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Efficacy of Octacalcium Phosphate/Gelatin (OCP/Gel) Composite
Implantation for Miniature Swine Lumbar Interbody Fusion
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Synthetic octacalcium phosphate (OCP) has emerged as a potential precursor for bone apatite crystals,
promoting faster bone formation and better biodegradability compared to hydroxyapatite and B-tricalcium
phosphate materials. Combining OCP with various polymeric biomaterials enhances its ductility, making it
suitable for clinical applications, including dentistry. Preclinical studies on OCP/gelatin (OCP/Gel)
composites have shown excellent osteoconductive and osteoinductive properties, indicating potential for
bone defect repairs. This study investigates the efficacy of OCP/Gel as a filler for lumbar interbody fusion
cages. A miniature swine model underwent surgery using polyetheretherketone (PEEK) cages with
different fillers: no filler, autologous rib, and OCP/Gel. Eight weeks post-surgery evaluations using
computed tomography, histological assessments, and Fourier transform infrared (FT-IR) spectroscopy
revealed that while PEEK cages without fillers showed no bone fusion, those with autologous rib and OCP/
Gel demonstrated partial interbody fusion. Histological analysis indicated new bone growth in cages with
OCP/Gel, and FT-IR spectroscopy confirmed the degradation of OCP at the vertebral interface and
increased bone matrix proteins. The findings suggest that OCP/Gel could be a viable alternative to
autologous bone grafts for lumbar interbody fusion surgeries, offering less invasive and more cost-effective
solutions. The success of OCP/Gel in clinical applications could pave the way for broader use in orthopedic
reconstructive surgeries, potentially eliminating the need for combined use of bone marrow aspirate or

expensive growth factors.
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Introduction

In recent years, advances in the understanding of the
mechanisms of bone induction and improvements in bone
graft substitutes have made synthetic bone an attractive
alternative to autologous bone grafting (Tamai et al. 2002;
Ogose et al. 2006; Suzuki et al. 2006). Currently, available
bone graft substitute options include f-tricalcium phosphate
(B-TCP) (Bohner et al. 2020) and a porous hydroxyapatite/
collagen composite (HA/Col) made from nanoscale HA and
type 1 collagen from pigs (Kikuchi et al. 2001). Animal
models and clinical trials have shown good biodegradability,

high osteoconductivity, and bone regeneration ability when
used to treat defects in long bones (Ogose et al. 2005; Sotome
et al. 2016). In particular, the elastic material properties of
HA/Col are an important characteristic of this bone graft
substitute when used as an interbody fusion cage filler, as
they reduce the risk of the cage falling out when inserted
into the intervertebral disc space (Sotome et al. 2016).

On the other hand, while most bone graft substitute
materials have been proven to be both biocompatible and
osteoconductive, few cases have shown osteoinductive prop-
erties (LeGeros 2002; Giannoudis et al. 2005). Therefore,
there are high expectations for developing materials with
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biologically active bone-inducing properties.

Octacalcium phosphate (OCP) has been proposed as a
precursor of bone apatite crystals (Brown 1966). Previous
studies have shown that (1) synthetic OCP induces faster
bone formation than HA materials and is more biodegrad-
able than S-TCP, but when implanted in various intramem-
branous and long bone defect animal models, its structure is
converted to Ca-deficient HA (Imaizumi et al. 2006;
Kikawa et al. 2009; Miyatake et al. 2009; Murakami et al.
2010; Sato et al. 2019), (2) OCP promotes osteoblast differ-
entiation and osteoclast formation in vitro, while its struc-
ture is converted to a bone apatite crystal-like Ca-deficient
HA (Suzuki et al. 2006; Anada et al. 2008; Takami et al.
2009; Hamai et al. 2022), (3) combining OCP with various
synthetic and natural polymeric biomaterials improves the
ductility of OCP as an alternative material (Handa et al.
2012; Ezoe et al. 2015; Chiba et al. 2016; Ishiko-Uzuka et
al. 2017; Baba et al. 2020; Kawai et al. 2020; Oizumi et al.
2021; Hamada et al. 2022). The OCP/collagen complex has
undergone clinical trials in dentistry and is now available
for clinical practice (Kawai et al. 2020). Preclinical studies
have also reported that OCP/gelatin (OCP/Gel) composites
have excellent osteoconductive and osteoinductive proper-
ties with a better-handling property that can be used to
repair bone defects even in a transcortical defect, and their
future clinical application is expected (Grecula 2022; Mori
et al. 2023). Regarding the handling property, a previous
mechanical testing study has shown that OCP/Gel compos-
ite can be repeatedly deformed under cyclic compressive
strain loading conditions where OCP/Gel composites were
immersed in culture media (Yamada et al. 2015).

