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Abstract

Tissue-engineered approaches to regenerate bone in the craniomaxillofacial region utilize
biomaterial scaffolds to provide structural and biological cues to stem cells to stimulate osteogenic
differentiation. Bioactive scaffolds are typically comprised of natural components but often lack
the manufacturability of synthetic materials. To circumvent this trade-off, we 3D printed materials
comprised of decellularized bone (DCB) matrix particles combined with polycaprolactone (PCL)
to create novel hybrid DCB:PCL scaffolds for bone regeneration. Hybrid scaffolds were readily
printable at compositions of up to 70% bone by mass and displayed robust mechanical properties.
Assessments of surface features revealed both collagenous and mineral components of bone were
present. Qualitative and quantitative assessments showed increased surface roughness relative to
that of pure PCL scaffolds. These findings correlated with enhanced cell adhesion on hybrid
surfaces relative to that on pure surfaces. Human adipose-derived stem cells (hASCs) cultured in
DCB:PCL scaffolds without soluble osteogenic cues exhibited significant upregulation of
osteogenic genes in hybrid scaffolds relative to pure PCL scaffolds. In the presence of soluble
phosphate, hybrid scaffolds resulted in increased calcification. The hASC-seeded scaffolds were
implanted into critical-sized murine calvarial defects and yielded greater bone regeneration in
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DCB:PCL scaffolds compared to that in PCL-only at 1 and 3 months post-transplantation. Taken
together, these results demonstrate that 3D printed DCB:PCL scaffolds might be effective for
stimulating bone regeneration.
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INTRODUCTION

Craniomaxillofacial (CMF) injuries, resulting from congenital defects,! trauma,? and
surgical resection,? are a significant clinical challenge. CMF injuries negatively impact
patient speaking ability, eating behaviors, and psychosocial well-being. Approximately
200,000 CMF injuries occur annually, incurring a significant economic burden.?

The current gold standard for CMF repair is the autologous vascularized free fibular flap;>6
however, this technique relies on a limited source of donor tissue and incurs donor-site
morbidity. In addition, the complex geometries of bone within the CMF region cannot be
easily recapitulated using fibular segments. Although prosthetic implants have been
investigated, no single method presents an ideal solution.” The widely used poly[methyl
methacrylate] implant has disadvantages in its highly exothermic synthesis, which can lead
to tissue necrosis in the CMF region as well as its brittle mechanical properties.8 Another
widely used material, titanium, has superior mechanical properties, but has high costs and
low hard-tissue integration with native bone;® furthermore, it carries risks of soft tissue
dehiscence and inflammation. Finally, the use of prosthetic implants in younger patients,
whose tissue continues to grow, remains a challenge as multiple revision surgeries are
needed to accommaodate the growing tissue. Tissue engineering of bone presents a possible
solution to these drawbacks. Traditionally, bone progenitor cells are combined with a
biomaterial scaffold and signaled with appropriate bioactive factors to create a construct that
will regenerate lost tissue.0 The ideal tissue engineering approach to repairing CMF defects
would result in a completely biological tissue that is capable of adapting to physiological
cues, overcoming the limitation of prosthetics. Although bone engineering approaches have
enjoyed several advancements, the choice of the scaffold is still associated with several
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challenges. For CMF bone, this biomaterial scaffold is critical, as it determines mechanical
properties and tissue geometry.

Current materials used to engineer scaffolds fall into two general categories: naturally
derived and synthetic. Although several naturally derived materials have been used in bone
engineering, such as collagen sponges!! and chitosan,!? the gold standard for bone scaffolds
within tissue engineering is allogenic decellularized trabecular bone (DCB), notable for its
intrinsic osteoinductivity, osteoconductivity, and appropriate mechanical properties.13-16 As
a result, DCB scaffolds have been widely used in bone engineering investigations.1’~21 Qur
group has previously produced DCB scaffolds in the shape of the temporomandibular joint
condyle, demonstrating the potential for these scaffolds in recapitulating complex CMF
geometries.22 Despite recapitulating the appropriate anatomic geometry, obtaining clinically
relevant and continuous volumes of trabecular bone for scaffold production is challenging.
To overcome these limitations, synthetic scaffolds have been produced using various
biomaterials, such as poly[lactic acid] and poly[glycolic acid].23 Notably, synthetic scaffolds
can harness the capabilities of fabrication via three-dimensional printing,24:25 a particular
advantage for bone engineering in the CMF region due to the complex geometries in this
region. Our group has fabricated polycaprolactone (PCL) scaffolds in the shape of the
mandible and maxilla via 3D-printing, demonstrating the potential of this technology for
producing CMF geometries of a size scale above that possible using DCB scaffolds.25 In
particular, the relatively low melting point of PCL, 60 °C, makes it well-suited to extrusion-
based 3D-printing. Although this approach is promising, synthetic scaffolds lack the
osteoinductivity and osteoconductivity of naturally derived scaffolds.

