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ABSTRACT 

 

Synergistic Enhancement of Spinal Fusion in Preclinical Models Using 

Low-Dose rhBMP-2 and Stromal Vascular Fraction in an Injectable 

Hydrogel Composite 

 
 

 

 
 

 

Spinal fusion surgery remains a significant challenge due to limitations in current bone graft 

materials, particularly in terms of bioactivity, integration, and safety. This study presents an 

innovative approach using an injectable hydroxyapatite/β-tricalcium phosphate (HA/β-TCP) 

hydrogel combined with stromal vascular fraction (SVF) and low-dose recombinant human BMP-2 

(rhBMP-2) to enhance osteodifferentiation and angiogenesis. Through a series of in vitro studies 

and preclinical models involving rats and minipigs, we demonstrated that the hydrogel system 

enables the sustained release of rhBMP-2, resulting in significantly improved bone density and 

integration, alongside reduced inflammatory responses. The combination of rhBMP-2 and SVF in 

this injectable formulation yielded superior spinal fusion outcomes, with enhanced mechanical 

properties and increased bone mass in both small and large animal models. These findings suggest 

that this strategy offers a promising and safer alternative for spinal fusion, with strong potential for 

clinical application. 

 

 

 

 

 

 

 

 

                                                                                

Key words : Injectable Putty, Stromal Vascular Fraction, Low-dose recombinant human BMP-2, 

Osteodifferentiation and Angiogenesis, Synergy, Spinal Fusion Surgery, Preclinical Models 
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1. Introduction 

Spinal fusion surgery, a widely employed intervention for diverse spinal disorders, involves 

the fusion of adjacent vertebrae to enhance spinal stability. This surgical approach is used to treat 

conditions ranging from traumatic spine fractures and metastatic spine tumors to spinal 

deformities and degenerative spinal diseases, including spinal stenosis, herniated intervertebral 

discs, spondylolisthesis, and spinal instability1-3. Although the autologous bone graft (ABG) 

remains the gold standard for spinal fusion, it is associated with several limitations, including 

donor site morbidity, infection risks, and limited graft availability, which often lead to patient 

discomfort and prolonged recovery times. These drawbacks have prompted the exploration of 

alternative bone graft substitutes, such as allografts, ceramic-based grafts, demineralized bone 

matrix, and growth factor-based grafts4.  

Among the alternatives, bone morphogenetic proteins (BMPs), members of the transforming 

growth factor-beta (TGF-β) superfamily, particularly BMP-2, have gained significant attention 

for their potent osteoinductive properties5,6. However, BMP-2 has a short half-life, requiring an 

efficient delivery system to maximize its osteogenic potential. Recombinant human BMP-2 

(rhBMP-2), commercially available in formats such as rhBMP-2 infused into an absorbable 

collagen sponge (INFUSETM), has demonstrated fusion rates comparable to ABG in clinical 

studies7-10. Despite these benefits, high-dose rhBMP-2 use has been linked to complications, such 

as inflammation, ectopic bone formation, osteolysis, and potential tumor formation11-13. These 

adverse effects are often attributed to the initial burst release and the supraphysiologic doses of 

rhBMP-2 used in many clinical applications. To mitigate these risks, it is crucial to develop a 

delivery system that can provide sustained, controlled release of rhBMP-2 at lower doses while 

maintaining its osteoinductive activity. This would enhance the therapeutic safety profile and 

broaden the clinical applicability of rhBMP-2.  

To address the need for sustained rhBMP-2 release, calcium phosphate-based ceramics, such 

as hydroxyapatite (HA, Ca10(PO4)6(OH)2) and tricalcium phosphate (TCP, Ca3(PO4)2), have been 

widely explored as potential carriers due to their excellent biocompatibility and osteoconductive 

properties14,15. These materials mimic the chemical composition of bone, promoting bone 

regeneration and osseointegration. In particular, the combination of HA and β-TCP offers a 

balanced resorption profile, with HA providing long-term structural stability and β-TCP 

facilitating a gradual release of calcium and phosphate ions essential for bone formation15-17. By 

adjusting the HA/TCP ratio, a controlled degradation rate can be achieved, optimizing the 

sustained release of rhBMP-2 and supporting the bone remodeling process. This strategy provides 

a stable environment for bone regeneration, which is critical for effective spinal fusion. 

In addition to ceramic carriers, hydrogels have emerged as promising candidates for delivering 

bioactive factors such as rhBMP-2 in minimally invasive spinal fusion procedures18,19. Hydrogels 

consist of hydrophilic polymer networks that create a biomimetic environment, facilitating 
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cellular infiltration and molecule diffusion20. Poloxamer 407 and hydroxypropyl methylcellulose 

(HPMC) are two biodegradable polymers widely used in pharmaceutical formulations due to their 

low toxicity, biocompatibility, and controlled release properties21-25. These materials, when used 

in combination, create a hydrogel matrix that prevents the initial burst release of rhBMP-2 and 

ensures a sustained release over time. This property is essential for reducing the side effects 

associated with high-dose rhBMP-2 while maintaining its osteogenic activity. 

While the sustained release of rhBMP-2 is crucial for enhancing bone formation, successful 

spinal fusion also requires adequate vascularization to ensure nutrient supply and tissue 

integration. Adipose-derived SVF, a heterogeneous collection of cells isolated from adipose tissue, 

has shown great potential in promoting both osteogenesis and angiogenesis26,27. SVF contains 

adipose-derived stem cells (ADSCs) that can differentiate into osteoblasts, as well as endothelial 

progenitor cells that support angiogenesis28-31. Additionally, SVF's anti-inflammatory and 

immunomodulatory properties make it an attractive candidate for enhancing bone remodeling and 

tissue healing in spinal fusion procedures. However, despite these promising properties, the 

synergistic potential of SVF and rhBMP-2 for promoting both bone formation and 

neovascularization has not been thoroughly investigated, which provides a key motivation for our 

study. 

In a previous study conducted32, we investigated the feasibility of using a putty-type carrier 

composed of HA/B-TCP, poloxamer 407, and HPMC to load 500 µg/level and 1,000 µg/level of 

rhBMP-2 in a minipig OLIF model. The results confirmed the predicted outcomes of fusion in 

both groups at 8weeks. However, the study had limitations due to the absence of a gold standard 

autologous iliac crest bone graft (ICBG) comparison group. Additionally, other feasibility studies 

have been conducted at lower rhBMP-2 doses in the SD rat model, as noted in papers by 

Dr.Kaito33 Furthermore, we aimed to explore the synergistic effect of low-dose rhBMP-2 on 

neovascularization and bone differentiation following SVF treatment of bone defects. 

Building upon the known limitations of high-dose rhBMP-2, such as its associated risks of 

inflammation, ectopic bone formation, and other side effects, our study aims to evaluate a safer 

and more effective approach by combining low-dose rhBMP-2 with SVF. This combination is 

expected to enhance both osteogenesis and angiogenesis, which are critical processes for 

successful spinal fusion. In our previous research, a putty-type carrier system composed of HA/β-

TCP, Poloxamer 407, and HPMC demonstrated promising outcomes in a minipig oblique lateral 

interbody fusion (OLIF) model. However, this study lacked direct comparison with the 

autologous iliac crest bone graft (ICBG), the clinical gold standard. 

To address these gaps, this study investigates the synergistic effects of low-dose rhBMP-2 and 

SVF through a comprehensive series of experiments. We evaluated their osteogenic and 

angiogenic properties through in vitro studies, followed by in vivo assessments in rat PLF and 

minipig OLIF models, providing robust insights into the safety, efficacy, and clinical relevance 

of this approach. This research not only validates the potential of low-dose rhBMP-2 combined 
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with SVF for bone regeneration but also explores its feasibility as a next-generation biological 

scaffold for spinal fusion, offering a potentially safer alternative to traditional high-dose BMP-2 

therapies. 

 

2. Materials and Methods 

2.1. Experimental Design 

This study employed a multi-phase approach to investigate the synergistic effects of low-dose 

recombinant human bone morphogenetic protein-2 (rhBMP-2) and SVF on spinal fusion, aiming 

to optimize the clinical application of these materials. The study utilized an injectable bone graft 

material (BGM) comprising HA granules, β-TCP microspheres, and a hydrogel mixture designed 

to facilitate the sustained release of rhBMP-2. The BGM was combined with SVF, isolated from 

the patient’s adipose tissue, to enhance osteodifferentiation and angiogenesis, both in vitro and in 

vivo. 

In Vitro Studies: Osteodifferentiation and Angiogenesis 

The initial phase of the study assessed the osteodifferentiation and angiogenic potential of the 

combination of rhBMP-2 and SVF using in vitro assays. Human mesenchymal stem cells (hMSCs) 

and rat SVF cells were cultured individually or in combination. Osteodifferentiation was 

evaluated by measuring markers such as alkaline phosphatase (ALP) activity, while angiogenesis 

was assessed through tube formation assays and CD31 expression. 

Rat Posterolateral Fusion (PLF) Model: Animal Surgery 

In the second phase, the in vivo effects of BGM combined with rhBMP-2 and SVF were tested 

using a rat model of posterolateral fusion (PLF). The rats were divided into four groups: a control 

group with HA/β-TCP alone, and three experimental groups with HA/β-TCP combined with 

either rhBMP-2, SVF, or both. Following PLF surgery, where the composite bone graft material 

was implanted at the lumbar level, the rats were observed for 8 weeks. Afterward, they were 

sacrificed, and spinal tissues were harvested for biomechanical testing and histological analysis 

to evaluate bone fusion and the quality of the newly formed bone. 