There have been reports on the usefulness of HA/Col
bone graft substitutes as filling materials for posterior lum-
bar interbody fusion cages. However, there is still room for
further investigation into the usefulness of these interbody
fusion cage-filling materials (Kushioka et al. 2018; Yoshii
et al. 2021). On the other hand, the advantage of OCP/Gel
is that they are expected to promote interfacial activity and
bone formation due to their excellent conformity to the ver-
tebral endplate. Therefore, OCP/Gel may be more suitable
as filling materials for lumbar interbody fusion cages. This
study aims to clarify the usefulness of the OCP/Gel com-
posite as a filling material for cages used in lumbar inter-
body fusion by examining its osteoinductive and osteocon-
ductive properties in detail in a miniature swine lumbar
interbody fusion model.

Materials and Methods

Preparation of OCP/Gel composite

A residue of OCP has been synthesized using the wet
synthesis method, as described in a previous report (Suzuki
et al. 1991). In brief, OCP was prepared using a wet syn-
thesis method, mixing calcium and phosphate solutions at
65°C to 70°C. During mixing, the degree of supersatura-
tion concerning OCP and HA in the preparation solution
was set in the range of 4 x 10" and 1 x 10", respectively,

whose values were calculated at 25°C (Honda et al. 2007).
The precipitated OCP was separated and washed. The syn-
thetic OCP was subsequently dried and sieved to obtain
granules with particle sizes ranging from 50 pm to 250 um.
The OCP/Gel composites were prepared according to the
method previously reported (Hamada et al. 2022). In brief]
77% by weight of the total weight of OCP was homoge-
nized with the gel solution at 4°C for 24 hours. The OCP/
Gel composite was frozen at —20°C for 24 hours and lyoph-
ilized for 72 hours to form a porous structure. The thermal
cross-linking treatment of the OCP/Gel composites was
carried out under a vacuum at 150°C for 24 hours. OCP/
gel composite material was molded into a 1.5 mm thick
plate and cut to fit inside the cage.

Animals and Surgical procedure

A female Clawn miniature swine was used for the
experiment. A miniature swine weighing 20 kg was
obtained from CLEA Japan (Tokyo, Japan). An anterior
lumbar interbody fusion was performed between three ver-
tebrae. After the surgery, the miniature swine was not
restricted in its behavior. All animal procedures and hus-
bandry were conducted in accordance with the rules estab-
lished by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC), and all experi-
ments were managed and supervised with the permission of
the Tohoku University School of Medicine Animal
Experiment Committee (Protocol No: 2021MdA-107-01).
The miniature swine received a pre-surgical sedation con-
sisting of a muscle injection of xylazine (2.0 mg/kg) and
butorphanol (0.2 mg/kg). After the sedation, the animal
was intubated and then underwent surgery under general
anesthesia with Isoflurane (2.0%). Cephalosporin (1.0 g,
intravenously) was administered as a prophylactic antibiotic
30 minutes before surgery.

The miniature swine was secured in the lateral decubi-
tus position before surgery, and the target level was con-
firmed using fluoroscopic images. A skin incision of
approximately 25 cm was made from above the 15th rib to
the anterior aspect of the L6 vertebra. At the stage where
the external and internal oblique muscles were developed in
the abdomen, the 15th rib was developed and harvested for
subsequent bone grafting. The transverse abdominal mus-
cle was divided bluntly, the transverse abdominal fascia
was dissected posteriorly to create an extraperitoneal space,
and the psoas muscle was exposed. Disc resection was per-
formed at lumbar 2/3 (L2/3), L3/4, and L4/5, and a poly-
etheretherketone (PEEK) cage was inserted into the disc
space. The PEEK cage was fabricated from commercially
available medical grade PEEK material (PEEK-OPTIMA
Natural, Invibio, West Conshohocken, PA, USA) that can
be inserted into the lumbar intervertebral disc space of min-
iature swine. The cage size was 9 mm in width, 20 mm in
length, and 4 mm or 5 mm in thickness, as appropriate. A
cage alone was inserted into the disc space at L2/3, a cage
with an autologous rib was inserted into the disc space at



