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A B S T R A C T

Bone morphogenetic protein 2 (BMP2) is clinically applied for treating intractable fractures and promoting spinal 
fusion because of its osteogenic potency. However, adverse effects following the release of supraphysiological 
doses of BMP2 from collagen carriers are widely reported. Nanoclay gel (NC) is attracting attention as a 
biomaterial, given the potential for localized efficacy of administered agents. However, the efficacy and mech-
anism of action of NC/BMP2 remain unclear. This study explored the efficacy of NC as a BMP2 carrier in bone 
regeneration and the enhancement mechanism. Subfascial implantation of NC containing BMP2 elicited superior 
bone formation compared with collagen sponge (CS). Cartilage was uniformly formed inside the NC, whereas CS 
formed cartilage only on the perimeter. Additionally, CS induced a dose-dependent inflammatory response 
around the implantation site, whereas NC induced a minor response, and inflammatory cells were observed 
inside the NC. In a rat spinal fusion model, NC promoted high-quality bony fusion compared to CS. In vitro, NC 
enhanced chondrogenic and osteogenic differentiation of hBMSCs and ATDC5 cells while inhibiting osteoclas-
togenesis. Overall, NC/BMP2 facilitates spatially controlled, high-quality endochondral bone formation without 
BMP2-induced inflammation and promotes high-density new bone, functioning as a next-generation BMP2 
carrier.

1. Introduction

Critical-sized bone defects from trauma, tumor resection, non-union 
fractures, or spinal fusion surgery rarely heal spontaneously. Autoge-
nous bone grafting remains the gold standard treatment despite limita-
tions in donor site morbidity, available bone quantity, and age-related 
deterioration in harvested bone quality [1–4]. Additionally, artificial 
bones and allografts lack biological activity, functioning only as bone 
graft extenders, which limits their potential for bone formation. Mean-
while, bone morphogenetic protein 2 (BMP2) can independently repli-
cate all processes necessary for osteogenesis, including inflammatory 

responses, mesenchymal stem cell migration, and endochondral ossifi-
cation. Therefore, BMP2 is expected to serve as a bone graft material 
alternative to autografts.

BMPs, members of the transforming growth factor (TGF)-β super-
family, were discovered over six decades ago in the seminal studies of 
Marshall Urist to hold potent osteoinductive capacity [5–7]. Clinically, 
BMP has been combined with collagen carriers to form biological bone 
grafting materials in the United States and Europe since the early 2000s 
[8,9]. However, in addition to its less-than-expected effects in promot-
ing bone fusion, complications related to inflammatory reactions due to 
the rapid release of non-physiologically high doses of BMP from the 
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collagen carriers into surrounding tissues have hampered widespread 
clinical application. Only micrograms of BMPs per kilogram are present 
in the demineralized bone matrix, whereas milligrams of BMPs are used 
in clinical practice [10]. BMP2 use at a supraphysiological dose in 
humans is associated with myriad widely reported side effects, such as 
inflammation, osteolysis, edema, inappropriate adipogenesis, and 
ectopic bone formation [11–17]. Thus, it is critical to identify carriers 
that can harness and localize the osteogenic potential of BMPs without 
inducing inflammatory reactions at the bone site.

Nanoclays, also known as synthetic hectorites, are lithium magne-
sium sodium silicates composed of disc-shaped particles formed by a 
central magnesium sheet surrounded by two silica sheets. Due to lithium 
substitutions in the magnesium sheet, nanoclay particles possess a per-
manent negative surface charge and a positive charge at the particle 
edges at neutral pH. When dispersed in water, nanoclay particles 
disperse and self-assemble into thixotropic gels, which can encapsulate 
and localize bioactive molecules via electrolyte-induced gelation and 
protein-clay electrostatic interactions [18]. Nanoclays biodegrade into 
biocompatible ions (Mg, Li, Si) released through intracellular degrada-
tion pathways. They also enhance the osteogenic differentiation of 
human mesenchymal stromal cells in vitro [19–22].

The following structural and compositional features contribute to the 
long-term retention of BMP2 by nanoclay. The layered structure of 
nanoclay physically entraps BMP2. Additionally, the negatively charged 
surface of nanoclay interacts electrostatically with the positively 
charged BMP2 molecules, delaying their release [23,24]. The ability to 
localize and deliver bioactive factors using nanoclay suggests that it 
could offer an innovative BMP-delivery carrier material for bone 
regeneration. Accordingly, in the present study, we assessed the po-
tential of RENOVITE®, a synthetic hectorite manufactured specifically 
for medical applications, in vitro and in vivo, to modulate bone forma-
tion. The results demonstrate that RENOVITE® potentiates 
BMP-induced new bone by enhancing endochondral bone formation in 
the absence of a dose-dependent inflammatory response.

2. Materials and methods

2.1. NC preparation

RENOVITE®, a synthetic hectorite (similar to LAPONITE®) manu-
factured by Renovos Biologics (Southampton, UK), is a lithium magne-
sium sodium silicate composed of particles measuring 25–30 nm in 
diameter and 1 nm thickness, with the chemical formula Na+8 [(Si8M-
g5.9Li0.4)O20(OH)4]. A modified ratio of compositional ions in RENO-
VITE® improves the gelation reaction in serum and ensures high 
stability under physiological conditions for effective localized applica-
tion at the implant site, enhancing handling for biomedical applications 
(U.S. Patent No. 12,036,328). RENOVITE® particles have a permanent 
negative surface charge and a positive edge charge. RENOVITE® 
nanoclay gel (NC) was prepared as described previously (Fig. S2a) [25]. 
In brief, RENOVITE® powder was dispersed in distilled water to obtain 
the required concentration % weight of NC per unit volume.

For in vitro studies, NC was adjusted to 5 mg/mL using sterile water 
and thoroughly agitated at 25 ◦C for 30 min. The NC solution was added 
to the culture medium at 0, 1, 10, 30, 50, or 100 μg/mL. For in vivo 
studies, NC was adjusted to 35 mg/mL using sterile water (3.5 % weight 
NC per unit volume). At this concentration, NC transitioned into a gel 
simply by dissolving in water. This transformation occurs because at 
concentrations >3 wt%, the particles densely arrange into a “house of 
cards” structure, ultimately forming nematic gels (liquid crystals) [24]. 
Furthermore, at concentrations of 3 %, NC exhibits minimal dispersion 
in vitro [26]. The NC preparations were sterilized by autoclaving, and the 
evaporated water was replenished. Escherichia coli-derived recombinant 
human BMP2 used in this study was kindly provided by CGBio (Seoul, 
Korea), and was adjusted to 1 μg/μL.

2.2. Evaluation of NC properties

The X-ray diffraction (XRD) analysis of RENOVITE® powder was 
conducted with a D2 Phaser X-ray diffractometer (Bruker, Billerica, MA, 
USA) using Cu Kα radiation (λ = 1.54184 Å, 30 kV, 0.2 Time/Step (s) 
and 10 mA). The diffraction pattern was recorded over a 2θ range of 
20◦–60◦ to confirm the phase and crystallinity of the material. Fourier- 
transform infrared (FTIR) spectroscopy was performed using a Nicolet 
iS5 FTIR spectrometer with an iD7 ATR accessory (Thermo Scientific, 
Waltham, MA, USA). The spectra were collected from 4000 to 400 cm⁻1 

to identify the functional groups present in RENOVITE®. Transmission 
electron microscopy (TEM) was conducted to investigate the 
morphology of RENOVITE® particles. Suspensions of RENOVITE® 
(0.001 %) deposited and dried on a grid, as well as 2.8 % RENOVITE® 
NC dehydrated and embedded in resin were imaged using a HT770 
transmission electron microscopy (Hitachi High-Tech, Tokyo, Japan).

