillofacial bone defects occur congenitally, often after high-energy impacts, and are 
large and irregularly shaped. We have recently described a mineralized collagen scaffold able to 
promote bone formation in vivo and mineralization by mesenchymal stem cell differentiation in 
vitro. However, while cell bioactivity and oxygen/nutrient biotransport in these porous scaffolds 
scale with material porosity, mechanical performance scales inversely with porosity and is 
insufficient for large-scale clinical adoption. We reported an innovative scaffold-mesh composite 
biomaterial that uses modular polymer reinforcement elements based on Voronoi structures and 
a scalable generative design paradigm to create a collagen-mesh composite able to conformally 
fit complex defect geometries. We showed Voronoi reinforced composites fit a predictive moduli 
equation, create biphasic composites to localize strain during loading, and create 2D and 3D 
composite sheets that can be rapidly shaped and which provide conformal fitting capacity. 
Voronoi based composite biomaterials offer unique potential as a biomaterial that can be rapidly 
shaped intraoperatively to conformally fit complex defects unique for individual patients while 
also actively accelerating bone regeneration. 

Future reportable outcomes: 
1. Completion of analysis of the role of Voronoi-based scaffold reinforcement frames to aid

surgical practicality.
2. Initiation and completion of tiered in vivo craniomaxillofacial bone regeneration studies
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Polycaprolactone-collagen composite biomaterials for mandible regeneration
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PI:  Brendan Harley Org:  University of Illinois at Urbana-Champaign       Award Amount: $800,000

Study/Product Aim(s)
Our goal is to demonstrate that integrating a mineralized collagen 
scaffold within a macroporous PCL construct will generate a multi-scale 
composite that enhances adipose-derived MSC osteogenesis and 
subsequent bone regeneration. Our aims:

Aim 1: Validate the osteogenic potential of growth factor decorated 
collagen-PCL composites.
Aim 2: Examine the quality and kinetics of mandible bone 
regeneration using the collagen-PCL composite. 

Approach
We a polycaprolactone (PCL) support cage into a mineralized collagen 
scaffold to form a PCL-collagen composite. We will define the 
improvement in adipose-derived mesenchymal stem cell osteogenesis in 
response to the release of growth factors (BMP-2 and VEGF) from the 
collagen scaffold, as well as regenerative potential of the growth factor 
decorated collagen-PCL composite in a porcine model of mandibular 
defect.

Goals/Milestones 
CY16 Goal – Collagen-PCL composite fabrication
 Fabricate initial library of collagen-PCL composites
CY17 Goal – In vitro osteogenesis assessment
 Biophysical characterization of composites
 Define growth factor elution from collagen-PCL composites
CY19 Goal – In vivo bone regeneration assays
 Quantify degree of enhanced osteogenic potential of adMSCs within BMP-2 

and VEGF decorated collagen-PCL composites
 Finalize design criteria for collagen-PCL composites for in vivo implantation 

and initiate subcritical and critical defect models
CY20 Goal – Quantify quality and kinetics of mandible regeneration
 Complete structural, biomolecular, and growth factor optimization of scaffold. 
 Identify collagen-PCL variant that displays high quality bone repair.
Comments/Challenges/Issues/Concerns
• We requested a no cost extension to initiate/complete the in vivo component of

the project (we have retained sufficient budget for the work).
Budget Expenditure to Date
Projected Expenditure: $725,000
Actual Expenditure:  $703,742.40

Timeline and Cost

Activities  CY    16         17   18 19

Fabrication, biophysical characterization of growth-
factor decorated collagen-PCL composites

Estimated Budget ($K) $30k      $200k    $340k    $230k

In vitro osteogenic activity of growth-factor 
decorated collagen-PCL composites

Determine kinetics of mandibular healing via growth-
factor decorated collagen-PCL composites

Define improved quality of mandibular healing using 
growth-factor decorated collagen-PCL composites

Updated: 20 Oct 2021

Integrating PCL reinforcement cage with mineralized collagen scaffold

Accomplishments: We completed analysis of local strain profiles in an experimental set of PCL fiber 
reinforcement cages that can be added into the collagen scaffold to improve implant conformal fitting. We 
show it possible to locally alter deformation profiles to aid conformal fitting.
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a b s t r a c t 

Regenerative repair of craniomaxillofacial bone injuries is challenging due to both the large size and ir- 

regular shape of many defects. Mineralized collagen scaffolds have previously been shown to be a promis- 

ing biomaterial implant to accelerate craniofacial bone regeneration in vivo . Here we describe inclusion 

of a 3D-printed polymer or ceramic-based mesh into a mineralized collagen scaffold to improve me- 

chanical and biological activity. Mineralized collagen scaffolds were reinforced with 3D-printed Fluffy- 

PLG (ultraporous polylactide-co-glycolide co-polymer) or Hyperelastic Bone (90wt% calcium phosphate 

in PLG) meshes. We show degradation byproducts and acidic release from the printed structures have 

limited negative impact on the viability of mesenchymal stem cells. Further, inclusion of a mesh formed 

from Hyperelastic Bone generates a reinforced composite with significantly improved mechanical perfor- 

mance (elastic modulus, push-out strength). Composites formed from the mineralized collagen scaffold 

and either Hyperelastic Bone or Fluffy-PLG reinforcement both supported human bone-marrow derived 

mesenchymal stem cell osteogenesis and new bone formation. This was observed by increased mineral 

formation in Fluffy-PLG composites and increased cell viability and upregulation of RUNX2, Osterix, and 

COL1A2 genes in both composites. Strikingly, composites reinforced with Hyperelastic Bone mesh elicited 

significantly increased secretion of osteoprotegerin, a soluble glycoprotein and endogenous inhibitor of 

osteoclast activity. These results suggest that architectured meshes can be integrated into collagen scaf- 

folds to boost mechanical performance and actively instruct cell processes that aid osteogenicity; specif- 

ically, secretion of a factor crucial to inhibiting osteoclast-mediated bone resorption. Future work will 

focus on further adapting the polymer mesh architecture to confer improved shape-fitting capacity as 

well as to investigate the role of polymer reinforcement on MSC-osteoclast interactions as a means to 

increase regenerative potential. 

Statement of significance 

Craniofacial bone defects occur due to trauma, congenital abnormalities, and during the course 
of surgical treatments for stroke and cancer. Clinically-available technologies for craniofacial 
reconstruction are non-regenerative. We report inclusion of polymer mesh generated via 3D- 
printing into a mineralized collagen scaffold under development for craniofacial bone regen- 
eration. Scaffold-mesh composites improved mechanical performance and mesenchymal stem 

cell activity, notably secretion of osteoprotegerin, a soluble glycoprotein and endogenous in- 
hibitor of osteoclast activity. These findings suggest the exciting possibility to co-optimize the 
composition and architecture of an integrated polymer mesh to both passively aid surgical- 
practicality and actively accelerate regenerative healing. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.actbio.2020.11.028 

1742-7061/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction

There is a clinical need to improve surgical repair of craniomax- 

llofacial bone defects. Osseous defects of the skull occur secondary 

o trauma, congenital abnormalities, or after resection to treat 

troke, cerebral aneurysms, or cancer [ 1 , 2 ]. CMF defects can occur 

n all age ranges; cleft palate birth defects, trauma from battlefield 

njuries, and multiple missing teeth or oral cancer which can cause 

oss of jaw bone [3] . Battlefield injuries are a special class of CMF

njuries, with greater than 25% of all survivable battlefield injuries 

n recent military conflicts in southwest Asia (Operation Iraqi Free- 

om, Operation Enduring Freedom) classified as maxillofacial or 

eck trauma, with greater than 50% attributed to explosives [ 4 , 5 ].

hese types of injuries result in poor healing outcomes due to in- 

ection, inadequate healing of the defect, and fixation failures [6] . 

urrent standard of care for these defects is cranioplasty, or cal- 

arial reconstruction, which prioritize cerebral protection over re- 

eneration [7] . Cranioplasties are common ( > 35,0 0 0/yr in the US; 

ncl. > 10,0 0 0 cleft palate repairs) [8] , but current clinical mate-

ials have significant shortcomings. Autologous or allogenic bone 

emains a gold standard [9] , but are limited by access to autolo- 

ous bone [10] , donor site morbidity, surgical complications after 

ancellous autografts or cadaveric allografts (10-40%) [11] , and dif- 

culty fitting irregular defects, as well as inconsistent repair [12] . 

lloplastic materials are plagued by complications such as extru- 

ion, high cost, and high infection rates (5-12x more complications 

han autologous transplant) [ 13 , 14 ]. 

These drawbacks motivate tissue engineering solutions to po- 

entiate calvarial bone regeneration, notably metal, ceramic, and 

olymer-based scaffolds. Significant challenges remain, notably op- 

imization of biomaterial strength, osteogenic activity, and ability 

o fit complex defect geometries. Mechanical stability and the abil- 

ty to limit micromotion at the host-implant interface is crucial 

o the healing outcome and can directly affect osseointegration 

nd bone regeneration [15] . Surgical practicality is a key factor in 

iomaterial design and implementation. Notably, there is signifi- 

ant intraoperative time required to shape implants to fit irreg- 

lar defects, adding time and expense that becomes even more 

hallenging for high risk defects (radiation, previous infection) 

 9 , 16 ]. Drawbacks of currently available clinical materials high- 

ight the urgent need for scalable solutions that prioritize calvar- 

al bone regeneration through the ability to fit complex defect ge- 

metries and avoid micromotion. This suggests a need to identify 

calable materials that contain a precise repeating unit structure 

imilar to a mesh to improve reproducibility, achievable through 

D-printing. 

Mineralized collagen scaffolds have been developed as a bio- 

aterial implant to promote in vivo bone formation and in vitro 

ineral formation [17–21] . Recent work by our own laboratory 

as identified a mineralized collagen scaffold variant that does not 

eed additional osteogenic supplements such as osteogenic me- 

ia or Bone Morphogenic Protein-2 (BMP-2) in order to differen- 

iate mesenchymal stem cells (MSCs) towards the osteoblastic lin- 

age [ 22 , 23 ]. These osteoprogenitors and their progeny produce 

 secretome to accelerate osteogenic specification, promote vas- 

ular remodeling, and suppress inflammatory damage [24] , mak- 

ng them highly translational. We recently showed that MSC- 

steoprogenitors seeded in this mineralized collagen scaffold se- 

rete osteoprotegerin (OPG) a soluble glycoprotein and endogenous 

nhibitor of osteoclastogenesis and osteoclast activity; further, os- 
∗ Corresponding author at: Dept. of Chemical and Biomolecular Engineering, Carl

. Woese Institute for Genomic Biology, University of Illinois at Urbana-Champaign,

10 Roger Adams Laboratory, 600 S. Mathews Ave., Urbana, IL 61801, United States.

E-mail addresses: ksubedi@ncat.edu (K. Subedi), bharley@illinois.edu (B.A.C.

arley).
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eoclasts show reduced activity in response to the osteoprogenitor 

eeded scaffold [25] . These results suggest this mineralized scaf- 

old may both increase MSC-osteogenesis and inhibit osteoclast ac- 

ivity [26] . However, despite these biological advantages the high- 

orosity of these scaffolds renders them mechanically weak. Suc- 

essful clinical use requires the biomaterial also be surgically prac- 

ical. Specifically that they be readily customized to fit complex 

hree-dimensional defects and strong enough to withstand physi- 

logical loading [ 9 , 27 ]. 

Beyond general mechanical strength, poor conformal contact 

etween the biomaterial and wound margin significantly inhibits 

ell recruitment, angiogenesis, regenerative healing and greatly in- 

reases the risk of graft resorption [28] . Implants with improved 

onformal contact to the host bone can limit micromotion and 

ay improve osseointegration and regenerative healing [15] . This 

an be accomplished by developing shape-fitting implants that can 

onformally fit to the host defect site. Approaches to aid shape- 

tting include the use of temperature sensitive polymers that can 

e shaped intraoperatively to fit complex defect sites [ 29 , 30 ]. Re- 

ently, our laboratory has looked to adapt three-dimensional print- 

ng approaches to create biomaterial composites with improved 

echanical strength and shape-fitting capacity. Notably, we embed 

 mechanically-robust polymer mesh with millimeter-scale poros- 

ty into the mineralized collagen scaffold with micron-scale poros- 

ty [31] . We generated a first generation polycaprolactone (PCL) 

tructure to form a PCL-collagen composite; this composite acceler- 

ted sub-critical defect repair in a porcine mandible defect [ 31 , 32 ].

owever, these PCL cages were mechanically rigid, and had no de- 

ign elements to improve conformal fitting. We recently reported a 

D-printed poly(lactic-acid) based fiber with reduced percent poly- 

er content and modifications to the fiber architecture to improve 

onformal fitting [33] . However, both approaches considered the 

olymer reinforcement phase of the composite as a passive rein- 

orcement design rather than an active component of the biological 

esponse. 

Here, we describe in vitro characterization of a new class of 

omposite biomaterials. We define our composite as a mineral- 

zed collagen scaffold reinforced with a microporous mesh 3D- 

rinted from Hyperelastic Bone® or Fluffy-PLG (Dimension Inx, 

LC, from here on Hyperelastic Bone® will be denoted Hyperelastic 

one). Fluffy-PLG is comprised of medical-grade poly(L-lactide-co- 

lycolide), with ≥95% internal porosity and elastic properties (2.7 

0.8 MPa Elastic Modulus) sufficient to form a self-supporting 

esh [34] , and is capable of supporting cell proliferation in vitro 

nd vascularization in vivo [ 34 , 35 ]. Hyperelastic Bone is comprised 

f 90 wt% calcium phosphate, specifically synthetic medical-grade 

ydroxyapatite, and 10 wt% poly(lactide-co-glycolide); Hyperelas- 

ic Bone 3D-prints have separately been shown to induce MSC os- 

eogenic differentiation in vitro and new bone formation in vivo 

36–39] . We incorporate two different print architectures into min- 

ralized collagen to create Hyperelastic Bone and Fluffy-PLG com- 

osites, one cross-design to facilitate rapid in vitro experiments, 

nd one mesh design to better represent fabrication designs more 

elevant for eventual clinical translation of a composite architec- 

ure. We investigate whether inclusion of 3D-printed architectures 

nto a mineralized collagen scaffold to create reinforced composites 

mproves mechanical performance (stiffness, conformal fitting ca- 

acity). We subsequently examined whether inclusion of a Fluffy- 

LG or Hyperelastic Bone mesh provides biological advantage via 

egradation by-products to improve osteogenic response of hu- 

an mesenchymal stem cells (hMSCs) within the mineralized col- 

agen scaffold. These studies therefore consider inclusion of archi- 

ectured cellular structures into mineralized collagen scaffolds to 

rovide significant mechanical and biological advantage for regen- 

rative medicine applications. 

mailto:ksubedi@ncat.edu
mailto:bharley@illinois.edu
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Fig. 1. Experimental outline. Mineralized collagen scaffolds promote bone repair, however, these have poor mechanical properties including lack of shape-fitting behavior.

(A) We examined incorporating reinforcing structures 3D-printed from either Hyperelastic Bone or Fluffy-PLG, to the mineralized collagen scaffolds. We investigated (1) if

addition of the reinforcing structures could increase the osteogenic response, and if the 3D-printed structure containing calcium phosphate would promote bone formation

over the one without and (2) the influence of the 3D-printed structures on scaffold mechanical properties (i.e. compressive properties and shape-fitting). (B) Steps of the

experiment to answer the study questions.
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. Materials and methods

.1. Experimental design 

Composites were fabricated from mineralized collagen scaf- 

olds combined with reinforcing support architectures 3D-printed 

rom Hyperelastic Bone or Fluffy-PLG 3D-paints (Dimension Inx 

LC, Illinois, USA) ( Fig. 1 A). Throughout this study we com- 

ared the three material groups: mineralized collagen scaffolds 

MC) on their own, mineralized collagen composites reinforced

ith 3D-printed Hyperelastic Bone, and mineralized collagen com- 

osites reinforced with 3D-printed Fluffy-PLG (MC-Fluffy). Al- 

hough nano- and microstructurally distinct, 3D-printed Fluffy-

LG and Hyperelastic Bone are based on the same polylactide- 

o-glycolide (PLG), with the only compositional difference being 

ddition of 90wt% calcium phosphate mineral in the Hyperelas- 

ic Bone. Studies of the effect of degradation products (released 

actic and glycolic acid; changes in pH; calcium and phospho- 

ous release) or degradation induced changes in mechanical per- 

ormance (elastic modulus) was evaluated for 3D-printed Hyper- 

lastic Bone. In vitro testing of hMSC osteogenesis and mineral 

ormation was performed using mineralized collagen scaffolds as 

 function of the inclusion of 3D-printed, reinforcing Hyperelas- 

ic Bone or Fluffy-PLG the form of a cross-design ( Fig. 1 B). Over-

s  

226
ll mechanical performance (elastic modulus; shape-fitting abil- 

ty) was performed on reinforced composites with a 3D-printed 

esh design, and was evaluated via compression and push-out 

ests to determine if inclusion of the reinforcing structures im- 

rove mechanical properties of the mineralized collagen scaffolds 

 Fig. 1 B). 

.2. 3D-printing Hyperelastic Bone and Fluffy-PLG fiber arrays 

Hyperelastic Bone and Fluffy-PLG 3D-Paints were provided by 

imension Inx LLC and 3D-printed using a Manufacturing Series 

D-BioPlotter (EnvisionTEC, Michigan, USA). Constructs used for 

egradation studies and in vitro culture were printed as cross de- 

igns, symmetrical crosses 6 mm in diameter and 3 mm in height 

ith a 0.7 mm feature thickness ( Fig. 2 ) using a 27 Ga nozzle at a

peed of 2-5 mm/s dependent on solution viscosity, a room tem- 

erature stage and deposition, and low print speeds to accommo- 

ate the fine structure of the print [ 34 , 35 , 39 ]. These structures dis-

lay low polymer volume fractions within the resulting composite 

13.61 v/v%). Hyperelastic Bone 3D-prints were stored in the dark 

t 4 °C until use while Fluffy-PLG 3D-prints were stored at -80 °C 

ntil use, per manufacturer instructions. A 3D-printed mesh de- 

ign was used to reinforcement mineralized collagen scaffolds for 

echanical testing. These were prepared and printed by Dimen- 

ion Inx LLC as square sheets at 70 mm/s (60 mm on a side; 6 mm
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Fig. 2. Fabrication of composites used in vitro and for mechanical testing. (A) 3D-paints were 3D printed in “cross designs” for in vitro testing or as a mesh for mechanical

testing. Cross prints were printed individually and added to a continuous mineralized collagen suspension in an aluminum mold. After the addition of multiple prints, the

entire mold was freeze-dried and a 6 mm biopsy punch was used to remove scaffold and 3D print together. Mesh composites were fabricated by adding the entire mesh

to the aluminum mold with mineralized collagen suspension and biopsy punching 10 mm diameter composites after lyophilization. Mesh prints were printed with either 2

mm or 3 mm line spacing. (B) Images of cross and mesh 3D prints, scale bar represents 3 mm. (C) SEM images of mineralized collagen scaffold and composites. Scale bar

represents 200 μm and images are false-colored to demonstrate collagen (orange) and 3D-print (blue). Raw SEM images can be viewed in Supp. Fig. 3.
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hick), with a standardized 120 ° angle [35] . 3D-printed reinforc- 

ng meshes were printed with Fluffy-PLG and prepared with two 

istinct feature sizes (2 mm or 3 mm line spacing). However, Hy- 

erelastic Bone 3D-printed meshes were only tested for 2 mm line 

pacing (3 mm line spacing composites were not stable with re- 

ard to handling and manipulation due to the large structural pore 

ize relative to the small, comprising fiber diameters). A 2 mm line 

pacing print is approximately 83% porous based on the design, not 

ncluding inherent material porosity. 

.3. Analysis of degradation byproducts and changes in mechanical 

roperties of Hyperelastic Bone 3D-prints 

Degradation byproducts of 3D-printed Hyperelastic Bone were 

nalyzed using a standardized ‘cross design’ print ( Fig. 2 ). Prints 

ere washed twice in 70% ethanol for 30 min and then twice in 

ell grade water for 30 min per the manufacturer’s instructions be- 

ore submerging individual mesh structures in 5 mL of Phosphate 

uffered Saline (PBS) in individual glass vials. Sample were then ei- 

her maintained at 37 °C in an incubator (standard degradation; to 

imulate degradation during in vitro cell culture or in vivo ), or in 

 90 °C oven (Isotemp Vacuum Oven Model 282A, Fisher Scientific, 

assachusetts, USA) to facilitate accelerated degradation [40] . 

pH. The pH of 3D-print conditioned PBS samples from the 90 °C 

egradation study was measured using a FiveEasy Standard pH 

eter (Mettler Toledo, Ohio, USA) for n = 8 samples (PBS as a 

ontrol). This condition was used as an accelerated degradation 

ethod to examine changes in pH due to total degradation of the 

olymer mesh. This allowed us to examine the effect of maximum 

elease of ions and polymer degradation byproducts to determine 

f these would have an appreciable effect on the pH and cell via- 

ility. 

Lactic and glycolic acid release. Over the course of a 28-day 

ccelerated release experiment (‘cross design’ prints in 5 mL PBS 

t 90 °C), the PBS incubation solution was centrifuged at regular 

ntervals to isolate the liquid supernatant for analysis of lactic and 
227
lycolic acid concentrations. 5 mL of PBS, along with any particles 

eparated during centrifugation, were added to each sample vial 

ntil the next isolation point. Colorimetric determination of lactic 

cid concentration followed procedures in literature [41] . Briefly, a 

tandard curve was created using a solution of 1% L-( + )-Lactic Acid 

Sigma Aldrich, Missouri, USA) and half-dilutions. PBS and iron (III) 

hloride (Sigma Aldrich) were used as controls. 50 μl of sample 

as mixed with 2 mL of 0.2% iron (III) chloride, and absorbance 

as measured at a wavelength of 390 nm on spectrophotometer 

Tecan, Switzerland). Colorimetric determination of glycolic acid re- 

ease followed procedures in literature [42] . A 1 mg/mL solution of 

lycolic acid (Sigma Aldrich) was used to create half-dilutions to 

enerate a standard curve. 500 μL of sample was evaporated to 

ryness at 125 °C in a vacuum oven at atmospheric pressure. β- 

aphthol (Sigma Aldrich) in 92% sulfuric acid was added to vials 

ontaining evaporated sample and boiled for 20 min. After boiling, 

0% sulfuric acid was added to samples for 10 min before measur- 

ng absorbance at a wavelength of 480 nm on a spectrophotometer 

Tecan). A sample size of n = 8 was used for both lactic acid and

lycolic acid release measurements. 