Minipig Oblique Lateral Interbody Fusion (OLIF) Model: Clinical Translation 

The final phase of the study involved a minipig model of oblique lateral interbody fusion (OLIF) 

to assess the translational potential of the findings. This model closely mimics human spinal 

fusion surgery, allowing for the evaluation of the clinical applicability of the combined treatment 

approach. Minipigs are divided into three groups: Autologous Bone Graft (ABG), Novosis 

Putty™ with rhBMP-2, and Novosis Putty™ with both rhBMP-2 and SVF. 

The effectiveness of spinal fusion is measured through kinematic testing, micro-computed 

tomography (micro-CT), and histological analyses at 8 and 16 weeks post-surgery. 

The outcomes of the minipig model are intended to validate the in vitro and rat model findings 
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and provide insights into the potential for clinical application in human spinal fusion procedures. 

 

2.2. Preparation of composite injectable Bone Graft Material (BGM) 

Composition 

The composite bone graft material (BGM) was meticulously prepared to ensure reproducibility 

and consistency across all experiments. The BGM utilized in this study is a proprietary 

formulation known as Novosis Putty™, provided by CGBio Co., Ltd (CG Bio Co., Ltd, 

Seongnam-si, Gyeonggi-do, Republic of Korea). Novosis Putty is a kit product comprising 

Hydroxyapatite (HA), B-TCP/hydrogels (TH composite), rhBMP-2, and WFI (Water for 

Injection). The product is designed to be reconstituted into a putty formulation immediately before 

use by mixing its components. In this product, rhBMP-2 is dissolved in WFI, while HA and B-

TCP/hydrogels act as bone graft materials to deliver rhBMP-2. The final Novosis Putty is 

designed to contain 0.4 mg of rhBMP-2 per volume (cc) of bone graft material. Novosis Putty is 

an injectable, putty-type bone graft material specifically designed for easy insertion into interbody 

cages (Figure 5, A). Its application and formulation have been previously introduced in earlier 

studies34-36. The characteristics of each component are detailed below: 

HA Granules (Hydroxyapatite): HA granules, with a diameter range of 600 µm to 1.0 mm 

and a porosity of approximately 70% with 99% connectivity, served as the primary scaffold 

material. These granules were specifically designed to provide mechanical strength and support 

cellular infiltration during bone regeneration. 

TH Composite (β-TCP Microspheres and Hydrogel Mixture): The TH composite consisted 

of β-TCP microspheres, with diameters ranging from 45-75 µm and a porosity of about 68%, 

combined with a hydrogel mixture made of Poloxamer 407 (BASF Canada Inc., British Columbia, 

Canada) and HPMC (Spectrum Chemicals and Laboratory Products, Gardena, CA). Poloxamer 

407 is a biodegradable, non-toxic polymer known for its temperature-dependent thermal 

conformation, while HPMC helps maintain the hydrogel structure34,37-39. Together, these 

components in a 1:1 weight ratio promote the slow and sustained release of rhBMP-2, ensuring a 

controlled delivery within the BGM. 

rhBMP-2 Preparation: Recombinant human bone morphogenetic protein-2 (rhBMP-2) used in 

this study was derived from E. coli (Daewoong pharmaceutical co. ltd, Republic of Korea.), and 

there was no significant difference in clinical indicators compared to CHO cell-derived rhBMP-2, 

a more commonly-used mammalian hydrogel34,37-39. Also, both rhBMP-2s posed no side effects or 

abnormalities including wound infection and neurological symptoms40-42. The rhBMP-2 powder 

was provided in a lyophilized form to ensure stability and ease of handling. 

WFI (Water for Injection): WFI ensures sterility and acts as a solvent for the preparation of 

rhBMP-2.  

This carefully designed formulation was used in all subsequent in vitro and in vivo experiments, 
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ensuring the controlled and sustained release of rhBMP-2 for effective bone regeneration. 

 

2.3. In Vitro Assays 

2.3.1. Enzyme-linked immunosorbent assay (ELISA) 

ELISA was performed to confirm the rhBMP-2 release mode according to the composition 

ratio of HA and TH. BGM containing 4 μg of rhBMP-2 was used to fill the inserts of a six-well 

insert system (pore size = 0.4 μm; SPL Life Sciences, Pocheon, Korea) with HA and hydrogel 

ratios of 1:2 and 2:3. Phosphate-buffered saline (PBS, Hyclone, Logan, UT, USA) was used as a 

buffer to fill the well plate. The amount of rhBMP-2 secreted across the insert membrane was 

quantified at 12 hours and 1, 2, 4, 7, 14, and 24 days. Quantitation was performed according to 

the prescribed procedure of the human BMP-2 ELISA kit (RHF913CKX, Antigenix America Inc., 

Melville, NY, USA). Measurements were obtained at 450 nm using a microplate reader 

(Synergy™ HTX Multi-Mode Microplate Reader, BioTek Instruments, Winooski, VT, USA). 

 

2.3.2. Cell Culture 

After obtaining rat neck adipose tissue, the cells were reacted with 0.2% type I collagenase (in 

Hanks' balanced salt solution) in a water bath at 37 °C for 60 minutes, neutralized with 10% fetal 

bovine serum (FBS)/Dulbecco's Modified Eagle Medium (DMEM), and sorted through a 70-µm 

cell strainer. Red blood cells were lysed with ammonium chloride potassium lysing buffer for 3 

minutes and centrifuged at 800 g for 10 minutes at 4 °C to obtain SVF pellets. SVF pellets were 

then resuspended in DMEM supplemented with 10% FBS and 1% P/S medium and 

subcultured43,44. Isolated rat adipose tissue-derived SVF (rSVF cells) cells were used in vitro 

experiments. 

hMSCs derived from adipose stem cells (R7788115; Invitrogen, Carlsbad, CA, USA) were 

seeded in a culture plate with a MesenPRO RS™ Medium kit (12746012; Gibco, Grand Island, 

NY, USA) and cultured in a humidified environment with 5 % CO2 at 37 °C.  

The two cell lines were seeded in six-well plates (6.3 × 103 cells/cm2) individually or jointly. 

Additionally, to confirm the effect of rhBMP-2 on the cells, BGM was added to the Transwell to 

induce the sequential release of rhBMP-2. The medium was changed two times per week for 3 

weeks. 

 

2.3.3. Osteodifferentiation 

To analyze the osteogenic potential of composites, cells, and rhBMP-2, hMSCs and rSVF cells 

were seeded (5 × 103 cells/cm2) in 24-well plates. BGM was added to the insert system during 

ELISA, and the cells were allowed to differentiate for 1–3 weeks. The range of 1–3 weeks was 

chosen to capture different stages of osteodifferentiation and observe both early and late markers 
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of osteogenesis. Osteogenic differentiation is a gradual process, and evaluating multiple time 

points helps provide a more comprehensive understanding of how the composites, cells, and 

rhBMP-2 influence differentiation over time. By examining intervals within this range, we can 

identify temporal patterns in marker expression and activity, which may not be apparent if only a 

single endpoint were selected. 

For the alkaline phosphate (ALP) activity assay, cells were harvested, washed with PBS 

(Hyclone), and resuspended in assay buffer. The cells were homogenized rapidly and centrifuged 

for 3 minutes at 4 °C at 13,000 g. The supernatant was collected, transferred to a new tube, and 

dispensed into a well plate. MUP Reaction Mix (MUP substrate + assay buffer), was added, and 

the samples were protected from light and incubated for 30 minutes at 25 °C. After adding Stop 

Solution, the samples were shaken gently and measured using a fluorometric microplate reader 

(VARIOSKAN LUX, Thermo Fisher Scientific Inc., Waltham, MA, USA) at excitation/emission 

wavelengths of 360/440 nm. All experiments were performed using the included reagents 

according to the protocol provided in the Alkaline Phosphatase Assay Kit (ab83371, abcam, 

Cambridge, MA, USA). 

For Alizarin red staining, cells were washed with 1X DPBS (Hyclone) and fixed with 10% 

formalin for 20 minutes. After fixation, the cells were washed three times with DPBS for 3 

minutes. Then, the cells were stained with 2% Alizarin Red S solution (Sigma-Aldrich, St Louis, 

MO, USA) for 5 to 30 minutes and washed three times with distilled water for 3 minutes. The 

cells were dried for 1–2 days to remove moisture at room temperature.  

Expression of Runt-related transcription factor 2 (RUNX2, ab76956, 1:100, abcam) and 

osteocalcin (OCN, ab13418, 1:100, abcam) was confirmed by immunocytochemical staining. 

 

2.3.4. Angiogenesis and tubule formation assay  

hMSCs and rSVF cells were plated and seeded (5 × 103 cells/cm2) individually or jointly in 24-

well plates coated with Matrigel (356234, Corning, NY, USA). The cells were incubated in the 

appropriate medium for 1 day, and the medium was replaced with EGM™-2 basal medium (CC-

3156, Lonza, Allendale, NJ, USA) and EGM™-2 singleQuots®  supplements (CC-4176, Lonza) 

medium the next day. After 1 week in culture, the cells were stained with a CD31 antibody 

(ab124432, 1:400; abcam) for confirmation, and after 2 weeks in culture, they were stained with 

2 μg/ml calcein AM (Thermo Fisher Scientific Inc.) to measure branch points and total tube length. 

 

2.3.5. Quantitative reverse transcription-polymerase chain reaction 

(RT-qPCR) 

The total RNA from the sample was isolated using TRIzol reagent (Thermo Fisher Scientific 

Inc.), following the manufacturer's instructions. The RNA pellet was resuspended, and the RNA 

concentration was determined. The RNA from each sample was reverse-transcribed using 
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amfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT, Barker, TX, USA) in duplicate. 

PCR was performed using Power SYBR®  Green PCR Master Mix (Thermo Fisher Scientific Inc.) 

with a QuantStudio 3 real-time PCR instrument (Applied Biosystems, Foster City, CA, USA). 

The PCR conditions were as follows: 50 °C for 2 minutes; 95 °C for 3 minutes; 40 cycles of 95 °C 

for 5 s, 60 °C for 30 s, and 95 °C for 15 s; and 60 °C for 1 minute.  