2.3. Evaluation of gelation

To assess the differences in gelation when exposed to serum, 40 μL of 
3.5 % RENOVITE® NC was placed on a coverslip and positioned at the 
bottom of a 6-cm dish. The dish was filled with distilled water or fetal 
bovine serum (FBS; Equitech-Bio, Kerrville, TX, USA). After 5 min, 
photographs of the NC appearance were captured. Rheometric evalua-
tions were conducted to investigate the gelation exposed to serum. 
Rheological measurements were performed using a 25 mm parallel-plate 
HAAKE™ MARS™ rheometer (Thermo Scientific). A 1.5 mL volume of 
3.5 % RENOVITE® NC or LAPONITE XLG® (synthetic hectorite clay 
produced by BYK Additives, Widnes, UK) NC was applied to the 
rheometer plate, maintained at 25 ◦C with a 2.5 mm gap. Initial mea-
surements of the storage modulus (G′) and loss modulus (G″) were 
recorded for 2 min at a constant oscillatory strain of 0.1 % and an 
angular frequency of 1 rad/s. PBS (pH 7.4) or serum (40 mg/mL bovine 
serum albumin in PBS, pH 7.4) was then introduced to the level of the 
underside of the upper plate. Subsequent storage and loss modulus 
changes over time due to exposure to PBS or serum were recorded.

2.4. Mouse subfascial implantation model

We developed a mouse subfascial implantation model to mimic the 
bone formation process triggered by BMP2. This model is recognized for 
its high reproducibility in inducing ectopic bone formation by BMP2 
[27] and is well-suited for quantitative evaluation of the effects and 
potential side effects of BMP2 [28]. An absorbable collagen sponge (CS) 
(CollaCote; Zimmer Dental, Carlsbad, CA, USA) was cut into circular 
discs (5 mm in diameter and 2 mm thick) and soaked with 1, 5, or 10 μg 
of BMP2 dissolved in 10 μL of sterile PBS. Forty microliters of 3.5 % NC 
were prepared and mixed by vigorous vortexing in collection tubes with 
1, 5, or 10 μg BMP2 dissolved in 10 μL of sterile PBS. CS and NC, mixed 
with the same volume of PBS without BMP2, were prepared as controls. 
Eight-week-old C57BL/6J male mice were purchased from Jackson 
Laboratory Japan (Kanagawa, Japan). CS and NC were implanted under 
the left and right fascia of the gluteus maximus muscle. The gluteus 
maximus fascia was exposed, and pockets were created under the fascia. 
A CS disc and NC were then implanted in the respective pockets [29]. On 
days 7, 10, 14, and 21 post-surgery, histological assessment of cartilage 
formation was performed. Bone formation was evaluated by micro-CT 
and histological analysis. The overview of this experiment is presented 
in Fig. 1. All animal experiments were approved by the Animal Experi-
mental Committee of Osaka University Graduate School of Medicine and 
restrictedly followed ARRIVE guidelines and the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals.

2.5. Assessment of BMP2 localization capacity of NC

BMP2 was fluorescently labeled using an amine-reactive (NHS ester) 
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near-infrared fluorochrome (VivoTag-S750), as described in a previous 
report [30]. Fluorescence imaging was performed using an IVIS. For in 
vitro localization tests, CS discs and 40 μL of 3.5 % NC mixed with 0.1, 
0.5, or 1 μg of labeled BMP2 dissolved in 10 μL of sterilized PBS were 
placed at the bottom of 24-well plate wells filled with 1 mL of PBS. The 
PBS was replaced after each measurement. The total fluorescence count 
and radiance efficiency were assessed at 0, 3, 6, 12, and 24 h, and daily 
thereafter up to 7 days. For in vivo localization tests, CS discs and 40 μL 
of 3.5 % NC mixed with 1 and 2 μg of labeled BMP2 dissolved in 10 μL of 
sterilized PBS were implanted under the fascia of the gluteus maximus 
muscle of 8-week-old C57BL/6J male mice. The total fluorescence count 
and radiance efficiency were assessed at 0, 3, 6, 12, and 24 h, and daily 
thereafter up to 7 days. Fluorescence signals were normalized to the 
signal at the 0-h time point, and exponential decay curves were created. 
Imaging data were analyzed using IVIS Living Image Software (version 
4.0; Caliper Life Sciences, Waltham, MA, USA).

2.6. Evaluation of ectopic bone formation in mouse subfascial 
implantation model

2.6.1. Micro-CT analysis
On days 21 and 42 after subfascial implantation, CS and NC con-

taining 0 or 1 μg of BMP2 diluted in 10 μL of PBS were harvested and 
scanned using ex vivo high-resolution micro-CT (SkyScan 1272; Bruker) 
with a 80 kV source voltage, 125 μA source current, and 15 μm pixel size. 
Analysis was performed using CTAN software (version 1.18.8.0, 
Brucker).

2.6.2. Histological analysis
On days 7, 10, 14, 21, and 42, CS and NC containing 1 μg of BMP2 

were explanted, fixed with 10 % formalin, decalcified with 10 % eth-
ylenediaminetetraacetic acid, dehydrated in an ethanol series, 
embedded in paraffin wax, serially sectioned at 3.5 μm thickness, and 
stained with hematoxylin and eosin (H&E), safranin-O (both from Muto 
Pure Chemicals, Tokyo, Japan), and tartrate-resistant acid phosphatase 
(TRAP) (Cosmo Bio, Tokyo, Japan) according to the manufacturer’s 
protocol. Osteoclasts were quantified by counting the TRAP-stained cells 
in the carrier per section and dividing the cell number by the area of the 
carrier per section.

2.6.3. Quantification of sulfated glycosaminoglycans
Implanted CS and NC were explanted on days 7, 10, 14, and 21 and 

digested with 0.05 % papain (Sigma–Aldrich, St. Louis, MO, USA) at 
65 ◦C for 18 h. Sulfated glycosaminoglycan (sGAG) was quantified using 
a dimethyl methylene blue dye-binding assay (Blyscan Glycosamino-
glycan Assay Kit; Biocolor, Westbury, NY, USA).

