
ORIGINAL ARTICLE

3D-Printed Ceramic-Demineralized Bone Matrix
Hyperelastic Bone Composite Scaffolds for Spinal Fusion
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Although numerous spinal biologics are commercially available, a cost-effective and safe bone graft substitute
material for spine fusion has yet to be proven. In this study, ‘‘3D-Paints’’ containing varying volumetric ratios
of hydroxyapatite (HA) and human demineralized bone matrix (DBM) in a poly(lactide-co-glycolide) elastomer
were three-dimensional (3D) printed into scaffolds to promote osteointegration in rats, with an end goal of spine
fusion without the need for recombinant growth factor. Spine fusion was evaluated by manual palpation, and
osteointegration and de novo bone formation within scaffold struts were evaluated by laboratory and syn-
chrotron microcomputed tomography and histology. The 3:1 HA:DBM composite achieved the highest mean
fusion score and fusion rate (92%), which was significantly greater than the 3D printed DBM-only scaffold
(42%). New bone was identified extending from the host transverse processes into the scaffold macropores, and
osteointegration scores correlated with successful fusion. Strikingly, the combination of HA and DBM resulted
in the growth of bone-like spicules within the DBM particles inside scaffold struts. These spicules were not
observed in DBM-only scaffolds, suggesting that de novo spicule formation requires both HA and DBM.
Collectively, our work suggests that this recombinant growth factor-free composite shows promise to overcome
the limitations of currently used bone graft substitutes for spine fusion.
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Impact Statement

Currently, there exists a no safe, yet highly effective, bone graft substitute that is well accepted for use in spine fusion
procedures. With this work, we show that a three-dimensional printed scaffold containing osteoconductive hydroxyapatite
and osteoinductive demineralized bone matrix that promotes new bone spicule formation, osteointegration, and successful
fusion (stabilization) when implemented in a preclinical model of spine fusion. Our study suggests that this material shows
promise as a recombinant growth factor-free bone graft substitute that could safely promote high rates of successful fusion
and improve patient care.
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Introduction

Spine fusion is among the most common orthopedic
procedures and addresses disorders, including degener-

ative disc disease, disc herniation, segmental instability,
trauma, and deformities of the spine. From 1998 to 2008, the
number of spine fusions performed annually in the United
States has more than doubled,1 and it continues to rise.
Pseudarthrosis (surgical nonunion) occurs in >10% of pa-
tients2 and leads to poor patient-reported outcomes, the need
for revision procedures, and increased cost of care.3–5

Successful bone regeneration and spine fusion requires a
substrate that is both osteoinductive and osteoconductive.
Osteoinductive materials promote recruitment of immature
cells and stimulate those cells down the osteoblastic lineage,
whereas osteoconductive substances provide a scaffold onto
which newly formed bone can readily grow. While ceramics
such as hydroxyapatite (HA) lack inherent osteoinductivity,
are brittle, and handle poorly,6 demineralized bone matrix
(DBM)7–9 is insufficient to yield high fusion rates when used
without autogenous bone graft.6 When used alone clinically,
neither of these materials are an adequate substitute for au-
togenous bone graft for spine fusion. Conversely, recombi-
nant human bone morphogenetic protein-2 (rhBMP-2) is an
FDA-approved bone graft substitute for spine fusion that
elicits high rates of fusion without autograft bone or bone
graft extenders; however, serious complications associated
with supraphysiologic dosing have drastically decreased its
clinical use.10–12 Thus, the lack of a universally accepted, safe
bone graft substitute that promotes high rates of fusion re-
mains a major clinical challenge.

Additive manufacturing techniques have recently been
used in many disciplines of orthopedic surgery, including
biomodels, surgical guides, and instrumentation. Three-
dimensional (3D) printing, as one example, provides a wealth
of options to customize the shape, stability, and biomechan-
ical properties of surgical implants. Furthermore, recent de-
velopments now allow greater flexibility in ink composition
to further enhance bone healing. Our prior work demonstrated
that a 3D printable HA-based material, Hyperelastic Bone�

(HB), showed promise as a bone graft extender with rhBMP-
2 in a preclinical spine fusion model.13 However, when used
alone, the HB did not approach the *100% fusion rate re-
quired of a bone graft substitute13 to be tested clinically.