Calcium and phosphate release. Calcium and Phosphate re- 

ease from 3D-printed Hyperelastic Bone and mineralized colla- 

en scaffolds were quantified through a 28 days standard release 

xperiment (culture in 5 mL of PBS at 37 °C). 1 mL PBS aliquots 

ere removed from suspension, then combined with 2 mL of Trace 

etal Grade concentrated HNO 3 (Thermo Fisher Scientific 67-70%) 

or a 30-minute pre-digestion step. The tubes were then capped 

nd placed into a rotating carousel inside MARS 6 (CEM Microwave 

echnology Ltd., North Carolina, USA) microwave digester (40 min- 

tes). The final digested solution was diluted to a volume of 50 mL 

n DI water, then analyzed via inductively coupled plasma-mass 

pectrometer (ICP-OES, Optima 8300, PerkinElmer, USA; elemen- 

al analysis in axial mode; Supp. Tables 1 and 2). Eight samples 

f each group were used per time point. 
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Mechanical analysis. Mechanical testing was performed on Hy- 

erelastic Bone 3D-prints after 0, 7, and 28 days in PBS at 37 °C 

PBS was changed every 3 days). Prints were aerated in the in- 

ubator overnight and then dried at room temperature overnight 

efore testing. Compression testing was performed with an Instron 

943 mechanical tester (Instron, Massachusetts, USA) using a 100 

 load cell at a rate of 1 mm/min. Seven samples at each time- 

oint were tested and stress-strain curves were analyzed using a 

ustom Matlab program to determine Young’s modulus, ultimate 

tress, and ultimate strain. 

.4. Fabrication of mineralized collagen scaffolds and reinforced 

omposites 

Mineralized collagen scaffolds were fabricated via lyophiliza- 

ion from a liquid suspension as previously described [ 17 , 18 , 22 ];

hile composites were fabricated via lyophilization as previously 

escribed [ 32 , 33 , 43 ]. Briefly, 1.9 w/v% type I collagen from bovine

chilles tendon (Sigma Aldrich) was blended together with a 40 

t% mineral suspension of phosphoric acid (Fisher Scientific) and 

alcium hydroxide (Sigma Aldrich), 0.84 v% chondroitin-6-sulfate 

odium salt from shark cartilage (Sigma Aldrich), and additional 

alcium nitrate tetrahydrate (Sigma Aldrich) using a rotor-stator 

n a jacketed cooling vessel until smooth [ 17 , 18 , 31 , 32 ]. Mineral-

zed collagen scaffolds f or in vitro and mechanical testing were 

abricated by pipetting the suspension into aluminum pans and 

yophilizing using a Genesis freeze-dryer (VirTis, New York, USA). 

caffolds were added to the freeze-dryer shelf at 20 °C and the 

emperature was dropped at a rate of 1 °C/min to -10 °C in or- 

er to form ice crystals. Samples were held at -10 °C for 2 hours 

nd then ice crystals were sublimated by decreasing the pres- 

ure and temperature to create a porous scaffold. After sublima- 

ion, solid scaffolds were brought back to room temperature and 

tmospheric pressure before storing in a desiccator prior to use. 

omposites (MC-HB or MC-Fluffy) were formed by adding the 3D- 

rinted reinforcement, either Hyperelastic Bone or Fluffy-PLG, into 

he collagen suspension prior to lyophilization ( Fig. 2 , Supp. Fig. 

). Prior to incorporation into the mineralized collagen suspen- 

ion, 3D-prints were washed per supplier instructions: Hyperelas- 

ic Bone 3D-prints in 70% ethanol then cell grade water; Fluffy-PLG 

rints in cell grade water to remove salts, then 70% ethanol, then 

n cell grade water again [ 34 , 39 ]. Lyophilization conditions to cre-

te composites used the same temperature and pressure profiles as 

caffolds. Scaffolds and composites for in vitro testing were biopsy- 

unched out of the resulting sheet with a 6 mm diameter biopsy 

unch, while scaffolds and composites for mechanical testing used 

 10 mm diameter biopsy punch. 

.5. Scanning electron microscopy of collagen scaffolds and reinforced 

omposites 

Scanning electron microscopy (SEM) was used to visualize col- 

agen infiltration into the 3D-printed structures. Dry collagen scaf- 

olds and reinforced composites (MC-HB, MC-Fluffy) were cut to 

xpose the interior before sputter coating with Au/Pd (Denton 

esk II TSC, New Jersey, USA). After sputter-coating, samples were 

maged using an FEI Quanta FEG 450 ESEM (FEI, Hillsboro, OR). 

oth composites reinforced with cross design and mesh design 3D- 

rints were imaged for collagen infiltration into 3D-prints ( Fig. 2 , 

upp. Fig. 2). 

.6. Compression and shape-fitting testing of collagen scaffolds and 

einforced composites 

Mechanical performance of collagen reinforced with a standard- 

zed 120 ° mesh morphology 3D-print was evaluated [35] . Scaf- 
228
olds and reinforced composites formed from either Hyperelastic 

one or Fluffy-PLG were tested under mechanical compression to 

etermine elastic modulus as well as using a standardized push- 

ut test. Reinforced composites and scaffolds measured approxi- 

ately 10 mm in diameter by 6 mm in height, and both mechan- 

cal tests used an Instron 5943 mechanical tester (Instron) with a 

00 N load cell. Mechanical compression was performed at a rate 

f 1 mm/min and the linear portion of stress-strain curves was 

nalyzed using a custom Matlab program to determine Young’s 

odulus [ 32 , 33 ]. Push out testing was performed at a rate of 2

m/min following previously described methods [ 33 , 44 ]. Briefly, 

amples were compressed and fit into an 8.5 mm diameter hole in 

 Teflon plate and samples were pushed through the mold to mea- 

ure maximum load achieved to move the samples. Eight samples 

ere used for each test in order to determine stiffness and shape- 

tting ability. 

.7. Cell culture and biomaterial preparation 

Bone marrow derived human mesenchymal stem cells (BM- 

MSCs) (24yr old B female, Lonza, Switzerland) were used at 

assage 4 – 6 and cultured with complete hMSC media con- 

aining low glucose Dulbecco’s Modified Eagle Medium and glu- 

amine (School of Chemical Sciences Cell Media Facility, Univer- 

ity of Illinois), Fetal Bovine Serum (Gemini Bio Products, Califor- 

ia, USA), and antibiotic-antimycotic solution (Thermo Fisher Sci- 

ntific, Massachusetts, USA). Cell contamination was tested with 

 MycoAlert TM Mycoplasma Detection Kit (Lonza) and cells tested 

egative for mycoplasma. 

Scaffolds and reinf orced composites were sterilized via ethy- 

ene oxide treatment with an AN74i Anprolene gas sterilizer (An- 

ersen Sterilizers Inc., North Carolina, USA) for in vitro testing. 

rior to adding cells to scaffolds and reinforced composites, these 

ollowed a standard hydration procedure for mineralized colla- 

en scaffolds previously reported [ 33 , 45 ]. Briefly, samples were hy- 

rated in 70% ethanol, washed in PBS, crosslinked with 1-Ethyl-3- 

3-dimethylaminopropyl) carbodiimide and N-Hydroxysuccinimide, 

ollowed by washing in PBS, and finally soaking in hMSC complete 

edia for 2 days. 

.8. Influence of Hyperelastic Bone degradation byproducts on cell 

ctivity 

Cytotoxic effects of Hyperelastic Bone degradation byproducts 

ere determined via a previously defined elution assay [46] . 

riefly, Hyperelastic Bone structures were printed into standard 

cross-designs’ ( Fig. 2 ) then placed in PBS either in a 37 °C incuba-

or or in a 90 °C vacuum oven (accelerated degradation) for 28 days 

o create degradation byproduct conditioned media. Cell cytotoxic- 

ty was determined using for 10,0 0 0 MSCs in individual wells of a 

6-well plate. Briefly, hMSCs were first cultured in complete hMSC

edia for 24 hrs. After 24 hrs, media was removed and replaced

or 24 hours with PBS containing eluted degradation factors at full

trength (100%) or conditioned PBS diluted with hMSC media (50%

ample, 25% sample, and 12.5% sample). Non-conditioned PBS was

sed as a control. After 24 hours, metabolic health of hMSCs was

xamined via an alamarBlue TM (Thermo Fisher Scientific) assay,

easuring the fluorescence of resorufin (540 nm excitation, 580

m emission) using a F200 spectrophotometer (Tecan). Metabolic

ctivity was compared to a standard curve of known cell numbers.

here were 8 samples of each group tested with PBS used as a

ontrol.
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.9. Cell activity within scaffolds and reinforced composites 

Scaffolds and reinforced composites were added to 24-well 

lates and seeded via a standard static seeding assay (5,0 0 0 

ells/μL per side; 10 0,0 0 0 cells/scaffold) using previously de- 

ned procedures [ 33 , 45 ]. After allowing cell attachment, hMSC 

omplete media was added to wells and plates containing cell- 

eeded scaffolds and then were added to a 37 °C incubator. The 

etabolic activity of cell-seeded biomaterials was examined via an 

lamarBlue TM (Thermo Fisher Scientific) assay at days 1, 4, 7, 14, 

nd 28. Briefly, scaffolds and composites were washed in PBS, fol- 

owed by a 1.5 hr soak in alamarBlue TM and complete hMSC cell 

edia on a shaker in a 37 °C incubator [ 33 , 45 ]. A standard curve of

nown cell number was used to calculate fold change of metabolic 

ctivity over the initial cell seeding density (a fold change of 1 rep- 

esented the metabolic activity of 10 0,0 0 0 cells). Six samples were 

sed to determine metabolic activity, and these were used for the 

ntirety of the study (non-destructive assay). 

Expression levels of cell secreted Osteoprotegerin and Vascular 

ndothelial Growth Factor (VEGF) was examined via ELISA (R&D 

ystems, Minnesota, USA). Briefly, media was collected and re- 

laced from cell-seeded samples every 3 days until day 28 to de- 

ermine cumulative protein expression. ELISAs were performed to 

sing 25 μL of sample and 75 μL reagent diluent and compared 

gainst a known standard curve to quantify expression level. Six 

amples were used throughout the study (non-destructive). 

Analysis of gene expression profiles was performed at days 1, 

, 7, 14, and 28 of culture. Specimens were washed in PBS, frozen 

t -80 °C, pulverized on dry ice with disposable pestles (Thermo 

isher Scientific), then treated with an RNeasy Plant Mini Kit (Qi- 

gen, California, USA) [47] . Concentrations of isolated RNA were 

easured using a Nanodrop Lite (Thermo Fisher Scientific). Re- 

erse transcription of RNA to cDNA was performed following di- 

ections and supplies from a QuantiNova Reverse Transcription kit 

Qiagen) and a S100 thermal cycler (Bio-Rad, Hercules, Califor- 

ia). After reverse transcription, PCR was performed on cDNA to 

uantify gene expression. 10 ng of cDNA was used in each well 

nd Taqman primers were purchased from Thermo Fisher Scien- 

ific ( RUNX2, COL1A2, Osterix, FGFR2, IGF2 ) with GAPDH serving as 

 housekeeping control (Supp. Table 3). Plate preparation was per- 

ormed using a Gilson Pipetmax liquid handling machine (Gilson, 

isconsin, USA) and plates were read using a QuantstudioTM 7 

lex Real-Time PCR System (Thermo Fisher Scientific). Data was an- 

lyzed using the delta-delta CT method to generate box plots for a 

old change of gene expression (with a fold change of 1 represent- 

ng the gene expression of 10 0,0 0 0 hMSCs before seeding on scaf- 

olds and composites). Five samples were used at each timepoint. 

.10. Analysis of mineral formation in scaffolds and reinforced 

omposites 

Inductively Coupled Plasma (ICP) Optical Emission spectrometry 

as performed to assess mineral formation at the end of in vitro 

ulture (day 28). MC, MC-HB, and MC-Fluffy samples were washed 

n PBS, fixed with formalin (Formal-Fix, Thermo Fisher Scientific) 

or 24 hrs at 4 °C, washed again in PBS, then dried on a Kimwipe

efore storing at -80 °C until use. Before performing ICP, samples 

ere lyophilized at the same conditions used to fabricate the orig- 

nal scaffolds. Samples were weighed then dissolved using concen- 

rated nitric acid, Trace Metal Grade concentrated HNO 3 (Thermo 

ischer Scientific 67-70%), followed by automated sequential mi- 

rowave digestion in a CEM Mars 6 microwave digester. The acidic 

olution was diluted to a volume of 50 mL using DI water, so as 

o make the final concentration of the acid < 5%. The ICP-OES was 

alibrated with a series of matrix matched standards before intro- 

ucing the unknown samples. Digestion and ICP-OES analysis pa- 
229
ameters are listed in Supp. Tables 4 and 5. Nine samples were 

sed for each group and these were normalized to the calcium 

nd phosphorous content of respective dry scaffolds and compos- 

tes without cells in order to get a fold change and new calcium 

nd phosphorous deposition. 

.11. Statistical methods 

Statistics followed procedures outlined by Ott and Longnecker 

48] . Quantity of samples used was based off previous experiments

sing similar sample groups and a 95% confidence interval for all

ests [ 33 , 45 ]. For all data, normality was evaluated and if data

as not normal a Grubb’s outlier test was performed and nor- 

ality was re-assessed. Analysis of more than two groups used 

n ANOVA, and depending on whether assumptions of normal- 

ty (Shapiro-Wilk) and equal variance (Levene’s Test) of residuals 

as met, a specific ANOVA was used as outlined in Supp. Table 

. For data involving two groups, either a paired T -test or a two- 

ample T -test was used. Normality (Shapiro-Wilk) and two sam- 

le T -test for variance were completed using OriginPro software

OriginLab, Massachusetts, USA) before analysis. For non-normal

ata a paired sample Wilcoxon Signed Rank test was used or a

wo-sample Kolmogorov-Smirnov test was used. For samples with

ormal data and unequal variance, a two sample T -test with a

elch correction was used as outline in Supp. Table 7. For powers

ower than 0.8, data was deemed inconclusive. Data is expressed

s average ± standard deviation unless otherwise noted.

. Results

.1. Degradation byproducts of Hyperelastic Bone does not negatively 

ffect cell viability 

Hyperelastic Bone 3D-printed as a ‘cross design’ completely de- 

raded over the course of a 28 day-accelerated degradation study 

PBS; 90 °C). Aliquots taken from the Hyperelastic Bone degradation 

xperiments were first analyzed to define changes in pH as well 

s glycolic acid and lactic acid elution; changes in pH were also 

ompared to a PBS standard (pH 7.4) as well as mineralized colla- 

en scaffolds exposed to accelerated degradation conditions (PBS; 

0 °C). Overall, both mineralized collagen scaffolds and Hyperelas- 

ic Bone 3D-prints drove a drop in solution pH during early stages 

f degradation; scaffolds showed a sharper decrease in pH while 

he Hyperelastic Bone showed a temporally extended drop in pH. 

owever, acidic byproducts were only detectable during the first 

eek of degradation (Supp. Fig. 1A). Analysis of lactic and glycolic 

cid content in the media suggested the majority released lactic 

nd glycolic acid occurred rapidly as well, with a total of 12.7 mg 

actic acid and 307.5 μg of glycolic acid released (Supp. Fig. 1B, 

). Finally, we investigated whether the degradation byproducts 

rom the Hyperelastic Bone structures drove a measurable change 

n metabolic activity of hMSCs. The total eluted byproducts from 

yperelastic bone structures in PBS were collected from both stan- 

ard (37 °C) and accelerated (90 °C) degradation protocols over 28 

ays and compared to PBS. hMSCs were cultured in a mixture of 

onventional cell culture media and PBS (PBS; 37 °C degradation 

yproducts; 90 °C degradation byproducts) at discrete ratios: 12.5% 

BS, 25% PBS, 50% PBS, 100% PBS. While hMSC metabolic activity 

educed with increasing amounts of PBS (vs. cell culture media), 

here was no significant trend suggesting a decrease in hMSC ac- 

ivity as a function of Hyperelastic Bone degradation byproducts 

Supp. Fig. 1D). 
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Table 1

Youngs Modulus, ultimate stress, and ultimate strain of Hyperelastic Bone 3D-printed cross designs in PBS at 37 °C for 7

and 28 days compared to prints not soaked. ∗ denotes that day 28 prints had irregular stress-strain curves and multiple 

prints snapped before compression testing. Day 0 Young’s Moduli and was significantly ( p < 0.05) different from Day

28 Young’s Moduli. Day 0 Ultimate Stress and Ultimate Strain were significantly ( p < 0.05) greater than the day 7 and

day 28 groups. Data expressed as mean ± standard deviation ( n = 7). 

Average Young’s Modulus (MPa) Average ultimate stress (MPa) Average ultimate strain (mm/mm)

Day 0 4.8 ± 1.3 0.8 ± 0.3 0.27 ± 0.03 

Day 7 3.1 ± 1.4 0.3 ± 0.2 0.18 ± 0.04 

Day 28 1.3 ± 1.0 ∗ 0.09 ± 0.03 0.13 ± 0.04 

Table 2

Calcium and Phosphorous release from mineralized collagen scaffolds and Hypere- 

lastic Bone 3D-prints at 37 °C in PBS after 28 days. ∗ indicates the calcium release 

in mineralized collagen scaffolds is significantly ( p < 0.05) greater than the calcium

release in Hyperelastic Bone 3D-prints. Data expressed as mean ± standard devia- 

tion ( n = 8). 

Sample Calcium released (ppm) Phosphorous released (ppm)

Mineralized collagen 33 ± 9 ∗ 43 ± 11 

Hyperelastic Bone 2.6 ± 0.7 25 ± 16 
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.2. 3D-printed Hyperelastic Bone 3D-prints lose stiffness over time 

nd release less calcium than mineralized collagen scaffolds 

We subsequently quantified degradation-induced changes in 

ompressive properties and release of calcium and phosphorous 

ons from Hyperelastic Bone 3D-printed as a cross design over the 

ourse of a 28-day standard degradation experiment (37 °C, PBS). 

hile there were non-significant decreases in Young’s modulus 

ver the initial 7 days, significant degradation of the constructs 

ver the full 28-day experiment were marked by significant de- 

reases in Young’s modulus as well as average ultimate stress and 

train ( Table 1 ). 

Further, the structures were difficult to handle after 28 days of 

xposure, with multiple breaking prior to mechanical testing. Sig- 

ificant elution of both calcium and phosphorous was observed for 

yperelastic Bone structures. Interestingly, while significant cal- 

ium ( p < 0.05) and phosphorous was released from the Hyper- 

lastic Bone structures, overall release was less, significantly in the 

ase of calcium, than that released from the native mineralized col- 

agen scaffold in the same conditions ( Table 2 ). However, this re- 

ease suggests the embedded Hyperelastic Bone component may 

upplement the mineral ions released from the mineralized colla- 

en scaffold phase to aid osteogenesis. 

.3. Integration of 3D-printed structures and lyophilized scaffold to 

orm a composite 

Reinforced collagen composites were formed using 3D-printed 

tructures generated in either a conventional ‘Cross Design’ for 

n vitro trials or using a standardized 120 o ‘Mesh Print’ (Dimen- 

ion Inx) for mechanical analysis. SEM analysis of both cross de- 

ign and mesh design 3D-print composites (MC-HB, MC-Fluffy) 

howed close integration of the mineralized collagen microstruc- 

ure with the Hyperelastic Bone or Fluffy-PLG printed structure 

 Fig. 2 C, Supp. Figs. 2 and 3). 

.4. Hyperelastic Bone composites show improved mechanical 

erformance 

Mechanical compression and push-out tests were performed on 

caffolds and composites formed from a symmetrical 120 o mesh 

orphology. MC-HB composites displayed significantly ( p < 0.05) 

reater stiffness than MC-Fluffy composites or the native miner- 

lized collagen scaffolds ( Fig. 3 A), while inclusion of a Fluffy-PLG 
230
D-print afforded no increase in modulus relative to the mineral- 

zed collagen scaffold on its own. MC-HB composites also displayed 

ncreased push-out force than MC-Fluffy composite or the scaffold 

 Fig. 3 B). Altering the mesh spacing of MC-Fluffy composites had 

o effect on stiffness or shape-fitting ability of the reinforced com- 

osite (Supp. Table 8). 

.5. Reinforced composites support hMSC metabolic activity and 

romote increased osteogenic activity 

Both the native mineralized collagen scaffold as well as com- 

osites formed from either Fluffy-PLG or Hyperelastic Bone 3D- 

rints supported significant increases in the metabolic activity of 

eeded hMSCs over 28 days in vitro experiment ( Fig. 4 A). Interest- 

ngly, MC-HB and MC-Fluffy composites showed significantly ( p < 

.05) greater metabolic activity relative to the mineralized colla- 

en scaffold alone for days 4 – 14. However, by day 28 all groups 

MC, MC-HB, MC-Fluffy) showed approximately 3-fold increases in 

etabolic activity versus the start of the experiment, with no sig- 

ificant differences between groups. 

We quantified release profiles for VEGF and OPG from the MSC- 

eeded scaffold or composites ( Fig. 4 C). While steady increase in 

EGF released into the media was observed for all constructs, 

here was no significant difference between release profiles for all 

roups. However, we observed significantly ( p < 0.05) increased 

PG released from hMSC-seeded MC-HB composites versus both 

MSC-seeded MC scaffolds (days 3, 9, 15) or hMSC-seeded MC- 

luffy composites (days 3 and 9). However, by day 28 the effect of 

he Hyperelastic Bone composite on OPG production was no longer 

ignificant. 

.6. Scaffolds and composites promote osteogenic gene expression 

We examined temporal expression profiles for a series of genes 

ssociated with hMSC osteogenic specification: RUNX2, Osterix, 

GFR2, COL1A2, and IGF2 ( Fig. 5 ). Expression profiles between 

roups were largely similar. However, MC-HB composites promoted 

ignificantly ( p < 0.05) greater expression fold changes for RUNX2 

day 1), Osterix and FGFR2 (days 1, 14), and reduced expression of 

OL1A2 (days 4, 14) compared to mineralized collagen scaffolds. 

C-Fluffy composites promoted significantly ( p < 0.05) greater ex- 

ression fold changes for RUNX2 (day 7) and reduced expression of

OL1A2 (day 14) compared to mineralized collagen scaffolds. MC- 

B composites also promoted significantly ( p < 0.05) greater ex- 

ression of IGF2 than MC-Fluffy composites and MC scaffolds at 

ay 1. 

.7. Fluffy-PLG reinforced composites formed the greatest amount of 

ew calcium by the end of the study 

The mineral content (calcium and phosphorous) of all hMSC- 

eeded constructs was evaluated at day 28, with results normal- 

zed to the values for acellular scaffolds or composites ( Fig. 4 B). 