2.7. Evaluation of the inflammatory response in the mouse subfascial 
implantation model

To evaluate the inflammatory response induced by BMP2, CS discs 
(5 mm diameter, 2 mm height) and NC (40 μL) containing 0, 1, 5, or 10 
μg of BMP2 dissolved in 10 μL of sterilized PBS were implanted under 
the right and left gluteus maximus fascia of 8-week-old mice. In clinical 
practice, inflammatory reactions such as hematoma and swelling typi-
cally occur during the first postoperative week [31,32]. Therefore, in-
flammatory reactions were evaluated on postoperative day 7. The 
implanted CS and NC were harvested on day 7 and subjected to H&E and 
immunohistochemical staining. Antibodies targeting CD68 (ab125212; 
Abcam, Cambridge, UK), neutrophils (ab53457; Abcam), CD206 
(24595; CST, Danvers, MA, USA), TNF-α (GTX110520; GeneTex, Irvine, 
CA, USA), and SOX9 (ab185230; Abcam) were visualized using Histo-
fine Simple Stain MAX PO and Simple Stain DAB Solution (both from 
Nichirei Bioscience, Tokyo, Japan). Inflammatory areas characterized 
by inflammatory cell infiltration were quantified using ImageJ software 
(version 1.53t; National Institutes of Health, Bethesda, MD, USA). The 
numbers of CD68-positive cells, neutrophils, TRAP-positive cells, 
CD206-positive multinucleated giant cells (MNGCs), and TNF-α-positive 
cells were counted in the inflammatory cell infiltrate layer (300 × 300 
μm, two fields/sample for CD68, neutrophils, TRAP, and CD206, one 
field/sample for TNF-α) as previously described [33]. To evaluate the 
localization of undifferentiated (SOX9-positive) cells in the inflamma-
tory cell infiltrate around carriers containing 5 μg BMP2, four arbitrary 
300 × 600 μm rectangular regions of interest (ROIs) were defined 
around the boundary between the carrier and the tissue, and 
SOX9-positive cells were quantified inside and outside the boundary.

Fig. 1. Overview of the subfascial implantation mouse model. Following implantation of test materials beneath the fascia, the following evaluations were performed 
at the indicated time points: release kinetics of BMP2 and inflammatory response (on day 7), chondrogenesis (on days 7, 10, 14, and 21), osteoclastogenesis (on days 
7, 10, 14, 21 and 42), and osteogenesis (on day 42).
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2.8. Rat spinal fusion model

For spinal posterolateral fixation, 32 eight-week-old male Spra-
gue–Dawley rats (The Jackson Laboratory Japan) were divided into four 
groups based on the carrier material (CS or NC) and BMP2 dose (5 μg or 
10 μg; Table S1). On postoperative day 42, the rats were euthanized with 
an overdose of isoflurane (Viatris, Tokyo, Japan), and the treated spinal 
segments were harvested.

2.8.1. Surgical procedure
A longitudinal incision was made along the posterior midline of the 

skin. Additionally, two incisions were made paramedial in the lumbar 
fascia, positioned 2 mm away from the midline. After exposing the 
transverse processes of the L4 and L5 vertebrae, they were decorticated 
with a high-speed burr until blood oozed from the bone marrow. Then, 5 
or 10 μg of BMP2 dissolved in 20 μL of sterilized PBS was applied to 5 ×
10 × 1 mm3 CS and 50 μL of 3.5 % NC before implantation on the 
posterior transverse processes.

2.8.2. Micro-CT analysis of treated spine
Extracted spinal segments were scanned using high-resolution micro- 

CT (SkyScan 1272) with the following parameters: source voltage = 80 
kV, source current = 125 μA, image pixel size = 13.3 μm, rotation step =
1, and filter = Al 1 mm. Spinal fusion was defined by bridging new bone 
formation between the L4 and L5 transverse processes. To analyze the 
bone quality of the newly formed fusion mass, a 1.5 × 3 × 1 mm3 cuboid 
ROI was set at the center of the fusion mass. In anterior forehead sec-
tions, a rectangular ROI composed of a line passed through the L4/5 disc 
space and the center of the transverse process, each 1.5 mm cephalad 
and caudal, 1.5 mm wide; in transverse sections, it passed 1 mm anterior 
to the line of the posterior margin of the vertebral body (Fig. 6B). Image 
analysis was performed using CTAN software (version 1.18.8.0, 
Brucker).

2.8.3. Histological analysis of treated spine
Explanted spinal segments fixed in 10 % formalin were demineral-

ized using KCX solution (Falma, Tokyo, Japan), dehydrated in ethanol, 
and embedded in paraffin wax. Coronal sections of 5 μm thickness were 
cut at the level of the anterior 1/3 of the vertebral body. Newly formed 
trabecular bone inside the fusion mass between the L4 and L5 transverse 
processes was quantified using H&E staining. A 1.5 × 3 mm2 ROI was set 
inside the fusion mass centered at the L4/5 disc level, craniocaudal 
within the spinal fusion area, centered at the L4/5 disc level. Trabecular 
bone and adipose tissue area within the ROI were color-coded and 
quantified using ImageJ (version 1.53t).

2.9. In vitro osteogenic differentiation assay

Mouse-derived MC3T3-E1 preosteoblasts (Riken Cell Bank, Tsukuba, 
Japan) and human bone marrow stromal cells (hBMSCs; Lonza, Cologne, 
Germany) were seeded in 24-well culture plates at a density of 5.0 × 104 

cells/well at passage 6. The cells were cultured in a growth medium 
(GM) comprising α-minimum essential medium (α-MEM) supplemented 
with 10 % FBS and 1 % penicillin and streptomycin (Sigma–Aldrich, St. 
Louis, MO, USA). When the cells reached confluence, the GM was 
replaced with osteogenic differentiation medium (ODM), comprising 
GM supplemented with 50 μg/mL L-ascorbic acid 2-phosphate (Sigma-
–Aldrich), 10 mM β-glycerol phosphate (Merck KGaA, Frankfurt, Ger-
many), and 10 nM dexamethasone (Sigma–Aldrich). NC was dissolved in 
ODM at 1, 10, 30, and 50 μg/mL for MC3T3-E1 and at 1, 10, and 100 μg/ 
mL for hBMSCs. qPCR analysis was performed on day 3 for hBMSCs and 
day 7 for MC3T3-E1. ALP staining and ALP activity were evaluated on 
day 7 for MC3T3-E1 and hBMSCs, and Alizarin red staining was per-
formed on day 21 for hBMSCs.

2.9.1. ALP staining and activity
After culturing MC3T3-E1 cells and hBMSCs for 7 days, the cells were 

washed twice with PBS, and attached cells were fixed using 500 μL of 4 
% paraformaldehyde for 30 min. After two rinses with distilled water, 
BCIP/NBT Color Development Substrate (Promega, Madison, WI, USA) 
was used for ALP staining. To assess ALP activity, 100 μL of M-PER was 
added to each well, and the cells were detached using mini scrapers. The 
supernatant was collected for ALP assays using the Lab Assay ALP kit 
(Wako Pure Chemical Industries, Osaka, Japan).

2.9.2. Alizarin red staining
After culturing hBMSCs in ODM for 21 days, the cells were washed 

twice with PBS, and the attached cells were fixed in 4 % para-
formaldehyde. After two rinses with distilled water, the cells were 
stained with 500 μL of Alizarin Red solution (Muto Pure Chemicals) at 
room temperature for 30 min. The dye was extracted with 5 % formic 
acid, and the absorbance at 405 nm was determined using a Multiskan 
GO instrument and SkanIt software (Thermo Scientific).