In this study, we investigate a recombinant growth
factor-free material for improving osteointegration and
spine fusion outcomes. This compositional variant of HB
incorporates allograft-derived DBM particles into the HB
ink. As an alternative to incorporating recombinant growth
factor, we sought to improve preclinical outcomes by ex-

ploiting the potential synergistic effect of osteoconductive
HA and osteoinductive DBM particles within composite
scaffolds produced by 3D printing,13–15 and we evalu-
ated scaffold performance in the rat spine fusion model.
We hypothesized that our novel additive manufacturing
approach—which allows for the incorporation of human
DBM particles within a surgically friendly ceramic
material—would lead to osteointegration and spine fusion
without the need for recombinant growth factor or autog-
enous bone harvest.

Materials and Methods

Ink synthesis and scaffold fabrication

Inks for 3D printing were synthesized as described pre-
viously13 and consisted of five distinct combinations of
polylactide-co-glycolide copolymer (PLG; 82:18 glycolide:
lactide; Evonik Cyro), synthetic HA (Sigma-Aldrich;
1–30 mm particles) and/or DBM powder (Xtant Medical;
100–1000 mm particles milled and sieved to final diameter
<80 mm). The relative amount of PLG was constant at 30
vol.%, and the 3D paints contained particle loadings of 70
vol.% HA (1:0 HA:DBM), 70 vol.% combined HA+DBM
(3:1, 1:1, or 1:3 HA:DBM), or 70 vol.% DBM (0:1 HA:DBM),
Table 1. A 3D-Bioplotter (EnvisionTEC, GmbH, Germany)
was used to print the scaffolds via room-temperature syringe
extrusion (410 mm diameter nozzle). Struts were printed with
each progressive layer oriented 90� relative to the underlying
layer, with a strut-to-strut spacing (‘‘macropore size’’) of
500 mm. After printing, the scaffolds were washed in 70%
ethanol followed by sterile phosphate-buffered saline. The
scaffolds were cut to size (15 · 4 · 3 mm) before implantation.

Cell culture and imaging

Rat bone marrow stromal cells were purchased from
Lonza (Walkersville, MD). Low-passage cells were grown
in basal media (mesenchymal stem cell basal medium and
proliferation kit; Lonza) according to the manufacturer’s
instructions. Trypsinized cells were resuspended in Dul-
becco’s modified Eagle’s medium containing 10% fetal
bovine serum, Hepes buffer, l-glutamine, and antibiotic-
antimycotic (Invitrogen). Cells were then inoculated onto
cylindrical plugs cut from scaffolds printed with a 90�
offset advancing angle using a 400 mm nozzle, with 500 mm
strut-to-strut spacing (macropores). Cells/scaffolds were
incubated at 37�C in 5% CO2 until the indicated time
points. For confocal imaging, cells/scaffolds were stained
with calcein AM (green)/ethidium homodimer-1 (red) to
visualize live and dead cells, respectively.

Table 1. Scaffold Composition and Animal Treatment Groups

Scaffold/Tx group
Scaffold particle content

(ratio HA:DBM)
HA particle content

(vol.%)
DBM particle content

(vol.%)
PLG

(vol.%) N/group

HA-only 1:0 70 0 30 12
3:1 HA:DBM 3:1 52.5 17.5 30 12
1:1 HA:DBM 1:1 35 35 30 12
1:3 HA:DBM 1:3 17.5 52.5 30 12
DBM-only 0:1 0 70 30 12

DBM, demineralized bone matrix; HA, hydroxyapatite; PLG, polylactide-co-glycolide.
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In vivo study design

Northwestern University’s Institutional Animal Care and
Use Committee approved the study, which was in compliance
with the NIH Guide for Care and Use of Laboratory Animals.
Sixty female Sprague–Dawley rats, aged 12–16 weeks, were
randomly assigned to one of five treatment groups (N = 12/
group). Rats received scaffolds composed of HA-only; 3:1,
1:1, or 1:3 HA:DBM; or DBM-only (Table 1).

