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Abstract

BACKGROUND CONTEXT: Although autologous bone grafting is widely considered as an
ideal source for interbody fusion, it still carries a risk of nonunion. The influence of the interverte-
bral device should not be overlooked. Requirements for artificial spinal devices are to join the ver-
tebrae together and recover the original function of the spine rapidly. Ordered mineralization of
apatite crystals on collagen accelerates bone functionalization during the healing process. Particu-
larly, the stable spinal function requires the ingrowth of an ordered collagen and apatite matrix
which mimics the intact intervertebral microstructure. This collagen and apatite ordering is
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imperative for functional bone regeneration, which has not been achieved using classical autolo-
gous grafting.

PURPOSE: We developed an intervertebral body device to achieve high stability between the host
bone and synthesized bone by controlling the ordered collagen and apatite microstructure.

STUDY DESIGN: This was an in vivo animal study.

METHODS: Intervertebral spacers with a through-pore grooved surface structure, referred to as a hon-
eycomb tree structure, were produced using metal 3D printing. These spacers were implanted into nor-
mal sheep at the L2—L3 or L4—L5 disc levels. As a control group, grafting autologous bone was
embedded. The mechanical integrity of the spacer/bone interface was evaluated through push-out tests.
RESULTS: The spacer with honeycomb tree structure induced anisotropic trabecular bone growth
with textured collagen and apatite orientation in the through-pore and groove directions. The push-
out load of the spacer was significantly higher than that of the conventional autologous graft spacer.
Moreover, the load was significantly correlated with the anisotropic texture of the newly formed
bone matrix.

CONCLUSIONS: The developed intervertebral spacer guided the regenerated bone matrix orien-
tation of collagen and apatite, resulting in greater strength at the spacer/host bone interface than
that obtained using a conventional gold-standard autologous bone graft.

CLINICAL SIGNIFICANCE: Our results provide a foundation for designing future spacers for
interbody fusion in human. © 2022 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Bone quality; Collagen and apatite orientation; Intervertebral spacer; Push-out strength; Spinal fusion;

Through-pore grooved surface structure

Introduction

In spinal fusion surgery, adjacent vertebrae must be immo-
bilized via tight joints. The gold standard for bone-forming
treatment is autogenous iliac crest bone autograft [1,2].
Although surgery is widely performed for spine regeneration,
improved methods are needed to avoid revision surgery and
painful postoperative complications. Using structured bioma-
terials as synthetic grafts is advantageous compared with using
autogenic grafts because of the ability of synthetic materials to
stimulate osteoconduction [3,4]. Importantly, when using syn-
thetic graft materials for spinal fusion, the cell/device interface
can actively mediate osteoconduction during the initial period
of bone regeneration and during long-term stabilization. More-
over, the regeneration process does not require initial resorp-
tion of the grafted bone, enabling rapid fusion and
functionalization of the vertebrae.

The spine provides mechanical support and houses the
spinal cord and nerves. The mechanical functionalization of
bone, including the vertebrae, is governed by not only the
bone mass, but also the crystallographic texture of apatite,
which is among the most important bone quality factors
[5,6]. Apatite is oriented in the same direction as collagen
fibers in intact bone [7], and the collagen and apatite bone
matrix anisotropy varies depending on the anatomical region
[8,9]. This anisotropy is strictly facilitated by the surrounding
mechanical condition [10]. In several bone diseases, deterio-
ration in the anisotropy of collagen and apatite texturization
leads to severe pathological bone dysfunction, including
rheumatic arthritis [ 1 1], osteoporosis [ 12], and tumorigenesis
[13,14]. Importantly, bone matrix texturization takes much
longer than bone mass recovery because immaturely massed
bone cannot experience enough mechanical loading stimuli