2.10. In vitro chondrogenic differentiation assay

Mouse-derived teratocarcinoma cells (ATDC5; Riken Cell Bank) were 
cultured and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 medium supplemented with 5 % FBS and 1 % antibiotic- 
antimitotic. To induce chondrogenic differentiation, ATDC5 cells were 
seeded in 24-well culture plates at a density of 5.0 × 10⁴ cells/well at 
passage 8, along with 1 % ITS + Premix Universal Supplement (Corning, 
New York, NY, USA), and NC was added at 1, 10, or 100 μg/mL. The 
hBMSCs were cultured in chondrogenic medium comprising DMEM 
containing 1 % ITS + Premix Universal Supplement (Corning), 50 μg/mL 
ascorbic acid (Sigma–Aldrich), 40 μg/mL L-proline (Wako), 100 nM 
dexamethasone (Sigma–Aldrich), 10 ng/mL transforming growth factor 
β3 (PeproTech, Rocky Hill, NJ, USA), and 1 % antibiotic-antimitotic. 
The hBMSCs were suspended at a concentration of 1 × 10⁷ cells/mL. 
Subsequently, 10-μL droplets of the cell suspension were gently depos-
ited into the interior of each well in a 24-well plate and allowed to 
adhere at 37 ◦C for 2 h. Then, 500 μL of chondrogenic medium con-
taining 1, 10, or 100 μg/mL NC was introduced to each well. ATDC5 
cells were assessed by qPCR and Alcian blue staining on day 7, whereas 
hBMSCs were evaluated by Alcian blue staining on day 21.

2.10.1. Alcian blue staining
After washing with PBS, the cells were fixed in 500 μL of 4 % para-

formaldehyde for 10 min, followed by two washes with distilled water. 
Then, they were incubated with 1 % acetic acid for 5 min, succeeded by 
an overnight incubation at 25 ◦C in 500 μL of Alcian blue solution (pH 
1.0; Muto Pure Chemicals). After adequate rinsing with distilled water, 
the dye was eluted using 6M guanidine hydrochloride and the absor-
bance at 595 nm was measured. ImageJ (version 1.53t) was used to 
quantify the area of Alcian blue-stained hBMSCs.

2.11. In vitro osteoclast differentiation assay

Murine primary osteoclasts were obtained from bone marrow cells 
flushed from the femurs and tibiae of C57BL/6J mice. The cells were 
cultured in α-minimum essential medium (MEM) containing 10 % FBS, 
1 % penicillin and streptomycin, and 25 ng/mL macrophage colony- 
stimulating factor (M-CSF; R&D Systems, Minneapolis, MN, USA) at 
37 ◦C overnight. Non-adherent cells were washed twice with PBS, and 
adherent cells were seeded in 24-well plates at 1 × 10⁵ cells/well and 
cultured in 25 ng/mL M-CSF for three days to differentiate into bone 
marrow-derived macrophages (BMDMs). The cells were stimulated with 
25 ng/mL M-CSF and 50 ng/mL receptor activator of nuclear factor 
kappa B ligand (RANKL; R&D Systems), and 200 ng/mL BMP2 was 
administered. On day 3, after RANKL administration, the medium was 
replaced with fresh medium, and on day 6, TRAP staining (Cosmo Bio) 
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and qPCR analysis were performed.

2.12. Cytotoxicity test

The cytotoxicity of NC dissolved in the culture medium was evalu-
ated using the WST-8 assay (Nacalai Tesque, Kyoto, Japan). MC3T3-E1 
cells, ATDC5 cells, hBMSCs, and BMDMs were seeded in 96-well tissue 
culture plates (5.0 × 103 cells/well). After 24 h, the medium was 
replaced with one containing NC. The plates were then further cultured 
for 1, 2, 3, 5, and 7 days, and cell proliferation was assessed according to 
the manufacturer’s protocol.

2.13. In vitro co-culture experiments

MC3T3-E1 cells were seeded in 24-well tissue culture plates (5.0 ×
10⁴ cells/well). After reaching 100 % confluence, culture insert cham-
bers (Falcon Cell Culture Inserts; pore size = 0.4 μm) containing CS or 
NC with or without 500 ng of BMP2 were suspended above each well. A 
vacant chamber (chamber only) group was used as a control, and the 
chamber containing PBS with 500 ng of BMP2 was used as a positive 
control. The medium was changed after 4 days of co-culture. ALP 
staining and activity were assessed after 3 and 7 days of co-culture.

2.14. qPCR

Total RNA was extracted using a RNeasy kit (Qiagen, Hilden, Ger-
many) and reverse-transcribed into cDNA using ReverTra Ace qPCR RT 
Master Mix (Toyobo, Osaka, Japan). qPCR assays were run using SYBR 
Green Master Mix in a StepOnePlus Real-Time PCR System. Target gene 
expression levels were normalized to GAPDH, and fold changes were 
calculated relative to the control group using the 2− ΔΔCt method [34]. 
Primers used in this study are presented in Table S2.

2.15. Western blotting

ATDC5 cells were plated in 6-well plates (3.0 × 10⁵ cells/well) with 
DMEM/F-12 medium containing 5 % FBS and 1 % antibiotics. When the 
cells reached 100 % confluence, the medium was replaced with medium 
containing 1, 10, or 100 μg/mL NC, and the cells were incubated for 16 
h. Cellular proteins were extracted using RIPA buffer (Nacalai Tesque) 
supplemented with a 1 % protease/phosphatase inhibitor cocktail (CST). 
For each sample, 25 μg of protein was subjected to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (Thermo Scientific), followed 
by transfer to polyvinylidene difluoride membranes (Nippon Genetics, 
Tokyo, Japan). The membranes were blocked with 5 % skim milk in Tris- 
buffered saline Tween-20 at 25 ◦C for 1 h. Subsequently, they were 
probed with primary antibodies against phospho-SMAD1/5 (5753, 
1:1000; CST), total SMAD1 (9743, 1:1000; CST), phospho-p44/42 
MAPK (ERK1/2) (9101, 1:1000; CST), phospho-p38 MAPK (9211, 
1:1000; CST), and β-actin (4970, 1:1000, CST) at 4 ◦C overnight, fol-
lowed by incubation with a horseradish peroxidase-conjugated sec-
ondary antibody (7074, 1:1000; CST) for 1 h. Immunoreactivity was 
visualized using Amersham ECL Select Western Blotting Reagent 
(Cytiva, Tokyo, Japan) and a ChemiDoc MP Imaging System (Bio-Rad, 
Hercules, CA, USA).

2.16. Statistical analysis

Data were presented as mean ± standard deviation (SD). The means 
of two groups were compared using the unpaired Student’s t-test, 
whereas one-way analysis of variance (ANOVA), followed by Dunnett 
multiple comparison tests or two-way ANOVA, followed by Bonferroni 
tests, were used to compare means of three or more groups. Statistical 
analysis was conducted using GraphPad Prism 9.4.1. Statistical signifi-
cance was set at p < 0.05.