Functionalizing synthetic scaffolds to impart bioactivity, such as by incorporating
appropriate osteoinductive growth factors? or incorporation of mineral phases,28-31 has had
some success in overcoming this challenge; however, these approaches do not recapitulate
the full bioactivity of DCB scaffolds. Namely, they do not include the collagenous phase of
bone, which has been shown to enhance osteogenesis in dogs when combined with
tricalcium phosphate implants compared to that with tricalcium phosphate alone.32 Our
previous studies using collagen in conjunction with bone scaffolds resulted in increased cell
migration throughout the scaffold.2! In this study, we hypothesized that, by incorporating
DCB particles into PCL, we could create a hybrid DCB:PCL material that incorporates both
mineral and collagenous bioactive phases of bone, maintains the osteoinductive and
osteoconductive properties of DCB, and is readily manufactured by 3D printing. The
objectives of this study were to (1) evaluate print quality of 3D-printed hybrid scaffolds at
different DCB:PCL ratios, (2) determine the mechanical properties of hybrid scaffolds, (3)
characterize the ability of human adipose-derived stem cells (hASCs, a cell type used
successfully in bone engineering applications) to adhere to the DCB:PCL hybrid material,
(4) assess the ability of DCB:PCL scaffolds to differentiate resident hASCs to bone, and (5)
assess the ability of the DCB:PCL material to regenerate bone in an orthotopic cranial
defect.
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EXPERIMENTAL SECTION

Creation of Hybrid Material

Trabecular bone was obtained from the subchondral region of 0.5-4 month old calves.
Decellularization proceeded as previously described.21:33 Bone was first subjected to a high-
pressure water jet to wash out the marrow. Then, bones were washed with phosphate-
buffered saline (PBS; Cellgro, Manassas, VA) containing 0.1% wi/v
ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, St. Louis, MO) for 1 h at room
temperature and then overnight with PBS containing 0.1% w/v EDTA and 10 mM Tris
(Sigma-Aldrich) at 4 °C. Bones were then washed for another hour in PBS before being
subjected to a wash consisting of PBS with 10 mM Tris and 0.5% sodium dodecy! sulfate
(SDS; Sigma-Aldrich) for 1 day at room temperature. The SDS was removed with extensive
PBS washes and then the bones were washed with PBS containing 10 mM Tris, 50 U/mL
DNase (Roche Applied Science, Indianapolis, IN), and 1 U/mL RNase (Roche Applied
Science) for 5 h at room temperature. Enzymes were removed with extensive PBS and water
washes before storage via lyophilization.

Decellularized trabecular bone was pulverized using a SPEX SamplePrep 6770 cryo-mill
(SPEX SamplePrep, Metuchen, NJ) at a frequency of 10 Hz for 15 min to obtain bone
particles. The particles were then run through a 40 gm cell strainer to confine maximum
particle size to 40 um, a step performed to minimize risk of particle aggregation and
clogging of the printer nozzle. This size of particles was confirmed via scanning electron
microscopy (SEM; Figure S1). The resulting bone particles were mixed with PCL powder
with molar mass of 43000-50000 g/mol (Polysciences Incorporated, Warrington, PA) for
printing.

Scaffold Fabrication and Evaluation of Print Quality

Hybrid mixtures consisting of 0, 5, 30, 70, and 85% bone by mass were created and printed
at 80 °C into 0.644 mm height (2 layer), 4 mm diameter scaffolds of 60% porosity using our
custom 3D printer.28 These parameters resulted in strut diameters of 460 zm and pore sizes
were approximately 800 4m. This geometry was chosen to be consistent with the geometry
required for the in vivo studies outlined below. Scaffold pore size was selected due to
optimizations performed in a previous study in which 60% porosity was shown to yield the
most uniform cell distribution during seeding.2® Scaffolds were stained with Alizarin Red S
(Sigma-Aldrich) to confirm the presence of mineralized particles and imaged under
brightfield and scanning electron microscopy. Low-magnification brightfield images of
scaffolds were compared pixel-by-pixel to a computer-generated ideal lattice. The
percentage of pixels that matched between the two images was normalized to 50% to
account for random matching, and this numerical score, ranging from 0 to 100, was taken as
a measure of print quality.