[15]. Long-term stabilization of the host bone and regener-
ated bone cannot be achieved until the crystallographic tex-
ture of both the original host bone and new bone is ordered
in the same direction. For example, the surface structure of
hip implants promotes anisotropy in the regenerated bone
microstructure by mediating consistent loading stress from
the host bone [16]. Anisotropic connectivity through the host
bone and regenerated bone determines the success or failure
of bone replacement surgery. This anisotropic relationship
mediated by the intervertebral body is crucial for successful
fusion and prevents loosening in spinal fusion, which
requires not only a physical connection but also innate struc-
tural recovery, including formation of the oriented collagen
and apatite microstructure [5,6]. Spine vertebrae exhibit a
characteristic hierarchically anisotropic microstructure in
which trabecular bones run along the cephalocaudal axis
[17] and a further nanometer-scale micro-arrangement of
collagen and apatite runs along the trabecular long axis. This
structural anisotropy strengthens the mechanical properties
along the cephalocaudal axis [5,6]. To generate a hierarchical
anisotropic bone micro-arrangement, the texture of the newly
formed bone must be artificially controlled immediately after
implantation. The development of designed spacers for tex-
tural control of intervertebral bodies may enable stable spinal
fusion, which would eliminate the need for secondary surger-
ies and reduce financial and mental burdens to patients.
Collagen and apatite from the initial regeneration stage
becomes organized when the individual cells that produce
the bone matrix are aligned, as described in our previous
studies [18—20]. Particularly, a unidirectional patterned
surface guides the anisotropic microstructure of the colla-
gen and apatite bone matrix [21,22]. The deposition
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pathway of anisotropic bone matrix is strictly regulated by
the nucleation and transport systems of collagen fibrils
[23]. Elongated cells produce vesicles for collagen deposi-
tion, and oriented fibrogenesis occurs outside of cells. We
proposed using an intervertebral spacer with our original
honeycomb tree structure (HTS) design [24]. We previously
demonstrated the advantage of our designed HTS using an
embedded cage model within the vertebral body. The envi-
ronment surrounding the intervertebral body is regulated by
its avascular nature, which exhibits a different metabolic
condition and mechanical environment from those inside
the vertebral body. Blood and nutrient supplies are limited
in the intervertebral space compared with those inside the
vertebral bodies [25]. In clinical settings, embedding of the
spacers between the vertebrae is essential, which was lack-
ing in our previous work.

In the current study, we evaluated the spinal fusion activ-
ity of HTS by using a newly developed intervertebral fusion
model. A strictly designed unidirectional groove micro-
structure can guide cell alignment even without mechanical
loading in the early stages of bone regeneration. The load-
ing stimuli can act as potential regulators of stress-induced
bone texturization. Metal 3D printing technology can be
used to generate an HTS structure that does not require
autologous bone grafting or secondary surgery, providing
new approaches for spinal fusion therapy.

Materials and methods

Design of an intervertebral spacer

To achieve osteoblast alignment and ensure the subse-
quent preferential orientation of the collagen and apatite
bone matrix, an intervertebral spacer with an internal HTS
[24] was modeled using computer-aided design. The HTS
had the following characteristics:

(1) Unidirectional through-pores were aligned along the
height direction of the spacer.

(2) Unidirectional grooves parallel to the through-pore
direction were located on the pore surface. The period-
icity (bottom-to-bottom distance between neighboring
grooves) was 400 pum.

(3) The cross-section of the pore was an equilateral triangle
with a gap in fluid circulation. The triangle was
inscribed by a circle with a diameter of 1 mm.

The HTS can be described as “a through-pore with a
grooved substrate” that elongates in one direction (height
direction of the spacer).

The spacer was composed of solid walls on the sides and
had windows to ensure fluid circulation between the inside
and outside of the spacer (Fig. 1). The outer shape of the

spacer was a box-type. As a control, we modeled a spacer
with an identical outer shape but a large space in the center
for grafting autologous bone, which can be adapted to
many conventional spacers. The space dimensions were
determined such that the projected area of the opening
(white regions in Fig. 1(B) and 1(C)) was equivalent to that
of our designed spacer. No autologous bone was implanted
in the novel spacer.