3. Results

3.1. Characterization of NC properties

The XRD diffractogram obtained for RENOVITE® confirmed a 
typical Na-synthetic hectorite without phase transformation or precipi-
tate impurities (hk0, 0k0, 00l and h00 reflections in the low angle region 
(2θ = 20–40◦), with d110, 020 = 4.5 A◦ at 2θ–20◦, d004 = 3.18 A◦ at 
2θ–28◦, and d130, 200 = 2.56 A◦ at 2θ–35◦; and hk0 and 0k0 reflections 
in the high angle region (2θ = 50–61◦), with d150, 240, 310 = 1.72 A◦ at 
2θ–53◦ and d060, 330 = 1.52 A◦ at 2θ–61◦) (Fig. S1a). FTIR revealed 
stretching/bending vibrations of the functional group’s characteristic of 
magnesium silicate clay mineral, including i) Si–O starching and Si–O–Si 
bending of the tetrahedral sheet (980, 427 cm− 1), ii) Mg–OH bending of 
the octahedral sheet (650 cm− 1), iii) H–O–H bending of adsorbed water, 
and iv) H–O stretching of interlayer water (Fig. S1b). TEM of a sus-
pension of RENOVITE® particles (0.001 wt %) dried onto a surface 
revealed a round disk-shaped surface profile for 15–30 nm particles 
(Fig. S1c top). Meanwhile, TEM of an arrested RENOVITE® NC (2.8 wt 
%) dehydrated and embedded in resin revealed delamination of the 
RENOVITE® particles (Fig. S1c bottom).

RENOVITE® NC (the NC used in this study) exhibited an enhanced 
gelation reaction compared with LAPONITE® NC. In fact, RENOVITE® 
NC achieved a strength sufficient to be grasped with forceps when 
exposed to FBS (Fig. S2c). In addition, we conducted a rheological 
analysis of the physical properties of RENOVITE® NC and LAPONITE® 
NC after exposure to PBS or serum at physiological pH, simulating in vivo 
implantation conditions. In its native state, the G′ and G″ of RENOVITE® 
NC were comparable to those of LAPONITE® NC. However, the in-
creases in G′ and G″ after exposure to PBS or serum were significantly 
greater for RENOVITE® than LAPONITE® (Figs. S2d and e). Upon 
exposure to PBS or serum, LAPONITE® NC showed a 3.5-fold and 8.0- 
fold increase in G′, while RENOVITE® NC exhibited a 4.9-fold and 
12.0-fold increase, respectively (Fig. S2f).

3.2. NC facilitates long-term localization of BMP2 in vitro and in vivo

The localization of fluorescently labeled BMP2 in CS and NC was 
investigated using an IVIS. In vitro testing demonstrated that, regardless 
of the concentration of BMP2, approximately 90 % of the fluorescence 
intensity of BMP2 in CS decayed within 3 h, whereas for BMP2 localized 
in NC, more than 90 % of the fluorescence intensity was retained over 7 
days (Fig. 2A–F). In vivo testing showed that more than 80 % of the 
fluorescence intensity of BMP2 inside CS disappeared within 24 h, 
regardless of the BMP2 concentration. In contrast, more than 75 % 
remained within the NC containing 1 μg of BMP2, and more than 65 % 
remained within the NC containing 2 μg of BMP2 for at least 24 h 
(Fig. 2J–M). BMP2 in the NC was detectable on day 7, whereas BMP2 in 
the CS was undetectable on day 3. The fluorescence signal at each time 
point was normalized to the initial signal, and exponential decay curves 
were created. The biological half-life of BMP2 in vivo was 2.3 h for CS 
and 40.0 h for NC mixed with 1 μg of BMP2 (Fig. 2I and J) and 1.9 h for 
CS and 37.3 h for NC mixed with 2 μg of BMP2 (Fig. 2L and M), sug-
gesting that the release profiles were consistent across different BMP2 
concentrations. These findings demonstrate that the NC outperformed 
the CS in facilitating long-term BMP localization.

3.3. NC/BMP2 induces new bone formation with extensive trabecular 
bone

To examine the bone induction capacity of NC or CS containing 
BMP2, they were implanted in a mouse subfascial implantation model. 
Micro-computed tomography (micro-CT) evaluation showed that on day 
21, the surrounding cortical shell contour was relatively clear in the CS 
group; in contrast, the NC group showed extensive high-intensity areas 
on micro-CT, indicating mineral deposition, although the contour of the 
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cortical shell was indistinct. On day 42, in the NC group, cortical bone 
was clearly formed in the area surrounding the implant, and, critically, 
the interior was filled with dense trabecular bone. In contrast, in the CS 
group, no significant changes were observed in cortical bone formation 
after day 21, and negligible evidence of trabecular bone structure was 
detected within the cortical shell (Fig. 3A). The bone mineral density of 
new bone was significantly higher in the NC group than in the CS group 
on days 21 and 42 post-implantation (p < 0.01, respectively). NC and CS, 
in the absence of BMP2, did not induce bone formation (Fig. 3B). H&E- 
stained section images indicated that by day 21, most of the CS had 
degraded while more gel remained inside the NC, suggesting slower 

absorption of NC compared to CS (Fig. 3C). Images of H&E-stained 
sections on day 42 revealed no difference in the thickness of the outer 
shell of bone surrounding the CS and NC. However, significantly more 
newly formed bone was observed within NC than CS, consistent with the 
micro-CT results (Fig. 3D).

3.4. Uniform cartilage formation within NC precedes bone formation

To verify the mechanism by which NC induced high-quality new 
bone, histological images 7, 10, 14, and 21 days post-implantation were 
examined. In the CS group, a discrete amount of cartilage tissue stained 

Fig. 2. Retention kinetics of fluorescently labeled BMP2. (A) In vitro fluorescence image of CS and NC containing fluorescently labeled 0.1, 0.5, and 1 μg of BMP2 at 
the bottom of a 24-well plate. In vitro radiant efficiency up to 7 days; (B) 0.1 μg of BMP2; (C) 0.5 μg of BMP2; (D) 1 μg of BMP2. Retention kinetics of NC and CS 
containing 1 μg BMP2 up to 24 h and up to 7 days (E, F). (G) In vivo fluorescence image of CS and NC containing fluorescently labeled 1 and 2 μg of BMP2 in a mouse 
subfascial implantation model. In vivo radiant efficiency up to 7 days: (H) 1 μg of BMP2; (K) 2 μg of BMP2. Retention kinetics of NC and CS containing 1 μg of BMP2 
up to 24 h and up to 7 days (I, J). Retention kinetics of NC and CS containing 2 μg of BMP2 up to 24 h and up to 7 days (L, M). Data represents the mean ± SD (n = 4 
in each group).
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Fig. 3. Evaluation of bone and cartilage formation in the subfascial implantation model. (A) Representative micro-CT images in the CS and in NC groups on day 21 
and day 42. Scale bars, 1 mm. (B) Bone mineral density (BMD) of the implanted materials: CS + PBS (n = 6), NC + PBS (n = 6), CS + BMP2 (n = 6), and NC + BMP2 
(n = 6). (C) Representative H&E images on day 21 and 42. The NC group showed extensive amounts of bone formation within NC. Scale bars, 1 mm (upper panels), 
500 μm (lower panels). (D) Amounts of newly formed bone within the carriers and thickness of the outer cortical shell in the CS and NC groups (n = 6 each). (E) Time- 
dependent cartilage formation in CS and NC containing 1 μg of BMP2 as evaluated by safranin-O staining. Scale bars, 1 mm (upper panels), 200 μm (lower panels). (F) 
Quantification of the safranin-O-stained area on day 21 in the CS and NC groups (n = 5 each). Scale bars, 1 mm. (G) Quantitative analysis of sGAG in the CS and NC 
groups (n = 4 each). Data represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined via an unpaired t-test (D, F) or via two-way 
ANOVA, followed by Bonferroni tests (B, G).
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with safranin-O was observed on the outer edge of the CS disc on day 10; 
this cartilage tissue decreased on day 14 and had completely dis-
appeared by day 21. In the NC group, cartilage tissue was formed from 
days 14–21 and was widespread inside the NC (Fig. 3E). The CS group 
showed no safranin-O staining on day 21, whereas approximately 30 % 
of the implanted sites were stained in the NC group, indicating the 
substantial presence of a cartilage matrix (Fig. 3F). The areas of bone 
formation as detected by CT on postoperative day 42 coincided with the 
areas of cartilage formation in the CS and NC groups, indicating the 
extensive cartilage formation preceding bone formation in the NC group 
resulted from endochondral ossification. Quantitative evaluation of the 

cartilage tissue assessed by measuring sGAG revealed a temporal in-
crease in sGAG up to day 21 in the NC group, whereas, in the CS group, 
sGAG peaked on day 10 and subsequently decreased on day 21 (Fig. 3G).