Raman Spectroscopy

For determining the molecular constituents of the hybrid material and confirming the
presence of both the mineral and collagen phases of the DCB particles, Raman spectroscopy
was utilized as previously described.34 Briefly, an 830 nm laser (Process Instruments, Salt
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Lake City, UT) was used to deliver light to a sheet consisting of 30% bone by mass.
Background subtraction and normalization was performed using a barium sulfate spectrum,
and wavenumber assignment was performed using a Tylenol spectrum. As controls, the
spectra of pure PCL and a block of decellularized trabecular bone were also obtained.

Atomic Force Microscopy

To determine the surface roughness of the hybrid material, atomic force microscopy (AFM)
was performed on printed sheets of 0, 30, and 70% bone by mass using a Dimension 3100
AFM (Bruker Nano, Santa Barbara, CA) in tapping mode with Bruker Nano probe model
RTESPW. The root-mean-square roughness of nine 2 gm x 2 um square regions on each
sample surface was measured at 15 Hz and averaged to determine the roughness of that
sample. A total of three sample surfaces were tested for each DCB concentration.

Mechanical Testing

Solid cubes of 0, 30, and 70% bone by mass, 1.25 cm on all sides, were printed and
subjected to unconfined compression using an EnduraTEC ELF 3200 system (Bose
Corporation, Framingham, MA). As the specimens were solid, mechanical properties were
assumed to be isotropic, and compression of up to 5% static strain was applied along the
print axis, termed the z-axis, to determine the compressive modulus of the bulk material.
Resulting expansion along the perpendicular x-axis was also measured to determine the
Poisson’s ratio. Three blocks for each DCB concentration were tested.

For measuring scaffold properties, porous cubes of 60% porosity and 1.25 cm on all sides
were also printed. Because of the print layers, the properties along the zaxis differ from
those of the other two axes; thus, the mechanical properties were assumed to be transversely
isotropic. As such, compressive moduli were measured in both the z and x-directions. Shear
moduli were also measured with respect to the x-face along the z-direction. Three porous
cubes for each DCB concentration were tested.

Measurement of Cell Adhesion Strength

As a measure of cell interaction with the hybrid material, the strength of cell adhesion to the
hybrid material was quantified by a modification of a centrifugation assay described
previously.3°36 Briefly, fluorescently labeled cells were allowed to adhere to printed sheets
of 0, 30, and 70% bone by mass for 24 h. Sheets were affixed onto a glass microscope slide
using cyanoacrylate glue with the cells facing away from the slide. Slides were then
immersed in PBS and subjected to centrifugation at different speeds. The position of the
sheet on the slide relative to the centrifuge rotor as well as the centrifugation speed
determined the shear stress applied to the cells3®

o=l Py (Ap) ()

where o is the shear stress, —; is angular velocity of the centrifuge where double bars denote
vector magnitude, yis the average height of adhered cells as determined by microscopy, 7 is
the distance from the rotor of the centrifuge, and Ap is the difference in density between a
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cell and the surrounding PBS. The fraction of remaining cells after each spin was plotted
against the shear stress applied during that spin, and these data were fit to a variable-slope
concentration response model (VSCR; eq 235:37:38) to obtain a value for ox, the shear
required for 50% of the cells on the sheet to detach

0.(1

e
oi+o50  (2)

where fis the fraction of cells adhered and ais a cooperativity coefficient of detachment.
Four sheets composed of each DCB concentration were tested and the four values of oxg
were averaged for each material composition.

Measurement of Osteoinductivity

For measuring the ability of hybrid scaffolds to induce resident cells to undergo
osteogenesis, hASCs of passage 2 were seeded into fibrin gels at 20 million cells per
milliliter, and 5 L gels were implanted into scaffolds of 0, 30, and 70% DCB by mass.
Seeding proceeded as previously described3? with a fibrinogen concentration of 10 mg/mL,
thrombin concentration of 10 U/mL, and volume ratio of 4:1 fibrinogen/thrombin for a final
fibrinogen concentration of 8 mg/mL and a final thrombin concentration of 2 U/mL.
Scaffolds were 0.644 mm in height, 4 mm in diameter, and had 60% porosity. Scaffolds
were sterilized by ethanol wash for 1 h at room temperature. hASCs were obtained as
described previously.39-41 All lipoaspirates obtained to isolate hASCs were obtained under
Institutional Review Board approved protocols with patient consent. Briefly, lipoaspirate
was digested with 1 mg/mL of collagenase | (Worthington Biochemical Corporation,
Lakewood, NJ) for 1 h at 37 °C. The released cells were centrifuged to obtain the stromal
vascular fraction pellet and plated. Adherent cells were termed hASCs and expanded for the
current study. Expansion conditions consisted of Dulbecco’s modified Eagle medium
(DMEM; Life Technologies, Frederick, MD) with 4.5 g/L of glucose, 10% v/v fetal bovine
serum (FBS; Atlanta Biologicals, Flowery Branch, GA), 100 U/mL of penicillin, 100 pg/mL
of streptomycin (Cellgro), and 1 ng/mL of basic fibroblast growth factor (PeproTech, Rocky
Hill, NJ). The hASCs from a single donor were used for all experiments in this study.