Fabrication of intervertebral spacer using 3D printer

Based on the computer-aided design model, interverte-
bral spacers were produced from Ti-6Al-4V ELI powder
(EOS, Krailling, Germany) using the laser powder bed
fusion method (M290, EOS), which is a typical 3D printing
technology. Using a powder with a particle size of 30 um
and laser focused to a diameter of approximately 80 pm,
the designed structure shown in Fig. | was produced with
high accuracy. The fabricated spacers were washed with
acid to remove entrapped powder particles, followed by
sterilization in an autoclave.

Sheep model and surgical procedure

Animal experiments were conducted in accordance with
the Guidelines for the Proper Conduct of Animal Experi-
ments of the Science Council of Japan. This study was
approved by the Institutional Review Board of the Biosci-
ence Department/Toya Laboratory of Hokudo Co., Ltd.
(Hokkaido, Japan). Ten adult male Suffolk sheep (6.7+
2.6 years, weighing 55.6£6.3 kg) were used. The bleeding
volume during surgery was recorded, and the health of the
sheep post-operation was monitored. Under general anes-
thesia, a spacer was inserted using the right retroperitoneal
approach as previously described [26]. The sheep were
implanted with an experimental spacer with HTS (without
autologous bone graft) and a control spacer (with autolo-
gous bone graft), which were randomly placed at the L2
—L3 or L4—L5 disc levels. Five spacers were tested for
each group. An autologous bone graft was obtained from
the right iliac crest of the same animal using a rongeur.
After removing the cartilage tissues, the iliac crest bone
was crushed with an electric bone mill (Midas Rex BM120;
Medtronic, MN, USA) into bone fragments of 1 mm or
smaller [27] and packed inside the control spacer. After
spacer placement, a single screw/rod system consisting of
5-mm diameter screws (Kaneda SR, Depuy Synthes Spine,
Raynham, MA, USA) was applied across L2—L3 and L4
—L5 to immediately stabilize the surgical sites. The incision
was sutured and disinfected. The sheep were provided ad
libitum access to food and tap water. At eight weeks after
surgery, the sheep were euthanized by bolus intravenous
injections of pentobarbital sodium, and the lumbar spines,
including the spacers, were removed. The bone specimens
were stored at -80°C until the push-out test was performed.
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Fig. 1. (A) Control spacer with autologous bone graft and (D) novel spacer design with a through-pore with grooved substrate developed in this study. Model
of the conventional spacer from the (B, E) sideview and (C, F) upperview. (G) Magnified schematic of the honeycomb tree structure (HTS) characterized by

through-pore with grooved substrate.

Micro X-ray computed tomography

Micro-X-ray computed tomography (SMX-100CT, Shi-
madzu, Kyoto, Japan) was performed at 70 kV and 70 uA
with a spatial resolution of 57 pum to nondestructively
observe the spacer installation conditions.

Mechanical evaluation with the push-out test

A push-out test (Instron-5965; Instron, Norwood, MA,
USA) was performed to evaluate the mechanical integrity
of the spacer/bone interface [28]. The push-out test was per-
formed at a crosshead speed of 5 mm/min until the spacer
had completely exited the intervertebral space. The push-
out spacer with the bone tissue inside and the remaining

surrounding bone were immersed in 70% ethanol immedi-
ately after the test.

Specimen preparation

After the push-out test, the spacers and bone tissues were
embedded in methyl methacrylate. Specimens of 500 and
100 pm thickness were sectioned along the dorsal plane at
the center of the spacer.

Analysis of apatite c-axis orientation

The bone quality inside and outside the spacer was eval-
uated based on the orientation of the apatite c-axis using
500-um-thick specimens, as described previously [24]. The
preferential orientation of the apatite c-axis was analyzed
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using a microbeam X-ray diffractometer equipped with a
transmission optical system (R-Axis BQ; Rigaku, Tokyo,
Japan). The incident beam (Mo-Ka) was generated at
50 kV and 90 mA collimated into a 200-um circular spot
and projected vertically onto each specimen. The 2D distri-
bution of the apatite c-axis orientation along the surface of
the thin specimens was analyzed. Diffracted X-rays were
collected for 300 s using an imaging plate placed behind
the specimens.