The following primers were used: CD31 F: 5’CTGAGGAAAGCCAAGGCCAAG3’ and R: 

5’TGTTGGAGTTCAGAAGTGG3’; VEGF-A F: 5'ACTGGACCCTGGCTTTACTG3' and R: 

5'CTGCTCCCCTTCTGTCGT3'; Angiophoietin-1 F: 5'ATGCGCCCTTATGCTAACAG3' and 

R: 5'TTTAGATTGGAAGGGCCACA3'; and GAPDH F: 5'TGCACCACCAACTGCTTAGC3' 

and R: 5'AGGGGCCATCCACAGTCTTC3'. GAPDH was employed as an internal control. The 

2ΔΔCt method was used to analyze the relative expression of genes. 

 

2.3.6. Immunocytochemistry  

The cells were fixed in a 4 % paraformaldehyde solution for 10 minutes, washed, and 

permeabilized carefully with 0.3% Tween 20 (Sigma-Aldrich) in PBS solution. The cells were 

then blocked with 10 % normal donkey serum in 0.3 % Triton X-100 (Sigma-Aldrich) for 1 hour 

to reduce the nonspecific background noise. The blocked cells were incubated overnight at 4 °C 

with primary antibodies diluted in the blocking solution. Then, the samples were washed three 

times with 0.3 % Tween 20 in PBS and treated with species-specific secondary antibodies for 1 

hour at room temperature. After antibody labeling, the cells were washed with 0.3 % Tween 20 

in PBS, and nuclei were stained with a mounting solution containing DAPI (Vector Laboratories, 

Inc., Burlingame, CA, USA). Fluorescent images were captured using a confocal laser microscope 

(LSM700; Carl Zeiss, Oberkochen, Germany). 

 

2.4. In Vivo Studies: Surgical Techniques and Post-Operative Analyses 

2.4.1. Preparation of human adipose tissue-derived SVF cells for 

animal transplantation  

hSVF (human adipose tissue derived SVF) cells used for in vivo studies were isolated with an 

automatic hSVF extraction device (Cellunit, CGBio Co.). The adipose tissue used in the 

experiment was collected from the abdominal fat of women aged 39 to 60 years, refrigerated at 

4 °C immediately after collection, and used within 24 hours. SVF cells were harvested using the 

Cellunit and prepared by diluting 1.5 × 105 cells for posterolateral fusion (PLF) and 5 × 106 cells 

for OLIF in 100 μl of PBS (Hyclone). Only cells that passed serology evaluation were used. 

Furthermore, all experiments were performed according to established protocols, with the consent 

of all patients, and in accordance with established standards of the Severance Hospital 

Institutional Review Board (approval number: 4-2020-1121). 
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2.4.2. Rat PLF model 

In this study, 48 male Sprague-Dawley rats (200 ± 10 g) were divided into four groups, and 

PLF was performed bilaterally at lumbar level 4–5. All animal care and surgeries were performed 

in accordance with Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) regulations and were managed and supervised with Institutional Animal Care and 

Use Committee (IACUC; protocol number: 2020-0326) approval. Rats were anesthetized with a 

general anesthetic (100 mg/kg; ketamine, Yuhan, Seoul, Korea) and a muscle relaxant (10 mg/kg; 

Rompun, Bayer, Leverkusen, Germany) via intraperitoneal injection, followed by administration 

of a respiratory anesthetic (Isotroy 100, Troikaa Pharmaceuticals Ltd, Gujarat, India) to maintain 

anesthesia. Rats were fixed in a prone position, and muscle and bone were separated at lumbar 

level 4–5 based on the position of the iliac bone. The surface of the neural arch between the 

mammillary and transverse processes was decorticated using an electric drill or scalpel to remove 

the cortical bone and expose the cancellous bone. Initially, hSVF cells (1.5 × 105 cells/100 μl) 

were spread in the target region, and BGM (rhBMP-2, 0.4 mg/cm3) was transplanted. Then, the 

muscle was sutured, and antibiotics were administered (5 mg/kg; cefazoline, Chong Kun Dang 

Pharmaceutical Corporation, Seoul, Korea) for 1 week45,46 (Figure 2A). Cyclosporine was 

administered daily at a dose of 10 mg/kg. After 8 weeks, lumbar spine samples were obtained for 

imaging and mechanical/histological analysis. The four experimental groups were as follows: 1. 

HA/ TH (Control), 2. HA/ TH/ 1 µg rhBMP-2 (rhBMP-2), 3. HA/ TH with SVF (SVF), 4. HA/ 

TH/ 1 µg rhBMP-2 with SVF (rhBMP-2 + SVF).  

 

2.4.3. Biomechanical bending tests for PLF samples from rats 

Eight weeks after PLF, we obtained lumbar level 3–6 spinal tissue containing fusion regions 

from rats. A three-point bending test was performed45-47 on the collected samples using a 

Universal Testing Machine (TO-101, Testone, Seoul, Republic of Korea). The vertebral body of 

the sample was placed in contact with the two support pins, with the spinous process facing 

upward. The distance between the lower supporting pins was 10 mm, and the loading pin was 

positioned in the middle of the sample. The three-point bending test was performed at 50 

mm/minute until the upper loading pin advanced to 15 mm (Figure 2B). The force-displacement 

curve of this test helps identify the flexural strength, which represents the highest stress 

experienced by the sample at the moment it ruptures. The flexural load and deflection curve were 

used to calculate the flexural modulus. 

 

2.4.4. Minipig OLIF model  

In this study, a total of 15 minipigs (Sus scrofa domestica, 50 ± 5 kg, female, mean ± standard 

deviation; CRONEX M-Pig® , CRONEX Co., Ltd, Korea) were divided into three groups, and 

OLIF were performed at 2 non-continuous of levels (at L2-L3 and L4-L5) vertebral bodies on 
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each of animal (Figure 5A). Surgery and breeding were managed and supervised according to a 

protocol approved by the IACUC (protocol number: 2019-0061) in accordance with AAALAC 

regulations, similar to the small animal experiments. Minipigs were anesthetized with anesthetics 

(100 mg/kg; ketamine, Yuhan), muscle relaxants (10 mg/kg; Rompun, Bayer), and respiratory 

anesthetics (Isotropy 100, Troikaa Pharmaceuticals Ltd.). The minipigs were fixed in the lateral 

position, and the target level was confirmed by c-arm imaging. Muscles were separated until the 

vertebral body of the targeted spinal segment appeared, and the space was secured to drive the 

screw into the disc space. Careful attention was required because contacting the spinal nerve 

would result in paralysis. Once the target level was reached, the intervertebral disc (or 

intervertebral fibrocartilage) was removed between lumbar levels 2–3 and 4–5, and the exposed 

end plate of the vertebral body was further drilled and scraped. hSVF cells (5 × 106 cells/100 μl) 

were first applied to the disc space. Then, the polyetheretherketone (PEEK) cage (CGBio co.,Ltd.) 

was filled with BGM (rhBMP-2, 0.4 mg/cm3) and transplanted into the interbody space. 

Autologous bone was obtained from the iliac bone of animals, and bone chips (3–4 mm) were 

filled into PEEK cages, mainly on cancellous bones without cortical bones. To increase the fusion 

rate, a screw (G.S. Medical, Chungcheongbuk-do, Korea) was driven into the vertebral body and 

fixed with a rod (G.S. Medical) (Figure 5A). Animals were given antibiotics (15 mg/kg; 

cefazoline, Chong Kun Dang Pharmaceutical Corporation) and the anti-inflammatory pain 

reliever meloxicam (0.2 mg/kg; Metacam; Boehringer Ingelheim, Barcelona, Spain) for 1 week, 

and the lumbar spines were obtained at 8 and 16 weeks for imaging, mechanical, and histological 

analyses32. Cyclosporine was administered daily at a dose of 10 mg/kg. The three experimental 

groups were as follows: 1. Autologous bone graft; ABG, (N=10), 2. Novosis Putty (276 µg 

rhBMP-2/Level), (N=10), 3. Novosis Putty (276 µg rhBMP-2/Level) with hSVF, (N=10).  

 

2.4.5. Spinal kinematics test for OLIF samples from minipigs 

The rod was removed from all minipig spine samples obtained at 8 and 16 weeks, and lumbar 

vertebral levels 2–5 were isolated to confirm the effects of the implanted material and elapsed 

time on fusion. Lateral bending is the measured value of bending to both sides relative to the 

center line in the coronal plane, and flexion-extension is the measured value of bending back and 

forth in the coronal plane. Lateral bending and flexion-extension were measured using a three-

point scale: 3 points when moving freely and 0 points when not moving at all (Figure 5B). 

 

2.4.6. Micro-computed tomography (CT) 

After sacrificing the rats at 8 weeks and minipigs at 8 and 16 weeks by exsanguination, the 

fusion site was isolated and fixed in 10% formalin solution at room temperature for 7 days. The 

spine samples were scanned using a Skyscan1173 micro-CT imager (Bruker-CT, Kontich, 

Belgium) and image-controlling software (version 1.6, SkyScan 1173, Bruker-CT). Scanning was 
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performed on 2240 slides with an energy of 130 kVp, a current of 60 μA, and a voxel size of 7.1 

μm. Three-dimensional (3D) reconstruction of the raw image data was performed using CTVOX 

(Ver. 3.3.0, Bruker-CT). Reconstructed images were analyzed using CTAn Software (Ver. 

1.19.40., Bruker-CT). We performed fusion and heterotopic ossification formation analysis using 

2D images, and cancellous bone analysis was performed using 3D images. In 3D images, analysis 

was performed separately for whole and new bone, and various comparative analyses of 

cancellous bone were performed by group. 