3.5. NC does not induce the BMP2 dose-dependent inflammatory 
response

One of the factors hindering the widespread clinical adoption of 
BMP2 delivery using a CS carrier is the associated dose-dependent in-
flammatory response [35–41]. Therefore, we examined the effect of NC 
on the inflammatory response by implanting CS or NC containing 

Fig. 4. Effect of NC on the inflammatory response in the subfascial implantation model. 
(A) Representative images of H&E-staining sections of subfascial implanted CS and NC containing different concentrations of BMP2 on day 7. BMP2 dose-dependent 
inflammatory cell infiltration was not observed in the NC group, in contrast to the CS group. Scale bar, upper row: 1 mm, lower row: 300 μm. (B) Quantitative 
analysis of the area and thickness of the inflammatory lesion in the CS and NC groups (n = 3 each). (C) Immunostaining for CD68, neutrophils, CD206 and TRAP 
staining of the inflammatory zone around CS and NC containing 5 and 10 μg of BMP2. Scale bars, 100 μm. (D) Quantification of CD68-positive monocytes, neu-
trophils, TRAP-positive cells, and CD206-positive multinucleated giant cells (MNGCs) (red arrow). Data represent the mean ± SD. *p < 0.05, ****p < 0.0001, as 
determined via two-way ANOVA, followed by Bonferroni tests.
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different amounts of BMP2. In the CS group, the area of inflammatory 
cell infiltration into the peri-CS tissue expanded in proportion to the 
BMP2 dose. In contrast, the NC group showed no obvious change in the 
inflammatory cell infiltration area with increasing BMP2 dose (Fig. 4A 
and B).

To examine inflammatory cells localized in the inflammatory cell 
infiltrate layer in more detail, we performed immunostaining for the 
pan-macrophage marker CD68, MNGC marker CD206, neutrophils, and 
TRAP. MNGCs are fusions of multiple macrophages caused by foreign 
bodies or inflammatory reactions; CD206 is a useful marker to distin-
guish MNGCs from osteoclasts [42]. In the CS group, significant infil-
tration of CD68-positive monocytes, TRAP-positive cells, and 
CD206-positive MNGCs was observed compared with the NC group, 
whereas the number of neutrophils did not differ between the two 
groups. Notably, the numbers of macrophages and TRAP-positive cells 
increased in a BMP2 dose-dependent manner. These inflammatory cells 
were observed in the NC group. However, the numbers of CD68-positive 
monocytes, TRAP-positive cells, and CD206-positive MNGCs were 
significantly lower and unaffected by the BMP2 dose (Fig. 4C and D).

Immunostaining for TNF-α showed distinct differences between NC 
and CS in the appearance of inflammatory cells. In the CS group, the area 
of inflammatory cell infiltration outside the CS implantation site 
increased in a BMP2 dose-dependent manner, with little inflammatory 
cell infiltration into the CS. In contrast, negligible inflammatory cell 
infiltration was observed around the NC implant site, regardless of the 
BMP2 concentration; however, BMP2 dose-dependent inflammatory cell 
infiltration occurred into the NC interior (Fig. 5A and B). Interestingly, 
the inflammatory cell infiltration area comprised extensive SOX9- 
positive cells, with particularly strong SOX9 staining within the NC 
(Fig. 5C and D). This suggests that NC suppresses external inflammation 
by retaining BMP2, promotes chondrocyte differentiation through pro-
longed BMP2 localization, induces inflammatory cell infiltration inter-
nally, and directly affects bone formation.

3.6. NC/BMP2 enables the formation of a spinal fusion mass filled with 
trabecular bone

We assessed the effectiveness of NC as a BMP2 carrier using a clin-
ically relevant posterolateral spinal fusion rat model. The bone fusion 
rate at 6 weeks postoperative at L4/5 posterolateral fusion did not differ 
between the NC and CS groups, with both groups showing a 100 % 
fusion rate. However, the quality of the newly formed fusion mass 
differed significantly between the groups. In the CS group, trabecular 
bone formation inside the fusion mass was poor, particularly in the high- 
dose BMP2 (10 μg) group. In the NC group, the interior of the fusion 
mass was filled with extensive, thick trabecular bone, regardless of the 
BMP2 dose (Fig. 6A). Micro-CT analysis of the newly formed bone 
showed that the ratio of bone volume to total volume (BV/TV) and 
trabecular number (Tb.N) were significantly higher and, as a conse-
quence, trabecular separation (Tb.Sp) was significantly lower in the NC 
group than in the CS group (Fig. 6C). In the CS group, Tb. Sp was 
significantly elevated in the high-dose BMP2 (10 μg) group compared 
with the moderate-dose BMP2 (5 μg) group, whereas in the NC group, 
there was no significant difference in bone quality. Histological analysis 
shows that marrow adipose tissue occupied most of the interior of the 
fusion mass in the CS group, whereas in the NC group, thicker and more 
extensive trabecular bone and reduced adipose marrow tissue were 
observed inside the fusion mass (Fig. 7A). The new bone area in the 
fusion mass was significantly larger in the NC group than in the CS group 
(Fig. 7B). The adipose tissue area in the fusion mass was significantly 
larger in the CS group than in the NC group. Additionally, in the CS 
group, the area of adipose tissue tended to be higher in the high-dose 
BMP2 (10 μg) group than in the moderate-dose BMP2 (5 μg) group, 
consistent with the micro-CT analysis (Fig. 7C). These results demon-
strate that spinal fusion with extensive, high-quality new bone is ach-
ieved when NC is used as a carrier for BMP2.