C-Fluffy composites displayed significantly ( p < 0.05) greater

alcium content than both MC scaffolds and MC-HB composites.
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Fig. 3. Mechanical behavior of 3D-printed mesh composites. Compression testing to determine Young’s Modulus and shape-fitting testing to determine maximum load

during specimen push-out was performed on mineralized collagen, Hyperelastic Bone (MC-Hyperelastic Bone) composites, and Fluffy-PLG (MC-Fluffy) composites. (A) Young’s

Modulus averages and representative stress-strain curves from compression testing. A grey box represents a closer look at the stress strain curves of mineralized collagen

and mineralized collagen-Fluffy. E ∗ represents linear region defining the Young’s Modulus with appropriate colors for the representative samples. ∗∗ represents the MC- 

Hyperelastic Bone group is significantly ( p < 0.05) greater than all other groups. ∗ represents the Mineralized Collagen group is significantly ( p < 0.05) greater than the 

MC-Fluffy group. (B) Average maximum load and representative load-extension curves from push-out testing. ∗ represents the MC-Hyperelastic Bone group is significantly ( p

< 0.05) greater than both the mineralized collagen and MC-Fluffy groups. Error bars represent average ± standard deviation ( n = 8).
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dditionally, MC-Fluffy composites also contained significantly ( p 

 0.05) more phosphorous content than MC-HB composites. Al- 

hough new mineral found in MC and MC-Fluffy samples was 

igher than MC-HB samples, MC-HB samples had overall much 

reater amounts of calcium and phosphorous than the other 

roups (Supp. Table 9). 

. Discussion

Advancing regenerative medicine technologies for CMF bone de- 

ects is challenging not only due to the large quantity of bone 

issing, but their irregular size and shape. There is an increas- 

ng need to identify biomaterial technologies to improve integra- 

ion with the surrounding defect margins to aid cell recruitment 

nd vascular ingrowth. Recent effort has begun to exploit shape- 

tting technologies such as porous polymers that can reshape with 

hanges in temperature [ 29 , 30 ]. Mineralized collagen scaffolds de- 

eloped by our group as well as others have been shown to pro- 

ote osteogenic processes and bone remodeling [ 19 , 21 , 22 , 49–52 ].

owever, the porous nature of these scaffolds that is important to 

id cell activity results in poor bulk mechanical properties; further, 

hese scaffolds lack inherent design features to promote conformal 

tting with the defect margins [31] . Here, we examined inclusion 

f mechanical and biological reinforcement to a mineralized col- 

agen scaffold via inclusion of 3D-printed structures formed using 

ne of two variations of 3D-printed biomaterials, Fluffy-PLG and 

yperelastic Bone (90wt% CaP). We report compositional, mechani- 

al, and biological performance of these scaffold composites, focus- 

ng on the direct role of the 3D-printed structures on mechanical 

roperties but also the potential active role the reinforcing struc- 
231
ure could have on an osteogenic response via the effect of degra- 

ation byproducts on cell activity. 

As both Hyperelastic Bone and Fluffy-PLG contain the same 

LG chemistry, and roughly equivalent amounts of PLG polymer 

er unit volume [ 34 , 35 , 39 ], we first investigated the degradation

yproducts of Hyperelastic Bone to determine if there would be 

ny impact on the metabolic activity of our osteogenic mineral- 

zed collagen scaffolds. Over the course of an accelerated 28-day 

egradation experiment, we observed significant elution of lactic 

nd glycolic acid, as well as short term decrease in pH, though not 

ignificantly different than the change in solution pH observed for 

ineralized collagen scaffolds in the same conditions. More impor- 

antly, we observed no negative effect of the elution byproducts, 

cross a range of dilutions, on hMSC metabolic activity. These ef- 

ects were consistent regardless of the use of an accelerate (90 °C) 

r convention (37 °C) degradation conditions. These findings are 

argely consistent with previous studies using printed structures 

ormed from Hyperelastic Bone 3D-prints that showed significant 

ew bone formation in vivo [ 35 , 39 ]. As a result, we did not expect

yperelastic Bone or Fluffy-PLG 3D-prints to negatively impact os- 

eogenesis and cell viability of mineralized collagen scaffolds. It is 

nteresting to note that we also observed significant release of cal- 

ium and phosphorous content from the Hyperelastic Bone struc- 

ures, though not as much calcium release as from the native min- 

ralized collagen scaffold, which may be due to the more stable 

ature of the mineral component in Hyperelastic Bone versus that 

n the mineralized collagen scaffold. 

Successful clinical use of a craniofacial bone regeneration scaf- 

old requires the biomaterial to be surgically practical, notably 

eadily customized to fit complex 3D defects and strong enough 
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Fig. 4. Metabolic activity, mineral formation, and protein expression of hMSCs seeded on mineralized collagen scaffolds (MC), Fluffy-PLG reinforced composites (MC-Fluffy),

and Hyperelastic Bone reinforced composites (MC-HB). (A) The metabolic activity of 10 0,0 0 0 hMSCs is denoted by an activity of 1, with the y -axis representing a fold change

in activity over this cell seeding density. ∗ indicates one group is significantly ( p < 0.05) greater than another group. ̂  indicates one group is significantly ( p < 0.05) greater 

than the same group compared to day 1. Data expressed as average ± standard deviation ( n = 6). (B) Percent found of Calcium (Ca) and Phosphorous (P) was determined by 

ICP analysis of groups seeded with cells after 28 days and normalized to the respective day 0 unseeded groups. Asterix indicate significance and all groups have significantly

( p < 0.05) different calcium content. The MC-Fluffy group has significantly ( p < 0.05) more phosphorous than the MC-HB group. Data expressed as average ± standard 

deviation ( n = 9). (C) Protein expression in scaffolds and composites was analyzed with an ELISA for OPG and VEGF released from pooled media over 28 days. ∗∗ indicates the 

MC-HB group was significantly ( p < 0.05) greater than the other two groups at day 3 and 9. ∗ indicates the MC-HB group was significantly ( p < 0.05) greater than the MC

group at day 15. There were no significant ( p < 0.05) differences in VEGF released between all tested groups. Data expressed as average ± standard deviation ( n = 6).
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o withstand physiological loading [ 9 , 27 ]. To address this chal- 

enge, we have developed an innovative composite approach, em- 

edding a mechanically-robust polymer (e.g., PCL, PLA) 3D-printed 

einforcement with millimeter-scale porosity into the mineralized 

ollagen scaffold [ 31 , 33 ]. The resultant collagen-3D-print compos- 

te displays the osteogenic activity of the scaffold, the strength 

f the 3D-print, and promotes regenerative healing in a porcine 

one defect [ 18 , 33 ]. However, poor conformal contact significantly 

nhibits cell recruitment, angiogenesis, regenerative healing and 

reatly increases the risk of graft resorption [28] . Common surgi- 

al interventions such as resorbable protective plates do not im- 

rove microscale conformal contact [53] . We showed selectively 

emoving fibers from a PLA 3D-print creates variants with com- 

ressive strength in the longitudinal axis, but serial compression- 

xpansion capacity in the radial [33] . These 3D-prints can be ra- 

ially compressed and inserted into cylindrical defects, springing 

ack to achieve close conformal contact. As a result, here we ex- 

mined the mechanical performance of a new class of composite 

ormed from the mineralized collagen scaffold and Fluffy-PLG or 

yperelastic Bone 3D-prints. 

Hyperelastic Bone provided the greatest reinforcement to min- 

ralized collagen scaffolds, most likely due to the reinforcements 

ominating the compressive mechanics similar to previous work 

ith poly(lactic acid) composites [33] . MC-HB composites also dis- 

layed the highest loads achieved during a push-out test; how- 
232
ver, the MC-HB composites demonstrated a more brittle nature, 

ikely due to the form factor and not material. We expect that 

educing the spacing between layers could reduce the brittleness 

nd avoid many stress-concentrating regions created with wider 

pacing. While MC-Fluffy composites were significantly more flex- 

ble, they displayed no additional push-out strength compared to 

he mineralized scaffold itself. We also found resulting mechan- 

cal properties to be largely insensitive to changes in the mesh 

pacing (2 mm vs. 3 mm) over the range tested for the Fluffy- 

LG prints, most likely due to their soft and flexible nature with 

he mineralized collagen scaffold phase dominating the mechani- 

al performance of the composite. We predict that increasing the 

esh spacing of Hyperelastic Bone 3D-prints within mineralized 

ollagen scaffolds will have an appreciable effect due to its stiffer 

ature and the relationship between elastic modulus and mate- 

ial density of open-cell foams such as meshes [54] . Although MC- 

B composites showed significantly improved mechanical perfor- 

ance, they did not achieve a moduli close to cancellous or cor- 

ical bone (0.1-2 GPa, 15-20 GPa [55] ). While the need for me- 

hanical properties of implant to match those of a target tissue 

ay be relevant for inert materials which never remodel such as 

ermanent joint replacements, design needs are very different for 

egenerative biomaterials that rely on cell mechanotransduction 

nd remodeling. Indeed, it is essential to consider the multiscale 

roperties of porous biomaterials. Porosity is essential for cell in- 
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Fig. 5. Osteogenic gene expression of mineralized collagen, Fluffy-PLG composites (MC-Fluffy), and Hyperelastic Bone (MC-Hyperelastic Bone) composites. Gene expression

was determined by running RT-PCR on reverse transcribed RNA isolated from scaffolds and composites seeded with 10 0,0 0 0 hMSCs at days 1-28. Fold change of gene

expression was normalized to 10 0,0 0 0 cells before seeding on scaffolds and composites, with a value of 1 (grey bar) representing the expression of 10 0,0 0 0 hMSCs. Values

underneath this grey bar indicate downregulated genes. ∗ indicates group(s) significant ( p < 0.05) to another group on same day. # indicates a group on one day is 

significantly ( p < 0.05) less than the same group on day 1. ^ indicates a group on one day is significantly ( p < 0.05) greater than the same group on day 1. Error bars

represent average ± standard deviation ( n = 5). RUNX2 induces differentiation of mesenchymal stem cells to the osteogenic lineage; Osterix has roles in bone formation and 

osteoblast differentiation; FGFR2 can stimulate proliferation of osteogenic cells; COL1A2 is a marker for type I collagen, a main organic component of bone; IGF2 stimulated

osteoblast differentiation and bone deposition.
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rowth, biotransport, and cell-mediated remodeling. Yet the me- 

hanical performance of a porous material scales as the relative 

ensity (density of the porous material divided by the solid ma- 

erial from which it is fabricated) squared compared to the me- 

hanical properties of the solid material that forms the individ- 

al pores and with which cells interact [ 54 , 56 ]. Thus, a porous

caffold with cell-scale properties tuned to enhance MSC prolif- 

ration, remodeling, and matrix biosynthesis may present initial 

acroscale mechanical properties a factor of 10 0 0 (or more) lower. 

he design of the mineralized scaffolds and polymer reinforcement 

s therefore tuned to improve surgical practicality and cell activ- 

ty. The mineralized collagen scaffold used in this study has pre- 

iously been shown to regenerate rabbit cranial defects without 

rowth factor and cell supplementation, achieving directed heal- 

ng > 60% of the density and 50-80% the stiffness of native cranial 

one within 3 months after implantation [23] . Hyperelastic Bone 

as been used in vivo in a mouse subcutaneous implant model, a 

at posterolateral spinal fusion model, and in a large, non-human 

rimate calvarial defect case study, which demonstrated material 

iocompatibility, new bone growth, integration with surrounding 

issue, and vascularization [36] . Both Hyperelastic Bone and Fluffy- 

LG 3D-prints have also been tested in rat calvarial defects com- 

ared to autologous bone and empty controls, with Hyperelastic 

one displaying increased new bone formation, specifically 73.8% 

ffective over autologous bone after 8 weeks, and overall greater 

ew bone formation compared to Fluffy-PLG and the empty con- 

rol group [39] . With these results, we expect that the combina- 

ion of two materials previously successfully tested separately in 

ivo would be able to promote greater bone regeneration together, 

nd significant future effort s will be needed to identify the ap- 

ropriate mesh structure to aid strength and conformal fitting ca- 

acity. Future efforts will concentrate on alterations to the poly- 

er composition and mineral content to further boost endoge- 

ous OPG secretion to accelerate regenerative healing. An excit- 
233
ng opportunity are meshes based on Voronoi foam (random pore) 

rchitectures which exhibit well defined mechanical performance 

haracteristics [57] . Under load, the fibers that define the pores 

f these materials bend elastically during the first ~10% of applied 

train, then buckle plastically [57] , suggesting implementing these 

esigns with the 3D-Paints may be useful for conformal fitting 

apabilities. 

This work showed exciting osteogenic potential of hMSC-seeded 

C-HB and MC-Fluffy composites, maintained in culture in the ab- 

ence of conventional osteogenic supplements (exogenous BMP2,

steogenic media). We have previously shown that the mineral- 

zed collagen scaffolds promotes endogenous activation of BMPR 

athways and that inclusion of exogenous BMP2 does not improve 

he quality of bone regeneration in a critical sized calvarial defect 

odel [ 22 , 25 , 26 , 58 ]. Although both the scaffold and polymer com-

onent of the composite could be used as a biomolecule delivery 

ubstrate, the ability to identify composites that increase bone re- 

eneration without the use of such supplements would avoid sig- 

ificant challenges associated with exogenous factor inclusion (ec- 

opic bone formation, cost, regulatory hurdles). Both composites 

romoted a higher metabolic activity compared to native miner- 

lized collagen scaffolds in early timepoints of the study (days 1- 

4); while by day 28 there were no differences between groups, 

ll groups demonstrated significantly (~3-fold) increased metabolic 

ctivity compared to the start of the experiment. We also quanti- 

ed gene expression profiles for a series of osteogenic-linked genes 

s a function of biomaterial environment. RUNX2 is a major tran- 

cription factor for bone and guides the differentiation of hMSCs 

o osteoblasts [59] ; we saw some evidence of increases in RUNX2 

xpression at some early time points in reinforced composites. 

ownstream of RUNX2, Osterix regulates mature osteoblast differ- 

ntiation and is thus connected to bone formation [60] . MC-HB 

omposites upregulated Osterix at day 1 and 14, possibly indicating 

reater mature osteoblast differentiation in these scaffolds, how- 
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ver, all groups were upregulated at day 28. In addition to this, 

C-HB composites upregulated Fibroblast Growth Factor Receptor-

 ( FGFR2 ) at day 1 and 14, which is important due to FGF being a

ey regulator of bone development and FGF-2 coated scaffolds be- 

ng shown to stimulate osteogenesis in vivo [61] . COL1A2 is a gene 

xpression marker for type I collagen, the major collagen of bone 

62] . While greater in MC scaffolds at days 4 and 14, all groups

ere upregulated throughout the study. Overall, we observed sig- 

atures of biomaterial induced increases in osteogenic signaling, 

hough a MC-HB composite may have the greatest promise to ac- 

elerate early osteogenic activity. These findings are largely consis- 

ent with previous studies from our group showing the base min- 

ralized scaffold it self is sufficient to promote hMSC osteogenic ac- 

ivity in the absence of osteogenic stimuli [ 18 , 63 , 64 ]. At minimum,

e show inclusion of Fluffy-PLG or Hyperelastic Bone reinforcing 

tructures into the scaffold does not reduce this response. 

We also examined endogenous production of two proteins 

OPG, VEGF) by hMSCs within the scaffolds and composites. OPG 

s a soluble glycoprotein and endogenous inhibitor of osteoclasto- 

enesis and osteoclast activity [ 25 , 65 ]. We have previously shown 

hat MSC-osteoprogenitors in the mineralized collagen scaffold en- 

ogenously produce osteoprotegerin sufficient to inhibit osteoclast 

ctivity without negatively impacting MSC-osteogenesis [26] . Ex- 

itingly, we observed significant OPG production in all variants, 

hough MC-HB composites promoted significantly increased OPG 

ecretion over the first two weeks of culture. Calcium ion signaling 

as previously been suggested as a powerful signal to improve se- 

retion of OPG by osteoblasts [66] . Our findings are consistent with 

his observation, suggesting increased OPG secretion by hMSCs in 

C-HB composites may be due to increased release of Calcium and

hosphate ions during degradation (vs. MC scaffolds or MC-Fluffy

omposites). This indicates that inclusion of Hyperelastic Bone 3D- 

rints could not only regenerate bone through increased stiffness, 

hich has been linked with greater mechanotransduction-induced 

one formation in mineralized collagen scaffolds [67] , but also pro- 

ide additional inorganic ions to safely elevate OPG levels with- 

ut the need of gene therapy or growth factors [26] . The tim- 

ng of increased OPG production during significant Hyperelastic 

one degradation further suggests that the Hyperelastic Bone re- 

nforcement structure may play an active role in promoting an os- 

eogenic response in addition to passive mechanical reinforcement. 

e also explored VEGF production, as VEGF is a potential regu- 

ator of angiogenesis, and can also contribute to recruitment and 

ctivity of osteoblasts [68] . Exogenous addition of VEGF can also 

mprove bone formation [61] . While we observed significant in- 

reases in VEGF production over the 28-day experiment, the effect 

as insensitive to the inclusion of Fluffy-PLG or Hyperelastic Bone 

einforcement structure. 

Analysis of mineral content of the scaffold and composites af- 

er in vitro culture suggest significant new mineral formation in 

ll constructs, though the greatest new absolute mineral formation 

as observed in MC-Fluffy composites. MC-HB composites had the 

east amount of new mineral formed compared to MC scaffolds 

nd MC-Fluffy composites. However, the MC-HB composites had 

he greatest average amount of Calcium and Phosphorous present 

t day 28 before normalizing to unseeded controls (approx. 30% 

a and 15% P, 11% Ca and 5% P, 14% Ca and 7% P for MC-HB, MC-

luffy, and MC, respectively), indicating that there is still a great 

mount of mineral present to induce osteogenesis. To further un- 

erstand the low mineral formation at the end of the study in MC- 

B composites, we plan to investigate the localization of calcium 

nd phosphorous within the composite to determine if mineral is 

orming within the scaffold. 

Together, our results demonstrate hMSC viability, gene expres- 

ion, and protein expression that support the use of Hyperelastic 

one and Fluffy-PLG reinforced mineralized collagen composites 
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or craniofacial bone repair applications. Of particular note, was the 

bservation that MC-HB composites demonstrated increased MSC- 

steoprogenitor secreted OPG and added stiffness. Although PLGA 

s biocompatible, use of this material without any additional fac- 

ors make for poor osteoconductivity, which has been compensated 

y the addition of other materials to improve its outcome in vitro 

nd in vivo. Ongoing effort s will more fully compare hMSC osteo- 

enesis in vitro as well as in vivo bone regeneration for these dis- 

arate composites to determine if our composite improves mineral 

ormation similar to other PLGA formulations in vivo . Future efforts 

ill also examine changes in the topology of the 3D-printed struc- 

ure in order to add shape-fitting through structural means, similar 

o our recently published work with poly(lactic acid) composites 

33] . This includes expanding the use of the 3D-print as a bioac- 

ive stimulus to increase endogenous OPG production as a means

o transiently inhibit osteoclast activity and accelerate craniofacial

one repair.

. Conclusions

We examined inclusion of reinforcing 3D-prints generated from 

wo distinct 3D-paints (Hyperelastic Bone; Fluffy-PLG) in a min- 

ralized collagen scaffold for craniofacial bone repair applications. 

omposites formed from Hyperelastic Bone or Fluffy-PLG struc- 

ures were shown to offer passive and potentially active advan- 

ages to aid osteogenic activity. Notably, inclusion of a Hyperelas- 

ic Bone 3D-printed mesh significantly increased composite modu- 

us and push-out force, though the brittle nature of the structure 

imited the conformal fitting capacity. Degradation byproducts of 

yperelastic Bone did not significantly reduce hMSC activity. In- 

eresting, all composites and the native mineralized collagen scaf- 

old supported significant osteogenic activity in the form of hMSC 

etabolic activity increases, shifts in osteogenic gene expression, 

nd synthesis of new mineral. Further, while the scaffold and com- 

osites all promoted increased endogenous production and secre- 

ion of OPG and VEGF, Hyperelastic Bone reinforced composites 

howed significantly increased early secretion of OPG, suggesting 

hese composites may increase hMSC osteogenesis and locally in- 

ibit osteoclast activity to accelerate bone regeneration by mineral 

on release and increased stiffness without the addition of growth 

actors or gene therapy. 
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n strategies to address obstacles
in craniomaxillofacial bone repair

Marley J. Deweya and Brendan A. C. Harley *abc

Biomaterial design to repair craniomaxillofacial defects has largely focused on promoting bone

regeneration, while there are many additional factors that influence this process. The bone

microenvironment is complex, with various mechanical property differences between cortical and

cancellous bone, a unique porous architecture, and multiple cell types that must maintain homeostasis.

This complex environment includes a vascular architecture to deliver cells and nutrients, osteoblasts

which form new bone, osteoclasts which resorb excess bone, and upon injury, inflammatory cells and

bacteria which can lead to failure to repair. To create biomaterials able to regenerate these large missing

portions of bone on par with autograft materials, design of these materials must include methods to

overcome multiple obstacles to effective, efficient bone regeneration. These obstacles include infection

and biofilm formation on the biomaterial surface, fibrous tissue formation resulting from ill-fitting

implants or persistent inflammation, non-bone tissue formation such as cartilage from improper

biomaterial signals to cells, and voids in bone infill or lengthy implant degradation times. Novel

biomaterial designs may provide approaches to effectively induce osteogenesis and new bone

formation, include design motifs that facilitate surgical handling, intraoperative modification and

promote conformal fitting within complex defect geometries, induce a pro-healing immune response,

and prevent bacterial infection. In this review, we discuss the bone injury microenvironment and

methods of biomaterial design to overcome these obstacles, which if unaddressed, may result in failure

of the implant to regenerate host bone.
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Craniomaxillofacial bone defects

Craniomaxillofacial (CMF) bone defects oen involve large defects
in the bones that make up the skull or jaw, and can arise from
trauma associated with high-energy impacts, congenital defects,
and cancer.1,2 Congenital defects, such as cle lip and palate, have
a frequency of 1 in 700 live births, and oral cancer and dentures
can lead to bone resection or resorption by the body.2 The occur-
rence of these defects in times of war has increased in recent years,
with 29% of injuries sustained in Iraq and Afghanistan classied
as CMF defects.3 Due to the critical size of missing bone in these
defects, host bone is unable to naturally bridge the gap in missing
tissue and regenerate fully, and thus surgical intervention is
required for successful healing. Multiple factors lead to additional
challenges in healing of these defects, such as their irregular size
and shape, multiple cell types involved, and the likelihood of
chronic inammation and infection, which will be discussed in
more detail later in this chapter.
The bone microenvironment

Bone is a complex structure composed of multiple cell types and
having various mechanical properties. Of note, bones of the
skull and jaw have different mechanics and structure than long
bones and the spinal column.