OCP/Gel Composite for Interbody Fusion 137

L3/4, and a cage with OCP/Gel was inserted into the disc
space at L4/5. After cage insertion, the abdominal muscles
and rectus sheath were carefully sutured, and the skin
closed. Prophylactic cephalosporin (1.0 g, intravenously)
was administered for 1 day postoperatively. All miniature
swine were housed in individual cages and fed a normal
diet.

Computed tomography evaluation

A 16-row multi-slice computed tomography scanner
(Supria, Hitachi, Tokyo, Japan) was used 8 weeks after sur-
gery to observe the changes over time in the miniature
swine’s lumbar interbody fusion. Computerized 3D recon-
struction was performed using 3D analysis software (OsiriX
MD, Bernex, Switzerland), as a previous report (Kogure et
al. 2019).

Non-demineralized histological assessment

Non-calcified sections were prepared to histologically
detect the interbody fusion effect between the PEEK cage
alone, the PEEK cage and autologous ribs, and the PEEK
cage and OCP/Gel-treated vertebral bodies. The lumbar
vertebrae of the miniature swine were cut in the middle of
the vertebrae so that the samples could be evaluated indi-
vidually for each of the L2/3, L3/4, and L4/5 intervertebral
discs. According to the reported procedure, non-calcified
tissue sections were prepared for histological analysis
(Tanaka et al. 2016; Ito et al. 2022; Koguchi et al. 2023).
To explain briefly, the collected implant tissue was immedi-
ately immersed in a 70% ethanol solution and fixed for 5
days. The samples were stained with Villanueva bone
staining for 6 days. The tissue was dehydrated in ethanol in
stages and degreased in a solution of acetone/methyl meth-
acrylate monomer (1:3). The degreased tissue was embed-
ded in methyl methacrylate. The vertebral bodies were cut
along the coronal plane to produce tissue sections 200 um
thick. To obtain sections 40 um thick, the tissue on the
slide was polished using a precision lapping machine
(Maruto Instruments, Tokyo, Japan). Images of the cross
sections were taken using a slide scanner (VS200, Olympus,
Tokyo, Japan).

Fourier Transform Infrared (FT-IR) spectroscopy assessment

The relative distribution of protein and calcium phos-
phate was evaluated using infrared imaging to investigate
the osteogenic effects of OCP/Gel samples implanted in the
vertebrae of miniature swine. Analysis was carried out
using a Hyperion 3000 FT-IR microscope (Bruker Japan,
Yokohama, Japan). After the surface was polished and
adjusted, analysis was carried out on samples in which
PEEK cages and OCP/Gel were implanted into the L4/5
intervertebral disc space. The measurement conditions
were as follows: pixel size of 1 pm/pixel, resolution of 4
cm’', measurement wavelength range of 2,000 to 750 cm™,
number of integrations of 64, and measurement area of 288
pm x 288 um. The evaluation was conducted on the forma-

tion of calcium phosphate and bone matrix protein, which
reflected the contact between the cage and the vertebrae in
the L4/5 intervertebral disc space and the bone formation in
the center of the cage using OCP/Gel.

Results

Computed tomography

Computed tomography images taken 8 weeks after
interbody fusion surgery showed no evidence of bone
fusion with the PEEK cage without bone graft or bone graft
substitute. However, the combination of the PEEK cage
and autologous rib graft showed evidence of partial interbody
fusion, and the combination of the PEEK cage and OCP/Gel
also showed evidence of partial interbody fusion (Fig. 1).