 

2.4.7. Histological Staining and Analysis 

Sample preparation for staining  

Specialized staining procedures, such as Hematoxylin and eosin (HE), Goldner’s trichrome 

(GT), and Von Kossa (VK) staining, require a pretreatment step to ensure proper preservation and 

staining of the undecalcified tissue. First, the tissue was dehydrated by immersion in 70 % ethanol 

(Sigma-Aldrich) for 2 days, 95 % ethanol for 2 days, and 100% ethanol for 3 days. The samples 

were then embedded for 3 days in Technovit 7200 (VLC, Heraeus Kulzer, Wehrheim, Germany), 

a light-curing methacrylate-based resin component. The samples were carefully polymerized 

using a photopolymerization apparatus (Exact 520, Exact, Norderstedt, Germany) so that the 

temperature would not exceed 40 °C. The embedded sample was cut to a specific size, prioritizing 

the fusion site, and then attached to an acrylic slide. Samples were then cut to a thickness of 

approximately 300 μm using a cutting band (Exakt 300, Exact) and re-polished to 60 μm with the 

same machine and sandpaper before staining. 

Hematoxylin and eosin (HE) staining 

Samples were stained with Mayer's hematoxylin (Sigma-Aldrich) for 10 minutes and washed 

with tap water for 10 minutes. After staining with 1 % alcohol and Eosin Y (Sigma-Aldrich) for 

10 s, the samples were dehydrated twice each in 70 %, 95 %, and 100 % ethanol. Then, the slides 

were mounted using a permanent mounting medium (Permount™ Mounting Medium, Electron 

Microscopy Sciences, Hatfield, PA, USA). 

In HE staining of OLIF tissue, the total area was measured after photographing to include the 

rectangular area inside the cage, and the interest rate occupied by new bones and transplants in 

the rectangular area was measured, respectively. Soft tissue was calculated as the remaining area 

excluding new bones and transplant material from the total area. 

Goldner’s trichrome (GT) staining  

Samples were stained with Weigert's iron hematoxylin (Sigma-Aldrich) for 5 minutes and 

washed with tap water for 10 minutes. Then, the slide was stained blue with a ponceau acid 

fuchsine solution (Sigma-Aldrich) for 5 minutes, followed by washing with 1% acetic acid 

(Sigma-Aldrich) for 1 minute. Samples were treated with Orange G solution (Sigma-Aldrich) for 

approximately 5 minutes until collagen decolorization and washed again with 1 % acetate (Sigma-

Aldrich) for 1 minute. Finally, the samples were treated with a light green solution (Histo-Line 
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Laboratories, Pantigliate, Milano, Italy) for 10 minutes, followed by extensive washing with tap 

water. The samples were sequentially dehydrated with 70%, 95%, and 100% ethanol and mounted 

using Permount™ Mounting Medium (Electron Microscopy Science). 

Von Kossa (VK) staining 

Before staining, the samples were hydrated with distilled water and reacted in a 10 % silver 

solution (Sigma-Aldrich) in an oven at 70 °C for 20 minutes. Then, one to three drops of 10 % 

silver solution were applied, and the samples were incubated in EXAKT 520 (Gen-R-103, Exact) 

for approximately 30 minutes until the Ca2+ in the sample turned black. After washing with tap 

water and rinsing with distilled water, one to three drops of 5% sodium thiosulfate (Sigma-Aldrich) 

was added dropwise and allowed to react for 3 minutes. After washing with tap water and rinsing 

with distilled water, one to three drops of nuclear fast red (Sigma-Aldrich) were added, and then 

the samples were washed with tap water. Finally, after dehydration with 70 %, 95 %, and 100 % 

ethanol, the samples were mounted using Permount™ Mounting Medium (Electron Microscopy 

Science). 

Slide scanning and image analysis 

All stained slides were scanned using an automated digital slide scanning system (Pannoramic 

250 FLASH III, 3D HISTECH, Sysmex, Budapest, Hungary), and the obtained images were 

processed using CaseViewer (3D HISTECH, Sysmex). 

 

2.5. Statistical analysis 

All data are presented as the mean ± standard error of the mean (SEM). One-way and Two-

way ANOVA were performed to compare the groups, followed by Tukey’s post-hoc test for 

multiple comparisons when significant differences were found (*, p < 0.05; **, p < 0.01; and ***, 

p < 0.001). The assumptions of normality and homogeneity of variances were tested prior to 

ANOVA. A p-value of <0.05 was considered statistically significant. GraphPad PRISM 10.2.0 

(GraphPad Software Inc., CA, USA) was utilized for all graphing and statistical analyses. 

 

III. Results 

3.1. Confirmation of the release pattern of rhBMP-2 according to 

ceramic composition, and osteodifferentiation effect by rhBMP-2 and 

rSVF 

BGM (bone graft materials) is a complex of HA and TH that can modulate the release rate of 

rhBMP-2 and the cellular response, depending on the composition ratio of the two carriers48,49. 

Previous studies have suggested that the release kinetics of HA + β-TCP are attributable to their 
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particle sizes. Specifically, HA has a large particle size and dissolves slowly, whereas β-TCP has 

a small particle size and is quickly absorbed32,34. In a previous study, we confirmed that using a 

mixture of HA and TH was more appropriate for the low-speed emission of rhBMP-2 than using 

a mixture of HA and TH, and the mixing ratio of these two materials was 1:232. In this study, the 

ratio of the two materials was changed to 2:3, resulting in the release of a lower amount of rhBMP-

2 (1405.25 ± 18.62 ng/mL) on days 0–4 compared to the 1:2 ratio (1826.88 ± 5.18ng/mL). 

Conversely, a sustained release of a higher amount of rhBMP-2 was observed until week 3 (615.6 

± 198.7 ng/mL for the 2:3 ratio compared to 245.95 ± 105.37 ng/mL for the 1:2 ratio) (Figures 

1A–C). These results indicate that the use of HA+TH in a ratio of 2:3 is more ideal for the 

sustained release of low-dose rhBMP-2. 

rSVF, known to include FBs, MSCs, and ECs, as well as smooth muscle cells, mural cells, 

macrophages, and other immune cells, was used in vitro studies50. Therefore, angiogenesis and 

vascularization by various cells and factors contained in rSVF can be expected to have a positive 

effect on bone fusion51,52. A 6-well insert system was used to confirm the osteodifferentiation 

effect of low dose sustained release rhBMP-2 and rSVF cells (Figure 1D). To confirm 

differentiation at each stage, immunofluorescence staining, and alkaline phosphate (ALP) activity 

assay, and Alizarin red staining were performed after inducing differentiation for 1, 2, and 3 weeks 

(Figure 1E). At week 1, expression of RunX2, an early differentiation marker, was highest in the 

hMSC + rSVF group when rhBMP-2 was not applied and highest in the rSVF group when 4 μg 

of rhBMP-2 was applied. However, OCN, a more mature differentiation marker than RunX2, was 

most highly expressed in the hMSC + rSVF group when 4 μg of rhBMP-2 was released (Figure 

1F-I). At 2 weeks, ALP assay showed higher ALP expression in the hMSC + rSVF group than in 

the hMSC or rSVF alone groups, but the results were not significantly affected by the presence 

or absence of rhBMP-2. However, OCN was also expressed most in the hMSC + rSVF group at 

week 2 and increased more than 20-fold compared with that at 1 week (Figure J-L). Finally, 

Alizarin red staining of areas containing Ca2+ at week 3 was largely unaffected by the presence 

of rhBMP-2 in single-cell cultures, whereas addition of 4 μg of rhBMP-2 to hMSC + rSVF co-

cultures resulted in an increase in areas exhibiting Ca2+ (Figure 1M, N).  

These results suggest that hMSC and rSVF cells have complete osteogenic potential under 

favorable microenvironmental conditions in which osteodifferentiation is induced, and their 

differentiation ability is further enhanced when cultured together than when cultured individually.  
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Figure 1. Osteogenic ability of hMSCs and rSVF cells according to the rhBMP-2 

concentration in vitro. A) In vitro release kinetics of rhBMP-2 depending on carrier composition 

ratio. B) Amount of rhBMP-2 released at 0–4, 4–7, 7–14, and 14–21 days depending on carrier 

composition ratio. BGM ratio of 2:3 provided a more sustained rhBMP-2 release than 1:2. C) A 

closer inspection of amount of rhBMP-2 released. D) Schematic illustration of BGM releasing 

rhBMP-2 with hMSCs and rSVF cells. E) Experimental osteogenic differentiation timeline. F) 
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Confocal imaging of hMSC, rSVF, and hMSC+rSVF cell groups to visualize osteodifferentiation 

at 1 week with anti-RunX2 (red) and DAPI (blue). rhBMP-2 concentrations were 0 and 4 μg, 

respectively. G) Mean intensity of RunX2 in each group. H) Confocal imaging of hMSC, rSVF, 

and hMSC+rSVF cell groups to visualize osteodifferentiation at 1 week using anti-OCN (red) and 

DAPI (blue). The rhBMP-2 concentrations were 0 and 4 μg, respectively. I) Mean intensity of 

OCN in each group. J) Confocal imaging of hMSC, rSVF, and hMSC+rSVF cell groups to 

visualize osteodifferentiation at 2 weeks using anti-OCN (red) and DAPI (blue). The rhBMP-2 

concentrations were 0 and 4 μg, respectively. K) Mean intensity of OCN in each group. L) 

Comparison of ALP activity among all cell groups for two rhBMP-2 concentrations. M) 

Comparison of Alizarin red staining among hMSC, rSVF, and hMSC+rSVF cell groups for two 

rhBMP-2 concentrations. N) Alizarin red quantification by acid extraction at an absorbance of 

405 nm. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences. 