After seeding into scaffolds of 0, 30, and 70% DCB by mass, constructs were cultured for 1
and 3 weeks under control conditions: DMEM with 1 g/L of glucose, 100 U/mL of
penicillin, 100 pg/mL of streptomycin, and 6% v/v FBS. The absence of osteoinductive
factors ensured that only the scaffold could induce osteogenesis within resident cells. The
sample size was 1= 3 for each DCB concentration at each time point. After the culture
periods, cells were digested with TRIzol (Life Technologies), and isolated mMRNA was used
to produce cDNA. cDNA was subject to real-time polymerase chain reaction (RT-PCR) for
the osteogenic genes Runx2, osteocalcin (OCN), and osteonectin (ON) as previously
described.3? For analysis, the delta—delta Ct method was used in which B-actin served as the
housekeeping gene and gene expression under pure PCL scaffolds served as the control

group.
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As an additional measure of osteoinductivity, constructs were also cultured for 3 weeks
under osteogenic conditions, which consisted of control conditions supplemented with 10
mM B-glycerophosphate (Sigma-Aldrich) and 50 £M ascorbic acid (Sigma-Aldrich). These
constructs were subject to the Quant-1t PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA)
and the Stanbio LiquiColor calcium assay (Stanbio, Boerne, TX) to determine calcium
content normalized to cell number as previously described.3°

In Vivo Assessment of Bone Regeneration

RESULTS

For determining the effect of the hybrid scaffolds in vivo, the critically sized murine
calvarial defect model was used as previously described.394243 All procedures were
reviewed and approved by the Johns Hopkins Animal Care and Use Committee. Briefly, a 4
mm circular knife (Medicon, Tuttiligen, Germany) was used to excise a 4 mm disk of
calvaria between the coronal and lambdoid sutures 1 mm lateral to the sagittal suture with
care taken to preserve the underlying dura mater. This size has been shown previously by our
group and others to be nonhealing.394243 Constructs consisting of hASCs seeded in fibrin
inside scaffolds of 0, 30, and 70% bone by mass created as in the previous section were
immediately implanted into the resulting defect. A total of 12 mice were operated on with 7
= 4 for each concentration of bone. The contralateral side served as unoperated controls.
Mice were imaged under computed tomography (CT) using a Gamma Medica X-SPECT
small animal system (Gamma Medica, Salem, NH) at 6 and 12 weeks postimplantation.
Imaging was performed at 80 kV peak voltage and 600 fA current. Reconstruction was done
with a voxel size of 100 gm. At 12 weeks postimplantation, scaffolds were excised and fixed
under 3.7% formalin overnight for histological analysis as previously described.3°
Histological analysis consisted of a hematoxylin and eosin (H&E) stain for cellularity
(Sigma-Aldrich) and a von Kossa and van Gieson stain for bone formation (Sigma-Aldrich).

Print Quality

DCB:PCL scaffolds of 0, 5, 30, 70, and 85% bone by mass were printed and stained with
Alizarin Red S. We observed staining in all scaffolds except in the 0% scaffold, where no
mineral was present, confirming the presence of bone particles within the hybrid scaffolds.
The intensity of the red stain increased with increasing DCB concentration (Figure 1). When
compared to a computer-generated ideal lattice, the print quality decreased as the
concentration of bone increased from a score of roughly 89 for 0% and 5% DCB scaffolds to
77.6 for 70% DCB scaffolds; however, a dramatic drop in score (50) was observed at 85%
DCB (Table 1). As such, for all subsequent studies, 70% bone by mass was chosen as the
maximum concentration of bone; 0% bone by mass was chosen as a pure PCL control, and
30% bone by mass was chosen as an intermediate group.