Surgical procedure

Rats were anesthetized with inhalational isoflurane and
monitored throughout the procedure. Posterolateral spine fu-

sion (PLF) was performed as previously described.16–19 A
posterior midline incision was made over the lumbar spinous
processes, followed by two separate fascial incisions 4 mm
from the midline. The L4 and L5 transverse processes (TPs)
were exposed via blunt dissection to create space for graft
implantation, and the surgical site was irrigated with genta-
micin solution. A high-speed burr was then used to decorticate
the posterior L4–L5 TP surfaces, and grafts were placed bi-
laterally to bridge the L4–L5 intertransverse space (Fig. 1B).
Fascial incisions were closed with monocryl sutures and skin
incisions with wound clips. Buprenex and meloxicam were
administered for 3 days postoperatively. Animals were al-
lowed to eat, drink, and bear weight ad libitum.

FIG. 1. Scaffold design and implantation. (A, B) Scaffold design and fabrication. (C) Images of unimplanted scaffolds. Upper:
basic geometry of the scaffolds, with 90� aligned struts and visible channels (macropores) extending through the scaffolds.
Lower: cross-sections of individual struts as imaged using scanning electron microscopy (plasma-coating with *15 nm osmium
metal, imaged with 3 kV accelerating voltage using a LEO Gemini 1525 at the EPIC facility, NUANCE Center, Northwestern
University). The relative particle content [% HA (upper) vs. DBM (lower)] within the scaffolds is shown. Total particle content
was held constant at 70% of the scaffold volume; the remaining 30% is PLG binder. Yellow stars identify DBM particles. (D)
Laser-scanning confocal z-projections of 3D-stacks from live-dead stained scaffold seeded with primary rat bone marrow
stromal cells. Blue is autofluorescence from the scaffold materials. (E) Intraoperative implantation of a scaffold. 3D, three-
dimensional; DBM, demineralized bone matrix; HA, hydroxyapatite; SEM, scanning electron microscopy.
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Radiography and fusion scoring

Plain anteroposterior radiographs were taken 10 days
postoperatively (following removal of wound clips) and be-
fore euthanasia at 8 weeks. Lumbar spines were harvested en
bloc, fixed in 10% neutral-buffered formalin, and stored in
70% ethanol. All spines were then scored for fusion via
manual palpation by three independent, blinded observers
using an established scoring system for this model: ‘‘0’’ in-
dicates detectable motion between segments bilaterally, ‘‘1’’
no motion between segments unilaterally and ‘‘2’’ no motion
between segments bilaterally.13,20–26 An average fusion score
of ‡1 was considered a successfully fused spine.17–19

Microcomputed tomography and osteointegration
scoring

Six spines per treatment group were imaged with labo-
ratory microcomputed tomography (Laboratory microCT;

VivaCT 80; Scanco Medical). Reconstruction was with an
isotropic volume element (voxel) size of 17.5 mm. Three
measures quantified the extent of fusion. The first was total
bone volume (L4 and L5 TPs) on each side of the spine:
contours were drawn around the bone within each slice
using Amira software (Thermo Fisher Scientific), and seg-
mentation was performed within the contours. The second
measure of scaffold–bone interaction was based on the ex-
tent to which bone ‘‘fingers’’ penetrated into the scaffold,
that is, osteointegration scoring system of 0 (minimum) to 3
(maximum) penetration, applied separately to each implant
(Fig. 4A). The total osteointegration score for a scaffold
summed scores for the medial surface (‘‘medial endcap’’
adjacent to the vertebral body), the scaffold body, and the
lateral surface end (the ‘‘lateral endcap’’) for each TP. The
third measure applied to spines with DBM scaffolds which
were invisible in microCT: the peak-to-peak distance be-
tween adjacent bone fingers from the surface of the TP was
defined as the bone ingrowth periodicity, and this was
compared to the mid macropore-to-macropore distance in
an unimplanted DBM scaffold. Bone integration into the
scaffold body and around the sides of the scaffold (endcaps)
provides resistance to different loading regimes: the former
to flexion/extension and axial loading, and the latter to axial
torsion as well. Incorporating all three scores into the total
emphasizes the importance of both contact sites in restrict-
ing motion of the adjacent vertebrae.