3.7. NC enhances osteoblastic and chondrogenic differentiation

To understand the effects of NC observed in vivo, we examined NC 
effects on osteoblastic and chondrogenic differentiation in vitro. When 
hBMSCs cultured in osteogenic medium were supplemented with NC, no 
apparent cytotoxicity was observed (Fig. S7a), and a concentration- 
dependent increase in alkaline phosphatase (ALP) staining (day 7), 
Alizarin red staining (day 21) (Figs. S3d and f), and the expression of 
osteogenic genes (Runx2 and Col1a1) occurred on day 7 (Fig. S3e). In 
MC3T3-E1 osteoblasts, several osteoblast differentiation genes were 

Fig. 5. Assessment of inflammatory responses as assessed by immunostaining. 
(A) Representative TNF-α immunostaining images for both CS and NC groups. 
Scale bars, 1 mm (upper panels), 100 μm (lower panels). In the CS group, in-
flammatory cells were observed infiltrated on the outside (black arrows) rather 
than inside (blue arrows) of the implant, whereas in the NC group, inflamma-
tory cells could barely be detected outside the NC (black arrow). (B) Quanti-
fication of TNF-α-positive cell number (n = 3 each). (C) Representative Sox9 
immunostaining images in the inflammatory area around CS and NC containing 
5 μg of BMP2. (D) Quantification of SOX9-positive cells inside and outside of 
the implanted materials (n = 4 each). Scale bars, 100 μm. Data represent the 
mean ± SD. *p < 0.05, ****p < 0.0001, as determined via two-way ANOVA, 
followed by Bonferroni tests.

T. Furuichi et al.                                                                                                                                                                                                                                Bioactive Materials 44 (2025) 474–487 

482 



upregulated; however, as the concentration increased, inhibitory effects 
in MC3T3 were observed. (Figs. S3a, b, c). Furthermore, MC3T3-E1 cells 
exhibited cytotoxicity at 100 μg/mL, whereas no significant growth in-
hibition was observed up to 50 μg/mL (Fig. S7b). The concentration- 
dependent decrease in ALP activity likely resulted from mild toxicity 

to MC3T3-E1 cells. The differential response to NC concentrations be-
tween MC3T3-E1 and hBMSCs underscores the varying balance between 
effectively stimulating osteoblast differentiation and minimizing cyto-
toxicity across different cell types, highlighting the necessity for further 
detailed investigation. The addition of NC to the ATDC5 cell culture 

Fig. 6. Micro-CT analysis of spinal fusion model. (A) Illustrative micro-CT images for the CS and NC groups. Scale bars, 5 mm. (B) Placement of a 1.5 × 3 × 1 mm3 

ROI. (C) Microstructural indices of the fusion mass in the CS and NC groups (n = 16 each), including bone volume (BV)/tissue volume (TV), trabecular thickness (Tb. 
Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp). Data represent the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined via two- 
way ANOVA, followed by Bonferroni tests.
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medium resulted in no cytotoxicity (Fig. S7c), a concentration- 
dependent increase in Alcian blue staining on day 7 (Fig. S4a), and 
the expression of early (Col2 and Acan) and late (Col10 and Runx2) 
chondrogenic genes (Fig. S4c). The effect of NC on chondrogenic dif-
ferentiation was confirmed by the enhanced Alcian blue staining of 
cultured hBMSC micromass cultures (Fig. S4b). Western blot analysis of 
osteogenic and chondrogenic signaling factors further confirmed the 
dose-dependent activation of osteogenic and chondrogenic pathways 
upon the addition of NC (Fig. S4d). Thus, the current findings indicate 
the potential modulation of osteoblastic and chondrogenic differentia-
tion following NC addition.

3.8. Co-culture with NC containing BMP2 does not affect osteoblast 
differentiation

Next, we compared CS and NC in a co-culture system to examine the 
osteogenesis regulation effects in the presence and absence of BMP2 
(Fig. S5a). On day 3, ALP staining and activity assessment showed a 
significant increase in ALP activity in the CS + BMP2 group; this effect 
persisted through day 7. In contrast, no increase in ALP staining or ac-
tivity was observed in the NC + BMP2 group, indicating that BMP2 did 
not diffuse into the surrounding area over the 7 days (Figs. S5b and c). 
These results are consistent with the in vitro release kinetics data (Fig. 2). 
Furthermore, in the CS- and NC-alone groups, there was no difference 
compared to the control, indicating that neither CS nor NC degrade in 
vitro or affect the differentiation of distant cells.

3.9. NC suppresses osteoclast differentiation

To investigate the effect of NC on osteoclast differentiation, NC was 
added to the culture medium of murine primary osteoclast cultures at 
different concentrations (0.1, 10, and 100 μg/mL). NC significantly 
suppressed osteoclast formation in a dose-dependent manner (Fig. S6a). 
Furthermore, the expression of genes related to osteoclastogenesis (Trap, 
Dcstamp, Nfatc1, and Ctsk) was significantly decreased (Fig. S6b). The 
addition of BMP2 (200 ng/mL) in the culture medium did not signifi-
cantly alter the results, indicating that even in the presence of BMP2, NC 
effectively suppressed osteoclast formation.

To determine whether the NC-induced inhibition of osteoclasto-
genesis was due to cytotoxicity, we evaluated the effect of NC on BMDM 
viability. Interestingly, after 7 days in culture, no cytotoxic effects were 
observed at NC concentrations of 10 and 100 μg/mL. Instead, cell pro-
liferation was further promoted (Fig. S7d). This suggests that the 
inhibitory effect on osteoclast proliferation was not attributable to NC 
cytotoxicity. To verify the effect of NC on osteoclast differentiation in 
vivo, osteoclast formation in a subfascial implantation model was 
examined using TRAP staining. In the CS group, extensive TRAP-positive 
osteoclasts were observed from days 10–14 after implantation. In 
contrast, in the NC group, few osteoclasts were observed up to day 21 
(Figs. S6c and d). These results indicate that NC enhances endochondral 
bone formation while inhibiting osteoclastic bone resorption.

4. Discussion

The current studies demonstrate NC’s capacity to localize BMP2 and 
to promote extensive bone formation in vitro and in vivo through 

Fig. 7. Histological analysis of spinal fusion model. (A) Comparative assessment of area of new bone formation. A ROI of 1.5 × 3 mm2 was set inside newly formed 
fusion mass. New bone areas and adipose tissue areas were color-coded (red) using ImageJ software. Scale bars, 2 mm. (B) Percentage of new bone area within the 
ROI. (C) Percentage of adipose tissue area within the ROI. Data represents the mean ± SD (n = 16 each). ****p < 0.0001, as determined by two-way ANOVA, 
followed by Bonferroni tests.
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enhanced endochondral bone formation.
NC has very high BMP2 retention properties and a 6-week absorption 

period without degradation, allowing the BMP2 action to be localized 
inside the NC for a significant period. Thus, NC retains the osteoinduc-
tive ability of BMP2 while suppressing inflammatory responses in the 
surrounding tissue to a negligible level, preventing ectopic bone 
formation.

We demonstrated that NC/BMP2-induced new bone formation 
occurred without a BMP dose-dependent inflammatory response in 
surrounding tissues, as opposed to the inflammatory response typically 
observed with collagen carriers currently used in clinical practice.

When used as a carrier for BMP2, NC must withstand pressure from 
surrounding tissues and localize at the implantation site. Poor locali-
zation can lead to NC dispersion into surrounding tissues, causing 
adverse events such as ectopic ossification. The NC used in this study 
(RENOVITE®) is a newly developed synthetic hectorite clay for medical 
applications, which rapidly increases in viscosity in vivo and acquires 
mechanical strength to resist pressure from surrounding tissues. NC 
exposed to FBS exhibited sufficient mechanical strength to be grasped 
with forceps, whereas in distilled water, the NC diffused into the sur-
rounding solution (Figs. S2b and c). In the subfascial implantation 
model, cartilage replaced NC in three weeks and bone in 6 weeks. In 
addition, in the more clinically relevant spinal fusion model, NC was 
localized to the implanted sites, allowing for good-quality bone forma-
tion with spatial control of bone formation.