Bone is comprised of organic and inorganic materials, with
type I collagen bers and glycosaminoglycans making up the
organic material, and hydroxyapatite mineral crystals as the
inorganic. Bone is also anisotropic in nature, with mechanical
properties varying in the direction of load application.4 There
exist two different types of bone, cortical and cancellous bone,
which have similar compositions but different structural
properties. Cortical bone is the stronger of the two and
surrounds the soer cancellous bone. Cortical bone generally
has a Young's Modulus between 15–20 GPa and approximately
10% porosity, while cancellous bone has a 10-fold weaker
Young's Modulus between 0.1–2 GPa and a high porosity of
50–90%.5,6 For skull bones in particular, stiffnesses can range
from 0.36–6 GPa, and variability can be attributed to differ-
ences in thickness of the skull at various regions.7 Thicknesses
ranging from 3–15 mm have been observed in the occipital
region, with an average of 8 mm thickness in the occipital
region and 4 mm in the temporal.8 Additionally, the
surrounding so tissue of the periosteum has an impact on
these mechanics and is rarely investigated together with the
bone.9 Based on a small study of human skull bones the
volume ratio of cancellous bone to the entire bone volume
ranged from 0.7–0.8,9 and although the cancellous portion of
bone is much weaker, the open-porous nature allows quick
invasion of blood vessels and nutrient transport.5 Without this
vascular formation bone will become necrotic, leading to
resorption and bone loss.5,10

Aside from mechanics, the bone microenvironment is
composed of multiple cell types, all which act together to maintain
healthy bone homeostasis. These include cells important for new
bone formation, vascular formation, and bone resorption. Cells
17810 | RSC Adv., 2021, 11, 17809–17827
involved in bone formation and maintenance include mesen-
chymal stem cells, osteoblasts, and osteocytes (Fig. 1).

Mesenchymal stem cells (MSCs) are a cell type which can
self-replicate and differentiate into many different cell types
such as bone, cartilage, muscle, fat, and tendon, and are known
tomigrate to sites of injury to aid in repair.11,12Differentiation of
these stem cells along the bone lineage can result in osteoblasts,
which are required to form new bone by secretion of bone
matrix proteins.5 When osteoblasts mature they are incorpo-
rated into the bone matrix and become osteocytes, which
remain within the matrix and have been associated with bone
turnover and adaption.13 Endothelial cells and pericytes are
important for vasculature formation to deliver nutrients and
other cell types throughout bone. Pericytes originate fromMSCs
and line the outside of blood vessels, and endothelial cells form
tubes which make up these vessels.14 Angiogenesis has been
associated with osteogenesis, and construction of highly
vascular networks within bone leads to its successful mainte-
nance.15 Finally, osteoclasts are responsible for bone resorption.
Osteoblasts and osteoclasts work together to maintain bone
homeostasis, maintaining normal bone density, porosity, and
strength. Without osteoclasts ectopic or excess bone could
occur and without osteoblasts bones may become brittle and
thin.16,17 These various cell types work together synergistically to
maintain healthy bone in our body, and without one cell type or
its functions our bone and our bodies would not be able to
function normally.

The bone injury microenvironment

Bone is a complex microenvironment and healing these defects
is particularly challenging due to the multiple cell types and
various mechanical properties. CMF defects introduce an
additional challenge due to the large volume of bone missing
and the body's inability to heal this on its own.

In general, bones heal via a process known as endochondral
ossication or intramembranous ossication. These two
processes have similar healing outcomes; however, endochon-
dral ossication involves a cartilage intermediate associated
mostly with long bone healing, while intramembranous ossi-
cation does not involve cartilage formation and is associated
with the at bones of the skull and jaw.2,18,19 Many methods to
regenerate bone focus on the direct method of bone formation,
intramembranous ossication, where mesenchymal stem cells
directly differentiate to osteoblasts. Conversely, endochondral
ossication is a seemingly side-step away from bone repair by
rst creating a cartilage intermediate and mesenchymal stem
cells differentiating into chondrocytes. This may not be
a drawback however, as cartilage intermediates and chon-
drocytes formed are avascular and do not need as many nutri-
ents as osteoblasts, and are more likely to survive the process or
bone regeneration.2,20 Further, it has even been suggested that
using an endochondral approach to repair CMF defects by
promoting a cartilage intermediate, along with neural crest-
derived stem cells (from hair follicles, oral mucosa, dental
pulp, among others), could prove amore promising approach to
CMF defect repair.2 An understanding of a materials method of
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Cell types involved in bone homeostasis and during injury and their functions.
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regenerating CMF defects, by intramembranous or endochon-
dral ossication, could be useful for developing modications
to the material to enhance osteogenesis.

At the onset of injury, there are other cell types involved in
repair beyond those in normal bone homeostasis represented in
Fig. 1. Bone healing occurs in stages; for segmental defects such
as CMF defects, this process can take several months to
complete. To heal these defects, substantial bone or a bone-
mimicking biomaterial needs to be added to the wound site
to bridge the gap in missing bone and regenerate this space. In
the rst stage aer surgical implantation of additional bone or
biomaterial to the defect, a hematoma is formed and inam-
mation begins, transporting with it various immune cells and
mesenchymal stem cells (Fig. 2). During this stage, bacteria can
be easily introduced within the implanted material if not ster-
ilized properly, or from surrounding patient skin and contam-
ination of surgical tools. Neutrophils are the rst immune
system cell to migrate to the site of tissue damage and release
antimicrobials to kill pathogens, as well as release cytokines to
recruit other immune cell types and promote angiogenesis.21

Failure to regenerate bone can occur if pathogens cannot be
cleared by neutrophils and can result in a bacterial biolm
which can be difficult to eliminate by the body and by antibi-
otics. This can result in persistent inammatory stimuli as the
body works to clear it, and oen abscess formation, ultimately
© 2021 The Author(s). Published by the Royal Society of Chemistry
leading to chronic infection and the need for a subsequent
surgery to remove infected tissue and restart the bone regen-
eration process.22

Monocytes travel to the wound site from the bone marrow
and can differentiate into osteoclasts to stimulate bone
resorption or M0, unpolarized, macrophages, which can later
differentiate into various phenotypes based on environmental
cytokines and proteins.16 Macrophages activate in response
damaged tissue signals, and during a healthy immune
response, undifferentiated macrophages migrate to the wound
site and polarize to the M1, or “pro-inammatory,” phenotype
in the early stages (1–7 days).23–25 The M1 phenotype is activated
by interferon gamma (IFNg), lipopolysaccharide (LPS), or tumor
necrosis factor alpha (TNFa).23 M1 macrophages function to
produce inducible nitric oxide synthase (iNOS), reactive oxygen
species, and inammatory cytokines,23 and are responsible for
assisting in early blood vessel formation by VEGF production
and removal of debris. Aer a few days and continuing for
weeks, M1macrophages shi in phenotype toM2macrophages,
also classied as “pro-healing” or “anti-inammatory,” which
can be induced by IL-4, IL-10, and IL-13 cytokines.23 M2
macrophages function to remodel the tissue, deposit new
extracellular matrix, and secrete PDGF-BB to assist in late-stage
blood vessel development.24,25 The M1 to M2 transition can
occur over the course of weeks, and is important in avoiding
RSC Adv., 2021, 11, 17809–17827 | 17811



Fig. 2 Stages of craniomaxillofacial bone defect regeneration with biomaterial implants and the possible routes of failure. Full regeneration of
these defects can occur over the course of years and from the early to late stages of regeneration there are multiple instances of regeneration
failure and when any of these failures occur, the biomaterial most likely will need to be removed and regeneration restarted with a new surgery
and material.
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persistent or chronic inammation, which likely occurs in
untreated CMF defects where M1 macrophages will persist, and
can lead to a foreign body reaction and ultimate need for
a secondary surgery.26,27 If thesemacrophages or neutrophils are
still present aer months, this can be classied as persistent
inammation and limited bone healing will occur, as they will
continue to produce inammatory cytokines; without neutro-
phil apoptosis, tissue damage can occur through continued
release of factors meant for pathogen clearance.21 Additionally,
in the case of implanted materials, a foreign body reaction will
occur and if the body continues to react to the implant with
inammatory stimuli this can lead to macrophage fusion and
surrounding the implant with brous tissue and inhibiting
bone formation. Aer inammation recedes during normal
wound repair, mesenchymal stem cells differentiate and
mature, and deposit matrix to form bone.28,29 Finally, secondary
bone formation occurs by osteoclast-mediated bone resorption
in order to create the anisotropic nature of bone and maintain
healthy amounts of bone within the body.28
Current standards for repairing bone
defects

The gold standard for repairing most CMF defects is via the use
of bone gras, and includes both allogenic and autologous
sources of bone.
Autogras

Autogras use bone from a secondary site in the patient's own
body to replace bone missing in the primary CMF wound site,
17812 | RSC Adv., 2021, 11, 17809–17827
creating the need for a minimum of two surgeries to attain the
bone gra. The most common bone used is the iliac crest, and
typically has success rates ranging from 70% to 95%.30 Removing
bone from another area of the patient's body leads to drawbacks
such as pain, vascular and nerve injury, bone fracture, and high
chance of bone morbidity.1 Additionally, the large amount of
bone necessary for CMF defect repair can limit the amount of
bone usable in a patient's own body, and differences in patient
health and age can lead to variable healing outcomes.31 Overall,
autogras have the highest success rate in the clinic, attributed
to osteogenic and other cell retention in the gra and a desired
acute immune response to a material familiar to the body.1
Allogras

Allogras use bone commonly from a deceased donor, with
cellular materials removed and bone pre-processed into demin-
eralized bone matrix as blocks or particles before implantation.1

Pathogenic agents and geneticmaterial must be removed prior to
implantation to minimize disease transmission and a persistent
inammatory response, which includes heavy processing of the
allogra. However, during this cleaning process, osteogenesis of
the gra can be impacted as the extracellular matrix (ECM) and
collagen can be removed, and this leads to variabilities in healing
due to commercial supplier cleaning process differences.32,33

Drawbacks to allogras include high rates of infection even aer
sterilization due to foreign substances still remaining aer pro-
cessing, and a more vigorous approach to remove these leads to
the bone being less osteogenic.34 The rate of success of allogras
is lower than autogras, but avoids the limitations of a second
invasive surgery and limited availability of autogras.35
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The disadvantages associated with the use of autogras and
allogras promote the research and development of tissue
engineered biomaterials. Biomaterial approaches allow for
patient-tailorable options as well as these typically being easier
to modify, enabling changes in mechanics, bioactivity, and
drug-loading to improve regeneration.
Biomaterials to repair orthopedic
defects

Biomaterials are implants that can be discretely designed to
optimize mechanics and biological signals to one day offer the
same or better healing than autogra and allogra methods.
The greatest advantage of biomaterials is their tailorable nature,
allowing for researchers to change multiple properties and add
various materials to optimize bone growth. Currently, autogra
materials are still the gold standard for CMF defect repair due to
highest successful outcomes, but the signicant limitations of
autogras promotes the discovery and creation of new bioma-
terials without these limitations.36–38

Biomaterials are fabricated from either polymers, metals, or
ceramics, and oen combinations of multiple material types.
These are summarized in Table 1.
Metals

Metals have been classically used in CMF defect repair for
permanent solutions to ll missing tissue. Metal implants
generally can conduct heat, create difficulties with monitoring
health via imaging systems, and their stiffness can cause stress-
shielding.34 Additionally, most metals have a risk of corrosion
and metal ion release, as well as mismatched mechanics
compared to bone, which can lead to surrounding bone
atrophy.39–41 Generally, metals are limited for use in permanent
xation for high loading applications, such as long bone frac-
tures, as opposed to CMF defects. The non-degradable nature of
metals also limits their use in pediatric patients due to facial
deformities arising from restriction of the growing and devel-
oping skull and migration of the metal screws and plates during
this process.42 The most commonly used metal in CMF defects
are stainless steel and titanium-based alloys.43 Titanium is one of
the strongest biomaterials used in bone repair, however, for non-
load bearing CMF defects such as the skull, this high strength is
unnecessary. Additionally, this material is a permanent xture
and has poor osseointegration. Recent developments in the
surface modications of titanium implants have demonstrated
osteoinduction in vitro and in vivo by nanopatterning the surface
of these 3D materials.44 Magnesium-based metal implants have
strikingly different properties from titanium, as this metal will
rapidly resorb by the body and has osteogenic effects similar to
degradable biomaterials.43 Magnesium offers structural support
(i.e. high mechanical stiffness), but rapidly corrodes in the body
which can result in hyper-magnesia and voids in bone formation,
and has no method of preventing implant infection and subse-
quent biolm formation.43,45Recent developments inmagnesium
alloys have combined this material with calcium and zinc to
release these ions to the surroundings to enhance angiogenesis
© 2021 The Author(s). Published by the Royal Society of Chemistry
and osteogenesis, as well as combining with graphene to impart
antimicrobial properties.45,46 Zinc has also been investigated in
bone repair due to its biocompatible and antimicrobial proper-
ties.47 However, pure zinc has low mechanical properties and as it
degrades releases large amounts of zinc ions to the surroundings,
which are detrimental to cells.47 Recently, zinc alloys have been
investigated, and altering the design of this material to include
porosity has improved cell attachment and hydroxyapatite coat-
ings have been added to further improve biocompatibility.47 The
use of metals could prove a very promising approach if surface
modications and controlled release of metal ions are further
investigated and to provide an osteogenic effect.

Ceramics

Ceramic or hydroxyapatite-based materials are the alternative of
choice aer autogras and allogras in the clinic.48 Although
these are the preferred biomaterial for bone repair due to their
biocompatibility and high mechanical properties, these materials
are generally brittle and can have lengthy resorption times.49

Bioglass is the most commonly used ceramic for bone repair,
containing calcium and phosphorous among other elements, but
overall this material is generally less successful than auto-
gras.36,37,50 To improve the mechanical properties of 45S5 bio-
glass, metal oxides have been doped into this material, as well as
nanosilicates such as magnesium silicate, which has demon-
strated improved osteogenic differentiation.51 Specically, 3D
bioglass scaffolds with this nanoclay were able to promote oste-
ogenic differentiation of adipose-derived stem cells and cranial
bone formation.52 Tricalcium phosphates and calcium phosphate
cements have similar drawbacks and advantages as bioglass, with
slow resorption, brittle properties, and a biocompatible nature.53

These can also be injectable, and like bioglass, have been doped
with similar metals such as zinc and magnesium, and more
recently been doped withmanganese to improve osteogenesis due
to its positive inuence and involvement in bone formation.53 A
more recent and promising ceramic material are mesoporous
silicate nanoparticles, which have demonstrated high mechanical
properties, osteogenic behavior, and have been used as drug
carriers due to their porous nature.54 Most oen these nano-
particles are combined with other materials to elute growth
factors, but recently Kanniyappan et al. investigated the impact of
various concentrations of pure mesoporous silicate nanoparticles
on osteogenesis.55 Of note, high concentrations of these nano-
particles demonstrated settling and reduced viability of cells,
however, at concentrations of 1 mg mL�1 these were osteogenic
and promoted angiogenesis.55 Ceramic materials could prove very
promising in combination with metals or other materials to
impart improved strength and osteogenesis.

Polymers

Polymers used for tissue regeneration should be biodegradable
and biocompatible, with special consideration of degradation
byproducts for cytotoxic effects. Polymers offer advantages in
large scale reproducibility and unique control over mechanical
properties, degradation, and structure by manipulating poly-
mer chains.56 Drawbacks to these include poor mechanical
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Table 1 Benefits and drawbacks of materials used for bone repair

Material Sub-class Benets Drawbacks Novel developments

Metals Stainless steel,
titanium

High load bearing � Permanent xture � Surface coatings
� Stress-shielding � Nanopatterned surfaces
� Risk of infection
� Secondary surgery to remove
implant
� Limited osseointegration

Magnesium � High load bearing � Rapid dissolution of metal Addition of other metal ions
� Biodegradable � Implant failure

� Risk of infection
Zinc � Biocompatbile � Low mechanical properties � Porous structures

� Antibacterial � Releases large zinc ions harmful
to cells

� Calcium phosphate coatings

Ceramics Bioglass � Bioactive � Brittle Metal doping
� Osteoconductive � Low fracture toughness
� Integration with host bone � Poor osteoinductivity
� Antibacterial

Calcium
phosphates

� Osteoinductive � Brittle � Metal doping
� Resorbable � Slow resorption � Addition to polymers as coatings
� Injectable as a cement,
shapeable

� Limited mechanical strength

� Risk of infection
Silica
nanomaterials

� Low cytotoxicity � Crystallinity impacts
biocompatibility

� Surface modications

� High porosity � Aggregation of nanoparticles � Combination with polymers
� High mechanical strength � High concentrations can lead to

particle setting and cytotoxic
effects

� Biocompatible � Concentration limits
� Tunable pore size � Risk of infection
� Drug delivery vehicles
� Osteogenic
� Promotes vasculature

Polymers Polylactic acid
(PLA)

� Biocompatible � Acidic degradation products
may cause inammation

� Coat with calcium phosphate

� Biodegradable � Risk of infection � Blend with multiple polymers
� Easily 3D-printed into specic
shapes and porosities
� Shorter degradation time than
PCL (6 + months)
� High mechanical properties

Polycaprolactone
(PCL)

� Flexible � Low mechanical stiffness � Blend with multiple polymers
� Hydrophobic � Long degradation times � Use different polymer

conformations (star)
� Biodegradable � Acidic degradation products
� Biocompatible � High transition temperature for

shape actuation
� Easily 3D-printed into specic
shapes and porosities

� Risk of infection

� Shape-memory fabrication
Collagen � Tunable pore size � Low mechanical properties � Reinforce with stronger

materials
� Biocompatible � Disease transmission risk � Collagen derived from marine

sources
� Sequester growth factors easily � Need mineral to induce

osteogenesis
� Add calcium phosphate

� Risk of infection
Chitosan � Antibacterial � Poor mechanical properties � Reinforce with stronger

materials
� Anti-inammatory � Low cell attachment � Modify fabrication (granular

hydrogels)
� Poor osteoconductivity
� Need mineral to induce
osteogenesis
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properties compared to bone and the possibility of host rejec-
tion and brous tissue formation due to released byproducts.
Two of the most commonly used polymers are FDA approved
polycaprolactone (PCL) and poly(lactic acid) (PLA), which can
degrade in the body via hydrolysis, but their degradation
byproducts are acidic, and in high enough quantities may
damage cells.39,57,58 Both polymers are biodegradable and
biocompatible, but PLA offers high mechanical strength and
shorter degradation times, while PCL offers exibility and
hydrophobicity.59 Due to these disadvantages, PLA and PCL
have been combined to create polymer blends to leverage the
best qualities of both polymers to optimize degradation time
and improve mechanical properties and exibility of the
resulting material.59 To improve the osteogenic response of PLA
alone, hydroxyapatite coatings have been used to alleviate acidic
byproduct release and increase bioactivity.60 PCL has also been
investigated as a shape-memory polymer to improve t of the
implant with host bone defects, however, a high transition
temperature was needed for shape actuation.61 Recent devel-
opments by the Grunlan Lab have further modied the PCL
polymer with star architectures in order to lower this transition
temperature and increase expansion pressure to t against host
bone.62 These types of polymers offer biocompatibility and easy
structure modication by 3D-printing technologies and poly-
mer composition allowing for a large realm of possibilities to
tailor these materials for bone repair.

Other polymers derived from animals and insects, such as
collagen and chitosan, have been used extensively to heal both
hard and so tissues. Collagen is the main organic constituent of
bone and thus using collagenmaterials has found great success in
bone and wound regeneration. Porous type I collagen scaffolds
combined with glycosaminoglycans have been successfully used to
repair tendon and skin, and the addition of calcium phosphate to
these has resulted in bone repair.63–71 A benet to using collagen
scaffolds are their tunable pore size and orientation, their ability as
high growth factor-retention sponges, and ease of incorporating
additional materials during fabrication such as adding zinc
particles.63,66,67,72–76 A drawback to these materials are their
extremely mechanically weak nature, which are far frommatching
the mechanical properties of bone, and most collagen used in
biomaterial applications is animal derived and there are concerns
of disease transmission, specically, bovine spongiform encepha-
lopathy (BSE) and transmissible spongiform encephalopathy
(TSE).77 To overcome these limitations, 3D-printed polymers have
been incorporated into mineralized collagen scaffolds to create
composite materials with moduli similar to the 3D-print material
used, and salmon-derived collagen has been investigated as an
alternative to bovine collagen to avoid religious concerns and
disease transmission.78–80 Hydrogels have also been investigated as
methods to repair bone due to their injectable nature and ability to
release drugs to the surroundings. Hydrogel materials such as
chitosan or alginate typically have low cell inltration and vessel
formation throughout due to slow degradation.81 Chitosan offers
antibacterial and anti-inammatory properties but hydrogels
made of this have similarly weak mechanics to collagen and low
cell attachment and osteoconductivity.82 Additional mineral can be
added to chitosan hydrogels, similar to collagen scaffolds, to
© 2021 The Author(s). Published by the Royal Society of Chemistry
induce osteogenic responses, and furthermore, creation of gran-
ular hydrogels can enhance porosity and cell inltration.81,82

Promising new approaches to improving hydrogels include
incorporation of synthetic polymers and extracellular-derived
matrices which include glycosaminoglycans and proteins bene-
cial for tissue repair. Recently, a pig-bone ECMwas combined with
polyethylene glycol diacrylate to lengthen degradation of the
hydrogel and promote osteogenic proliferation.83 Natural polymer-
based materials are biocompatible and with the addition of
calcium phosphate mineral, can readily promote osteogenesis,
and have a promising future when combined with other materials
to increase mechanics and stability of these structures.
Composites

Metals, ceramics, and polymers all have their associated benets
and drawbacks for repairing bone defects, and thus recent
biomaterial developments have focused on composite materials.
This refers to the combination of two ormore distinct materials to
leverage the benets of bothmaterials, in the hopes of overcoming
the separate material drawbacks. Many of the recent improve-
ments made to metals, ceramics, and polymers have involved
a combination of two or more of these materials together. Another
example includes combination of ceramic microspheres in a chi-
tosan matrix. Ceramic microsphere granules have been used to
reduce the invasiveness of calcium phosphate ceramics but the
porosity of these is very low due to the ability of these to aggre-
gate.84 To create a more cohesive and porous material, chitosan
and polyethylene glycol were combined with these ceramic
microspheres to create a better injectable and mechanically stable
implant.84 For example, while chitosan alone is anti-inammatory
it has low mechanical stiffness and calcium–phosphate ceramics
are brittle with low porosity, its combination with chitosan can
yield a composite with benets of both to create a more stable
material able to regenerate greater host bone with minor inam-
mation. Many novel materials developed currently, include
hydroxyapatite coatings47,60 and metal or ceramics parti-
cles45,46,53–55,75 incorporated into polymeric base materials to
increase mechanical stability and osteogenesis.79,82,85,86,89 Other
unique promising approaches include bone-mimicking structural
elements as well as composition, such as the use of Voronoi open-
cell architectures to replicate the porosity and mechanical struc-
ture of cortical and cancellous bone,87 and 3D-printing haversian
canals to better transport multiple cells and nutrients throughout
the entire implant.88 Composites represent a new way to use
existing materials to improve mechanics and biological perfor-
mance, as well as avoid many of the drawbacks of these materials.
Compositematerials are likely to bemost successful in the clinic in
the future, and new developments using these materials will
combine metals, ceramics, and polymers.
Strategies to address the challenges of
repairing craniomaxillofacial defects

The low success rates of biomaterial solutions to repair CMF
defects can be attributed the challenges associated with
generalized wound healing and challenges that are specic to
RSC Adv., 2021, 11, 17809–17827 | 17815
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these types of defects. By addressing each of the challenges of
CMF defects by biomaterial design and composition, this can
improve the outcome of healing in the clinic, but failure to
address even one factor may result in catastrophic failure of the
implant. General properties of a biomaterial to address the
challenges of CMF defect repair are outlined in Fig. 3.
Biomaterial mechanics

The rst step to the biomaterial implantation and bone regen-
eration process begins with the surgical handling and physical
placement of the implant. As simple as this may sound, CMF
defects are oen irregular in size and shape, especially in the
case of birth defects and battleeld injuries. To overcome this
obstacle, many researchers have focused on using 3D-printing
to create unique and patient-specic implants by scanning
the skull with MRI or CT and converting the missing space from
the scan into a 3D-print.90 While this makes for enoughmaterial
to t the defect space, additional consideration of the surgical
handling of the implant is important. Ultimately, if a surgeon
has difficulty handling the implant or placing it into the defect
space, this will have downstream clinical use and application
issues. This can be a problem with extremely stiff implants,
Fig. 3 Ideal properties of a tissue-engineered scaffold for craniomaxil
vasculature throughout the defect space in order to delivery nutrients and
new bone and integrate well with the surrounding bone, doing so by de
a scaffold should prevent infection as chances of this are high in CMF d
persistent inflammation.
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which not only must be fabricated extremely precisely to t
within the defect, but also impart unfavorable mechanics to the
tissue. Generally, stiffness has been attributed to increases in
bone regeneration and many researchers have strived to create
implants that can compare to the mechanical properties of
bone. However, CMF defects represent an interesting challenge
as they are non-load bearing and may not require implants that
exactly match their natural properties.