 

3.2. Assessment of Angiogenic Effects of SVF through Cellular and 

Molecular Analysis in vitro  

Various studies have shown that human mesenchymal stem cells (hMSCs) possess intrinsic 

angiogenic potential53,54. As previously mentioned, SVF is a heterogeneous collection of cells that 

significantly influences the microenvironment. In particular, SVF exhibits notable angiogenic 

effect55-58 , largely due to its high content of FBs and endothelial cells, which synergize to enhance 

bone fusion. The angiogenic potential of hMSC, rat SVF (rSVF), and hMSC + rSVF groups was 

assessed at 1 and 2 weeks in vitro (Figure 2A). The experimental timeline involved the application 

of rhBMP-2 at concentrations of 0 µg and 4 µg. Confocal imaging at 1 week, using anti-CD31 

antibodies (red) and DAPI (blue), revealed limited CD31 expression across all groups at 0 µg of 

rhBMP-2 (mean fluorescence intensity: 238470 ± 32186 ± 78711, 516203 ± 59591). However, at 

4 µg of rhBMP-2, a significant increase in CD31 expression was observed, particularly in the 

hMSC + rSVF group (mean fluorescence intensity: 4415124 ± 595005) compared to the hMSC 

group alone (mean fluorescence intensity: 1246406 ± 258152) and the rSVF group alone (mean 

fluorescence intensity: 1124046 ± 141765). These findings indicate enhanced angiogenesis in the 

hMSC + rSVF group in response to 4 µg of rhBMP-2 (Figure 2B). Quantitative analysis of CD31 

intensity showed a statistically significant increase in the hMSC + rSVF group at 4 µg rhBMP-2 

compared to 0 µg (Figure 2C), suggesting that higher concentrations of rhBMP-2 amplify 

angiogenic marker expression. At 2 weeks, further confocal imaging with calcein AM (green) 

demonstrated more extensive vascular network formation in the hMSC + rSVF group at 4 µg 

rhBMP-2, compared to the 0 µg condition, illustrating improved vascularization (Figure 2D). 

Quantitative measurements of angiogenesis, including the number of nodes, junctions, and total 

branching length, showed a significant increase in all three metrics for the hMSC + rSVF group 
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at 4 µg rhBMP-2 (Figure 2E). RT-qPCR analysis of angiogenesis markers such as CD31, VEGF-

A, and Angiopoietin-1 (Ang1) further confirmed that higher concentrations of rhBMP-2 

significantly upregulate these markers in the hMSC + rSVF group compared to 0 µg (Figure 2F), 

indicating a robust enhancement of angiogenic capacity. Statistical significance was noted as *p 

< 0.05, **p < 0.01, and ***p < 0.001.  

These results demonstrate that rSVF and hMSC have intrinsic angiogenic potential, suggesting 

that transplanting both cells together can have a stronger angiogenic synergistic effect on the 

recipient than single-cell transplantation. 

 

 

Figure 2 The angiogenic ability of hMSCs and rSVF cells according to the rhBMP-2 

concentration in vitro. A) Experimental angiogenesis timeline of the hMSC, rSVF, and hMSC + 

rSVF groups. B) Confocal imaging of hMSC, rSVF, and hMSC+rSVF cell groups to visualize 

angiogenesis at 1 week using anti-CD31 antibodies (red) and DAPI (blue). The rhBMP-2 

concentrations were 0 μg and 4 μg, respectively. The imaging shows that at 0 μg, there is limited 

CD31 expression across all groups. However, at 4 μg of rhBMP-2, an increased CD31 signal is 

observed, particularly in the hMSC+rSVF group, indicating enhanced angiogenesis. C) Mean 

intensity of CD31 in each cell group. The analysis indicates a significant increase in CD31 

intensity in the hMSC+rSVF group at 4 μg rhBMP-2 compared to 0 μg, suggesting that higher 

concentrations of rhBMP-2 enhance angiogenic marker expression. D) Confocal imaging of 
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hMSC, rSVF, and hMSC+rSVF cell groups to visualize vascularization at 2 weeks using calcein 

AM (green). At 4 μg rhBMP-2, there is more extensive network formation in the hMSC+rSVF 

group, demonstrating improved vascularization compared to the 0 μg condition. E) Quantification 

of angiogenesis using ImageJ software. The number of nodes and junctions, as well as the total 

branching length, were analyzed. Quantification shows a statistically significant increase in all 

three metrics for the hMSC+rSVF group at 4 μg rhBMP-2 compared to 0 μg, reflecting enhanced 

angiogenic capacity. F) Expression of angiogenesis markers, including CD31, VEGF-A, and 

Ang1, in the hMSC, rSVF, and hMSC+rSVF cell groups, analyzed by RT-qPCR. At 4 μg rhBMP-

2, there is a significant upregulation of these markers in the hMSC+rSVF group compared to 0 

μg, indicating that higher concentrations of rhBMP-2 stimulate the expression of angiogenic 

factors. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences. 

 

3.3. Evaluation of Spinal Fusion and Bone Quality through 

Biomechanical and Micro-CT Analysis in the Rat PLF Model 

We confirmed that hSVF cell transplantation and low-concentration rhBMP-2 sustained release 

can induce effective osteodifferentiation and angiogenesis in vitro. Therefore, we sought to 

validate these effects in an in vivo setting using a rat PLF model. First, we implanted the bone 

graft materials (BGM) into the lumbar spine of SD rats in the PLF model (Figure 3A). After 8 

weeks, the lumbar spines were harvested for further analysis. Flexural strength, which refers to 

the maximum stress that the specimen can withstand before breaking, was measured to assess the 

material’s ability to resist bending forces (Figure 3B). Flexural strength was highest in the 

rhBMP-2 group among all groups (Figure 3C, D). The flexural modulus, indicative of the 

material’s stiffness and resistance to bending, was significantly greater in the rhBMP-2 and 

rhBMP-2 + SVF groups (Figure 3C, E). In contrast, the SVF group showed varied results, with 

some samples exhibiting higher values than the Control group but with noticeable variability. The 

combination of rhBMP-2 + SVF minimized these inter-individual differences, suggesting a 

synergistic effect when both agents were applied together. 

Micro-CT analysis provided detailed insights into the fusion mass. Axial 2D micro-CT images 

and coronal 3D-reconstructed images revealed the extent to which the implanted ceramic carrier 

was resorbed and integrated with the rat spine (Figure 3F). In the Control group, the carrier did 

not fuse effectively with the spine, resulting in low bone density. The rhBMP-2 group exhibited 

better fusion, with increased bone density and integration between the carrier and the spine. The 

SVF group also demonstrated enhanced fusion compared to the Control, though less pronounced 

than the rhBMP-2 group. Notably, the rhBMP-2 + SVF group showed the highest bone density 

and the most effective fusion, underscoring the combined effects of these two agents. 

The Cancellous bone consists of a trabecula network and has a porous structure and a wide 

surface, so It is involved in initial bone fusion for new bone formation[59, 60]. Cancellous bone 
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analysis was conducted using micro-CT images (Figure 3G). In the rhBMP-2 group, the increase 

in cancellous bone was primarily due to thicker and more separated trabeculae. Conversely, the 

SVF group showed an increase in the number of trabeculae rather than their thickness. The 

rhBMP-2 + SVF combination resulted in both an increase in bone thickness and number, leading 

to significantly improved cancellous bone quality and quantity (Figure 3H). This effect was not 

limited to the transplanted bone but also extended to the surrounding native bone, further 

confirming the synergistic effect of rhBMP-2 and SVF in enhancing bone fusion. 

The osteodifferentiation and angiogenesis effects observed in the in vitro experiments were 

further supported by the in vivo outcomes in the PLF model. The combination of rhBMP-2 and 

SVF not only enhanced bone fusion but also improved the integration and quality of the newly 

formed bone, confirming the synergistic effects of these factors. These results indicate that the 

osteogenic and vascularization capabilities observed in vitro can be successfully translated into 

enhanced spinal fusion outcomes in vivo, highlighting the potential for clinical application of this 

combined treatment approach. 
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Figure 3. Scaffold in the rat PLF model and biomechanical assessment at 8 weeks. A) 

Schematic image of the hSVF and BGM transplantation conditions in the rat PLF model. B) 

Experimental design for the three-point bending test. The arrow indicates the direction and 

intensity of the force applied to the fusion area. C) Force-displacement graph of the fusion mass 

for each group and individual flexural strength data. D) Flexural strength data for each 

experimental group. The flexural strength indicates the strength required to break the fusion mass 

in each group. E) Flexural modulus data for each experimental group. The flexural modulus 

indicates the tension required to withstand an applied force in each group. rhBMP-2 increased 

bone strength, and hSVF cells decreased stiffness. As a result, the rhBMP-2 + SVF group had 

adequate strength and flexibility of the fused spine. F) Micro-CT image of the spinal fusion region 

for each experimental group, 2D and 3D reconstruction. G) Different analysis method of the 

cancellous bone in MicroCT images. H) Analysis of total and newly formed bone mass in the 

cancellous bone for each experimental group. rhBMP-2 increased trabecular thickness, and hSVF 

cells increased the trabecular number. Therefore, rhBMP-2 + SVF implantation increased the 

bone volume fraction. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant 

differences.  

 

3.4. Histological Analysis of Bone Formation and Fusion Mass in the 

Rat PLF Model 

Histological analysis was performed on tissue samples collected 8 weeks post-fusion to 

evaluate the quality and extent of bone formation. Cross-sectional and longitudinal sections of the 

fusion site were analyzed using HE staining, GT staining, and VK staining (Figure 4A). HE 

staining was used to confirm whole bone sites, highlighting general tissue morphology (pink and 

purple) and identifying any inflammatory reactions. GT staining differentiated mineralized bone 

(green) from osteoid bone (orange), which is important for assessing the stages of bone formation, 

and also helped to check for any inflammatory response. Finally, VK staining was employed to 

identify Ca2+-positive sites (dark brown), providing insights into the degree of bone mineralization. 