Non-demineralized histological assessment

No signs of interbody fusion were observed in the
PEEK cage without bone graft or bone graft substitute, and
only fibrous tissue growth was observed. In interbody
fusion using autologous ribs and a PEEK cage, new bone
was observed in the intervertebral disc space in addition to
the autologous ribs. In interbody fusion using an OCP/Gel
and a PEEK cage, vigorous new bone was observed from
the contact surface of the vertebrae to the margins of the
PEEK cage and OCP/Gel placed in the intervertebral disc
space. Furthermore, findings inside the PEEK cage sug-
gested bone formation, and the OCP granules were resorbed
and irregular in size. OCP/Gel may induce bone formation
inside the PEEK cage (Fig. 2).

FT-IR spectroscopy assessment

Fig. 3 shows the image measurement results of the cen-
tral part of the PEEK cage implanted with OCP/Gel. The
relative distribution is visualized by mapping the absorption
intensity ratio divided between the amide I and phosphate
groups. The accumulation area of the phosphate group,
indicating OCP particles, is large, while the accumulation
area of the amide I group, suggesting bone matrix-derived
proteins, is small.

Fig. 4 shows the IR spectra extracted from the arrowed
points (black, green, and red arrows) in the imaging mea-
surement results in Fig. 3. Peaks mainly derived from
acrylic embedding resin (indicated in the Figure), amide I
(around 1,650 cm™ and 1,550 cm™), and phosphate groups
(around 1,020 cm™") were observed in each area.

Fig. 5 shows the results of imaging measurements of
the contact surface between the adjacent vertebrae and the
PEEK cage with the OCP/Gel implanted. As with Fig. 3,
the imaging shows the relative distribution by mapping the
absorption intensity ratio divided between the absorption
intensities derived from amide I and phosphate groups. The
area of accumulation of phosphate groups, which suggests
OCP granules, is small, and the area of amide I, which sug-
gests bone matrix-derived proteins, is larger than in Fig. 3.

The IR spectra extracted from the arrowed points
(black, green, red, and yellow arrows) shown in the imag-
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Fig. 1. Computed tomography images.

A, B: Coronal and sagittal images of lumbar Interbody fusion with PEEK cage. C, D: Coronal and sagittal images of lumbar Inter-
body fusion with PEEK cage and autologous rib. E, F: Coronal and sagittal images of lumbar Interbody fusion with PEEK cage and
OCP/Gel. Eight weeks after surgery, partial bone fusion (indicated by yellow arrowheads) was observed following the implantation
of autologous bone or the OCP/Gel composite in a PEEK cage for lumbar fusion. Gel, gelatin; OCP, octacalcium phosphate; PEEK,
polyetheretherketone.

Fig. 2. Non-demineralized histological assessment.

A, B: Lower and higher magnification histological images of lumbar Interbody fusion with PEEK cage. C, D: Lower and higher
magnification histological images of lumbar Interbody fusion with PEEK cage and autologous rib. E, F: Lower and higher magnifica-
tion histological images of lumbar Interbody fusion with PEEK cage and OCP/Gel. Using a cage implanted with autologous bone or
the OCP/Gel composite, new bone (indicated by yellow arrowheads) was observed forming at the interface between the PEEK cage
and the vertebral body. Residual OCP (green arrows) showed varying degrees of biodegradation and appeared in different sizes. New
bone formation was also confirmed around the OCP near the vertebral body interface. Scale bars indicate 2 mm in A, C, and E and
500 um in B, D, and F. Gel, gelatin; OCP, octacalcium phosphate; PEEK, polyetheretherketone.
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Fig. 3. FT-IR analysis of the inside of PEEK cage and OCP/Gel implantation site.
The mapping of the ratio of amide I to phosphate and its reciprocal are shown. FT-IR, Fourier transform infrared; Gel, gelatin; OCP,
octacalcium phosphate; PEEK, polyetheretherketone.
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Fig. 4. IR spectra extracted from arbitrary locations inside of PEEK cage OCP/Gel filled.
Each graph shows the spectra of the arrowed sites shown in Fig. 3. Peaks suggestive of amide I, phosphate, and acrylic embedding
resin (black marks) are shown. IR, infrared; Gel, gelatin; OCP, octacalcium phosphate; PEEK, polyetheretherketone.
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Fig. 5. FT-IR analysis of the surface area of PEEK cage and OCP/Gel implantation site.
The mapping of the ratio of amide I to phosphate and its reciprocal are shown. FT-IR, Fourier transform infrared; Gel, gelatin; OCP,

octacalcium phosphate; PEEK, polyetheretherketone.
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Fig. 6. IR spectra extracted from arbitrary locations in the surface area of PEEK cage OCP/Gel filled.
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resin (black marks) are shown. IR, infrared; Gel, gelatin; OCP, octacalcium phosphate; PEEK, polyetheretherketone.