The three spines per treatment group with highest fusion
scores were imaged with synchrotron microCT with 2.35mm

FIG. 2. Assessment of fusion. (A) Representative 8-week postoperative radiographs from each treatment group. Ratios
represent relative HA:DBM particle content. (B) Fusion scores as determined by manual palpation by three blinded
observers. Scoring was based on detectable motion between L4 and L5 segments. (C) Fusion rates were calculated based on
fusion scores, where unilateral lack of motion was considered successfully fused.

Table 2. Fusion Scores and Rates

Treatment
group N

No.
fused

Fusion
rate (%)

Mean fusion
score

HA-only 12 7 58 1.2 – 0.37
3:1 HA:DBM 12 11 92 1.4 – 0.69
1:1 HA:DBM 12 7 58 1.0 – 0.69
1:3 HA:DBM 12 8 67 1.1 – 0.80
DBM-only 12 5 42 0.78 – 0.52
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isotropic voxels at beamline 2-BM, the Advanced Photon
Source (APS), Argonne National Laboratory. The higher
spatial resolution and contrast sensitivity was used to reveal
details invisible in the laboratory microCT images. Spines
were bisected longitudinally to fit the field of view, and the
right half of each spine (entire scaffold and surrounding
bone) was imaged. Unimplanted pieces of all five scaffold
materials were also imaged.

Histology

Representative fused spines from each treatment group
underwent histological analysis for visualization of evidence
for endochondral bone formation.16,18 Tissue processing
was performed by the Northwestern Mouse Histology and
Phenotyping Laboratory core facility, where spines were
placed in Immunocal 12% formic acid solution (StatLab) for
72 h and processed using an ASP300S automated tissue pro-
cessor (Leica Biosystems) for tissue dehydration, clearing, and
paraffin infiltration. Specimens were then embedded in paraffin
in a sagittal orientation and sectioned onto glass slides at a
thickness of 5mm. Staining was performed using Gill modified
hematoxylin (Millipore), alcian blue, orange G, and eosin Y

solution (Sigma-Aldrich). Masson’s trichrome staining was
performed using a Trichrome Stain Kit (Sigma-Aldrich).

Statistics

Statistics were performed using SPSS. Continuous vari-
ables were compared using one-way ANOVA for normally
distributed data. Tukey’s test was used for post hoc analy-
ses. Fisher’s exact test was used to compare the categorical
data. Simple linear regression analysis was used to study the
relationship between osteointegration and fusion scores. A
p-value <0.05 was considered statistically significant.

Results

Cytocompatibility

In previous work, we showed that the 3D printed HA-only
scaffold is biocompatible and supports osteogenic differen-
tiation.13 To confirm the biocompatibility of the DBM-
containing scaffolds utilized in the current study, primary rat
bone marrow stromal cells were seeded on 3D printed HA or
HA-DBM scaffolds and incubated in growth media for up to
28 days. Confocal imaging showed that live cells (green)

FIG. 3. Laboratory mi-
croCT. (A) Laboratory mi-
croCT images 8 weeks
postoperative. Each row
(a–e) corresponds to a
different scaffold type.
Column 1 shows 3D
renderings of the respective
scaffolds, column 2 shows
slices covering the entire
spine, column 3 shows an
enlarged area around one of
the transverse processes from
column 2, and column 4
shows an enlargement of a
different slice. The lighter
the pixel in columns 2–4, the
more heavily attenuating the
corresponding voxel. Column
3 symbols are identified in
the text. Scale bars = 1 mm.
(B) Laboratory microCT
measurement of the volume
of bilateral L4 and L5
transverse processes, which
includes new bone growth
into the scaffolds. Closed
symbols denote spines scored
as fused and open symbols
unfused spines. microCT,
microcomputed tomography.
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adhere to and proliferate on both iterations of the scaffolds
over this time frame, demonstrating that incorporation of the
DBM particles into the ink does not adversely impact bio-
compatibility of the scaffolds (Fig. 1D).