Raman Spectroscopy

To confirm whether mineral and collagen were present on the surfaces of 3D-printed
DCB:PCL, we employed Raman spectroscopy (Figure 2). Raman spectroscopy of a printed
sheet of 30% bone by mass showed a peak at 960 cm~ corresponding to the phosphate
component of bone and a peak at 1650 cm™~? corresponding to the amide I signal from
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collagen.?* These peaks appear in the Raman spectrum of trabecular bone but not in the
spectrum for pure PCL (Figure 2), matching observations reported previously.*® The
contributions from the PCL phase include the triple peak centered around 1450 cm™1 for
8CH;, (fourth carbon from the carbonyl), the double peak at 1300 cm™ for wCH, (furthest
carbon from the carbonyl), and the skeletal stretching peak at 1110 cm™1,45:46 which are
signals appearing in the spectra for both pure PCL (Figure 2, top) and the 30% bone by mass
sample (Figure 2, bottom).

Atomic Force Microscopy

SEM revealed that the surfaces of the 30 and 70% scaffolds displayed more features than
those of the 0% scaffolds, whose surfaces were mostly smooth (Figure 1). For quantifying
the surface roughness of scaffolds, which is known to affect cell-biomaterial
interactions,*"49 AFM was performed, and the root-mean-square roughness of 0, 30, and
70% scaffolds were computed. At the length scale of AFM, we found no significant
difference between 30 and 70% scaffolds: both had roughness values around 50 nm. Both 30
and 70% scaffolds were significantly rougher than were 0% scaffolds, which showed a
surface roughness of 4.83 nm (Figure 3), confirming observations under scanning electron
microscopy.

Mechanical Properties

To determine how the bone particles affected the mechanical properties of the hybrid
material, we first tested the compressive properties of the bulk material. The 0 and 30%
blocks had similar compressive moduli of around 30 MPa, whereas the 70% blocks showed
a significant drop in modulus to around 10 MPa. The Poisson’s ratio of approximately 0.3
did not differ significantly between the three groups (Figure 4, top). The same trend held for
the compressive and shear moduli of 60% porous scaffolds. The compressive modulus in the
x-direction was similar for both the 0 and 30% scaffolds at around 15 MPa, whereas the
modulus for 70% scaffolds was around 7 MPa. In the zdirection, 0 and 30% scaffolds had
moduli approaching 10 MPa, whereas the 70% scaffolds had moduli approaching 5 MPa
(Figure 4, bottom).

Cell-Biomaterial Adhesion

We next characterized cell adhesion to the hybrid material as an indicator of cell-material
interactions. The centrifuge-applied shear successfully detached cells in a force-dependent
manner, and the VSCR model3°:37:38 fit the data well (Figure 5, top). The shear for half-
detachment, oy, was significantly different between all three groups (Figure 5, bottom),
increasing in a concentration-dependent manner from 0.0872 Pa for pure PCL adhesion to
28.2 Pa for adhesion to 70% bone by mass. This observation is well-supported by the surface
biomolecular data (Figure 2) and the surface roughness data (Figures 1 and 3).

As an in vivo correlation that the observed concentration-dependent trend occurs with cell
invasion, acellular scaffolds were implanted in the murine calvarial defect and excised for
H&E after 1 week. Although little cell invasion was observed in 0% scaffolds, a
concentration-dependent increase in cell invasion occurred with increasing concentration of
bone in hybrid scaffolds (Figure S2). Taken together, this data confirms that hybrid scaffolds
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are more amenable to cell adhesion and migration when compared to those of pure PCL
scaffolds.

In Vitro Osteoinductivity

Because the goal of this study was to enhance bone regeneration, we next examined the
ability of hybrid scaffolds to induce resident cells to form bone. By 3 weeks of culture,
Runx2 expression increased by more than 3 orders of magnitude whereas OCN and ON
expression increased by approximately 5 orders of magnitude compared to PCL alone
despite the absence of soluble osteoinductive factors in the culture medium (Figure 6).
Because no phosphate source was present, this increase in gene expression did not yield
calcium production; however, when a phosphate source was added with ascorbic acid and
constructs cultured for 3 weeks, the hybrid scaffolds displayed higher calcium production
per cell relative to pure PCL controls with 70% scaffolds yielding 88.0 ng/cell and 30%
scaffolds yielding 48.1 ng/cell compared to 35.3 ng/cell from pure PCL scaffolds (Figure 6).
Because little to no calcium was detected in samples with no phosphate, it can be surmised
that the calcium content innately present in the hybrid scaffold was not being detected by the
assay.