The Young's modulus of cortical and cancellous bone
ranges from 15–20 GPa and 0.1–2 GPa, respectively for longer
bones, and the compressive modulus of sections of bone from
the skull containing both of these regions is on the order of
0.36–5.6 GPa depending on direction of load.6,7 This high
mechanical strength, even for cancellous bone, can be difficult
to achieve with materials such as polymers, especially as these
materials are needed to be porous to allow for cell penetration.
Metals and ceramics may more easily approach these
mechanics, but it is possible that such a high stiffness is not
necessarily needed for bone repair as increases in moduli from
0.34 kPa to 3.9 kPa in crosslinked and non-crosslinked
mineralized collagen scaffolds was enough to induce an
increase in osteogenic differentiation.91 A factor of possible
lofacial defect repair. A scaffold should promote new and organized
cells to the newly forming bone. It should also be designed to produce

grading over time and resisting initial resorption by osteoclasts. Finally,
efects, while also guiding the immune response to repair rather than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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greater concern is the t of the implant to the defect space. If
an implant is too stiff, most commonly in metal materials,
stress-shielding at the bone and metal contact can cause
greater bone loss.92 Even will soer materials, if an implant is
not mechanically stable and limited in motion, this can cause
further damage. Outside the range of 28–150 mm of motion
possible between the implant and host bone space can be
dened as micromotion, which is undesirable.92 Micromotion can
lead to brous tissue formation and growth surrounding the
implant, ultimately limiting bone regeneration.92 To overcome this
problem, many groups have focused on ‘shape-tting’ implants,
created from polymers which can be shaped into the defect space
by a surgeon and based on temperature changes can set within the
defect space.61,93 These types of materials avoid the issue of
micromotion due to hardening within the defect space, but
thermo-responsive propertiesmay be limited to synthetic polymers
and may not be applicable to metal and ceramic materials. An
alternative method to apply shape-tting properties outside of
material composition is through structural modication, which
may be applicable to a wider variety of material types. An example
of this is using a design able to be conformally contracted by the
user, and such a design has been implemented with PLA and used
to create tight contact in cylindrical defects smaller than the design
itself.79 Other labs and companies such as Dimension Inx (Chi-
cago, IL, USA) have focused on the fabrication of biomaterials from
sheets or ones that are not pre-cut to the patient's defect shape,
allowing for the surgeon to cut and shape the biomaterial to their
liking and fast processing of these materials by avoiding timely
patient-tailoring of shape.94,95

In creating an implant that can be formed or manipulated by
the surgeon, one can limit the possibility of micromotion that
can occur through stiff materials. This not only improves
handling, which is desired for clinical applications, but can
improve healing as well. Future biomaterial developments for
CMF defects in particular should focus on the mechanics of
implants, not from the standpoint of matching the stiffness of
bone, but to avoid any defect motion and creating materials that
can be easily added to the defect space. By doing so, this rst
obstacle in repair and implantation can be overcome.
Bacterial infection

Bacteria are everywhere and the consequences of their pres-
ence in surgical implantation of biomaterials can be devas-
tating. Sterilization of tools, surfaces, skin, and the implant
itself are common rst precautions to avoid their contamina-
tion of the wound, with antibiotics being administered during
and aer surgery to eliminate any bacteria that may have still
been able to enter the wound. Even more concerning, these
bacteria that enter the wound site may be antibiotic-resistant,
such as the most common bacteria present in bone infections,
Staphylococcus aureus, and its antibiotic-resistant strain,
Methicillin-resistant Staphylococcus aureus (MRSA).96 Addi-
tionally, the chance of infection increases to as high as 50%
with type III open wound surgeries or xations, such as CMF
defects, making these likely to become infected even with
sterilization of equipment and antibiotic treatments.97,98
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Treatment of infections is further complicated by the inability
of many antibiotics to penetrate inamed tissue, and if
bacteria are le untreated, this can then cause chronic
inammation and implant failure.22,99 In particular, Staphylo-
coccus aureus (S. aureus) acts to inhibit bone formation by
invading osteoblasts and osteocytes and becoming internal-
ized within these cells, protecting it from antibiotics and
immune system clearance.97 Once inside osteoblasts, it can
inhibit their ability to differentiate and cause apoptosis, which
downstream prevents mineral deposition and new bone
formation.97 Through this impact on osteoblasts, S. aureus
favors osteoclastogenesis and bone resorption, due to an
imbalance of osteoclasts and osteoblasts and thus leading to
even less bone formation occurring.97 Other bacteria, such as
Pseudomonas aeruginosa, will aggregate and form biolms
around an implant, protecting itself from the immune
response and antibiotics by the formation of a resistant and
protective lm.100 Overall, if unable to be cleared by the body's
own immune response and antibiotics, bacteria can inltrate
the implanted material and create abscesses and completely
inhibit bone formation, leading to another surgery to remove
this infected material and clean the wound site.97

To prevent bacterial infection current research has progressed
towards developing antibiotic-free methods to eliminate the
growing number of antibiotic-resistant bacteria. This can be
explored through modifying the topography or composition of
biomaterials. The topography of biomaterials can be modied by
altering the micron- or nano-scale surface features during fabri-
cation. To illicit bactericidal effects, nano-scale topographies are
able to disrupt the bacterial membrane, while micron-scale
features can be too large in some cases to have this same
effect.101 Beyond scale, the pattern of the topography can affect the
way bacteria adhere to a surface as well. Lines, pillars, hexagons
and other patterns can inhibit biolm formation, while pillars and
needle-like patterns can kill bacteria on contact while keeping cells
alive.101 Pillars and rod-like patterns disrupt bacterial membranes
due to their small size and closer-spaced pillars can damage
membranes better due to shear forces.102 Fabrication of nano-
structured surfaces may be easiest to achieve with polymer and
lithography approaches, thus, for materials that may have more
difficulties with precise surface modications, chemical and bio-
logical compositional changes may be preferred.

Additives or coatings on biomaterials offer alternatives to
antibiotics for reducing bacterial adhesion or promoting
bacterial death, and include antimicrobial peptides and
enzymes, hydrophobic coatings, nanoparticles, natural mate-
rials, among other solutions.103 Antimicrobial peptides (AMPs)
have shown effectiveness against Gram-negative and Gram-
positive bacteria as well as viruses, due to their overall posi-
tive charge and hydrophobic residues, which disrupt the
negatively charged bacterial cell wall.103,104 Novel develop-
ments in this eld have included titanium implants contain-
ing titania nanotubes for on-demand delivery of AMPs in
stimuli-responsive “boxes” which open to release AMPs
under bacterial infection due to a drop in pH.105 This also
includes other materials, such as collagen and chitosan scaf-
folds, loaded with polymeric microspheres containing
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peptides to eliminate bacterial growth through sustained
release of these peptides.106,107 Enzymes can operate by inter-
fering with bacterial adhesion or killing bacteria by hydrolysis
of the cell wall and lysis of the bacteria.103 Mesoporous silica
nanoparticles have been used as drug delivery vehicles and
have been used to deliver levooxacin, a drug which converts
bacterial enzymes into bacteria-toxic enzymes, in response to
heightened acid phosphatase levels which occur in bone
infection and resorption.108 One common enzyme used to
eliminate S. aureus in particular is lysostaphin, a specic anti-
staphylococcal enzyme, which has been loaded into hydrogels
for eradication of S. aureus infection and while regenerating
bone.109,110 Altering the hydrophobicity of a material can
prevent adhesion of bacteria and thus prevent accumulation
and biolm formation, but increasing hydrophobicity also
prevents host cell attachment and inltration of the implant to
promote tissue regeneration.103 This method has been used by
coating titanium implants with positively charged, hydro-
phobic silane molecules, which prevented bacterial attach-
ment while demonstrating no cytotoxic impact on human
dermal broblasts.111 Others have also developed thin PLA
lms containing magnesium particles to control the rate of
degradation of this metal, and these lms displayed hydro-
phobicity and resulting bacteriostatic behavior.112 One of the
most common antimicrobial additives are metal particles, and
specically silver nanoparticles, which have been used in the
food industry. Alternatively to silver, other metals such as
gold, aluminum, copper, iron, magnesium, zinc, bismuth,
cerium, and titanium have been also used as nanoparticles to
combat bacterial infections.113 Zinc and silver nanoparticles in
various ratios have been added to titanium implants for
release of these factors over a minimum of 28 days to eliminate
adherent and planktonic MRSA.114 Finally, natural additives
have been explored recently as coatings or added composi-
tions to biomaterials, such as honeys, chitosan and animal-
derived products, algae and other plant by-products.115 Chi-
tosan has been most recently used in combination with anti-
biotics as a material for controlled release of these to the
surroundings, as pure chitosan implants have demonstrated
little resistance to bacteria compared to antibiotic controls.116

However, loading these chitosan sponges with antibiotics can
increase clearance of S. aureus more so than antibiotic appli-
cation alone.117 Honey in particular has been of recent focus
due to its low pH and hydrogen peroxide content attributing to
its antibacterial properties, and has been incorporated into
hydrogels and on the surface of materials as honey-needles to
kill bacteria.118–120

Infection can occur during implantation of a biomaterial
and remain unknown aer surgery until it is too late, and the
removal of the infected biomaterial is necessary. Additionally,
antibiotics do not afford the security of infection prevention
they once did, therefore design of implants for CMF defects
must include antibacterial properties due to the high chance of
infection. Whether incorporation of this be as a topographical
or compositional design, there are many avenues to choose
from to create antibacterial biomaterials.
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Immune response

Another challenge to healing CMF defects is directing the
immune response to repair. When a biomaterial is implanted
into the body, the body can see this as a foreign substance and
recruit macrophages to break it down or wall it off from the rest
of the body. This foreign body reaction, if persistent, can result
in a brous wall surrounding the implant and brous tissue
blocking bone formation from occurring, thus resulting in
implant failure. To avoid this, a large body of research has
focused on the response of macrophages to implants. As stated
previously, M1 and M2 macrophages transition to heal the
wound successfully, but persistence of these and their stimuli
can lead to brous tissue formation and chronic inammation,
and ultimate failure of healing. By designing materials to
interact with the immune response to guide in repair and
transition eventually out of an inammatory reaction, we can
create more successful healing outcomes.

There are various properties of a biomaterial that can affect
the way macrophages and other immune cells react to its
implantation. A few of these that have shown signicant effect
are the pore size and shape, degradation byproducts, and shape
and topography of the implant. Previous work by Sussman et al.
has demonstrated that a pore size of 34 mm can inuence
macrophages towards a pro-inammatory phenotype, with 63%
of macrophages expressing M1 markers and 81% reduction in
M2 markers.121 This pore size also led to an increase in myo-
broblasts, most likely due to an increase in M1 response, but
non-porous materials had thicker brotic capsule resulting
from a foreign body reaction and less vascularization.121 Studies
by Madden et al. implanted porous materials for cardiac
regeneration and demonstrated that pore sizes above 45 mm in
diameter resulted in organized brotic tissue, and they
discovered a pore size from 30–40 mm promoted a M2-like
response, reducing brosis and increasing angiogenesis.122

Not only does the pore size affect macrophage polarization, but
shape of pores also impacts this, as work by McWhorter et al.
demonstrated that micropatterning a surface to cause macro-
phage elongation shis the phenotype towards M2 and
enhances M2 cytokine effects.123 Careful consideration must be
made on choosing a biomaterial for bone regeneration in the
case of degradation byproducts, as many of these can by cyto-
toxic in high quantities. Generally, particles from wear of
implants and degradation by hydrolysis can cause production of
pro-inammatory cytokines, with an example of this are
poly(lactic-acid)-based biomaterials, which have been shown to
cause an inammatory response.124,125 This inammatory
response can be attributed to large releases of the degradation
byproducts, specically acidic lactic acid, and small PLA parti-
cles (<2 mm) can induce a foreign body response, by persistence
of M1 macrophages, and bone resorption.126 Additionally, the
large-scale size and shape of the implanted material can illicit
an inammatory response. Thicker materials have been shown
to illicit a greater foreign body response and brotic tissue, and
a greater surface area as well as sharp and angular shapes are
more likely to induce a foreign body response and M1 pheno-
type.127,128 Alternatively, growth factors and other molecules can
© 2021 The Author(s). Published by the Royal Society of Chemistry
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be added to the surface of materials to facilitate the M1 to M2
transition to prevent chronic inammation. Some examples of
this include coatings that release IL-4 from polypropylene
meshes to promote M2 responses,129 early release of IFNg and
then later release of strontium ions to force an early M1 and
later M2 phenotype transition in glass composite scaffolds,130

and scaffolds containing bioactive anti-inammatory nano-
capsules which block M1 inammatory cytokines while
promoting M2 phenotypes to improve bone repair.131 Overall,
more care must be taken in the surface and whole design of
implants, as pore size, shape, degradation and released prod-
ucts, and material thickness can all inuence the response of
macrophages and if not designed correctly, can elicit a foreign
body response and brotic capsule surrounding the implant.
Balancing multiple cell types and interactions

Aer the immune response dwindles, formation of bone can
begin with collagen and mineral deposition. However, there are
multiple cell types involved in bone regeneration outside of the
immune response, and their interactions must be balanced and
promoted in a way that allows them to use the implant for
repair. Such cells involved in the regeneration process and bone
homeostasis are mesenchymal stem cells, osteoblasts, osteo-
cytes, osteoclasts, pericytes, and endothelial cells. By designing
an implant to promote these cells to create healthy bone tissue,
one can have a more successful outcome.

Many researchers have studied the effect of osteoblasts on
biomaterials for bone, and metals, ceramics, and polymer
materials have all demonstrated their ability to work well with
osteoblasts.132 Without osteoblasts, new bone formation could
not occur, but research should also focus on the precursor to
these cells: mesenchymal stem cells. MSCs migrate the wound
site and depending on the biomaterial characteristics this can
determine the fate of these cells, as they can differentiate into
many other lineages besides bone. Additionally, osteoblasts
should eventually mature to osteocytes and maintain healthy
bone once regenerated. Osteoclasts function to maintain
homeostasis in fully-formed bone, but careful consideration
must be made to not promote the actions of these cell types
early on and cause unwanted resorption of the implant. Finally,
endothelial cells and pericytes form vasculature throughout the
material to deliver nutrients and continue to supply cells to the
wound. Promoting angiogenesis and bone formation while
limiting bone resorption can be directed by material composi-
tion, stiffness, and pore structure and size.

The composition and structure of biomaterial implants
should be as closely related to the natural composition of bone
as possible, including a combination of type I collagen and
hydroxyapatite mineral.133 The mineral and glycosaminoglycan
content within a material alone can have dramatic effects on
multiple cell fates. Studies using mineralized collagen scaffolds
compared to non-mineralized collagen variants have demon-
strated signicantly more bone formed in rabbit calvarial
defects using mineralized scaffolds.134 Not only does mineral
within a biomaterial act to facilitate further mineral deposition
by osteoblasts, but also limits bone resorption, as calcium ion
© 2021 The Author(s). Published by the Royal Society of Chemistry
signaling may improve secretion of OPG by mesenchymal stem
cells and limit osteoclastogenesis.133,135 This has been further
demonstrated by the ability of mineralized collagen scaffolds to
promote greater OPG release by MSCs and less osteoclast
resorptive activity than non-mineralized collagen counter-
parts.136,137 Additionally, glycosaminoglycans are important
constituents of healthy bone and specically glycosaminogly-
cans chondroitin-6-sulfate and heparin sulfate have been
shown to promote mineral formation in mineralized collagen
scaffolds.138 Glycosaminoglycans have dramatic effects on other
cells and processes such as angiogenesis and inammation.
Studies using chondroitin sulfate have demonstrated an
inhibitory effect of this glycosaminoglycan on monocyte
migration in vitro and thus a potential anti-angiogenic effect in
vivo.139,140 Additionally, chondroitin sulfate and heparin sulfate
have been known to have anti-inammatory effects, and
heparin sulfate has also been shown to demonstrate enhanced
osteoclastogenesis.141–144

The stiffness and porosity of a substrate can also act to shi
mesenchymal stem cell fate and it is well observed that a stiffer
material will inuence MSCs towards differentiation into oste-
oblasts.145 Stiffness not only affects mesenchymal stem cell
differentiation, but also angiogenesis, with stiffer materials
exhibiting greater angiogenesis in vivo, with this attributed to
endothelial cells spreading more on stiffer substrates.146 Elec-
trospinning has been used to study the effect of MSC differen-
tiation due to ber alignment, and stem cells seeded on aligned
substrates promoted osteogenic gene expression over randomly
oriented structures.147 This has also held true for anisotropic
pores in mineralized collagen scaffolds, where alignment
caused an increase in osteogenic gene expression and miner-
alization.138 This alignment may also have benecial effects in
directing vessel network formation through channel-like
materials and providing guidance for angiogenesis.148 Pore
size and shape can effect multiple cell types, and thus there is
some speculation on the best pore size for enhancing osteo-
genesis due to multiple cell interactions. It is generally thought
that for MSC inltration and differentiation into osteoblasts
pores should range from 50–200 mm in diameter. However,
some materials on the order of 1 mm pore diameters have
demonstrate bone regeneration, but pores smaller than 50 mm
fail to produce mineral.145 Additionally, pore sizes on the larger
scale are typically better for blood vessel formation, but pore
sizes greater than 400 mm have demonstrated no improvement
in this.149 One must also consider pore spacing, as blood vessels
in normal bone are no more than 300 mm apart to continue to
deliver nutrients.149

Additional materials outside of those naturally found in
bone can be added to biomaterials to enhance multiple cell
types, such as metal particles. As stated previously, metal
particles can be benecial as antimicrobial additives, and some
metal particles have even demonstrated improving bone
formation. Incorporation of zinc nanoparticles on mineralized
collagen scaffolds induced greater MSC osteogenesis and
mineral formation, and magnesium ions have demonstrated
the ability to induce MSCs to osteoblasts.75,150 A variety of
nanoparticles including gold and silver have been shown to
RSC Adv., 2021, 11, 17809–17827 | 17819



Table 2 Biomaterial modification strategies to address the challenges of CMF defect repair

Challenge Ideal properties Methods to address Ref.

Mechanics
Surgical handling Easy for surgeons to add to defect � 3D-printing exact defect shape 61, 90,

93–95� Shapeable by surgeon (i.e. putty)
� Trimmable material (i.e. sheet)

Stiffness Should not be stiffer than bone to
avoid stress-shielding and not too so
to avoid material collapse

� Avoid stiff metal materials 78 and 91
� Create composite structures to increase stiffness of so
materials
� Cross-linking to add stiffness

Micromotion Limit to 28–150 mm of motion or else
brosis will occur

� Design implant with shape-tting properties 61, 79 and
93

Bacterial infection
Infection Killing bacteria or preventing

bacterial adhesion to implant surface
without antibiotics

� Nano-scale surface topography kills bacteria (i.e. pillars
or unique patterns)

101–104,
113 and
115� Compositional changes can kill bacteria or prevent

attachment:
� Antimicrobial peptides and enzymes
� Hydrophobic coatings
� Metal nanoparticles
� Natural materials (i.e. honey, chitosan)

Immune response
Macrophage phenotype M1 to M2 transition over weeks � Porous material facilitates healing, >30 mm pore size to

promote M2
121 and
123

� Patterned surfaces or anisotropic pores promote
macrophage elongation and M2 phenotype

Foreign body response (FBR) Avoid material causing FBR � Degradation byproducts should not be cytotoxic or in
high quantities

124–128

� Particles sizes <2 mm can cause FBR and bone resorption
� Avoid thick, hard to degrade materials
� Avoid designing materials with points or sharp edges

Balancing multiple cell types
Mesenchymal stem cells,
osteoblasts, and osteocytes

Osteogenesis and differentiation to
the bone lineage

� Metal particles such as zinc and magnesium can induce
osteogenesis

75, 134,
138, 145
and 150� Pore sizes > 50 mm can induce osteogenesis

� Aligned bers and pores promote bone formation over
random orientations
� Increasing stiffness increases osteogenesis
� Mineral (Ca, P) promotes MSC differentiation and
osteogenesis
� Glycosaminoglycans (i.e. Chondroitin-6-sulfate, heparin
sulfate) induce osteogenesis

Osteoclasts Limit early resorptive activity of
implant

� Calcium enhances OPG production to block
osteoclastogenesis

133 and
136

Pericytes and endothelial cells Promote angiogenesis and fully
formed and functional vasculature

� Stiffer materials encourage angiogenesis and endothelial
cell spreading

146, 148
and 149

� Aligned or channel-like pores can guide vessel formation
� Larger pores are better at promoting angiogenesis

Regenerative healing
Host bone regeneration New bone should form throughout

the material without voids
� Micro-scale porosity enhances bone formation
throughout implants

157 and
158

� Metals do not allow for new bone formation
Material degradation Material degradation should match

host bone regeneration
� Thinner materials allow for quicker degradation 6, 155 and

156� Ideally a material should degrade within 3–6 months for
CMF defect repair
� Polymer chemistry can be modied to hasten
degradation by pH changes, temperature, and hydrolysis
� Mechanical stimuli can help to balance degradation and
regeneration
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enhance angiogenesis, possibly through the modulation of
reactive oxygen species.151–153 When testing the ability of
biomaterials to regenerate bone, one can make changes in
multiple properties, but the behavior of cells important for bone
formation, bone resorption, vascularization, and the immune
response need to be studied in order to more accurately predict
the outcomes in vivo or in clinical trials, as osteoblasts are not
the only cell type that instruct healthy bone formation.
Regenerative healing

The nal design criteria of a bone regenerative biomaterial is
the full regeneration of the defect space. This design decision is
based on the material properties, mainly the degradation and
resorption of the implant. One main criteria for a regenerative
material is that the host bone regenerate in the defect space, so
ultimately this leaves out the use of metals, as these are
permanent implants and may integrate with surrounding host
bone, but will never be replaced by bone. This is not to say that
metal nanoparticles cannot be used to achieve bone regenera-
tion, but metal as a high-volume replacement of the missing
tissue will not cause regeneration due to the body's inability to
break down this material. Beyond metals, careful care must be
exercised when choosing ceramics or polymers as the bioma-
terial main constituent, especially as polymer degradation
times can be easily manipulated.