Spine fusion

Radiographic imaging shows bilateral placement of the
scaffolds at the L4–L5 TPs (Fig. 2A). As expected, scaffolds
containing more HA show comparatively greater radio-
pacity comparatively. Because DBM is radiolucent, 0:1
HA:DBM implants were not visible by radiography. Mean
fusion scores, as defined by motion or lack thereof between
the L4–L5 segments, were higher among animals treated
with HA-containing scaffolds (Table 2), suggesting a critical
role for improved osteoconductivity in enhancement of
DBM efficacy. The 0:1 HA:DBM group (which received
scaffolds containing only DBM and no HA) averaged the
lowest fusion score (0.78 – 0.52; Fig. 2B), whereas the
highest fusion score was found in the 3:1 HA:DBM treat-
ment group (1.4 – 0.37). Although all HA-containing scaf-
fold groups resulted in fusion scores higher than the
DBM-only group, the 3:1 HA:DBM treatment group was the

only scaffold to significantly outperform the DBM-only
treatment group (fusion rates of 92% [11/12 spines] vs.
33%, respectively; p < 0.01; Fig. 2C).

New bone formation and scaffold osteointegration

Figure 3A shows representative laboratory microCT images
for each group. After 8 weeks implantation, disorganization of
scaffold struts increased with decreasing HA content (Fig. 3A,
column 1). The new bone volume was relatively small relative
to that of the TP (Fig. 3A, column 2), which was presumed
due to the slow degradation rate of the HA. Column 3 rows a–
e, respectively, show the range of structures observed: (a) a
bone ‘‘finger’’ grown from the TP deep into a macropore; (b)
bone encapsulating multiple scaffold struts (arrows) and the
medial endcap of the scaffold; (c) bone encapsulating a single
strut (arrow); (d) a lateral endcap of the scaffold; and (e)
parallel bone fingers and possible medial and lateral endcaps.
DBM-only scaffolds were radiolucent and therefore not visi-
ble using laboratory microCT imaging, but some degree of
bone ingrowth was still visible (row e).

Total osteointegration score did not vary statistically
among groups with HA-containing scaffolds (Fig. 4B). Fused

FIG. 4. Laboratory microCT quantification of osteointegration and comparison with fusion scores. (A) Representative
segmented microCT slices illustrating the osteointegration scoring system, with the synthetic HA particles segmented cyan,
the transverse processes and bone growing from them labeled blue, and all other bones shown in red. Each side of the spine
was scored separately on a 0–3 scale (labels for each score in the upper left corner of each image): 0: no bone growth
beyond the proximal (ventral) surface of scaffold; 1: bone growth beyond the proximal surface, but not beyond the first
scaffold strut; 2: bone growth beyond the first scaffold strut, but not the second; and 3: bone growth beyond the second
scaffold strut. All the slices covering a scaffold were examined, with the highest score observed assigned to that scaffold.
(B) Total osteointegration scores. Three regions within each scaffold were scored separately for each TP: the medial end of
the scaffold (the ‘‘medial endcap,’’ adjacent to the vertebral body), the scaffold body, and the lateral end of the scaffold (the
‘‘lateral endcap’’). Scores from each region were summed to generate a total ingrowth score. Solid and hollow markers
denote fused and unfused spines, respectively. (C) Fused spines averaged a significantly greater total osteointegration score
relative to unfused spines ( p < 0.01). (D) Total osteointegration score versus manual palpation-based fusion score. Linear
regression shows a correlation R2 = 0.663, with a slope significantly different than 0 ( p < 0.001).
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spines, however, averaged a significantly higher osteointe-
gration score than unfused spines (Fig. 4C, p < 0.01), and
linear regression showed that osteointegration score corre-
lated with fusion score (Fig. 4D, R2 = 0.633, p < 0.001).

Osteointegration could not be quantified for the DBM-
only scaffolds, because these scaffolds were invisible with
microCT. Bone ‘‘fingers’’ were observed growing from
the dorsal TP surfaces into the volume containing these
DBM-only scaffolds, which was presumed as growing into
the scaffold macropores. The bone ingrowth periodicity
averaged 1.15 mm apart, which matched the macropore
spacing in the unimplanted DBM scaffolds (1.14 mm).