The (002) and (310) diffraction intensities of biological
apatite were integrated along the azimuthal angle () based
on the obtained Debye ring. The (002) represents the plane
of the apatite c-axis, and the (310) was orthogonal to the
(002). The intensity distributions of either (002) or (310) as
a function of B for the diffraction intensities were individu-
ally fitted using the elliptic polynomial function [16]. The
degree of the crystallographic texture of the apatite c-axis
alignment was calculated as the intensity ratio of (002) to
(310) for each B, resulting in a level of apatite c-axis orien-
tation along the 2D plane vertical to the incident X-ray
beam. The distribution of apatite orientation was visualized
on a radar diagram, and the value on the cephalocaudal axis
was analyzed.

Histology and quantitative analysis of collagen orientation

Undecalcified bone (100-um-thick specimens) was
stained with Villanueva Bone Stain. Histological and polar-
ized images were obtained using an optical microscope
(BX60; Olympus, Tokyo, Japan), and a birefringence
imager (WPA-micro, Photonic Lattice, Miyagi, Japan) was
used to evaluate the collagen orientation [14]. Collagen is a
positive birefringent material, and the fast and slow axes
indicate the orthogonal and parallel directions, respectively,
to the long axis of the collagen fibers. The slow axis of a
birefringent material means the axis in which the refraction
index is higher. The slow-axis direction of the preferential

collagen orientation was analyzed. Three polarized mono-
chromatic lights with wavelengths of 523, 543, and 575 nm
were used for birefringence analysis.

Statistical analyses

Quantitative results are expressed as the mean+standard
deviation. Two-tailed paired z-test was used to compare
data between the two groups. Statistical significance was
set at p<.05.

Results

Spacer placement

Micro-X-ray computed tomography images of the sheep
spines, including the spacer, at 8 weeks after implantation
are shown in Fig. 2(A). The spacers were placed in the
intervertebral spaces without rotation; therefore, the
through-pores ran parallel to the cephalocaudal axis (Fig. 2
(B,C)). The grooves of the HTS were not clearly visible at
this resolution. Bones inside the spacer could not be
observed because of artifacts in the Ti-6Al-4V.

Mechanical integrity of the bone/spacer interface

The maximum load required to push the spacer out from
the intervertebral spaces for each group is presented in
Fig. 3(A). The strength at the bone/spacer interface of the
novel spacer with an HTS was approximately three-fold
greater compared with the control group (p<.05). Images of
the spacers after the push-out tests are shown in Fig. 3(B).
In the novel spacer, abundant bone tissue was observed in
most pore openings. This finding indicates that new bone
penetrated the HTS, and bone tissues inside and outside the
spacer were interconnected. Based on its superior strength,
the novel intervertebral spacer functionally fused the two

Fig. 2. Micro-X-ray computed tomography (1« CT) images of sheep spines in (A) three-dimensional view, (B) transverse view, and (C) cross-sectional planes,

including the spacer at eight weeks.
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Fig. 3. Mechanical stability of the spacer/bone interface evaluated using a push-out test. (A) Variation in the push-out maximum load between the control
and novel spacer groups. Data are shown in point clouds. *p<.05. (B) Images of spacers after the push-out test.

vertebrae to a greater extent than the conventional control
spacer.

Bone ingrowth into the spacer

Typical histological images of the inside and surround-
ing spacers prepared after the push-out test are shown in
Fig. 4. In each case, the surface of the spacer (bone/spacer
interface) fractured during the push-out test (Fig. 4(A,C,F,

Control (conventional) spacer

H)). A large amount of bone was present inside the control
spacer but most of this bone did not exhibit calcein fluores-
cence (Fig. 4(B)). The enlarged image (Fig. 4(D)) of the
squared area indicates that the fragmented bones were scat-
tered in a disordered manner, which significantly differed
from the original vertebra shown in Fig. 4(E). In the control
group, a significant amount of autogenous bone remained
inside the spacer. Additionally, abundant calcein-labeled
bone formation was observed inside the novel spacer