Ideally, if an implant has not been hindered by the many
challenges of early healing then bone regeneration will start to
occur within the defect space and within the implant. For full
regeneration this means that the degradation of the material
must match the rate of new bone formation. If these are not
balanced then the material to support bone regeneration may
degrade before it can provide essential ingredients for bone
repair and leave voids in the defect space, or conversely, the
material may remain for too long and inhibit host bone
formation. This can be avoided by choosing a material with
a degradation time that matches new bone formation and even
the thickness of the material. The thicker a polymer or other
material leads to a lengthier time for cells and hydrolysis to
degrade this material. Typically, it is thought that craniomax-
illofacial defects with implants will regenerate bone within 3–6
months aer biomaterial implantation if healing occurs
healthily.6 Polymers can be specically designed to degrade
slower or more quickly by altering the chemistry and compo-
sition, as PCL polymers typically can take over 2 years to
degrade, PLA can take over 6 months, and PLGA can take less
than 6 months.57,154 To overcome this, chemical changes can be
made to the polymer to change its response to temperature,
hydrolysis, pH, and other factors, which may help it to degrade
faster during bone regeneration.155 Factors outside of materials
chemistry have been demonstrated to help in degradation and
bone formation, specically mechanical stimuli has been
shown to synchronize degradation and bone formation in
calcium sulfate cements for long bone repair.156 However, the
application of mechanical stimuli to craniofacial bones may be
more difficult as they are not usually under load-bearing
conditions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
An additional issue with regenerative biomaterials that may
lead incomplete bridging of the bone defect space or non-
uniform bone formation due to incomplete cell penetration of
the implant. This can be controlled once again by scaffold
architecture and porosity. Work by the Wagoner Johnson group
at the University of Illinois has demonstrated that microporous
hydroxyapatite-containing BCP scaffolds had more uniform
bone formation than scaffolds without these pores.157 Addi-
tionally, they found micro-porosity effected trabecular thick-
ness and the distance between struts in their 3D-printed
scaffolds only effected this thickness at the periphery of the
scaffold.157 This work as well as work by Wu et al. have
demonstrated that 3D-printing can be used to effectively study
and optimize the pore size for bone growth within the center of
implants.158
Summary of design principles for next-
generation implants to improve
craniomaxillofacial bone regeneration

There are many challenges associated with CMF defect repair
and implants will face multiple obstacles before successful
outcomes, outlined in Table 2. Bulk implant mechanical prop-
erties can govern surgical handling and ill-tting implants can
lead to a brous encapsulation. Increasing the stiffness of
implants increases bone formation by osteoblasts as well as
endothelial cell spreading which enhances angiogenesis. The
porosity and microstructure of implants can be used to inhibit
bacterial attachment, as well as promote M1 or M2-like
macrophage response and cell penetration throughout the
entire implant. However, this porosity can range from very
small pores for promoting pro-healing macrophage phenotype,
to being large enough to allow for cell penetration throughout
the implant by MSCs, endothelial cells, and osteoblasts. Future
studies must include the consideration of the impact of
multiple cell types on the pore size and structure, as one pore
size may be benecial for osteogenesis but may promote a pro-
inammatory response. Finally, the composition of the implant
plays a very important role in its ability to kill bacteria, promote
osteogenesis, degrade during bone formation, and elicit a pro-
healing immune response. Biomaterial design principles that
focus on addressing the challenges at the many stages of heal-
ing are likely to have a more successful clinical outcome for
CMF defect repair.
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Differential inammatory macrophage response to rutile
and titanium particles, Biomaterials, 2006, 27(30), 5199–
5211.

126 J. Suganuma and H. Alexander, Biological response of
intramedullary bone to poly-L-lactic acid, J. Appl.
Biomater., 1993, 4(1), 13–27.

127 O. Veiseh, J. C. Doloff, M. Ma, A. J. Vegas, H. H. Tam,
A. R. Bader, et al., Size- and shape-dependent foreign
body immune response to materials implanted in rodents
and non-human primates, Nat. Mater., 2015, 14(6), 643–
651.

128 N. L. Davison, F. Barrère-de Groot and D. W. Grijpma,
Degradation of Biomaterials, in Tissue Engineering, ed. C.
A. V. Blitterswijk and J. D. Boer, Academic Press. United
States, 2 edn, 2015. pp. 177–215.

129 D. Hachim, S. T. LoPresti, C. C. Yates and B. N. Brown,
Shis in macrophage phenotype at the biomaterial
interface via IL-4 eluting coatings are associated with
improved implant integration, Biomaterials, 2017, 112,
95–107.

130 M. Luo, F. Zhao, L. Liu, Z. Yang, T. Tian, X. Chen, et al., IFN-
g/SrBG composite scaffolds promote osteogenesis by
sequential regulation of macrophages from M1 to M2, J.
Mater. Chem. B, 2021, 9(7), 1867–1876.

131 C. Yin, Q. Zhao, W. Li, Z. Zhao, J. Wang, T. Deng, et al.,
Biomimetic anti-inammatory nano-capsule serves as
a cytokine blocker and M2 polarization inducer for bone
tissue repair, Acta Biomater., 2020, 102, 416–426.

132 A. Amini, C. Laurencin and S. Nukavarapu, Bone Tissue
Engineering: Recent Advances and Challenges, Crit. Rev.
Biomed. Eng., 2012, 40(5), 363–408.

133 X. Wu, K. Walsh, B. L. Hoff and G. Camci-Unal,
Mineralization of Biomaterials for Bone Tissue
Engineering, Bioengineering, 2020, 7(4), 132.

134 X. Ren, V. Tu, D. Bischoff, D. Weisgerber, M. Lewis,
D. Yamaguchi, et al., Nanoparticulate mineralized
collagen scaffolds induce in vivo bone regeneration
independent of progenitor cell loading or exogenous
growth factor stimulation, Biomaterials, 2016, 89, 67–78.

135 J. J. Bergh, Y. Xu and M. C. Farach-Carson, Osteoprotegerin
expression and secretion are regulated by calcium inux
through the L-type voltage-sensitive calcium channel,
Endocrinology, 2004, 145(1), 426–436.
© 2021 The Author(s). Published by the Royal Society of Chemistry



Review RSC Advances
136 X. Ren, Q. Zhou, D. Foulad, A. S. Tiffany, M. J. Dewey,
D. Bischoff, et al., Osteoprotegerin reduces osteoclast
resorption activity without affecting osteogenesis on
nanoparticulate mineralized collagen scaffolds, Sci. Adv.,
2019, 5, 1–12.

137 X. Ren, Q. Zhou, D. Foulad, M. J. Dewey, D. Bischoff,
T. A. Miller, et al., Nanoparticulate mineralized collagen
glycosaminoglycan materials directly and indirectly
inhibit osteoclastogenesis and osteoclast activation, J.
Tissue Eng. Regener. Med., 2019, 13(5), 823–834.

138 M. J. Dewey, A. V. Nosatov, K. Subedi and B. Harley,
Anisotropic mineralized collagen scaffolds accelerate
osteogenic response in a glycosaminoglycan-dependent
fashion, RSC Adv., 2020, 10(26), 15629–15641.

139 Y. Liu, H. Yang, K. Otaka, H. Takatsuki and A. Sakanishi,
Effects of vascular endothelial growth factor (VEGF) and
chondroitin sulfate A on human monocytic THP-1 cell
migration, Colloids Surf., B, 2005, 43(3), 216–220.

140 C. Lambert, M. Mathy-Hartert, J.-E. Dubuc, E. Montell,
J. Vergés, C. Munaut, et al., Characterization of synovial
angiogenesis in osteoarthritis patients and its modulation
by chondroitin sulfate, Arthritis Res. Ther., 2012, 14(2), R58.

141 M. Vallières and P. Souich, Modulation of inammation by
chondroitin sulfate, Osteoarthritis Cartilage, 2010, 18, 18–
23.
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152 A. K. González-Palomo, K. Saldaña-Villanueva, J. D. Cortés-
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Preface

Since the advent of tissue engineering in the 1980s, bone has been a primary target 
for tissue regeneration. This field has seen some fantastic developments to assist 
patients in need of bone-related clinical interventions, but we are still far away from 
regenerating fully functional bone tissue. The hope and promise of tissue engineer-
ing to rebuild this complex organ has been mirrored on the rapidly evolving field of 
3D printing that allows us to fabricate complex structures in a systematic manner. 
With this in mind, we are pleased to introduce the first book that offers a compre-
hensive overview of the state of the art, current challenges, and strategies to recon-
struct large bone defects employing 3D printing technology.

This book is intended to be a concise handbook regarding 3D printing for bone 
tissue engineering, covering different 3D printing technologies that can be applied 
for bioengineering bone, the aspects of basic bone biology critical for clinical trans-
lation, the progress made in the field of regenerative medicine for the reconstruction 
of large bone defects, and tissue engineering platforms to investigate the bone niche 
microenvironment. Commercialization, legal and regulatory considerations are also 
discussed to help translate bone tissue engineered constructs and 3D printing-based 
products to the marketplace and the clinic. Although significant progress has been 
achieved over the past 2–3 decades, challenges that still exist and approaches to 
address them are discussed. This book can be read as a whole entity that provides an 
overall perspective on 3D printing in bone tissue engineering. Readers can also refer 
to select chapters that cater to specific topics without needing information from the 
preceding chapters.

This book is intended for scientists and researchers interested in learning more 
about the state-of-the-art progress made employing different 3D printing technolo-
gies for bone tissue engineering. This includes but is not limited to students (under-
graduate, graduate) and postdoctoral researchers, professors who can assign this as 
a handbook for quick background studies to capture salient features of this field, 
scientists across academia and industry as a reference guide for their research, clini-
cians (dentistry and medicine), and professionals in the biomedical engineering, 
medical devices, tissue engineering, and biomaterial fields.
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to Accelerate Bone Tissue Engineering

Marley J. Dewey and Brendan A. C. Harley

1  Bone Injury and Repair

1.1  Types of Injuries

In this chapter we will focus on the methods available to repair bone defects, focus-
ing specifically on those that require surgical intervention to repair. These types of 
injuries include craniomaxillofacial defects, long bone segmental defects, and spi-
nal fusion. Craniomaxillofacial injuries are classified as defects to the skull or jaw. 
These can arise from high energy impact trauma, cleft palate birth defects, and oral 
cancer [1–4]. Similar to craniofacial defects, long bone defects can arise from 
trauma, tumor resection, and nonunion [5]. Spinal fusions involve surgery to place 
an implant within the space of vertebrae to eliminate motion. Spinal fusion is used 
to treat spinal fractures, deformities, and instability [6]. Craniomaxillofacial and 
other segmental bone defects are particularly challenging due to their irregular size 
and shape and the amount of missing bone tissue. These types of defects are usually 
critical in size, in which the section of bone missing is too large for the body to 
regenerate. Biomaterial implants need to be optimized to repair these defects in 
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order to promote new bone formation as well as avoid implant inflammation and 
infection, which is common in large missing portions of bone [7].

1.2  The Healing Cascade

In normal homeostasis, uninjured bone is constantly being remodeled. Bone is 
resorbed by a resident population of osteoclasts and new bone synthesized by resi-
dent osteoblasts in a precise balance [8]. This process is facilitated by mechanosen-
sitive processes that respond to bone deformation and provide the stimuli to 
alternately produce or resorb more bone and maintain the mechanical support of 
soft tissues. In order to design materials for bone regeneration, the coupling of 
osteoclasts and osteoblasts needs to be recognized and kept in balance in order to 
avoid complete resorption of implants or unnecessary and often painful excess bone 
formation.

Bones of the body heal via either endochondral ossification or intramembranous 
ossification. The two methods have similar healing endpoints; however, endochon-
dral ossification involves a cartilage intermediate and is typically the process 
involved in long bone healing, while intramembranous ossification does not involve 
cartilage formation and is the process by which the flat bones of the skull and jaw 
heal [9–11]. Bone healing occurs in stages; for segmental defects this can take sev-
eral months to complete. Firstly, a hematoma is formed and inflammation occurs, 
bringing in various immune cells and bone progenitor cells. During a typical 
immune response, undifferentiated macrophages would migrate to the wound site 
and polarize to the M1 phenotype in the early stages (1–3 days) [12, 13]. This phe-
notype is considered “pro-inflammatory” and is responsible for the initial removal 
of any cellular debris and host defense mechanisms. After 3 days and continuing for 
weeks, M1 macrophages should shift in phenotype to the “anti-inflammatory” M2 
macrophages, which remodel the tissue and deposit matrix [12, 13]. In the case of a 
biomaterial implant, M1 macrophages are responsible for graft resorption and rejec-
tion, while M2 macrophages are accountable for graft acceptance by the body. The 
M1 to M2 transition over the course of a week is important in avoiding persistent or 
chronic inflammation, which can lead to a foreign body reaction and ultimate need 
for a secondary surgery [14, 15]. The way in which mesenchymal stem cells and 
immune cells differentiate can be partly attributed to the pore size of implant materi-
als. Pore size can determine how vessels form, how cells infiltrate and differentiate, 
whether inflammation or infection will occur, and how macrophages polarize [16], 
and suggest exciting opportunities to engineer biomaterial design to not only pro-
mote osteogenic activity but also modulate the immune and inflammatory cascade 
after injury. Ultimately, these macrophages and the topography of an implant can 
determine the success early-on in the wound healing process. After inflammation, 
cartilage formation occurs in long bones and vascular growth occurs within the 
cartilage [17]. Next, chondrocytes die off and cartilage is resorbed in order for mes-
enchymal stem cells to differentiate into osteoblasts. In intramembranous 
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ossification this cartilage step is skipped and mesenchymal stem cells differentiate 
and mature, while blood vessels are formed during the primary bone formation step 
[17]. Finally, secondary bone formation occurs and bone is remodeled by osteo-
clasts in order to create the anisotropic nature of bone [17].

2  Current State of the Art in Repair: Bone Grafting

The gold standard to repair many bone defects is through the use of bone grafting. 
Autografts, allografts, and xenografts fall under this category. Grafting typically 
uses human or mammalian bone in order to repair a patient’s defect. Here, we will 
discuss the various types of bone grafting used to repair critical-sized bone defects.

2.1  Autografts

Autografts involve using bone from a secondary site in the patient’s own body in 
order to regenerate bone missing in the wound site. Multiple types of bone can be 
used, such as cancellous, cortical, vascularized bone, and bone marrow [18]. One of 
the most commonly used grafting sites is the iliac crest, a part of the pelvis. From 
this, one can take segments of cortical or cancellous bone for a variety of sized 
defects [18]. For craniofacial and long bone defects, bone can be repaired using iliac 
crest autografts with 70–95% success rates [19]. For repairing small bone defects, a 
chin graft or a retromolar graft from the area behind the third molar can be used [18, 
20]. Other less commonly used grafts include tibial, rib, scapula, fascia, sternum, 
pedicled clavicle, and pedicled temporal bone [18, 20]. Unfortunately, defects lon-
ger than 6  cm have much lower success rates, and 50% failure rates have been 
reported for long bone defects [5, 19]. Drawbacks to removing the iliac crest include 
iliac fractures, pain, vascular and nerve injury, and persistent hematomas [18]. A 
popular cortical bone graft in craniofacial reconstruction is the calvarial graft, due 
to its slow resorption rate [18]. However, the thickness of this graft is highly vari-
able and important vessels exist near this area of bone which should avoid being 
damaged. Removing this bone from a patient can cause deformity at the removal 
site and fracture of the bone. Although drawbacks limit the use of this graft, typi-
cally success rates are high. A study on 211 patients with calvarial grafts found that 
after 10–11 months there was a 95% chance of implant integration which matched 
with other findings of high success rates [21]. However, there was a high number of 
secondary procedures due to bone resorption, which was attributed to the need for a 
large amount of bone to be used as an autograft, and patient health differences [21].

General advantages of autografts include retention of some osteogenic cells and 
an immune response that does not persist [18]. Drawbacks to these methods include 
limited availability of bone and high chance of morbidity of bone at the site where 
the graft was taken from [18].

Biomaterial Design Principles to Accelerate Bone Tissue Engineering
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2.2  Allografts

Allografts use bone typically from a deceased donor, with cellular materials removed 
before implantation [18]. Repair using allografts involves demineralized bone 
matrix as particles, blocks, or sheets. This removal involves thorough treatment to 
eliminate any pathogenic agents and genetic material in order to minimize disease 
transmission. Removal of these pathogenic agents is necessary; however, in order to 
promote bone repair the extracellular matrix and collagen should not be removed 
[22]. A main drawback to using allografts is that the osteogenic properties of these 
vary from one commercial supplier to another due to the treatment and cleaning 
process [22, 23]. In general there can be high infection rates even after sterilization 
due to foreign substances remaining in the graft, but more vigorous removal of graft 
material ultimately leads to the bone being less likely to promote regeneration [20]. 
A study investigated four different allogenic bone matrices found that in all of the 
samples there were cells and cell residues before implantation, which in canine 
studies has shown to illicit an immune response [24]. Although cleaning of the bone 
matrix can be difficult, the implant survival rate is more than 95%, and new bone 
formation at 30% after 6 months [24].

2.3  Xenografts

Xenografts use bone from a mammalian source, typically bovine or porcine derived. 
Similar to allografts, infectious materials and cells must be removed from the bone 
prior to implantation. One study examined the structure of five different suppliers’ 
allograft and xenograft materials and discovered that three of the five bone substi-
tutes failed to meet criteria the manufacturers had promised [22]. This was due to 
the grafts either containing cellular content, loss of lamellar bone structure, or no 
collagen present [22]. Xenografts do not repair as well as autografts, they have a 
slower integration with host bone than autografts, and disease transmission such as 
bovine spongiform encephalopathy is a concern [25, 26].

Given some of the disadvantages associated with existing autograft, allograft, or 
xenograft procedures, biomaterials for regenerative repair of bone have become 
increasingly popular conceptually. One advantage of biomaterial approaches is the 
ability to potentially generate shelf-stable implants in order to remove consider-
ations regarding time between graft harvest and use.

3  Implant Design to Optimize Bone Regeneration

In the next sections we will discuss design strategies for biomaterial implants as 
alternatives to graft materials. We will discuss the properties of an such an implant, 
specifically what criteria need to be met in order to successfully regenerate bone. 
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These criteria include selecting biocompatible materials that can promote bone and 
vessel formation, creating designs that can mimic the mechanical properties of bone 
and provide mechanical stability, altering the pore size and orientation through fab-
rication methods, and controlling degradation of the material. We will also discuss 
the variety of material classes available for implantation and the ways in which 
these can be modified to fit bone repair applications. These include polymers, both 
synthetic and natural, metals, and ceramics, focusing on their outcomes in vitro and 
in vivo and their specific advantages and disadvantages. We also highlight the 
method of 3D printing, which can be used to add functionality in shape, porosity, 
and release of biomolecules and cells. Finally, we will discuss cellular and growth 
factor additions to scaffold materials in order to improve bone formation.

4  Biomaterial Implants for Bone Regeneration

Biomaterial design criteria have to meet a wide range of benchmarks along with 
considerations of ease of surgical use and economic feasibility [20]. These criteria 
include biocompatibility, mechanical properties, pore size and orientation, and deg-
radation and bioresorption. Presently, no biomaterial exists that meets all the fol-
lowing criteria. However, in Fig.  1 we outline a series of design criteria for 
biomaterial implants to address challenges in bone repair.

4.1  Biocompatibility

A biomaterial used for bone regeneration must be able to recruit cells from the sur-
rounding tissues and provide nutrition and signals to support the vitality of these 
cells. There are many facets of biocompatibility related to bone repair; an implant 

Fig. 1 Biomaterial properties for enhancing bone repair
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should promote osteoconduction, osteoinduction, and osteogenesis. Cells should 
adhere to the biomaterial implant, enhance mineral formation and deposition of new 
bone, also known as osteoconduction. A variety of signals need to be provided to 
cells; ones that include osteoinduction, the promotion of differentiation of stem 
cells to mature bone cells. In addition to this, avoiding signals that may cause per-
sistent inflammation, macrophage fusion, and foreign body response will lead to a 
more successful outcome. An implant also needs to promote osteogenesis, such that 
it attracts new cells from the surrounding tissue to the implant site to remodel and 
form bone [18]. A final important aspect of biocompatibility is the need for the 
implant to promote the formation of blood vessels. This should occur within a few 
weeks of biomaterial implantation to support nutrient transport and cell viability 
and induce osteoconduction, osteoinduction, and osteogenesis [27].

4.2  Mechanical Properties

Ideally, the mechanical properties of an implant would match the properties of the 
host bone at implant. However, this is extraordinarily difficult to meet, for a number 
of reasons. Firstly, bone is a multi-scale composite, with cortical and cancellous 
bone having vastly different mechanical properties. The Young’s modulus and com-
pressive strength of cortical and cancellous bone can vary from a Young’s Modulus 
of 0.1–20 GPa (Table 1) [27]. Further, these properties reflect the mechanical prop-
erties of fully mature bone tissue with integrated vasculature; conceptually, bioma-
terials for bone repair may be much better suited having an environment designed 
for diffusive transport of nutrients and oxygen to facilitate cell penetration, prolif-
eration, and extensive remodeling required to form new bone. An additional chal-
lenge with designing modulus-matched biomaterials is that many bone defects, 
notably craniomaxillofacial defects, are typically irregular in size and shape. This 
makes for difficulties shaping the implant to fit the defect site, which can affect 
mechanical stability. In general, the mechanical stability of the implant can also 
affect the healing outcome, as micromotion can directly inhibit osseointegration, so 
a mechanically stable implant is desired [28, 29].