Total bone volume quantified on microCT at the 8-week
time point did not differ among groups (Fig. 3B). Im-
portantly, TP bone was necessarily included in that
quantification, so this result reflects the relatively small
volume of new bone compared to the total bone (including
TPs). Similarly, TP surface area after 8 weeks did not vary
(data not shown).

Spicule formation

Figure 5 depicts representative synchrotron microCT
images, with 8-week explants (columns 1–3) and unim-
planted scaffolds (column 4) shown for comparison. Fine
bone spicules were seen in many open volumes within
scaffold struts, and manual segmentation shows these spic-
ules in magenta (column 3). The spicules have contrast in-
distinguishable from native bone (Fig. 5), and like native
bone, the volume elements (voxels) are less attenuating than
those of the HA particles demonstrating that they are min-
eralized tissue. No spicules were observed in unimplanted
scaffold material (column 4), in scaffolds without both HA
and DBM, outside scaffold boundaries, or outside scaffold
struts. DBM particles are visible in unimplanted scaffolds
via X-ray phase contrast [light–dark fringes at the particle-
air boundaries (column 4)], and the open volumes within
implanted scaffold struts have the same shapes and ranges of
sizes as the DBM particles in the unimplanted scaffolds.

FIG. 5. Synchrotron microCT, with projections every 0.12� over 180� using 22.5 keV x-radiation and reconstructed with
2.35 mm isotropic voxels. (A). Each row (a–e) depicts a different scaffold type, with HA:DBM composition on the left.
Column 1 shows slices of 8-week explanted scaffolds and nearby bone. Note that scaffolds containing DBM only (no HA
particles) were not visible (row e). The area within the solid white box in column 1 is enlarged in columns 2 and 3. Column 3
shows the same images as column 2, but with bone spicules segmented in magenta. No bone spicules were present in either
the HA-only or the DBM-only scaffolds (rows a and e, respectively). For comparison, unimplanted scaffolds were also
imaged (column 4), and the DBM particles and the PLG elastomer are clearly visible. Note, HA and DBM particles are
labeled in the 1:1 HA:DBM scaffolds only. Scale bars = 1 mm. The lighter the pixel, the more absorbing the corresponding
voxel. Spicule contrast was similar to that of native bone; within one 1:3 HA:DBM slice and on an 8 bit contrast range (0
minimum to 255 maximum), two 10 · 10 voxel areas of spicules had mean contrast – standard deviations of 150 – 30 and
150 – 25 and 10 · 10 areas of bone and HA had contrasts of 144 – 16 and 204 – 167, respectively. (B) A 3D rendering of a
spicule within a strut of a 1:1 HA:DBM scaffold 8 weeks postoperative. The HA particles are shown in white, and the
spicule is segmented in magenta.
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Histology (Fig. 6) shows that DBM particles are still present
within the scaffold struts after 8 weeks implantation, but not
visualized in synchrotron microCT slices (Fig. 5).

The mineralized spicules are thin, irregularly shaped, and
generally follow DBM particle surfaces. Spicules extend
above and below the slice plane (columns 2 and 3), with a
typical mineralized appearance (Fig. 5b).

Histology

Figure 6 shows stained thin sections of a representative
spine for each group. Both DBM and PLG were still present
after 8 weeks implantation. Both staining protocols show
evidence of residual bone matrix at the sites of DBM par-
ticles (Fig. 6). As expected, DBM particles are visible only
in the struts of DBM-containing scaffolds, with no staining
within 100% HA scaffold struts. Cells were not observed
near any spicules.

Discussion

Although HA and DBM enhance osteogenesis, neither
alone produces high spine fusion rates clinically. In this
study, we hypothesized that incorporating DBM particles
into 3D printed HA scaffolds would add osteoinductivity
and increase osteointegration, resulting in lack of motion
between the L4–L5 segments in the established PLF rat
model. We investigated different HA:DBM ratios and
found that all HA:DBM composites performed well
(statistically equivalent fusion scores). Of these, the 3:1
HA:DBM scaffolds had the highest mean fusion score
and performed significantly better than DBM-only scaf-
folds. The 3:1 HA:DBM composite achieved the highest
fusion rate (92% vs. 67% for the next highest group),

which is remarkable because neither recombinant growth
factors nor other osteoinductive pharmaceuticals were
used.