Novel spacer

Fig. 4. Typical histological images of the areas inside and surrounding the spacer prepared after the push-out test. (A, B) Inside of the control spacer con-
tained a large amount of bone, with minimal calcein fluorescence. (C) Surrounding tissue after the push-out test of control spacer. (D) Enlarged image of the
squared region represents fragmented bones that are disorderly scattered, which differs from the (E) newly formed bone. (F,G) The trabecular-like bone
resembling the normal trabecular bone penetrated from the ends of the novel spacer and showed calcein fluorescence. (H) Surrounding tissue after the push-
out test of the novel spacer. (I) Enlarged image of the squared part represents anisotropic trabecular-like bone formation, which resembles the (J) normal tra-

becular bone.
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(Fig. 4(G)). The enlarged image of the newly formed bone
shows anisotropic trabecular-like bone mostly aligned
along the cephalocaudal axis (Fig. 4(I)), resembling a nor-
mal trabecular bone (Fig. 4()).

Preferential orientation of collagen and apatite c-axis as a
bone quality

Fig. 5(A) shows the optical and birefringence micros-
copy images obtained near the spacer surface. The bone in
the control spacer (residual autogenous bone) showed a
scattered orientation. In the novel spacer, trabecula-like
bone invaded the center of the spacer along the metal wall,
or HTS, which was parallel to the cephalocaudal axis. The
birefringence images that ordered collagen fibers formed
and were interconnected through the interface between the
novel spacer and bone (Fig. 5(A)). The quantitative distri-
bution of the degrees of collagen fiber orientation and apa-
tite c-axis alignment inside and outside the spacer along the
cephalocaudal axis are shown in Figs. 5(C) and 6, respec-
tively. Measurements were taken at distances of up to 3 mm
outward (minus side) and inward (plus side) from the spacer
surface, and statistical analyses were performed at positions
-1, -0.5, 0, +1, and +2 mm (Fig. 5(B)). The collagen and
apatite orientations were quantitatively determined by

(A) Control

(conventional) spacer Novel spacergi

measuring the distance from the bone/spacer interface. The
data in Figs. 5(C) and 6 show the collagen and apatite orien-
tations depending on the distance from the device surface,
respectively. Each data plot in Fig. 7 corresponds to the
data in Figs. 5(C) and 6 (outside of the novel spacer: 9
points, inside of the novel spacer; 8 points, outside of the
control spacer; 8 points, inside of the control spacer; 8
points, including 4 points as remaining graft bone). As
shown in Fig. 7, the apatite and collagen orientations
showed strong, positive, and significant correlations,
respectively, indicating that the apatite crystallized epitaxi-
ally on the collagen template such that its crystallographic
c-axis was parallel to the elongated direction of the collagen
fiber.

The collagen and apatite orientation inside the control
spacer was significantly low. Moreover, the collagen and
apatite orientation along the cephalocaudal axis was signifi-
cantly reduced on the outer side of the spacer to less than
1 mm from the spacer surface. In contrast, in the novel
spacer, the degree of the apatite orientation along the cepha-
locaudal axis of the regenerated bone inside the spacer was
comparable to that of normal trabecular bone. Importantly,
the apatite orientation was not scattered even near the
spacer surface. Collagen and apatite were preferentially ori-
ented along the cephalocaudal axis within the trabecula,

» outside
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Fig. 5. (A) Histological evaluation and collagen orientation distribution in areas inside and surrounding the spacer. (Left) Typical Villanueva bone staining
images, and (Right) birefringence images at 8 weeks post-implantation. Inset shows osteocytes in the new bone aligned parallel to the groove direction, with
many canaliculi laying orthogonal to the principal stress. (B) Selected analysis region from the outside of the spacer to the inside, indicating the distance
from the device surface. (C) Distribution of the running direction and retardance of the collagen matrix inside and outside of the spacer.
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demonstrating induction of the new bone mimicking native
trabecular bone with an anisotropic trabecula-like macro-
scopic structure and collagen and apatite orientation at the
nanoscale inside the novel spacer at 8 weeks after spacer
implantation.