4.3  Pore Size and Orientation

Typically, porous implants are used for bone regeneration as they provide a template 
for rapid cell infiltration and metabolic support via diffusion. The pore size of an 
implant greatly influences the cell behavior and ultimate success or failure of the 
surgery. There exists debate about optimal pore size to promote bone regeneration, 
as multiple cell types are involved in the healing process. Bose et al. suggest that 
pore sizes should be at least 100 μm in diameter for diffusion of nutrients and
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oxygen, and pore sizes ranging from 200 to 350 μm are optimal for the in-growth of 
bone tissue [27, 30]. As for macrophages, a pore size of 34 μm promotes a more 
pro-inflammatory phenotype [31], yet other sources have suggested that 30–40 μm 
pores promote a pro-healing phenotype and avoid a foreign body response [32, 33]. 
Bone is an anisotropic tissue, and thus the pore orientation is increasingly consid-
ered as an important design parameter to consider in implant design. Recent work 
have begun to describe the use of aligned pores to promote bone formation by struc-
tural guidance cues to increase blood vessel ingrowth, accelerate cellular migration, 
and guide osteogenic cell differentiation [34–36].

4.4  Degradation and Bioresorption

In order to fully repair bone, the implant must be able to degrade while still provid-
ing signals for the patient’s own cells to form new bone. This degradation time 
should match the time it takes for new bone to be formed in order to replace the 
implant. Different bones regenerate over different times, which are summarized in 
Table 1 [27, 37]. If a material degrades too quickly, then there will not be enough 
material to continue to promote host bone regeneration and mechanically support 
the implant site [38]. Conversely, if a material degrades too slowly, remaining mate-
rial will block new bone formation, as seen in Fig. 2. Any degradation to a material 
leads to a loss of mechanical properties, and if this is controlled correctly, then load 
transfer from the implant to the host bone will occur [40–42]. Therefore, to create a 
biomaterial that can successfully regenerate bone, the design must have a controlled 
material degradation rate.

Table 1 Properties of a biomaterial implant for bone regeneration

Property Optimal range

Mechanics
Young’s modulus Cortical: 15–20 GPa; Cancellous: 0.1–2 GPa
Compressive strength Cortical: 100–200 MPa; Cancellous: 2–20 MPa
Pore size and orientation
Nutrient diffusion At least 100 μm in diameter
Bone in-growth 200–350 μm in diameter
Immune cells 30–40 μm in diameter to avoid foreign body 

reaction
Cell migration Anisotropic pores promote faster migration
Direction vessel growth Anisotropic pores promote aligned vessels
Degradation and bioresorption
Spinal fusion 9 months or more
Craniomaxillofacial 3–6 months
Long bone 5–7 months

Biomaterial Design Principles to Accelerate Bone Tissue Engineering
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5  Scaffolds: Mechanical, Chemical, and Biological Properties

Scaffolds are commonly thought of as an initial template that provides a constella-
tion of structural, compositional, and mechanical signals to potentially accelerate 
the process of bone regeneration. Common scaffold materials include polymers, 
ceramics and hydroxyapatite materials, metals, and collagen-based implants. Some 
advantages of scaffolds are their ability to be tailored to specific patients and avoid 
the cellular material cleaning process that bone-derived graft materials require. 
When deciding between allograft or xenograft materials versus synthetic or other 
scaffold materials, sources have found a variety of results, ranging from better to 
worse healing outcomes [43, 44]. Alternatively, autograft materials have shown 
favorable healing and mechanics over scaffold materials, but autografts drawbacks 
outweigh their benefits [45–47]. Scaffolds do not require a secondary surgery as 
autografts do and do not suffer from a limited supply of material. If materials have 
the same or very similar healing outcomes, it is then favorable to use scaffolds over 
grafts due to their advantages over bone-derived materials. Scaffolds can also be 
patient-tailored, such as 3D printed or cast in the particular size and shape of the 
defect. In addition to this, patient-derived cells can be added to affect the outcome, 
and growth factors can be added to target specific cell functions to improve osteo-
genesis and angiogenesis [48]. A summary of clinically available implant materials 
and their outcomes in vitro and in vivo can be found in Table 2.

Fig. 2 PCL and mineralized collagen implant in porcine ramus defect model. (a) Schematic of 
subcritical ramus defect locations along with 10 mm diameter, 10 mm thick mineralized collagen 
(CGCaP) scaffold, PCL support, and mineralized collagen-PCL composite implants. (b) Specimen 
locations were randomized on each side of the mandible and within each porcine animal model. 
Representative images of the subcritical ramus defect preimplant and postimplant. CGCaP 
collagen- glycosaminoglycan calcium phosphate, PCL polycaprolactone. (c) Representative μCT
data showing partial penetration of the implant into the medullary cavity. Light regions represent 
bone mineral and dark regions represent no mineral or PCL still present within the implant. (Image 
adapted from [39])
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Table 2 Commercially available bone implant materials and their healing outcomes in vivo and 
in vitro

Implant type Outcome References

Demineralized bone matrix
Grafton Putty (Synthes, USA) Good handling, complete spinal fusion in all 

animals, promotes new and mature bone 
formation in critical-sized defects

[49, 50]

DBX® Putty (Synthes, USA) Good handling, half of animals tested had spinal 
fusion, promotes mature bone formation in 
critical-sized defects

[49, 50]

AlloMatrix Injectable Putty 
(Wright Medical Technology Inc, 
USA)

Fair handling, no spinal fusion occurred, limited 
bone formation in critical-sized defects

[49, 50]

Regenafil (Regneration 
Technologies Inc, USA)

Fair handling, limited bone formation in 
critical-sized defects

[50]

Dynagraft (Gensci Regeneration 
Sciences Inc, Canada)

Good handling, limited bone formation in 
critical-sized defects

[50]

Lubboc® bovine xenograft Better bone healing than Grafton, Ceraform, and 
Osteoset, induced activation of host bone cells

[25, 51]

Biocoral® coral xenograft 
(Biocoral Inc, USA)

Superior healing compared to ceramic and 
hydroxyapatite materials in alveolar bone 
defects, bone formation within 2 weeks 
post-operation

[51, 52]

Metals
Plasma sprayed titanium Good osteoblast adhesion, proliferation, and 

differentiation, better early-stage healing 
conditions

[53]

Sand-blasted, acid-etched 
titanium

Similar results to plasma sprayed, but worse 
early-stage healing, osseointegration in dental 
implants

[53, 54]

Actipore™ porous NiTi 
(Biorthex, Canada)

High bone ingrowth stimulation, performs 
similarly to traditional titanium implants, 
complete bone bridging after 12 months

[55, 56]

Ceramics and hydroxyapatites
ZrO2 ceramic (Ziterion GmbH, 
Germany)

Osseointegration with surface-modification 
comparable to titanium for dental implants

[54]

Ceraform® hydroxyapatite 
substitute (Teknimed, France)

Newly formed bone was restricted to graft area, 
osteoconductive properties, poor healing 
compared to Osteoset and Lubboc

[25, 51]

SRS® carbonated apatite bone 
cement (Norian Coporation, 
USA)

Extraosseous extrusion of bone cement, 
remodels into natural bone but occurs slowly in 
the distal radius repair

[51, 57]

Osteoset® calcium sulfate 
substitute (Synthes, USA)

Osteoconductive properties, no evidence of 
osteoinductive activity, superior to Ceraform 
and similar to demineralized bone substitute

[25, 51]

BonAlive® bioactive glass 
(Vivoxid, Finland)

Longer time for material to biodegrade, form 
and remodel bone compared to autografts, 
cortical bone grew in thickness over time

[51, 58]

(continued)
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5.1  Synthetic Polymeric Scaffolds

Synthetic polymers are man-made polymers, commonly seen in household items 
such as plastics, rubbers, and glue. Synthetic polymers for tissue engineering must 
be biodegradable and biocompatible while avoiding a negative immune reaction and 
matching biomaterial properties as closely as possible. Much of this can be accom-
plished through modifying the polymer itself, and careful consideration must be 
made when examining the degradation byproducts. An advantage to using synthetic 
polymers are their large scale reproducibility with controlled mechanical properties, 
degradation, and structure [63].

A wide variety of techniques can be used to create porous scaffold architectures. 
These include casting and forming based methods such as solvent-casting, particu-
late leaching, and gas-foaming. Solvent-casting and particulate leaching techniques 
are simple, involving a water-soluble salt homogenously distributed through the 
polymer solution. The polymer is cast into shape and the solvent is removed by 
evaporation or lyophilization, while the salt is leached out by soaking in water to 
create an open-porous polymer [63]. Gas-foaming removes the need for organic 
solvents and instead carbon dioxide is used to create a polymer foam. In brief, the 
solid polymer is exposed to high pressure carbon dioxide, which is then saturated 
into the polymer, and then gas bubbles expand to create a closed-pore structure [63].

Table 2 (continued)

Implant type Outcome References

Biosilicate®/Bioglass® 45S5 Biosilicate has higher osteogenic activity and 
higher amounts of fully formed bone compared 
to bioglass, biosilicate does not have the 
potential to be cytotoxic/genotoxic that bioglass 
does

[51, 59]

ProOsteon 500R (Interpore 
International, USA)

Better option than collagraft for spine and lower 
extremity applications with need for more 
mechanical support, slow resorption of material

[60]

Polymers
Poly(dl-lactide) mesh plate 
(Synthes, USA)

Fair handling, poor healing response, and scant 
new bone formation in critical-sized defects, 
mesh was replaced by fibrous tissue

[50]

Cortoss® Bisphenol-a-glycidyl 
dimethacrylate resin (Orthovita, 
USA)

Minimal formation of apatite layer in vitro, less 
leachable toxic monomer than compared to 
PMMA cements, possibly cytotoxicity

[51, 61]

Collagen scaffolds
Healos® type I collagen/
hydroxyapatite matrix (DuPuy 
Spine Inc, USA)

Osteoconductive and osteoinductive, not 
recommended for interbody cages for spinal 
fusion, similar healing to autografts in 
posterolateral fusions

[51, 62]

Collagraft® collagen/
hydroxyapatite/tricalcium 
phosphate composite (Zimmer 
and Collagen Corporation, USA)

Greatest ingrowth of bone compared to 
ProOsteon and demineralized bone xenograft, 
rapid resorption

[51, 60]
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Increasingly, more exotic methods are also being used such as electrospinning, 
3D printing, and thermally induced phase separation. Electrospinning can create 
polymeric fibers on the nanoscale by applying a high voltage and an electric field to 
a polymer solution on a collector which can be rotated in order to create various 
alignments of fibers. This method can easily create fine fibers; however, it can be 
difficult to create small diameter fibers with biocompatible materials, and creating 
3D scaffolds and complex pore geometry still remain a challenge [64]. Scaffolds 
with nanofibers have shown to improve stem cell differentiation toward the osteo-
genic lineage and can be beneficial to bone repair due to their ability to mimic the 
type I collagen alignment in bone [64]. In addition, sacrificial nanofibers can be 
added to poly(caprolactone) fibers in order to align cells, direct the formation of 
extracellular matrix, increase tensile properties, and control the release of collage-
nase and growth factors to increase cellularity [65, 66]. 3D printing can be used to 
fabricate scaffolds with complex architectures; however, small pore sizes are diffi-
cult to achieve. Various methods of 3D printing exist, such as laser sintering, photo-
polymerization printing, and extrusion printing, which will be expanded on in Sect. 
6. Thermally induced phase separation can be used to fabricate biodegradable 3D
polymers by first dissolving the polymer in a solvent at high temperature and then
phase separation occurs by lowering the temperature and final sublimation to create
a porous polymer [63]. Ultimately, another advantage to this is the ability to modify
the surface of polymers in order to alter cell interactions with the polymer surface.

The most extensively used polymeric material in cranioplasty is poly(methyl- 
methacrylate) (PMMA). This is an easy to shape and lightweight material and does 
not radiate heat [20]. Polyethylene has also been used due to its porous nature, and 
if infections occur antibiotics can be used instead of complete removal of the 
implant [67–69]. Polyethylene glycol (PEG) hydrogels have been investigated for 
new bone formation due to their ability to slowly release growth factors. However, 
unlike other polymers, PEG hydrogels added to a mandibular defect saw no differ-
ence in new bone formation and did not have an osteogenic effect [70].

Other commonly used polymers in bone tissue engineering are poly(lactic acid) 
(PLA), poly(lactide-co-glycolide) (PLGA), 3-hydroxybutyric acid (PHB), and 
poly(caprolactone) (PCL) [39, 71–74]. PLA degradation byproducts are expected to 
be nontoxic; however, degradation by hydrolysis releases lactic acid and in a zygo-
matic fracture fixation, PLA caused swelling at the implant site in 60% of patients 
[75–77]. Some polymers used for bone regeneration, such as lactic acid based poly-
mers, have caused fibrous tissue formation and foreign body responses [78]. 
Alternatively, PHB scaffolds have been shown to be highly compatible with osteo-
blasts and can induce ectopic, or abnormal, bone formation [79]. Benefits to using 
PLA, PCL, and PLGA are their FDA approval for certain use in humans and degra-
dation rates can be tailored by altering the molecular weight and composition. 
However, drawbacks include poor mechanical properties compared to bone and the 
possibility of rejection by the body and foreign body responses. Mechanical proper-
ties can be tailored based on polymer crystallinity, and growth factor release can be 
added to these polymer systems, in the future these two factors can possibly elimi-
nate the drawbacks of polymer systems.
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5.2  Natural Polymeric Scaffolds

Natural polymers, such as collagen scaffolds, have been used extensively as an 
alternative material to heal bone defects. A common variant of the collagen scaf-
folds contains type I collagen, glycosaminoglycans such as chondroitin-6-sulfate, 
and acid [80–84]. These materials are homogenized together to create a liquid sus-
pension and then freeze dried in order to create an open-porous structure that enables 
cell migration and penetration through the material. Other natural polymers, such as 
chitosan have also been investigated [51]. Chitosan is also highly biodegradable and 
biocompatible and can differentiate osteoblasts in vitro. However, this material is 
not osteoconductive and has caused allergic reactions [51]. Typically, collagen scaf-
folds without any mineral supplements are used to regenerate tendon or skin due to 
their poor ability to heal bone [51, 85–88]. A benefit to using collagen scaffolds is 
their tunable pore size and orientation, which can be achieved by using molds with 
different thermal properties in which scaffolds are lyophilized and altering the 
freezing rate and temperature [30, 81, 86, 89, 90]. Issues with using naturally 
derived polymers are that they may contain pathogenic impurities and produce a 
negative immune response, and it is harder to control the mechanical properties, 
however, they typically support cell adhesion and proliferation [63].

Variants of collagen materials can be made in order to heal different tissues in the 
body, such as scaffolds containing calcium phosphate mineral in order to repair 
bone defects [83, 84, 91–95]. These scaffolds have been shown to be more appropri-
ate for bone repair, due to their biocompatible, biodegradable, and bone formation- 
inducing behaviors. This has been demonstrated by mineral formation in vitro and 
bone formation in vivo without additional osteogenic supplements and inhibiting 
bone resorption [96–98]. Disadvantages to these scaffolds are their weak mechani-
cal properties, due to their extremely porous nature. However, mechanical proper-
ties can be altered by adding additional materials during freeze drying, such as 
polymer reinforcements like PLA and PCL [99, 100]. These reinforcements can be 
3D printed in various architectures, and one design in particular has been used to 
achieve shape-fitting in order to avoid micromotion upon implantation [99]. 
Mineralized collagen scaffolds combined with laser-sintered PCL have demon-
strated a 6000-fold increase in Young’s Modulus compared to scaffolds alone [100], 
and in a porcine ramus defect model this composite material had greater bone repair 
than the scaffold or PCL construct alone [74]. Other elements such as allogenic tis-
sues, growth factors, and other minerals can easily be added to these scaffolds by 
mixing into the suspension step before lyophilization [101–103]. Specifically, the 
amniotic membrane derived from placentas has been added to collagen and mineral-
ized collagen scaffolds in order to control the wound healing process and avoid 
inflammation while increasing bone formation [101, 102, 104].

Increasingly, the delivery or endogenous production of growth factors has been 
investigated in collagen scaffolds. For example, PDGF-BB and IGF-I delivery was 
shown to influence migration into these scaffolds [87]. Additionally, current research 
is focused on sequestering and tethering these growth factors to collagen scaffolds 
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or using micelles as controlled release mechanisms. Other minerals, most notably 
zinc, have been investigated to improve osteogenesis, and various glycosaminogly-
cans can be used in order to alter the mineral formation [103, 105]. Additionally, 
pore sizes and orientations have been investigated in collagen and mineralized col-
lagen scaffolds in order to drive a response to increase viability of tenocytes or 
increase bone mineral formation [30, 34, 80, 81, 89, 105–107]. Finally, the impor-
tant interaction of mesenchymal stem cells and osteoclasts has been investigated in 
these scaffolds, and research has shown that mineralized collagen scaffolds inhibit 
osteoclastogenesis by releasing osteoprotegerin [97, 98]. These scaffolds have the 
vast potential to be expanded on in order to achieve the criteria for bone regenera-
tion. Whether it be altering the pore size and orientation, adding other minerals, 
glycoproteins, or tissue matrices, or adding growth factors and specific cell types, 
there is much work to be done to advance these mineralized scaffolds.

Commercially available natural polymers, such as the mineralized collagen 
material Healos®, have found comparable results in some cases to autografts. 
Healos® soaked in bone marrow aspirate without any exogenous factors demon-
strated similar healing to autografts in posterolateral fusions. However, this same 
material performed poorly for interbody cages in spinal surgeries, due to volume of 
material and mechanical properties [62]. Thus, improvements still need to be made 
in order to increase mechanical strength and stability to repair other bone defects.

5.3  Metallic Scaffolds

Metal scaffold use is limited due to their ability to conduct heat, difficulty to shape 
during implantation, and radio-opacity [20]. Metal screws or plates can interfere 
with imaging of the defect site and monitoring the patient’s health. In addition to 
this, metals risk corrosion and fatigue over time, the stress shielding effect can cause 
bone atrophy, and it is difficult to have a metal implant fit well to the implant site 
without micromotion [75, 108, 109].

Titanium has been the metal of choice for use in large bone defects and like most 
metals is hard to shape, but resists infection and will be accepted by the body [20]. 
In order for titanium and its alloys to be successful in bone repair, typically surface 
modifications are necessary to promote cell attachment and integration. Various 
methods to do this include mechanical grinding or polishing the surface, physical 
vapor deposition, acid etching, or chemical vapor deposition [110].

Other metallic materials used include stainless steel 316 L, cobalt based alloys, 
porous tantalum, and magnesium. Disadvantages include their lack of biocompati-
bility, wear, and corrosion can release ions and particles that can lead to inflamma-
tion. Stainless steel specifically has a very high stiffness, so high in fact that it can 
lead to bone resorption due to the mismatch in mechanical properties of bone and 
the implant [111]. Unfortunately, in order to make porous metallic materials to 
mimic the natural structure of bone, these usually end up too weak to be a viable 
option [110]. Porous tantalum, however, has a high porosity, a Young’s modulus 
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comparable to bone, and has been shown to be biocompatible in animal models 
[110]. Magnesium and its alloys are fully bioresorbable, have mechanical properties 
similar to native bone, do not induce a negative immune response, and promote 
bone growth [110]. Concerns of using magnesium are the hazards associated with 
rapid dissolution of the magnesium in the body. An alloy of titanium, nickel- titanium 
(Nitinol) can be used as a shape-memory material and has demonstrated biocompat-
ibility and mechanical properties similar to bone. Studies have shown that nitinol is 
more biocompatible than stainless steel [110]; however, release of nickel ions poses 
a toxicity and allergy concern.

In vivo studies comparing metal implants have shown that porous nitinol had 
increased osseointegration compared to titanium alloys [112]. Of the metals avail-
able, nitinol and resorbable magnesium are the most promising due to low stiffness 
[111]. In general metals suffer from stress shielding, corrosion, and biofilm forma-
tion, all of which contribute to their concerns with clinical use. Overall, the use of 
metals is mostly desired for permanent implants at sites that need high mechanical 
loading or as fixation devices.

5.4  Ceramic and Hydroxyapatite Scaffolds

Hydroxyapatite and bioactive ceramics are the most widely used alternative to auto-
grafts and allografts in the preclinical and clinical settings [113]. One very common 
ceramic used in healing of bone defects are bioactive glasses. Bioglass is comprised 
of sodium, silicone, magnesium, potassium, oxygen, phosphorous, and calcium 
[114]. As far as healing results, a study examined two different versions of com-
pressed hydroxyapatite scaffolds versus a xenogenic graft in mandibular defects and 
found no healing differences between the groups at the end of the study [43]. 
Another study used bioreactors to create bone over time in an autograft and a com-
mercially available bioceramic and found that both were able to create mineral tis-
sue, but autograft materials had more mature bone and mechanical properties more 
similar to bone [45]. In general, calcium phosphate or hydroxyapatite bone substi-
tutes have less osteogenic potential than autografts [25, 45, 46]. However, hydroxy-
apatite coatings have different effects than used as a bulk material, and coatings 
promote cellular contact of osteoblasts [115]. Bioceramics can have various degra-
dation times in the body, an example being hydroxyapatite and tricalcium phosphate 
(TCP), with hydroxyapatite scaffolds degrading after 2–5 years and TCP degrading 
within 1 year [113]. This degradation time impacts healing outcomes, as a clinical 
trial involving hydroxyapatite scaffolds demonstrated that after 15 months the scaf-
fold was still present, and another study claimed the scaffolds were still present even 
after 7 years [37, 116]. In contrast to this, a β-TCP scaffold deposited new bone after 
9 months but complete regeneration of the fibula was only found in 1 out of 14 
patients [117].

An alternative to bioactive ceramics is bioinert nanoceramics. These include 
implants made of titanium, alumina, and zirconia [118]. These ceramics are not 
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designed to regenerate the host bone due to their inert nature; however, they have 
high fracture toughness and mechanical strength at the implant site [118]. Titanium 
implants can be modified with Ca2+ ions in order to create titanium oxide, which 
helps prevent corrosion and absorb proteins to the surface of the material [118]. In 
addition, other treatments to titanium can be made to modify the surface to promote 
integration with the host bone, such as etching or sand blasting [118]. Similar to 
other bioinert ceramics, alumina does not promote osseointegration due to its inert 
nature, and thus coatings must be added, or the surface topography must be altered 
to enhance protein adhesion. Zirconia-yttria ceramics are often used as bone fillers 
due to the ability to prevent biofilms [119]. However, the drawback to these is their 
inert nature, and these ceramics will still remain in the body instead of host bone.