OCP/Gel Composite for Interbody Fusion

141

Table 1. Absorption intensity from arbitrary location within the PEEK cage OCP/Gel filled area.

Inside Cage
Absorption Intensity Absorption Intensity Ratio
Phosphate (1,020 cm™)  Amide I (1,662 cm™)  Phosphate (1,020 cm™) / Amide I (1,662 cm™)
Black arrow 0.3426 0.0199 17.17
Green arrow 0.2002 0.0312 6.41
Red arrow 0.0268 0.0323 0.83
Surface area
Absorption Intensity Absorption Intensity Ratio
Phosphate (1,017 cm™)  Amide I (1,659 cm™)  Phosphate (1,017 cm™) / Amide I (1,659 cm™)
Black arrow 0.2671 0.0133 20.05
Green arrow 0.2919 0.0408 7.14
Red arrow 0.0106 0.0436 0.24
Yellow arrow 0.1658 0.0261 6.34
80000 -
Il Phosphate
Amide I
60000 -
£
S 40000
7}
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Fig. 7. Accumulated scores of amide I and phosphate ratio for OCP/Gel

filled PEEK cage internal and surface regions.

In the mapping of amide I/phosphate groups in Figs. 3 and 5, the composite values after binarization within the imaging measurement

area were compared for (1) an intensity ratio of less than 0.1, which

“1»

is defined as a phosphate group and its value is “1”, and (2) an in-

tensity ratio of 0.2 or greater, which is defined as an amide I group and its value is “1”, respectively.

ing measurement results in Fig. 5 are shown in Fig. 6. At
each location, peaks mainly derived from acrylic embed-
ding resin (marked in the Figure), amide I (around 1,650
cm™ and 1,550 cm™), and phosphate groups (around 1,020
cm’™") were observed.

Table 1 shows the quantitative values of the absorption
intensities of the phosphate group (around 1,020 cm™) and
amide I (around 1,650 cm™) for the arrowed parts of Figs. 3
and 5, and the ratio of the absorption intensities of the phos-
phate group (around 1,020 cm™) and amide I (around 1,650
cm™) for each.

Fig. 7 shows the results of the quantitative analysis of
the proportions of phosphate and amide I within the imag-
ing measurement area. Specifically, in the mapping of
amide I/phosphate groups in Figs. 3 and 5, (1) when the
intensity ratio is defined as less than 0.1 as the phosphate
group and the value is set to “1”, (2) when the intensity

ratio is defined as 0.2 or more as the amide I group and the
value is set to “1”, the combined values after binarization
within the imaging measurement area were compared for
each. Analysis of the inside of the cage with OCP/Gel
implanted showed that there was a slightly higher level of
amide I compared to phosphate. On the other hand, the for-
mation of amide I was high near the contact surface
between the cage and the vertebral body when using OCP/
Gel, suggesting the presence of abundant bone matrix-
derived proteins.