Factors determining bone/spacer interfacial strength

The correlation between the push-out load and degree of
apatite orientation along the cephalocaudal direction is
shown in Fig. 8. The push-out load was positively corre-
lated with the degree of apatite orientation (R*=0.58,
p<.05). Thus, the bone/spacer interfacial strength was gov-
erned by the apatite orientation, supporting that our design
strategy can induce bone to develop a highly oriented colla-
gen and apatite microstructure.
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Fig. 8. Correlation between the push-out load and degree of apatite orien-
tation along the cephalocaudal direction. The push-out load was positively
correlated with the degree of apatite orientation.

Discussion

An intervertebral spacer with an HTS was designed and
developed, which formed an intact bone-like hierarchically
anisotropic trabecular structure with a macroscopic trabecu-
lar architecture and collagen and apatite orientation at the
nanometer scale. Our novel intervertebral spacer enabled
functional fusion of two adjacent vertebrae by organizing a
new trabecular-like bone with a highly oriented collagen
and apatite alignment along the cephalocaudal axis, to
which principal stress was applied.

Autologous iliac crest bone grafts are the gold standard
in spinal surgery. Autologous bone grafts are used because
of their osteogenic, osteoinductive, and osteoconductive
potential and are predominantly derived from bone marrow
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Fig. 7. Collagen orientation and apatite alignment showed a strong, positive, and significant correlation.
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containing abundant viable bone marrow cells [29]. How-
ever, in the present study, the spacer/bone interface strength
of the box-type spacer with autologous bone graft was sig-
nificantly inferior to that of the novel spacer at eight weeks
after implantation. Autologous bone did not promote osteo-
genesis, remained inside the spacer even at eight weeks
after implantation, and appeared to interfere with bone for-
mation inside the spacer. The properties of the bone at the
spacer/bone interface are important for the bone’s connec-
tion strength and thus the mechanical stability of the spacer.
In the control spacer with an autogenous bone graft, the
degree of collagen and apatite orientation along the cepha-
locaudal axis around the spacer/bone interface was signifi-
cantly lower compared with the novel spacer. Notably, the
collagen and apatite orientation along the cephalocaudal
axis was largely scattered within 1 mm of the outer side of
the spacer. Therefore, at least in the early stages of implan-
tation, autogenous bone may negatively affect the surround-
ing bone, thus delaying mechanical stabilization of the
spacer. The long-term outcomes of spinal spacer instrumen-
tation have been widely evaluated, particularly in clinical
studies. Our results indicate that spacer instability in the
early stages of implantation must be further investigated to
verify the advantages and disadvantages of autologous
bone grafting.

These results are clinically relevant, as the novel
spacer with an HTS induced the formation of high-qual-
ity new bone with high bone/spacer interface strength at
eight weeks post-implantation, indicating functional
fusion between the two vertebrae via the intervertebral
spacer. The HTS shows potential for replacing autolo-
gous bone grafts, as bone formation occurred directly on
the HTS surface, avoiding the bone resorption phase