HE staining revealed the distribution of bone and implanted materials. In the BGM (Control) 

group, the bone formation area was minimal (0.1454 ± 0.02 mm²). The SVF group showed a slight 

decrease in bone formation area (0.0648 ± 0.022 mm²), suggesting limited osteogenic potential 

when SVF was used alone. In the rhBMP-2 group, bone formation was more pronounced (0.1692 

± 0.037 mm²), indicating the osteoinductive effect of rhBMP-2. Notably, the combination of 

rhBMP-2 and SVF resulted in the most extensive bone formation (0.2256 ± 0.02567 mm²), 

highlighting the synergistic effect of this combination. Importantly, no inflammatory response 

was observed across any group (Figure 4A, B). 

GT staining, which differentiates between mineralized bone (green) and osteoid bone (orange), 

provided additional insights into the bone formation process. In the Control group, the total bone 
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area was the smallest (0.2233 ± 0.0531 mm²), with limited mineralization. The SVF group 

demonstrated a moderate increase in total bone area (0.4129 ± 0.0549 mm²), attributed primarily 

to the formation of osteoid bone. The rhBMP-2 group exhibited a significant enhancement in total 

bone area (0.5800 ± 0.0677 mm²), indicating effective bone mineralization. Importantly, the 

combination of rhBMP-2 and SVF resulted in the highest total bone area (0.6804 ± 0.0862 mm²), 

with a markedly larger mineralized bone area compared to other groups. These findings highlight 

that while rhBMP-2 serves as the primary driver of bone mineralization, SVF plays a 

complementary role by promoting osteoid bone formation, creating synergistic effects that lead 

to the most extensive and well-mineralized bone formation observed among all groups (Figure 

4C, D). 

VK staining confirmed the presence of Ca2+-positive areas within mineralized bone, with the 

rhBMP-2 group showing the greatest increase. However, there was no significant difference 

between the rhBMP-2 group and the rhBMP-2 + SVF group, suggesting that while rhBMP-2 is 

crucial for mineralization, the presence of SVF mainly enhances the osteoid phase and overall 

bone volume rather than just mineral content (Figure 4E, F). 

The histological analysis of the fusion mass further corroborated the findings from the in vitro 

experiments, demonstrating that the combined use of rhBMP-2 and SVF leads to superior bone 

formation and mineralization. The synergy between rhBMP-2's osteoinductive properties and 

SVF's angiogenic potential resulted in the most robust and well-integrated bone tissue among the 

experimental groups. These findings reaffirm that the in vitro benefits of rhBMP-2 and SVF can 

be effectively translated into improved spinal fusion outcomes in a living organism, suggesting 

promising implications for their use in clinical settings to enhance bone regeneration and repair. 
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Figure 4. Histological assessment of the fusion mass at 8 weeks after PLF. A) HE staining 

showsing inflammatory reactions in the bone area for the four groups (pink and purple). B) Graph 

of bone area of the four groups. C) GT staining shows osteoid areas (red and orange) and 

mineralized areas (blue-green). D) Graph of osteoid and mineralized areas. E) VK staining shows 

Ca2+-positive areas (dark brown). F) Graph of Ca2+-positive areas. rhBMP-2 increased bone area 

and mineralized area associated with Ca2+ pathways that promote osteogenesis. hSVF cells had a 

greater effect on the mineralized area than on the osteoid area. Put together, the rhBMP-2 + SVF 

group showed the greatest increase in total bone area. All images consist of spine cross sections 

and sagittal sections; spine cross sections were quantified. *p < 0.05, **p < 0.01, and ***p < 

0.001 indicate statistically significant differences. 
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3.5. Evaluation of Spinal Fusion Efficacy and Bone Regeneration 

through Kinetic Testing and Micro-CT Analysis in the Minipig OLIF 

Model  

In this study, we evaluated the efficacy of rhBMP-2 and hSVF cell transplantation using a 

minipig OLIF (Oblique Lateral Interbody Fusion) model, which provides greater clinical 

relevance than the rat PLF model. While PLF is still used in cases where interbody fusion cannot 

be performed or when sufficient fusion can be expected, interbody fusion surgeries such as OLIF, 

anterior, posterior, and transforaminal lumbar interbody fusion are preferred for achieving robust 

fusion outcomes. The minipig model was chosen due to its anatomical similarities to the human 

spine, including vertebral body height and bone density, making it a reliable animal model for 

studying spinal fusion techniques59,60. 

The OLIF procedure was performed at lumbar vertebral levels 2–3 and 4–5, and the fusion 

mass was evaluated through kinematic testing and micro-CT analysis at 8 and 16 weeks post-

surgery (Figure 5A). 

In the kinematic tests, which evaluated the mobility of the vertebrae around the fusion site, 

most groups displayed some degree of movement at 8 weeks, but minimal movement at 16 weeks. 

Notably, in the rhBMP-2 + SVF group, almost no lateral or forward bending was observed even 

at 8 weeks, suggesting that fusion occurred more efficiently in this group compared to the others 

(Figure 5B, C). In contrast, the ABG group still exhibited some degree of lateral bending at 16 

weeks, indicating a slower and less efficient fusion process compared to the rhBMP-2 and 

rhBMP-2 + SVF groups. These findings suggest that the combined use of rhBMP-2 and SVF can 

significantly accelerate the fusion process compared to traditional autologous bone grafting.  

Micro-CT analysis further corroborated these findings, showing that the rhBMP-2 + SVF group 

had the most robust bone regeneration, with minimal soft tissue presence inside the fusion cage. 

The ABG and rhBMP-2 groups showed more soft tissue and less bone tissue at both 8 and 16 

weeks, indicating incomplete fusion. In contrast, the rhBMP-2 + SVF group exhibited complete 

fusion, with the vertebral body and implanted BGM fusing effectively, leaving only trace amounts 

of the remaining carrier material (Figure 5D). This suggests that the SVF and rhBMP-2 

combination not only promotes rapid osteogenesis but also enhances the integration of the graft 

material, resulting in higher quality bone fusion. To analyze the regenerated bone in more detail, 

we focused on newly generated cancellous bone. Detailed analysis of the newly generated 

cancellous bone revealed a higher bone volume fraction in the rhBMP-2 and rhBMP-2 + SVF 

groups compared to the ABG group at both 8 and 16 weeks. The increase in trabecular number, 

along with a reduction in trabecular separation, contributed to the higher bone volume in these 

groups. Interestingly, the cancellous bone thickness in the rhBMP-2 + SVF group, which was 

initially lower at 8 weeks, increased to values comparable to those observed at 16 weeks, 

indicating continued bone maturation over time (Figure 5E). These results demonstrate that the 
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combination of rhBMP-2 and SVF significantly improves both the quantity and quality of newly 

fused bone, leading to more stable and durable spinal fusion. 

The kinetic testing and micro-CT analysis further supported the superior outcomes of rhBMP-

2 and SVF observed in the previous in vitro and rat PLF models. The combination of rhBMP-2 

and SVF significantly improved both spinal fusion efficiency and bone regeneration in the 

minipig OLIF model, showing more robust and consistent bone formation compared to the 

autologous bone graft group. This synergistic effect between rhBMP-2’s osteoinductive 

properties and SVF’s vascularization potential was reflected in enhanced bone integration and 

minimized soft tissue interference, surpassing the efficacy of traditional autografting techniques. 

These findings suggest that the combination therapy can be clinically translated into a more 

effective spinal fusion strategy, offering significant advantages over conventional methods, such 

as reduced variability and faster recovery times. 
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Figure 5. BGM and SVF transplantation in the minipig OLIF model and kinematics test and 

Micro-CT analysis to confirm the fusion rate of the OLIF mass. A) Schematic image of SVF 

and BGM transplantation conditions in the minipig OLIF model. After implanting hSVF cells at 

lumbar vertebral levels 2–3 and 4–5, BGM was placed inside a PEEK cage and implanted. B) 

Lateral bending test of fused bone at 8 and 16 weeks. C) Flextion-extention of fused bone at 8 

and 16 weeks. Free movement in lateral bending and flexion-extension was recorded as 2 points, 

and no movement was recorded as 0 points. D) Micro-CT imaging of the fusion site centering on 

the 3D-reconstructed cage implantation site. E) Analysis of newly formed cancellous bone mass. 

Compared with the ABG group, rhBMP-2 and rhBMP-2 + SVF transplantation promoted the 

generation of new cancellous bone. In particular, the increase in the trabecular number caused the 

trabecular separation to decrease, increasing the total bone mass. Furthermore, during the last 

week of observation (week 16), the bone thickened to approximately the same thickness as the 

autologous iliac bone. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant 

differences. 

 

3.6. Evaluation of Bone Formation and Mineralization through 

Histological Analysis in the Minipig OLIF Model 

Histological analysis was performed on the harvested spinal tissue samples to assess bone 

formation, mineralization, and the integration of the graft materials at 8 and 16 weeks post-surgery. 

Three staining methods—HE, GT, and VK—were used, consistent with the protocols applied in 

the rat model experiments.  