In Vivo Osteoinductivity

As a final assessment of the osteoinductive properties of hybrid scaffolds relative to those of
pure PCL scaffolds, scaffolds of 0, 30, and 70% bone by mass were fabricated and seeded
with hASCs as was done in the in vitro experiment. The resulting constructs were implanted
in 4 mm murine calvarial defects. CT scans at both 6 and 12 weeks postimplantation
revealed that hybrid scaffolds invoked nearly twice the volume of regenerated bone
compared to that from pure PCL scaffolds (Figure 7) with hybrid scaffolds approaching 4
mm? of regenerated bone compared to 2.07 mm?3 regenerated bone with pure PCL scaffolds.
The pattern of signal detected by CT within the defect suggested that the system was not
picking up the mineral innately present within the hybrid scaffolds, as the detected bone was
punctate and isolated rather than ubiquitously present within the scaffold struts (which were
not visible under CT). CT scans also revealed that regenerated bone appeared in both the
scaffold centers as well as from the edges, suggesting that implanted cells within the scaffold
and invading cells from the host were both contributing to repair. Histological analysis
(Figure 8) revealed the presence of both nonmineralized osteoid and mineralized tissue, as
visualized by the van Gieson and von Kossa stains, respectively, indicating that bone
regeneration was actively occurring within the defect.

3D Printing of Anatomical Geometry

For demonstrating the ability of the approach described here to create anatomical shapes, the
geometry of the human temporomandibular joint condyle was extracted and printed using
pure PCL as well as 30% bone by mass. The scaffolds printed successfully and were subject
to Alizarin Red S staining to confirm the presence of bone mineral (Figure 9). Although the
pure PCL condyle did not stain, as expected, robust staining was observed in the 30% bone
by mass condyle, demonstrating that 3D printing of hybrid material can be used to fabricate
complex craniofacial geometries.
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DISCUSSION

In this study, hybrid scaffolds consisting of bone particles embedded in a greater
polycaprolactone phase were printed using a custom 3D printer. To our knowledge, this is
the first time a bone engineering hybrid scaffold has been fabricated by 3D printing of
naturally derived ECM. In addition to being readily printable, hybrid scaffolds are more
amenable to cell adhesion compared to pure PCL scaffolds and are osteoinductive both in
vitro and in vivo. As such, the hybrid material developed here mitigates the lack of
osteoinductivity and osteoconductivity in pure PCL while simultaneously overcoming the
manufacturing challenges associated with producing a pure decellularized trabecular bone
scaffold.

We considered mechanics as a potential limiting factor in the use of this hybrid material, as
mechanical properties for bone engineering scaffolds are crucial due to the role of bone as a
load-bearing tissue. The choice of PCL as a biomaterial partly arises from this consideration,
as its mechanical properties (stiffness on the order of 107 Pa) fall within the range reported
for trabecular bone of 0.5-14.6 MPa.5951 Even with the drop in properties at 70% DCB by
mass, the stiffness values reported for DCB:PCL scaffolds still approach the values of
trabecular bone and are within the range reported in the literature for pure PCL 3D-printed
scaffolds.>2-53 Composite collagen/calcium phosphate-printed scaffolds were reported to
have a modulus of approximately 15 MPa, comparable to the values in the present study;>*
however, it should be noted that the porosity in the present study—an important property for
highly osteoconductive scaffolds—is much greater in comparison while still retaining
appropriate moduli. Taken together, this data suggests that mechanics is not a limiting factor
in the use of these hybrid scaffolds in bone engineering.

Next, we examined the interactions between human stem cells and the hybrid material. We
investigated two important aspects of cell-biomaterial interactions: cell adhesion to
biomaterials has been studied extensively and affects many aspects of cell behavior, whereas
cell migration through a biomaterial scaffold is crucial for a uniformly seeded graft as well
as for recruitment of host cells to the implant. The SEM and AFM data on surface roughness
indicated that this was a feature of the printed hybrid material that could enhance cell
adhesion at different length scales—the micrometer scale as shown under SEM and the
nanometer scale as shown under AFM. Meanwhile, the presence of collagen as confirmed by
Raman spectroscopy suggested that an increased number of binding sites could be a second
mode by which the hybrid material could enhance cell adhesion. The data demonstrates
increasing cell adhesion strength with higher concentrations of bone in the scaffolds. In
comparison, the shear forces required for half-detachment of ASCs seeded on scaffolds
containing 70% bone by mass (~30 Pa) agrees well with previous studies on cell adhesion to
hydroxyapatite.>> Although it should be noted that the values reported here for initial cell
numbers reflect a combination of initial adhesion and proliferation after 1 day, the trend that
higher concentration of DCB leads to increased osg, an effect of surface roughness, the
presence of collagen, or both, remains true.