With stabilization of the L4–L5 vertebral segment as a
major goal, beyond manual palpation, microCT imaging
was also used to quantify osteointegration, defined here by
the extent to which new bone grew into and/or around the
scaffold. Our data demonstrate that osteointegration was
achieved in spines with high fusion scores supporting its use
as a strong indicator of stability from this type of implant.
We note that the total volume of new bone formed between
the L4–L5 TPs was small, and we hypothesize that the
stiffness of the scaffolds provided a significant degree of
‘‘stress shielding,’’ which would limit the driving force for
new bone formation where it was not structurally necessary.
If this were indeed the case, then the bone formation rate
between the TPs might be increased by choosing a mineral
phase and polymer binder that degrade more rapidly than
those chosen for this study, which would provide a steadily
decreasing stiffness.

A few specimens showed substantial postoperative TP
scaffold separation, probably resulting from animal move-
ment. This likely limited bone growth into those particular
scaffolds and may have increased standard deviations in
overall osteointegration and fusion scores. This suggests that
in conditions where surgical instrumentation is used to limit
migration of the scaffold, this material could prove even
more successful.

In scaffold struts, spicules with the same X-ray contrast as
bone were observed only within DBM particles surrounded
by HA, and none grew within DBM-only or HA-only
scaffolds. The spicules followed the DBM particle bound-
aries (e.g., Fig. 5), suggesting that DBM acts as a substrate

FIG. 6. Histology. Decalcified spines were sectioned to visualize the constituents of the 8-week postoperative explanted
scaffolds. The upper panel shows sections stained with alcian blue/hematoxylin/orange-eosin Y, where cartilage stains blue,
bone matrix orange/red, and soft tissue stains pink. The lower panel shows sections stained with Masson’s Trichrome,
where collagen stains blue and bone matrix stains dark red.
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for nucleation of calcification when supraphysiological local
concentrations of Ca2+ and PO4

- are present. Otherwise,
osteoinductivity from the osteogenic growth factors within
DBM appears insufficient to induce de novo calcification.

Cells were not noted near any of the DBM particles
(Fig. 6), suggesting that spicule formation (Fig. 5) is cell-
independent. However, cells could be nearby but out of the
section or could act at a distance, for example, by secreting
bone sialoprotein or other HA-nucleating proteins. Whether
the mineralized spicules contain HA and have a bone me-
sostructure (i.e., specific HA crystallography relative to
collagen fibrils) remains to be determined.

Regardless of the mesostructure, these bony spicules could
play an important role in the long-term fusion of vertebral
segments. Once they are exposed to the matrix (i.e., through
scaffold degradation) between struts, osteoclasts may be at-
tracted to the collagen-calcified tissue structures and may
initiate the bone remodeling/replacement cycle. Moreover,
relative to the HA particles, the DBM particles have larger
diameters. Since the mineralized spicule ‘‘shell’’ would likely
prevent ion flow and mineral nucleation within a given DBM
particle’s central volume, the same volume fraction of smaller
diameter DBM particles might greatly increase its formation.

Conclusions

The development of a recombinant growth factor-free
bone graft substitute for spine fusion could eliminate risks of
autograft harvest and potent exogenous growth factors.
Toward this goal, we developed 3D printable scaffolds
containing both osteoconductive HA and osteoinductive
DBM. Our work suggests that the osteoinductive properties
of the DBM could only be realized upon colocalization with
Ca2+ and PO4

- from the adjacent HA particles. We believe
this is the first report of bone formation within a printed
ceramic material’s microarchitecture. This success in a
preclinical PLF model (fusion rates approaching 100%)
suggests promise as a nonrecombinant growth factor-based
bone graft substitute. Ongoing studies are optimizing scaf-
fold degradation rate and investigating effects of 3D printed
scaffold architecture on robustness of bone formation, os-
teointegration, and vascular infiltration for spine fusion.
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