The observed efficacy of the NC is likely a consequence of three main 
features. First, in vitro and in vivo BMP2 retention kinetics demonstrate 
that NC retained BMP2 for significantly longer periods than CS. In vitro 
release kinetics show a negligible change in BMP2 fluorescence intensity 
over 7 days, demonstrating that the NC slowly released BMP2 with in 
vivo decay, resulting from BMP degradation rather than release. More-
over, CS and NC are inherently biocompatible materials and induce 
minimal inflammatory responses when implanted in vivo. Therefore, we 
believe that the inflammatory reaction observed around CS containing 
BMP2 was not caused by CS degradation but by the rapid BMP2 release 
from CS. Conversely, NC provides a more prolonged retention of BMP2, 
resulting in reduced inflammation. In addition, the clearance of the clay 
gel is not mediated by clay particle degradation but by the cellular up-
take of intact clay particles and their aggregates [22]. The remodeling 
rate of the nanoclay gel implant depends on the volume and concen-
tration of the RENOVITE® gel but typically occurs over six weeks (un-
published data).

Uncontrolled burst release of BMP2 has been extensively reported to 
negatively affect bone formation [43–45]. Excess BMP2 enhances 
adipocyte differentiation and the formation of adipose tissue instead of 
trabecular bone within new bone [46,47]. Indeed, BMP-containing NC 
formed new bone filled with dense trabecular bone, whereas new bone 
induced by BMP2-impregnated CS formed excess fatty marrow tissue in 
the subfascial implantation and spinal fusion models (Fig. 3C and 7A). In 
addition, excessive BMP2 has been widely documented to induce an 
abnormal bone resorption response [48–50] via direct and indirect 
activation of osteoclasts through increased RANKL expression from 
amplified osteoblast numbers [51]. In the rat spinal fusion model, within 
the CS group, Tb. Sp was significantly higher in the high-dose BMP2 (10 
μg) group than in the moderate-dose BMP2 (5 μg) group. However, in 
the NC group, there was no significant difference in bone quality 
(Fig. 6C). These results indicate that 5 μg of BMP2 is sufficient for bone 
regeneration of this size using NCs, and conversely, even high doses of 
BMP2 can be retained inside NCs and do not induce negative effects in 
the surrounding tissue. The homogeneous environment of the interior of 
the NC, where bone formation occurs, may have optimized bone 
formation.

In the subfascial implantation model, CS induced a large number of 
osteoclasts from day 10 onward, whereas, with NC incorporation, 
negligible osteoclast formation was observed up to day 21. On day 42, 
osteoclasts were observed at the perimeter of the new bone in the NC 

groups; however, few osteoclasts were detected in contrast to those 
observed early following implantation in the CS group. Furthermore, in 
vitro results showed that NC itself did not exhibit cytotoxicity toward 
bone marrow-derived macrophages (Fig. S7d) and inhibited osteoclas-
togenesis (Figs. S6a and b), although the mechanism underlying this 
inhibition remains to be further verified.

BMP2 produces inflammation-related adverse events in a 
concentration-dependent manner. Thus, cervical swelling has been re-
ported as a fatal adverse event after off-label use of BMP2 in cervical 
spine surgery [52,53]. The effect of NC as a BMP2 carrier on the in-
flammatory response in vivo was unexpected. When CS was used as a 
BMP2 carrier, a dose-dependent inflammatory response was observed in 
the surrounding tissues, in line with previous findings [28]. In contrast, 
when NC was used as a BMP2 carrier, negligible inflammation was 
observed in the surrounding tissues; rather, inflammatory cells were 
observed to infiltrate the NC in a weak dose-dependent manner. The 
presence of SOX9-positive cells within the inflammatory area indicated 
new bone formation in the inflammatory zone, suggesting ectopic bone 
formation in the CS group (Fig. 5A and B). This observation is significant 
given the widespread use of BMP2 in the clinic for spinal fusion surgery. 
Considering the observed BMP2 retention and augmentation of bone 
formation in vitro and in vivo and the temporal induction of an osteogenic 
effect by the NC in the absence of an inflammatory response, the NC 
carrier offers an innovative technology for temporal and spatially 
controlled bone formation.

The second feature relates to the chondrogenic and osteogenic effects 
of NC in vitro [21,54]. In addition to the observed biocompatibility and 
low cytotoxicity [55], NC enhanced osteogenic and chondrogenic dif-
ferentiation without exogenous bone-inducing factors such as BMPs or 
dexamethasone. The mechanism underlying the osteogenic and chon-
drogenic effects of NC is unclear. Although non-toxic nanoclay disso-
lution degradation products such as Mg2+, Si(OH)4, and Li+ are often 
indicated as potential mechanisms, it is likely to involve several different 
modalities, including i) clay nanoparticle-facilitated transport and ex-
change of extracellular Ca2+ and PO4

3− ions across the cell membrane; ii) 
the ability of internalized clay nanoparticles to modulate intracellular 
signaling pathways through clay–protein interactions; iii) clay 
nanoparticle-mediated receptor interactions or uptake of bioactive 
molecules [21,56–58]. We demonstrated that NC predominantly pro-
motes osteoblastic and chondrogenic differentiation via BMP/Smad 
signaling. Furthermore, the three-dimensional layered structure of the 
NC, or the negative charge of its surface, may have contributed to the 
promotion of chondrogenic differentiation [24,59,60]. Notably, the 
specific relevance of the in vitro effects of clay to the in vivo data should 
be assessed cautiously, as clay gels do not induce bone in the absence of 
BMP2 when applied in vivo.

The third feature is bone regeneration via an endochondral ossifi-
cation process. Bone formation induced by BMP2 typically involves 
endochondral ossification, although bone formation following BMP 
implantation in vivo can involve intramembranous and endochondral 
bone formation [61,62]. This difference has been attributed to the het-
erogeneity of BMP2 concentrations [61,62]. The ability of NC to main-
tain a constant local BMP2 concentration for a prolonged time may have 
facilitated controlled endochondral differentiation, leading to 
high-quality new bone formation. This promotion of bone formation via 
endochondral ossification is particularly useful when the area requiring 
bone formation is significant, as observed in large bone defects. If a 
cartilage formation intermediary can be harnessed for filling bone de-
fects, such an approach would be useful in applications requiring bone 
formation time, including pseudarthrosis and intervertebral spinal 
fusion, where conditions for bone formation, including blood supply, are 
poor. In the subfascial implantation model, extensive new bone forma-
tion was observed in areas where cartilage formation was observed, 
indicating that cartilage formation preceded bone formation, contrib-
uting to the high-quality new bone formed via an endochondral process.
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5. Conclusion

In conclusion, NC used as a BMP2 carrier material promotes spatially 
controlled high-quality new bone formation via endochondral ossifica-
tion without an inflammatory response in the surrounding tissues, in 
contrast to a CS carrier. These findings indicate the potential of NC as a 
next-generation BMP2 carrier that reduces the adverse events often 
associated with current BMP2 clinical use and augurs well for clinical 
use in a range of orthopedic applications for more active and aging 
demographics.
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