Histological evaluation was conducted using hematoxylin and eosin (HE) staining to assess the 

overall tissue morphology and the extent of new bone formation within the defective site in the 

OLIF-performed tissues. The rectangular area of the defect inside the cage was measured, 

averaging 47-65 mm², with new bone formation predominantly occurring in the form of trabecular 

bone (Figure 6A). Among the groups, the rhBMP-2 + SVF group exhibited the highest level of 

new bone formation at the defect site after both 8 weeks (17.97 ± 4.274 mm²) and 16 weeks (27.45 

± 2.412 mm²), surpassing the rhBMP-2 group (9.124 ± 2.815 mm² at 8 weeks and 25.07 ± 3.905 

mm² at 16 weeks) and the ABG group (6.178 ± 1.381 mm² at 8 weeks and 17.31 ± 5.063 mm² at 

16 weeks). An inverse relationship was observed between the proportion of soft tissue and the 

area occupied by newly formed bone. The ABG group demonstrated the highest proportion of 

soft tissue at both 8 weeks (41.35 ± 2.443 mm²) and 16 weeks (48.49 ± 5.136 mm²), while the 

rhBMP-2 + SVF group exhibited significantly reduced soft tissue presence (29.79 ± 2.077 mm² 

at 8 weeks and 31.01 ± 0.982 mm² at 16 weeks). The rhBMP-2 group showed intermediate values 

(23.55 ± 2.941 mm² at 8 weeks and 29.84 ± 4.370 mm² at 16 weeks). Importantly, in the rhBMP-

2 + SVF group, the newly formed bone fused effectively with both the upper and lower vertebral 

bodies, indicating more complete and efficient bone fusion compared to autologous bone grafting 
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(ABG). Additionally, small amounts of residual implanted materials were observed in the SVF 

and rhBMP-2 + SVF groups at both 8 and 16 weeks, suggesting that the HA and TH components 

of the bone graft material (BGM) were largely utilized in the bone fusion process. This efficient 

utilization of the graft material further supports the enhanced bone regeneration observed in the 

rhBMP-2 + SVF group (Figure 6B, C). 

GT staining confirmed the synthesis of both organic and inorganic bone, with the rhBMP-2 + 

SVF group showing the highest level of mineralization (blue-green) compared to the other groups 

(Figure 7A-C). In the ABG group, fibrous tissue dominated the defect site, and the presence of 

ceramic carriers in the rhBMP-2 group suggested incomplete bone mineralization. However, in 

the rhBMP-2 + SVF group, the majority of the osteoid region was mineralized, resulting in the 

most well-developed bone structure. 

VK staining was used to identify Ca2+-positive regions, providing further insights into the 

degree of mineralization. At 8 weeks, the rhBMP-2 + SVF group exhibited the largest Ca2+-

positive regions, indicating that the combination of rhBMP-2 and SVF accelerated the 

mineralization process. Interestingly, by 16 weeks, there was no significant difference in the Ca2+-

positive areas between the rhBMP-2 and rhBMP-2 + SVF groups, suggesting that mineralization 

plateaued after 8 weeks in the rhBMP-2 + SVF group, while the rhBMP-2 group continued to 

mineralize over time (Figure 7D-F). This rapid mineralization in the rhBMP-2 + SVF group may 

contribute to faster stabilization of the fusion site and reduce the risk of heterotopic ossification. 

The histological analysis of the minipig OLIF model confirmed that the combination of hSVF 

cells and low-dose rhBMP-2 resulted in the fastest and most complete bone formation, with 

minimal soft tissue interference. This synergistic effect significantly enhanced both the quantity 

and quality of newly formed bone compared to the autologous bone graft group. The combined 

use of rhBMP-2 and SVF not only accelerated bone maturation but also improved mineralization 

and integration, stabilizing the fusion mass more effectively than either treatment alone. These 

findings demonstrate that the synergistic effects observed in vitro and in the rat PLF model 

translate successfully to a more clinically relevant minipig model, highlighting the potential for 

this combination therapy to offer a more reliable and efficient alternative to autologous bone grafts 

in spinal fusion surgery. 
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Figure 6. Histological analysis the fusion mass at 8 and 16 weeks after OLIF in the minipig 

model.  

A) Measurement of the area of newly formed bone and residual implant in the defective area. The 

square area in the first picture is located inside the cage as the area selected for measurement. The 

second and third pictures respectively indicate the area of newly formed bone tissue and the 

remaining implanted materials in the selected defective area. B) Histological HE staining of the 

fusion site including the end plate of the vertebral body centering on the cage implantation site 

containing ABG. C) Comparison of the areas of newly formed bone, the remaining implanted 

materials, and soft tissue in the selected defective area of each group on 8 weeks and 16 weeks 

after the implantation. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant 

differences. 
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Figure 7. Mineralization analysis of fusion mass at 8 and 16 weeks after OLIF in the minipig 

model. A) Histological GT staining of the fusion site including the end plate of the vertebral body 

centering on the cage implantation site containing ABG. B) Analysis of the osteoid and 

mineralized areas at 8 weeks and 16 weeks. C) Changes in osteoid and mineralized area with 

respect to group and week. D) Histological VK staining of the fusion site including the end plate 

of the vertebral body centering on the cage implantation site containing ABG. E) Analysis of the 

Ca2+-positive area at 8 weeks and 16 weeks. F) Changes in Ca2+ area with respect to group and 

week. rhBMP-2 increased in the groups with ceramic carriers (purple) and degenerated organic 

tissue into inorganic tissue at 16 weeks, greatly increasing mineralized areas. During this 

mineralization, Ca2+-positive regions increased more rapidly when hSVF cells were implanted 

together with rhBMP-2 rather than when rhBMP-2 was implanted alone, and the area did not 

increase significantly and remained stable at 16 weeks. *p < 0.05, **p < 0.01, and ***p < 0.001 

indicate statistically significant differences. 
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IV. Discussion 

The efficacy of rhBMP-2 in spinal fusion is well-established, primarily due to its strong 

osteoinductive properties. Previous studies have demonstrated that patients receiving high doses 

of rhBMP-2, typically between 8.4 and 12 mg (as seen with INFUSE), exhibited significantly 

higher fusion rates (98% compared to 76% for iliac crest bone graft), with additional benefits such 

as reduced surgery duration, blood loss, and shorter hospital stays61. However, the use of such 

high-dose rhBMP-2, particularly in anterior lumbar interbody fusion, has also been associated 

with a range of complications, including inflammation, radiculopathy, heterotopic ossification, 

osteolysis, subsidence, and even potential tumor facilitation12,62,63. The FDA’s (Food and Drug 

Administration) rejection of the high-dose rhBMP-2 product AMPLIFY in 2011, due to concerns 

over increased cancer risk, highlighted the critical need for safer, lower-dose delivery methods 

for rhBMP-211. To address these concerns, we proposed the use of a novel bio ceramic carrier 

with sustained-release and localized retention properties for rhBMP-2, capable of maintaining its 

osteoinductive effects while reducing the risk of complications associated with high doses. Unlike 

the commonly used high doses of rhBMP-2 (8.4–12 mg) in previous studies, our research 

employed a significantly reduced dose of 0.4 mg/cc. This lower dose was specifically designed to 

minimize the adverse effects linked to high-dose rhBMP-2 while still ensuring effective bone 

regeneration. 

In our previous studies, we confirmed that a mechanical mixture of HA and TH could deliver 

rhBMP-2 effectively32. HA and β-TCP have excellent reabsorbability, biocompatibility, and bone 

conductivity, making them ideal carriers for bone regeneration 64-66. These materials promote bone 

remodeling and osseointegration by providing essential minerals like Ca2+ and PO4
3− , supporting 

the bone regeneration process67,68. By adjusting the HA-to-TH ratio, we achieved a controlled 

degradation rate, allowing for sustained release of rhBMP-2 and enhanced bone formation. 

To further improve the sustained release of rhBMP-2, we modified the ratio of HA and β-

TCP+hydrogel from 1:2 to 2:3. This adjustment effectively prevented the initial over-release of 

rhBMP-2 and extended its release duration up to 3 weeks, providing a more controlled and gradual 

delivery of rhBMP-2. This improvement ensures a more consistent supply of rhBMP-2 during the 

critical early stages of bone healing, enhancing the osteoinductive effect and reducing the risk of 

rapid clearance (Figure 1A-C). Moreover, by preventing the initial over-release, this system 

allowed us to achieve the desired bone healing effects with a much lower dose of rhBMP-2. As a 

result, we were able to use a significantly reduced amount of rhBMP-2 compared to conventional 

methods, minimizing potential side effects associated with higher doses while still maintaining 

effective bone regeneration. This optimized delivery system not only maximizes the efficiency of 

rhBMP-2 but also enhances the safety profile of the treatment. 

Furthermore, the use of hydrogels in combination with β-TCP represents a promising strategy 

for controlled drug delivery. Hydrogels, with their highly porous and hydrophilic structure, 
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provide an ideal environment for cellular infiltration and vascularization. Their ability to act as 

drug reservoirs, enabling controlled, on-demand release of bioactive factors, makes them 

especially suited for bone tissue engineering applications69,70. In our study, we used a hydrogel 

mixture made of Poloxamer 407 and HPMC. Poloxamer 407 is a biodegradable, non-toxic 

polymer known for its temperature-dependent thermal conformation, while HPMC helps maintain 

the hydrogel structure34,37-39. Together, these components in a 1:1 weight ratio promote the slow 

and sustained release of rhBMP-2, ensuring a controlled delivery within the BGM. This 

microsphere-type hydrogel combined with β-TCP not only prevented the initial over-release of 

rhBMP-2 but also ensured sustained release, promoting osteodifferentiation and improving the 

stability of the BGM at the implant site. 

Additionally, a study reported by Japanese researchers demonstrated that the novel bioceramic 

formulation (HAp/β-TCP hydrogel, Novosis Putty) exhibited superior sustained release and 

localized retention of rhBMP-2 compared to traditional collagen sponge carriers34-36. In vitro 

release studies, 98.3% of rhBMP-2 loaded onto collagen sponge was released within 1-7 days, 

while the HAp/β-TCP hydrogel demonstrated sustained release for up to 24 days. In vivo, rhBMP-

2 delivered via the hydrogel exhibited a longer biological half-life, enhanced osteogenic gene 

expression, and superior bone formation in a rat spinal fusion model. In a rat intervertebral fusion 

model, the fusion rate in the HAp/β-TCP hydrogel group (87.5%) was significantly higher than 

in the collagen sponge group (low dose: 50%, high dose: 62.5%). Bone formation with the 

hydrogel was confined to the disc space, whereas ectopic bone was observed with collagen sponge. 