Bioceramics are thought of to be one of the preferred scaffolds for bone repair 
due to biocompatibility and high mechanical properties. However, due to the nature 
of ceramics, these materials can be brittle and only so much of the material can be 
resorbed by the body [115]. In order to achieve a biomaterial implant it is likely that 
a composite material will be needed that balances mechanical, chemical, and bio-
logical properties. Composite materials have already been discussed as better 
choices for tissue engineering applications, as no implant material exists today that 
includes all of the implant criteria [63].

6  3D Printing as a Tool to Improve Bone Formation

3D printing, also known as additive manufacturing, has been used to create materi-
als in our daily lives as well as materials for the medical field. Various methods for 
creating designs and architectures that would be difficult or impossible using other 
methods can be accomplished by 3D printing. 3D printing involves a user-created 
design, which the printer then creates layer-by-layer. This approach overcomes the 
issue of irregular size and shape defects for bone repair, as the design can be tailored 
to fit a patient-specific shape. A patient’s defect can be scanned using MRI or CT 
technology to map the defect space, and subsequently this scan can be converted 
and used on a 3D printer to fill the defect space [120–122]. 3D printing methods can 
fall into four categories: extrusion, polymerization, laser sintering, and direct writ-
ing [123]. The extrusion method takes a solid polymer, extrudes the material through 
a nozzle by the application of heat and pressure, and allows the print to cool to room 
temperature to solidify. Fused deposition printing is an example of extrusion-based 
printing. Polymerization printing uses a bed of resin that is polymerized by lasers, 
for example, stereolithography [124]. Selective laser sintering involves a bed of 
polymer powder in which lasers are used to fuse the powder together to create a 3D 
print. Finally, direct writing uses powder and a regular inkjet printing head with 
binder, in which the binder is printed onto the loose powder. This method can be 
used to create interconnected pores; however, intensive optimization of the printing 
process for a new material is required [122, 123].
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An expanding range of materials can be 3D printed, such as the polymers poly-
ethylene, polylactic acid, and polycaprolactone, as well as ceramic materials such 
as TCP and HA. In addition to these, metals can also be 3D printed; however, this is 
less common, with an example being bioactive titanium scaffolds fabricated by ink-
jet 3D printing [125]. In this case, titanium was printed and then fired in order to 
strengthen the material, and the bioactivity was modified by the deposition of 
hydroxyapatite on the surface [125]. 3D printing can be used to make these materi-
als very porous; however, a drawback to this is that the mechanical strength is low-
ered, which limits their use in load-bearing applications. Not only can 3D printing 
offer a better implant fit, it also can be modified with growth factors and cells. 
Growth factors and cells for use in 3D printing, also known as bioprinting, will be 
elaborated on in the following sections, but can be incorporated into polymers such 
as hydrogels for encapsulating cells and the slow release of biomolecules.

A further opportunity for 3D printing is the addition of these 3D prints to existing 
materials for bone regeneration. As it can be difficult to create load-bearing 3D 
prints with very porous structures, an alternative is to use 3D prints as mechanical 
supports and other biomaterials as the bioactive matrix. This has been demonstrated 
with mineralized collagen scaffolds and 3D printed polymers. The mineralized col-
lagen acts as the bioactive and osteogenic matrix, and the polymer 3D print acts to 
give mechanical strength to the whole material in order to better match the mechani-
cal properties of bone [29, 39, 74, 100]. This method provides another way to con-
sider 3D printing; besides using the method to create a scaffold, 3D printing can be 
used to fabricate pieces of the overall structure. Overall, 3D printing is an extremely 
useful tool for creating patient-specific implants as it can create complex and porous 
shapes using a wide variety of materials and methods while also including the 
option of printing cells and growth factors. More research needs to be performed on 
optimizing 3D printed materials, as well as investigating combinations of 3D print-
ing with other factors to create composites which can leverage multiple benefits.

7  Stem Cells: Biology and the Application 
for Tissue Regeneration

7.1  Stem Cells for Bone Repair

Multiple cell types are involved in the bone formation and remodeling process, such 
as osteocytes, osteoblasts, osteoclasts, and immune cells. Osteocytes maintain the 
existing bone and are considered mature bone cells. Osteoblasts are responsible for 
bone growth and can differentiate into osteocytes, while osteoclasts are responsible 
for bone resorption. Finally, immune cells are important for the healing outcome of 
the wound, as they clean the area and can lead to fibrous tissue formation or a for-
eign body reaction if a negative immune response persists [14, 15].
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Based on literature, the addition of stem cells to implant materials before implan-
tation has shown more success than implants without stem cells [126, 127]. Overall, 
the use of autologous or allogenic cells in combination with scaffolds for long bone 
repair has resulted in positive healing outcomes [5]. The most commonly used stem 
cells used are embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), 
and adult mesenchymal stem cells (MSCs). ESCs are derived from embryos through 
in vitro fertilization, can proliferate infinitely, and can differentiate into any cell 
type. iPSCs are somatic cells that have been genetically reprogrammed to express 
the pluripotent properties similar to ESCs. Finally, MSCs, which are the most com-
monly used cell type for bone repair, are isolated from the liver, fetal blood, bone 
marrow, and umbilical cord. All of these cell types are able to differentiate into vari-
ous bone cells, making them important in the bone repair process.

Typically, cells are cultured to a pre-confluent state and then added to graft mate-
rials and cultured for a short period of time before implantation into the defect 
space. Alternatively, cells can be injected directly into defects, which has shown 
some promise in vivo [128]. Cell death upon transplantation is a drawback; how-
ever, MSCs can be contained in spheroids to improve survival, and these have been 
injected into damaged tissues to promote repair [129, 130]. Interestingly, these have 
also shown that restricting MSC migration out of these spheroids can enhance the 
osteogenic potential of these spheroids [130]. In general, adult stem cells have a 
wide variety of results which can be due to the differences in donors, such as where 
the cells were sampled, the age of the donor, and life habits [115].

Of the mesenchymal stem cells used, bone marrow stromal cells are favored and 
can differentiate into almost all mesoderm-derived cell types, including cartilage, 
bone, hematopoietic stroma, tenocytes, and skeletal muscle cells [115]. However, 
loss of differentiation properties toward the adipocyte or chondrocyte lineage has 
been observed after multiple cell passages [131]. Pericytes have also been investi-
gated and are derived from the peripheral blood. These cells are positive for some 
osteogenic markers and can differentiate along the osteogenic, chondrogenic, and 
adipogenic lineage [115]. Another commonly used cell line are adipose-derived 
stem cells, due to their being easy to acquire, abundant, and can differentiate into 
adipocytes, chondrocytes, osteoblasts, and myocytes. However, this cell line is more 
biased toward the osteogenic lineage, which can make for biased in vitro studies and 
have demonstrated less favorable outcomes compared to bone marrow stromal cells 
[132, 133]. In a study by Follmar et al., combining adipose-derived stem cells with 
allografts in a rabbit model demonstrated a foreign body response; however, these 
same cells in a porcine model accelerated bone healing [128, 134]. Another alterna-
tive is to use cells derived from pregnancies, such as umbilical cord and placental 
stem cells. Umbilical cord blood multilineage cells take longer to culture and 
express lower bone antigens, but exposure to osteoblast-conditioned media enhanced 
their rate of osteogenic differentiation [135, 136]. Placental stem cells have also 
been shown to have a bone marrow stromal cell-like behavior and possess multilin-
eage differentiation potentials [115].

3D printing offers the unique opportunity to encapsulate cells into printed con-
structs and even encapsulate various cell types into the same print. These cells can 

Biomaterial Design Principles to Accelerate Bone Tissue Engineering



54

be cultured and encapsulated into hydrogels, which can then be used in syringe 
pumps in bioprinters to print layer-by-layer. Mesenchymal stem cells and chondro-
cytes have been embedded into alginate hydrogels, and this hydrogel exhibited 
extracellular matrix formation both in vitro and in vivo [123]. Organ bioprinting, an 
approach to print fully capable organs, can be accomplished through printing a vari-
ety of cells and culturing the resultant scaffold post-printing. Firstly, the organ blue-
print must be designed, next, stem cells required for the organ are isolated and 
differentiated, and then these are encapsulated into hydrogels or other medium to 
support the life of the cells, and finally, these are printed and placed into a bioreactor 
or incubator to continue cell growth [137]. Bioprinting enables cells to be printed in 
distinct areas using various nozzles containing hydrogels with different encapsu-
lated cells. This can make for interesting studies comparing co-cultures in different 
compartments. Bioprinting with cells offers new complex architectures with a wide 
variety of cells; however, the material in which the cells are encapsulated within still 
needs to meet bioactivity requirements while being able to be printed. Cells must 
remain viable within these materials and further research needs to investigate 
improving these printers and materials to sustain cell viability.

7.2  Cells Involved in the Wound Healing Cascade

There are a wide variety of cells to consider using in biomaterial implants, and more 
research needs to be performed on using patient-derived cells in order to accelerate 
healing as well as the interactions of each cell type on the biomaterial implant. 
Maintaining the balance between osteoclasts and osteoblasts, creating a controlled 
environment for M1 to M2 macrophage phenotype transition, and allowing blood 
vessels to grow and deliver nutrients are all factors that need consideration in bio-
material implant design. The promise of better healing using biomaterial scaffold 
implants lies in the ability for these to be tailored to meet these requirements. In 
order to balance osteoclasts and osteoblasts, these cell types could be examined in a 
co-culture on the implant in order to determine the possible mechanisms and heal-
ing that may proceed in vivo. This has been performed on collagen-based scaffolds 
in order to determine that these scaffolds inhibit osteoclastogenesis [97, 98]. Similar 
studies should be carried out investigating this balance in other biomaterial implants 
as well. Uncovering the type of M1 to M2 macrophage transition in implants can be 
investigated by seeding M0 macrophages or monocytes on scaffolds in vitro. These 
transitions have been investigated by Spiller et al. [13, 138–141], and this can pro-
vide useful information over time about how these cells polarize in response to 
implant released factors and implant topography and composition. This phenotype 
transition could be helpful to elucidate whether inflammation may persist or if a 
foreign body response may occur before an in vivo experiment is undertaken. In 
addition to investigating these specific cells, placental-derived tissues have shown 
promise in modulating this transition and ultimately the immune response. The 
amnion and chorion membrane of the placenta have been investigated as an addition 
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to scaffolds and have shown to dampen the pro-inflammatory immune response 
while promoting osteogenesis [101, 102, 104, 139, 142, 143]. Finally, angiogenesis 
is important for delivery of nutrients to the growing bone and inadequate vascular-
ization of bone has been associated with a decrease in bone mass [144]. An interest-
ing opportunity exists to test vessel formation in biomaterial implants for bone 
regeneration, an example being endothelial vessel formation created in hydrogels 
by co-culture of umbilical vein endothelial cells and normal lung fibroblasts [145]. 
This type of study could be expanded using released factors from implant or solely 
focusing on blood vessel formation in implants for bone regeneration. This may 
give a better understanding of how blood vessel formation would occur in vivo.

Overall there are many variables to consider when using stem cells and more 
research needs to be examined on the effect of adding these to implants. There exists 
potential for these cells to accelerate healing, and in combination with 3D printing 
even greater potential exists to improve bone repair with complex tissue 
architectures.

8  Growth Factors, Chemical Cues, Differentiating Agents 
for Bone

8.1  Growth Factors to Enhance Bone Repair

Growth factors are polypeptides and are used in bone regeneration to differentiate 
bone cells, promote angiogenesis, or promote migration and retention of cells to the 
implant site. These can act on the autocrine (influences the cell of origin), paracrine 
(influences nearby cells), or endocrine (influences the nearby microenvironment) 
systems. Growth factors bind to cell receptors and induce intracellular signal trans-
duction which determines the biological response upon reaching the cell nucleus 
[146]. Additionally, a single growth factor may bind to different receptors. Growth 
factors are typically introduced to the body in one of the two methods, as a protein 
therapy or gene therapy. Protein therapy involves direct recombinant growth factor 
delivery to the site of interest, whereas gene therapy delivers growth factors to cells 
by gene encoding [146].

Most common growth factors interacting with the skeletal system are bone mor-
phogenic proteins (BMPs), fibroblast growth factors (FGF), platelet-derived growth 
factor (PDGF), insulin-like growth factors (IGFs), transforming growth factor-β
(TGF-β), and vascular endothelial growth factor (VGEF) to name a few. A summary
of growth factors and their impact on bone and cartilage formation can be found in 
Table 3. Using growth factors to heal critically sized defects has shown to mostly 
improve the healing process; however, there have been reports that BMPs and 
TGFβ-3 did not improve healing [5].

Bone morphogenic proteins are typically considered the most promising 
approach to repair bone due to their osteoinductive nature. BMP-2, -4, -6, -7, and -9 
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have shown to have the greatest osteogenic success in vitro [157]. However, there 
have been mixed results with using BMPs. A review found that 11 results supported 
the use of BMPs, three results found no effect on bone repair, and two demonstrated 
negative outcomes [158]. This variability can be attributed to the variety of BMPs 
used and the treatment conditions. To repair fractures, recombinant human BMP-2 
(rhBMP-2) is used most frequently, and rhBMP-7 is most commonly used for non-
union repairs [158]. Overall, rhBMPs have been shown to accelerate healing of 
tibial fractures and reduce infection rates [158]. There exist drawbacks to using 
BMPs, especially rhBMP-2 which has resulted in surgery complications, especially 
spinal surgeries. The majority of these complications stem from heterotopic ossifi-
cation, or bone growth in areas of other tissues. Literature finds it difficult to com-
pare the two BMPs, BMP-2 and -7, as most studies lack comparisons between the 
two which can elucidate differences. Another issue with BMPs and many growth 
factors is the delivery method. Due to their soluble nature, if these growth factors 

Table 3 Growth factors used in bone repair and their functions

Growth 
factor Function References

BMPs Promotes osteoprogenitor migration [146]
Promotes proliferation and differentiation of chondrocytes and 
osteoblasts
Promotes bone formation

EGF Promotes osteoblast proliferation [147]
Combined with BMP-2 and -7 can further upregulate proliferation

FGFs Promotes chondrocyte maturation (FGF-1) [146, 148]
Differentiates osteoblasts
Involvement in bone resorption and formation (FGF-2)

HGF Promotes osteoblast proliferation [149, 150]
Promotes osteoblast migration
In some instances it has been found to inhibit BMP-2-induced bone 
formation

IGFs Promotes osteoblast proliferation [146, 148]
Promotes bone formation and controls resorption
Induces the deposition of type I collagen

MGF Repairs tissues [151, 152]
Improves osteoblast proliferation

PDGF Promotes osteoprogenitor migration and differentiation [146, 153, 
154]Promotes wound healing and bone repair

TGF-β Stimulates differentiation of mesenchymal stem cells to 
osteoblasts and chondrocytes

[146, 155, 
156]

Promotes bone formation
Recruits osteoblast and osteoclast precursors

VEGF Mineralized cartilage [146]
Promotes osteoblast proliferation
Control angiogenesis
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are not appropriately carried to the site of interest they can diffuse into nearby tis-
sues and form bone in undesirable locations. In general, large doses of BMPs are 
required to achieve osteogenic effects, which can be both expensive and increase the 
risk of heterotopic ossification [158]. Thus, further research into BMP delivery 
needs to be performed in order to control the release of these factors better.

Fibroblast growth factors have been found to be suitable for regeneration of a 
wide range of tissues and are key regulators of bone development [148]. In particu-
lar, FGF-2, -9, and -18 are involved in bone development and FGF signaling can 
stimulate proliferation of osteogenic cells and angiogenesis [148]. Recombinant 
FGF-2 has shown to accelerate bone repair in rabbits, but its anabolic effect is lim-
ited to the first 24 h after fracture occurs [159]. In a rabbit model, FGF-2-coated 
hydroxyapatite scaffolds were shown to greatly enhance the osteoinductive effect 
compared to uncoated implants [160].

Platelet-derived growth factor is involved in the development of embryos but 
also plays important roles in bone repair in adults. Systemic application of PDGF 
has shown to result in increased bone mineral density and compressive properties in 
rat vertebrae [161], conversely, PDGF inhibited bone regeneration in rat calvarial 
defects [162]. However, with the appropriate carrier, the opposite was true and bone 
formation was increased in rat calvarial defects [163].

Insulin-like growth factors can influence both metabolic and growth activity in 
many cell and tissue types, and of the isoforms IGF-I and IGF-II, IGF-I has been 
typically only used in skeletal reconstruction [164]. IGF-I is the most abundant 
growth factor found in the skeletal system and regulates bone development and 
osteoblasts [165]. IGF-I has also been used to increase bone formation, but this did 
not have the desired effect in young animals [166]. IGF-I delivered via PLGA mic-
roparticles was shown to enhance new bone formation, but there was little therapeu-
tic effect of using IGF-I alone for cartilage and bone repair in osteoarthritic joints 
[167, 168]. IGF-II is the most abundant growth factor in bone and both IGFs play 
important roles in stimulating osteoblast differentiation, deposition of bone, and 
collagen protein expression [169]. Insulin-like growth factors can be differentiated 
from one other by their functions, as IGF-II can induce proliferation and differentia-
tion of MSCs to osteoblasts, while IGF-I cannot, and functions to maintain and 
grow bone [169].

Transforming growth factor beta is one of the most common cytokines and influ-
ences the development of various tissues [164]. The carrier of TGF-β plays an
important role in its activity, as single doses of TGF-β1 had no effect in rabbit cal-
varial defects but gelatin capsules enhanced bone formation [170]. Similar to this, 
TGF-β hydrogels with very rapid or very slow degradation times had no effect on
bone formation [171].

Finally, vascular endothelial growth factor not only controls vasculogenesis and 
angiogenesis, but is involved in recruitment and activity of bone forming cells [148]. 
VEGF had been shown to enhance blood vessel formation and ossification in murine 
femur fractures [172]. In addition, VEGFs have been shown to enhance bone forma-
tion when combined with other growth factors [148].
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An alternative to growth factors is platelet rich plasma (PRP), which is centri-
fuged autogenous blood that contains high concentrations of cells containing vari-
ous growth factors such as PDGF, TGF-β, IGF, and VEGF [164]. PRP has been
considered a better alternative to the single use of growth factors due to its composi-
tion of many growth factors and its cost-effective sourcing [173]. However, there 
are variabilities in success due to the preparation methods, concentration, and meth-
ods of application of PRP. In vitro, PRP has shown to induce proliferation of bone 
marrow stem cells and promote osteogenic differentiation [174]. In vivo studies 
have demonstrated various outcomes, with most improving the histological appear-
ance of bone but some reporting harmful or non-significant effects [173].

Drawbacks to using recombinant growth factors in general are their roles in 
tumor formation or negative immune reactions, which has been demonstrated for 
BMP2 and VEGF [146, 175]. As with all growth factors, the design of the delivery 
system can greatly affect the outcome of the surgery. This adds another element to 
designing a biomaterial implant. If the biomaterial includes the release of a growth 
factor, then further consideration on the kinetics of release needs to be tailored to the 
wound of interest, whether it be a short or sustained release. Interestingly, combina-
tions of scaffolds, cells, and growth factors have been shown both positive and nega-
tive results when compared to combinations of scaffolds and cells or growth 
factors [5].

8.2  Application of Growth Factors to Tissue Engineering

In addition to printing unique structures and multiple cell types, growth factors can 
be combined with bioprinting. Growth factors, like cells, can be added to the print-
ing medium in order to drive cellular responses. Hydrogels have been effectively 
loaded with BMP-2 and VEGF in order to induce bone regeneration. In one study, 
BMP-2 was loaded into collagen hydrogels for a sustained release and VEGF was 
loaded into alginate and gelatin hydrogels for a burst release [176]. In this example, 
multiple print heads were used to create a scaffold with two different growth factors 
located in different regions of the scaffold that released at different rates based on 
material properties [176]. Bioprinting offers a simple way to incorporate various 
growth factors in order to study their interactions with cells; however, the material 
that these growth factors are encapsulated in determines their release. Further 
research needs to be performed in order to optimize these materials, especially 
materials other than hydrogels, as bioprinting is an incredibly useful tool if 
optimized.

There exist a wide variety of growth factors available to promote bone regenera-
tion, and more research needs to be investigated on how to adequately deliver these 
and control cell fate. Again, factors that can control the balance of osteoclasts and 
osteoblasts, the M1 to M2 macrophage transition, and angiogenesis need to be 
examined. Research has demonstrated that osteoprotegerin plays a critical role in 
inhibiting osteoclastogenesis, which could be potentially used as a growth factor in 
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order to maintain this balance between osteoclasts and osteoblasts [97, 98]. In addi-
tion to this, macrophage phenotype impacts the wound outcome and growth factors 
could be delivered in order to promote a more M1 or M2-like phenotype. Cytokines 
that can induce an M1 response include LPS and IFN-γ, while cytokines that can
induce an M2 response include IL-4, IL-13, and IL-10 [13, 141, 177]. An interesting 
opportunity exists to combine these cytokines in 3D-printed scaffolds in order to 
drive a particular immune response depended on release rates and specific cytokines 
released. Finally, angiogenesis can be accomplished by introducing VEGF to scaf-
folds, and more research should involve examining blood vessel formation with and 
without this growth factor and its potential to induce vessel formation quicker in 
scaffolds. Overall, growth factor addition to implant materials holds promise, but 
more investigation must be performed on the negative outcomes of these factors, 
controlling delivery, and leveraging multiple growth factors in order to drive osteo-
genesis, wound healing, and angiogenesis.

9  Conclusions

There are many strategies to repair bones; however, no such strategy exists without 
its drawbacks. Autografts have the greatest potential to heal but require another 
surgery within the patient’s body. Allografts and xenografts have shown promising 
results, but processing methods can destroy important components in these materi-
als. Other scaffold types are easy to manipulate and can be patient-specific; how-
ever, their results cannot yet compare to autografts. The future of bone regeneration 
involves combining these various methods to heal bone in order to achieve the prop-
erties of a biomaterial implant (Fig.  3): biocompatible materials, mechanics that 
match the properties of bone and prevent micromotion, a pore size and orientation 
that guides vessel formation and cell migration, and a material that degrades and 
allows new bone formation to occur. 3D printing can be used to print multiple mate-
rial types, unique and challenging structures, and patient-specific implants. This can 
be useful in combination with the various materials, cells, and growth factors dis-
cussed here, to one day create a biomaterial implant that addresses all necessary 
criteria. Research efforts should also focus on targeting the balance between osteo-
clasts and osteoblasts, macrophage phenotype transition, and angiogenesis. These 
can be addressed by material design, studies investigating multiple cell-type inter-
actions, and growth factor addition. Overall, there exists a vast amount of research 
and development left in the area of bone repair, and many factors need to be 
addressed. Optimizing materials, fabrication, cell types, and growth factors included 
in biomaterial implants must be accomplished in order to create the optimal bioma-
terial for bone repair.
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