The RT-PCR data are derived from ASCs grown in scaffolds in vitro and provide evidence
that the hybrid scaffolds are innately osteoinductive. The RQ values reported are normalized
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to expression in pure PCL scaffolds, where no osteoinductive cues were present and little
expression of osteogenic genes is expected. Interestingly, the osteogenic gene expression in
hybrid DCB:PCL scaffolds increased compared to that in pure PCL scaffolds despite the
absence of soluble osteoinductive factors in the culture medium. The observation that
calcium per cell in pure PCL scaffolds matches closely with previously reported values (30—
40 ng/cell®?) and increases in hybrid scaffolds demonstrates both the osteogenic capability
of the cells as well as the ability of the hybrid scaffold to enhance this capability. The
changes in bone volume following transplantation of ASC-seeded scaffolds into orthotopic
defects also supported the hypothesis that hybrid scaffolds are osteoinductive compared to
pure PCL scaffolds. Note that in that particular experiment, the cells were not provided any
soluble osteoinductive cues prior to implantation. Consequently, differentiation cues were
provided solely by the DCB:PCL hybrid scaffolds. The percent of bone regenerated in the
current study is also comparable to previous studies where PCL.:tricalcium
phosphate:collagen scaffolds were implanted into rat calvariae.>®

In examining the spatial profile of the bone formed, bone is visible both in the scaffold pore
spaces and in the scaffold edges. As such, it is possible to speculate that two factors are at
play: bone being regenerated from the implanted human cells, which are distributed
throughout the scaffold and therefore can regenerate bone from the scaffold interior, as well
as bone regenerated from endogenous murine cells as they migrate in from the scaffold
periphery. Although it is outside the scope of this study to distinguish between these two
sources of regeneration and their respective roles, future studies may examine this further. It
is worth noting that the hybrid scaffold potentially enhances both of these avenues of
regeneration due to both mineral and collagenous phases enhancing osteoinductivity and
osteoconductivity.

Although we have demonstrated here a printable, bioactive scaffold, future optimizations
may be performed. First, the particle size of DCB was chosen at a maximum of 40 gm in the
current study to reduce the chance of particle aggregation blocking flow from the print
nozzle, which has a diameter an order of magnitude above this size. In the current study, this
particle size resulted in successful prints of bioactive scaffolds; however, it is possible that
smaller particle sizes may further increase the amount of bone that can be printed as nozzle
clogging becomes less of an issue. Another effect of particle size is the nanotopography of
the scaffold, which we have shown here is affected at the nanoscale despite the microscale of
the particles. Nanoscale changes in topography have been shown to affect the expression of
osteocalcin in MSCs,4” whereas the use of nanotopography to control cell shape was shown
to modulate BMP-dependent osteogenesis.>” Another effect of particle-mediated
nanotopography is the potential for the particles to serve as nucleation sites for the
deposition of mineral, leading to enhanced bone formation.>8 Taken together, this suggests
that the DCB particle size alone may also play a role in enhancing the osteogenesis of
seeded stem cells.

Second, the method of printing chosen here, an extrusion-based system, was selected due to
its ease of use. Effectively, PCL was used as a “binder” to hold the DCB together. Other
methods that have fabricated composite scaffolds, such as with synthetic ceramics, have
used acidic binders that unfortunately result in decreased cell viability as well as smaller
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pore size due to the increased flow of acidic binders away from the target print location.>* It
has been shown that smaller pore size inhibits the migration and proliferation of seeded and
infiltrating cells.>® As such, another advantage of the method used here is that PCL as the
“binder” is readily printable, with minimal flow away from the target print location due to
high viscosity, and is not cytotoxic. One potential shortcoming of this approach is the DCB
is subject to 80 °C printing temperatures that destroy osteoinductive growth factors, such as
BMP, that are known to reside in bone matrix;13-15 however, many other methods of printing
feature temperatures above this value, such as 1300 °C for sintering techniques.®° Despite
the elevated temperatures used in this study, the hybrid scaffolds produced in this study were
still shown to be osteoinductive, likely due to the presence of the mineral phase;
furthermore, the collagenous phase of bone was retained as shown by Raman spectroscopy.
As such, the hybrid scaffold still represents an increase in bioactivity from pure PCL
scaffolds while retaining printability. For the first time, bone matrix can be 3D-printed into
any of the complex shapes in the human skeleton, representing a potentially storable,
patient-specific component to tissue engineered bone grafts.