Furthermore, the hydrogel group showed abundant thick trabecular bone, in contrast to the 

collagen sponge group, which predominantly resulted in fatty bone marrow. From a safety 

perspective, the hydrogel group exhibited no dose-dependent soft tissue swelling, while the 

collagen sponge group showed significantly increased swelling at high doses. 

Another critical aspect of spinal fusion is the role of MSCs, which can differentiate into 

osteoblasts and significantly contribute to bone formation. During spinal fusion surgery, when 

cortical bone is removed by decortication, the MSCs within the exposed trabecular bone can be 

utilized. MSCs are undifferentiated cells known for their high growth rates and potential to 

differentiate into osteoblasts, making them a promising candidate for bone tissue engineering71,72. 

However, their clinical application is limited by their scarcity in bone tissue, the complexity of 

culturing techniques, and the need for sterile environments, all of which contribute to high costs 

and lengthy preparation times 73-75.  

In contrast, SVF cells offer a more accessible and practical alternative. SVF, derived from 

adipose tissue, contains a diverse population of cells, including MSCs, pericytes, endothelial 

progenitor cells, and immune cells. These cell types collectively enhance angiogenesis, promote 

tissue repair, and modulate immune responses, making SVF a valuable resource for spinal fusion 

and other regenerative therapies50,76. Due to its accessibility and rich cellular composition, SVF 

is emerging as a more viable option for clinical applications compared to traditional MSC-based 
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therapies27. In orthopedic surgery, SVF cells have further been utilized to treat arthritis, fractures, 

and lumbar spine fusion in orthopedic surgery, and clinical implications have been widely 

researched76-79. 

Angiogenesis is a critical factor for successful spinal fusion, as it supports the development of 

a functional vascular network necessary for bone healing. Tissue engineering strategies require 

scaffolds that not only promote bone formation but also guide immune responses, enable 

controlled degradation, and, importantly, facilitate angiogenesis to ensure long-term fusion 

success80. Although prior research has highlighted the potential of SVF in promoting either bone 

formation or angiogenesis individually, clear evidence demonstrating its capacity to 

simultaneously enhance both processes has been lacking. In our study, we provided new evidence 

that SVF cells possess the dual ability to promote both osteogenesis and angiogenesis. 

Angiogenesis was confirmed in in vitro cell culture experiments, where SVF significantly 

upregulated the gene expression of VEGF-A and Angiopoietin-1—key regulators of 

angiogenesis—and increased CD31 expression, a marker of vascular endothelial cells (Figure 2). 

This demonstrated SVF's strong angiogenic potential. In addition to the in vitro findings, the 

osteogenic effects of SVF were validated in in vivo models. In the rat PLF model, the combination 

of rhBMP-2 and SVF significantly enhanced bone fusion and improved bone quality. Furthermore, 

in the minipig OLIF model, which closely resembles clinical conditions, SVF, when combined 

with rhBMP-2, facilitated superior bone formation and integration, providing robust evidence of 

SVF's osteogenic capabilities in a more clinically relevant context (Figure 1, 3-7). 

Interestingly, no inflammatory response was observed in our histological analysis, likely due 

to the high proportion of M2 macrophages in the SVF, which are known for their anti-

inflammatory and tissue-repairing functions. M2 macrophages release cytokines such as 

interleukin-10 (IL-10) and growth factors like TGF-β and VEGF, which contribute to wound 

healing and angiogenesis81,82. This anti-inflammatory effect further enhances the therapeutic 

potential of SVF in spinal fusion. 

In this study, SVF derived from human adipose tissue was administered to animal models to 

evaluate its efficacy in bone regeneration. Since this was an interspecies transplantation, 

immunosuppressants were used, with cyclosporine administered in both rats and minipigs. 

Considering the potential benefits of SVF for future clinical applications, in cases where sufficient 

autologous adipose tissue cannot be obtained, allogeneic SVF could be utilized in sufficient 

quantities with the use of immunosuppressants, similar to organ transplantation. 

While our study demonstrates the efficacy of low-dose rhBMP-2 in combination with SVF for 

spinal fusion, several areas warrant further investigation. Although the sustained release system 

using a novel carrier significantly improved bone formation and osteointegration in both in vitro 

and in vivo models, there are still limitations when translating these results to clinical settings. 

Differences in biological structures and responses between animals and humans may influence 

the long-term safety and efficacy of this approach. However, the precise molecular and cellular 



３２ 

 

mechanisms underlying this effect remain unclear. Further research is required to elucidate the 

biological mechanisms, signaling pathways, and cellular interactions involved in the bone 

formation process induced by rhBMP-2 and SVF. In particular, the application of molecular 

biology techniques, such as RNA sequencing and protein expression analysis, could provide a 

more comprehensive understanding of the mode of action, thereby enhancing the reliability of the 

findings and supporting the clinical applicability of this approach. 

In the in vitro study, heterologous experiments were conducted using human MSCs and rat-

derived SVF, demonstrating that bone regeneration effects were observed even across species. 

However, a limitation of this study is that the in vitro experiments were not conducted under the 

same conditions as the in vivo study, which utilized human SVF. Future research should 

incorporate human SVF in in vitro studies to further elucidate the pro-angiogenic properties of 

SVF and its role in the bone regeneration process. Furthermore, the synergistic effect observed 

between rhBMP-2 and SVF in our study was more pronounced in in vitro models compared to in 

vivo experiments, particularly in minipig models. This reduced effect in vivo may be attributed 

to the relatively small number of SVF cells transplanted per level, as SVF isolated from a single 

donor's adipose tissue was divided and distributed across four spinal levels in minipigs. Future 

studies should address this limitation by focusing on transplanting SVF into 1–2 levels per donor 

to better evaluate its potential synergistic effects with rhBMP-2. Thus, future studies should focus 

on long-term assessments to evaluate potential risks, such as ectopic bone formation, immune 

responses, or adverse inflammatory reactions. Additionally, direct comparisons with conventional 

treatments like autologous bone grafting are essential to fully understand the advantages and 

limitations of this novel therapeutic strategy. Human clinical trials will be critical to confirm these 

findings and optimize the application of this therapy for broader orthopedic use. In this study, the 

combination of low-dose rhBMP-2 and SVF demonstrated a synergistic effect in promoting spinal 

fusion, but the specific role of SVF in angiogenesis was not directly assessed in the animal model 

used. This represents a limitation of the study, as the precise contribution of SVF to angiogenesis 

during spinal fusion remains unclear. Further research is warranted to elucidate whether SVF 

actively facilitates angiogenesis in the context of spinal fusion and to better understand the 

underlying mechanisms involved. Despite these limitations, our findings provide a robust 

foundation for sustained rhBMP-2 release and suggest that the combination of osteoinductive 

materials and SVF could represent a highly effective scaffold for spinal fusion and other bone 

regeneration therapies. 

 

V. Conclusion 
Our study presents a novel approach to spinal fusion by combining low-dose recombinant 

human bone morphogenetic protein-2 (rhBMP-2) with stromal vascular fraction (SVF) in an 
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injectable hydrogel composite. This formulation leverages the biphasic ceramic structure of 

hydroxyapatite (HA)/beta-tricalcium phosphate (β-TCP) and a hydrogel matrix, enabling the 

controlled release of rhBMP-2 and promoting osteogenesis and angiogenesis. Importantly, the 

reduced rhBMP-2 dose addresses safety concerns while maintaining efficacy. 

Preclinical studies using rat posterolateral fusion (PLF) and minipig oblique lateral interbody 

fusion (OLIF) models demonstrated significant improvements in bone density, vascularization, 

and graft integration. These findings underscore the synergistic effects of rhBMP-2 and SVF, 

critical for successful spinal fusion. 

While further studies are needed to confirm clinical applicability, this composite material offers 

a promising strategy for safer, more effective bone regeneration therapies, laying the foundation 

for advancements in regenerative medicine and biomaterials research. 
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Abstract in Korean 

 

저용량 rhBMP-2와 기질혈관분획이 포함된 주입형 하이드로겔 

복합체를 이용한 동물 모델에서의 척추 유합 효과 연구 

 

 

본 논문은 저용량 재조합 인간 BMP-2(rhBMP-2)와 기질혈관분획(SVF)이 

포함된 주입형 하이드로겔 복합체를 이용하여 전임상실험을 통해 향상된 척추 유합 

효과를 확인하기 위한 연구에 대한 것입니다. 다양한 척추 수술 중 중요한 부분을 

차지하는 유합 수술은 현재 사용되는 골 이식 재료의 생체 활성, 조직 통합, 안전성의 

한계로 인해 여전히 큰 도전 과제로 남아 있습니다. 본 연구에서는 주입형 

하이드록시아파타이트/β-트라이칼슘포스페이트(HA/β-TCP)와  하이드로겔에  

기질혈관관분획과 저용량 재조합 인간 BMP-2를 결합하는 혁신적인 접근법을 

제시합니다. 시험관 내 실험과 쥐 및 미니돼지를 이용한 전임상 동물 모델을 통해, 

해당 하이드로겔 시스템이 저용량 재조합 인간 BMP-2를 서서히 방출해 골밀도와 

조직 통합을 크게 향상시키는 동시에 염증 반응은 줄이는 것을 확인했습니다. 이 

주입형 제형에서 기질혈관관분획과 저용량 재조합 인간 BMP-2의 결합은 소동물과 

대동물 모델 모두에서 우수한 척추 유합 결과를 보였으며, 뼈의 강도와 골량이 

증가하는 것으로 나타났습니다. 이러한 결과는 해당 전략이 보다 안전하고 효과적인 

척추 유합 치료법으로서 임상 적용 가능성이 높다는 것을 시사합니다.  
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