during which bone formation is inhibited. Thus, acceler-
ated guidance of the bone matrix orientation of collagen
and apatite can be achieved using the HTS. The proposed
intervertebral spacer with an HTS can overcome the limi-
tations of innate regeneration of the oriented bone matrix
microstructure, as shown in Fig. 9. The HTS allows for
immediate texture formation of the regenerated bone
matrix, which cannot occur during the innate recovery
process. Mature regeneration of the anisotropic bone
matrix enables stress transmission from the host bone,
resulting in the formation of fully functionalized verte-
brae. Osteoblast extension and alignment is one factor
leading to the generation of an oriented collagen and apa-
tite microstructure [18,19], which can be induced by an
anisotropic topology with optimal dimensions in the sub-
strate plane [30,31]. Collagen produced by aligned osteo-
blasts is preferentially aligned parallel to the cell body
extension based on the interface mechanical reaction
between myosin II and the cell-produced matrix assem-
bly [23,32]. Osteoblasts have been reported to align on
the substrate grooves fabricated using laser powder bed
fusion [24]. Although we could not directly observe the
alignment of osteoblasts on the HTS in vivo, collagen
and apatite may have been oriented in the groove direc-
tion when osteoblasts were stretched and aligned by the
groove on the HTS. The fact that osteocytes in new bone
are aligned parallel to the groove direction supports that
osteoblasts are also aligned in the groove. In addition,
the through-pore of the HTS extending in the same direc-
tion as the groove allowed for the growth of trabecular
bone in the direction of the pore, resulting in a multiscale
anisotropic structure in which the macroscopic trabecular
architecture and collagen and apatite orientation
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(anisotropic arrangement) inside the trabecula were
superimposed. This multiscale anisotropic structure is
characteristic of functional vertebral trabeculae [17].

The arrangement of osteocytes along the groove direc-
tion (cephalocaudal axis) is directly related to the mechano-
sensory function of these cells. Osteocytes are thought to
sense mechanical stimuli towards bone based on fluid flow
inside the canaliculi [33,34], which is known as the fluid
flow theory. Elongated osteocytes have canaliculi that pref-
erentially align perpendicularly to the elongated direction
of the cell body [35]. Stress is thought to be an important
factor controlling the collagen and apatite orientation in
bone, and the stimulation of osteocytes, as mechanosensory
cells, by stress-induced strain of the bone matrix is involved
in the formation of oriented collagen and apatite micro-
structures [36]. Osteocytes elongated parallel to the cepha-
locaudal axis, to which the principal stress is applied, have
many canaliculi that are orthogonal to the principal stress.
These canaliculi are efficiently collapsed by matrix strain
generated by stress and thus are suitable for stress sensing
based on fluid flow inside the canaliculi [35]. The bone
formed inside the novel spacer exhibited mechanosensory
function, thus enabling the maintenance of long-term bone
health. This is a powerful advantage of the novel spacer,
which can artificially control osteocyte mechanosensory
functions during the long-term implantation period.

This study is limited by the lack of bone density data
before the operation, as it is difficult to noninvasively mea-
sure bone density in large animal models. Additionally, we
did not evaluate the long-term outcomes of novel cage
implantation into the intervertebral space. An important
issue is the stress shielding arising from differences in the
elastic modulus between the bone and implant. Examina-
tion after a longer period to detect fusion, such as at 28
weeks after implantation, should be performed. Designing
and fabricating the device using S-type titanium alloys with
a bone-mimetic low Young’s modulus help resolve these
issues [37]. To overcome these limitations, the desired crys-
tallographic texture can be obtained by controlling the scan-
ning and fabrication strategy during metal 3D printing [38].
The structural and material properties can be controlled to
produce a device with the required functions. Furthermore,
to achieve the biofamiliar 3D-architectural nature of the
organ that can change over time in response to external
stimuli throughout regeneration, advanced 4D-printed med-
ical devices can be produced based on our results.

Conclusion

A novel intervertebral spacer targeting to produce bone
of high quality with a through-pore grooved structure
(HTS) was developed. The novel spacer forms an aniso-
tropic collagen and apatite matrix microstructure along the
through-pore and groove directions, resulting in stabilized
immobilization between the host bone and spacer. In con-
trast to autologous bone, which tends to delay bone

maturation because of the need for resorption before bone
formation, the HTS in the spacer provided a direct scaffold
that guided the bone matrix in the collagen and apatite ori-
entation, enabling functional spinal fusion from an early
stage of implantation. Notably, the spacer exhibited sub-
stantially greater strength at the spacer/host bone interface
compared with that of conventional and gold-standard box-
type spacers with autologous iliac bone grafts. This concept
will enable the design of highly functionalized spinal devi-
ces that can be applied in clinical settings.
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