CONCLUSIONS

In this study, a hybrid material consisting of bone extracellular matrix embedded in a greater
polycaprolactone phase was developed. This material is 3D printable while displaying
osteoinductive properties in vitro and in vivo as evidenced by gene expression, calcium per
cell, and in vivo bone regeneration of seeded human adipose-derived stem cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Imaging of 3D-printed hybrid scaffolds. Top: Scaffolds stained positively for Alizarin Red S

in all cases except for the pure polycaprolactone case. Middle: Magnified images of stained
scaffold struts delineating the punctate stain of the mineralized particles within the PCL.
Bottom: Scanning electron microscopy of strut surfaces revealing rougher surface
topographies in the more concentrated hybrid scaffolds.
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Figure 2.
Raman spectroscopy of pure and hybrid materials. Top: Raman spectra of pure

polycaprolactone, revealing peaks at 1450 cm™ for 8CH,, 1300 cm™ for wCH,, and 1110
cm~1 for skeletal stretching. Middle: Raman spectra of decellularized trabecular bone,
showing peaks at 960 cm~2 for phosphate (a) and 1650 cm™1 for collagen amide | (b).
Bottom: Raman spectra of 30% DCB:PCL. The bone-only peaks as well as the peaks
corresponding to contributions from both bone and polycaprolactone appear.
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Figure 3.
Atomic force microscopy of pure and hybrid materials. Top left: Atomic force micrograph of

pure polycaprolactone is mostly featureless, whereas surface features are rougher for 30%
bone by mass (top right) and 70% bone by mass (bottom left). Quantification of root-mean-
square roughness (bottom right) confirms these observations. *p < 0.05 by one-way ANOVA
with posthoc Tukey test.
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Mechanical testing of pure and hybrid material/scaffolds. Top: The Poisson’s ratios of all
groups were not significantly different from each other, whereas the compressive modulus
was significantly lower in the 70% group compared to that in both the 30% and pure groups.
Bottom: The same trend held for all directions in transversely isotropic porous scaffolds. *p
< 0.05 compared to pure polycaprolactone by one-way ANOVA with posthoc Tukey test.
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Figure 5.
Cell adhesion to pure and hybrid materials. Top: Representative graph of adhered cells

plotted against shear with a variable-slope concentration response model fit to determine the
shear for half-detachment, o5g. Bottom: oy increases in a dose-dependent manner with
increasing bone concentration. *p < 0.05 by one-way ANOVA with posthoc Tukey test.
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Figure 6.
In vitro osteogenic gene expression. Gene expression of Runx2, osteocalcin, and osteonectin

increased in cells cultured in hybrid scaffolds despite the absence of exogenous
osteoinductive factors. Bottom right: With the addition of a phosphate source, calcium
production per cell displayed the same trend. *p < 0.05 compared to cells cultured in pure
polycaprolactone scaffolds by one-way ANOVA with posthoc Tukey test.
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Figure 7.
In vivo regeneration of murine calvarial defect. White dotted lines show boundaries of the

original defect. Top: Computed tomography scans at 6 and 12 weeks revealed increased
bone regeneration in hybrid scaffold groups compared to that in the pure polycaprolactone
group. Bottom: Quantification of computed tomography scans shows a significant difference
between hybrid and pure PCL groups but no significant difference between the 30 and 70%
groups.
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Figure 8.
Histological analysis of excised constructs. Cellularity under hematoxylin and eosin staining

(left) as well as bone (black/dark brown) and osteoid (red) formation under the von Kossa
and van Gieson stains (right) is evident. Asterisks denote scaffold struts. In the von Kossa
and van Gieson stains, note the presence of both osteoid (red, arrowheads) and mineralized
tissue (red/brown, arrows), suggesting active mineralization occurring within the constructs.
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Figure 9.
Top: Anatomical shape printing of pure and hybrid scaffolds. Middle: A human

temporomandibular joint condyle was isolated and printed into anatomically shaped, porous
scaffolds. Scaffolds were subject to Alizarin Red S staining to confirm and visualize the
presence of mineralized particles in the hybrid scaffold. Bottom: MicroCT scans performed
to confirm the presence of mineralized particles in the 30% DCB:PCL scaffolds. There were
no mineral particles in the pure PCL scaffold.
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Table 1

concentration of bone (% mass)  print quality (=)

0
5
30
70
85

88.2
89.6
85.8
77.6
50.0

ACS Biomater Sci Eng. Author manuscript; available in PMC 2016 December 07.

Page 25



	Abstract
	Graphical abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Creation of Hybrid Material
	Scaffold Fabrication and Evaluation of Print Quality
	Raman Spectroscopy
	Atomic Force Microscopy
	Mechanical Testing
	Measurement of Cell Adhesion Strength
	Measurement of Osteoinductivity
	In Vivo Assessment of Bone Regeneration

	RESULTS
	Print Quality
	Raman Spectroscopy
	Atomic Force Microscopy
	Mechanical Properties
	Cell–Biomaterial Adhesion
	In Vitro Osteoinductivity
	In Vivo Osteoinductivity
	3D Printing of Anatomical Geometry

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1