Discussion

In this study, computed tomography analysis and his-
tological analysis of non-decalcified specimens confirmed
that interbody fusion using a PEEK cage with OCP/Gel did
not differ significantly from interbody fusion using a PEEK
cage with autologous rib in terms of bone fusion. In addi-
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tion, FT-IR analysis of OCP/Gel inside the PEEK cage
placed in the disc space confirmed a decrease in phosphate
groups due to degradation of OCP at the contact surface
with the vertebral body and an increase in bone matrix pro-
teins due to OCP-induced osteogenesis. In the analysis of
OCP/Gel in the center of the PEEK cage, an increase in
amide I reflecting bone matrix formation was observed,
indicating that OCP/Gel may be effective not only for direct
implantation in bone but also for implantation in the PEEK
cage in the intervertebral disc space. When examining the
results of the FT-IR spectrum, it is possible that the phos-
phate group band around 1,020 cm™ also includes a contri-
bution from bone apatite crystals derived from new bone.
The authors interpreted the peak at this frequency as being
due to phosphate groups derived from OCP, but by consid-
ering the formation of new bone at week 8, it can also be
interpreted as including phosphate groups from bone apa-
tite. Therefore, when considered together with the appear-
ance of Amide I, it suggests that OCP is being broken down
while promoting the formation of apatite. The induction of
new bone tissue observed even in the center of the PEEK
cage may be derived from the capability of orthotopic bone
formation that OCP initiates new bone formation from its
own surface even at a location far from the existing bone
(Imaizumi et al. 2006; Kikawa et al. 2009) which is due to
not only the accumulation of mesenchymal stem cells
around the material surface but also the stimulatory capac-
ity toward osteoblastic differentiation from mesenchymal
stem cells (Okuyama et al. 2022).

Lumbar interbody fusion is commonly used to treat
degenerative spinal diseases. The ideal bone graft material
for interbody fusion requires osteoinductivity, osteoconduc-
tivity, and excellent mechanical properties. Ilium bone
grafts have all the characteristics necessary for an ideal
bone graft, such as trabecular structure as a bone conduc-
tion scaffold, osteoinductive bone morphogenetic proteins,
and osteogenic cells, so they have been used for a long time
(Banwart et al. 1995; Galimberti et al. 2015). However,
due to the limited amount that can be harvested (Myeroff
and Archdeacon 2011) and the serious complications asso-
ciated with IBCG harvesting, there is a growing interest in
finding alternative transplant materials (Banwart et al. 1995;
Yoshii et al. 2021). Good clinical results have been
reported for lumbar interbody fusion surgery using syn-
thetic bone in which bone morphogenetic protein 2 is used
in combination with HA/Col (Kushioka et al. 2018) or arti-
ficial bone in which bone marrow aspirate is used in combi-
nation with HA/Col, implanted in a cage (Yoshii et al.
2021). However, compared to autologous iliac bone graft-
ing, the collection of bone marrow aspirate is minimally
invasive, but ideally, equivalent results should be obtained
with only high-performance synthetic bone graft substi-
tutes. The results of this study indicate that OCP/Gel may
be useful in cage-based interbody fusion surgery without
the need for invasive bone marrow aspiration or expensive
growth factors like bone morphogenetic protein 2.

On the basis of the promising results of the OCP/Gel
combination (Hamada et al. 2022) and in view of its clini-
cal application in dental reconstructive surgery (Kawai et
al. 2020), a careful step-by-step approach to clinical trials
should be taken. A small case series using autologous bone
grafting as a control should be the first step in clinical trials.
Another good place to start is with a small randomized con-
trolled trial using the OCP/Gel composite in stable bone
defects that occur after fracture treatment implant removal
and curettage of benign bone lesions. The control group
should include an autograft and/or another calcium phos-
phate substitute that is Japanese pharmaceuticals and medi-
cal devices agency-approved and has established clinical
and radiologic results. After convincing results are
observed in the first stage of clinical trials, subsequent clini-
cal trials may be expanded to include larger defects, such as
those associated with trauma or encountered during recon-
structive surgery. Alternatively, they may become available
for use in lumbar interbody fusion surgery.

Conclusion

The study explored the effectiveness of a PEEK cage
combined with OCP/Gel for lumbar interbody fusion, com-
paring it to a PEEK cage with an autologous rib in a minia-
ture swine interbody fusion model. Results from computed
tomography and histological analyses showed no significant
difference in interbody fusion between the two fillers.
Further, FT-IR analysis revealed that the OCP/Gel inside
the PEEK cage underwent phosphate group degradation at
the interface with the vertebral body, and there was an
increase in bone matrix proteins, suggesting OCP-induced
osteogenesis. Additionally, an increase in amide I in the
OCP/Gel at the center of the cage indicated bone matrix
formation, supporting the potential of OCP/Gel for use not
only in direct bone implantation but also within PEEK
cages in the intervertebral disc space. Our research also
suggests that OCP/Gel is an excellent synthetic bone graft
substitute with clinical applications.
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