
10.23805/JO.2026.788

DOI

Journal of Osseointegration
and Oral Rehabilitation

1

Enhanced Osteogenesis 
of Abalone Shell–Derived 
Hydroxyapatite via Strontium 
Substitution and Hyaluronic 
Acid Incorporation
in MC3T3-E1 Osteoblasts

AuthorsAbstract

alveolar ridge 
resorption, ridge 
preservation, abalone 
shell, hydroxyapatite, 
hyaluronic acid, 
strontium, FTIR, 
SEM, EDX, osteoblast 
proliferation.

Keywords

Alveolar ridge resorption after tooth extraction 
is an inevitable physiologic process and can 
compromise implant site development; 
therefore, ridge preservation requires bioactive 
grafts that support early osteoblast colonization 
and osteogenic signaling. This study evaluated 
an abalone shell–derived bone graft formulated 
as carbonated hydroxyapatite (ABG), modified 
by Sr²+ substitution (ABGSr) and supplemented 
with hyaluronic acid at two ratios (1:1 and 3:4, 
w/w) to enhance material characteristics, 
biocompatibility, and osteogenic-related gene 
expression in MC3T3-E1 osteoblasts. Material 
characterization included FTIR, SEM, and EDX. 
FTIR confirmed apatite functional groups 
(phosphate ~1046 cm-¹, hydroxyl ~3572 cm-¹, 
and carbonate bands), supporting successful 
carbonated hydroxyapatite formation, while 
SEM showed ABGSr surfaces became rougher 
and less dense than ABG, suggesting a more 
cell-favorable topography.

Biocompatibility was assessed by CCK-8 at 
24–72 h and compared with a commercial 
xenograft control (KX) and negative control. 
ABGSrHA3 (3:4) produced significantly higher 
optical density than the control at 24, 48, and 
72 h, indicating superior proliferation, whereas 
ABGSrHA1 (1:1) did not exceed the control at 
48–72 h. RT-PCR demonstrated significant 
group-, time-, and interaction-effects for 
BMP-2, OPN, and OCN. BMP-2 expression 
peaked early (day 5) with the highest levels 
in ABGSrHA3, OPN peaked at day 3 with the 
highest expression in KX, and OCN peaked at 
day 7 with the highest expression in ABGSrHA1.
Overall, Sr²+ substitution combined with 
HA supplementation—particularly the 3:4 
formulation—most consistently enhanced 
early osteoblast proliferation and osteogenic 
signaling, supporting its potential as a locally 
sourced ridge preservation biomaterial.
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INTRODUCTION

Alveolar ridge resorption after tooth extraction is 
a physiological process that inevitably occurs and 
cannot be avoided, potentially leading to the need for 
subsequent ridge augmentation before implant therapy 
(1). Dimensional loss is most pronounced during early 
healing; within 12 months, approximately 50% of 
ridge width can be lost (2), and some reports indicate 
50–60% loss may occur within the first three months 
with gradual continuation thereafter (3). Resorption 
tends to be greater in the transverse than vertical 
dimension, especially at the labial/buccal aspect 
(3,4), contributing to a narrower and shorter ridge 
architecture. Additionally, experimental evidence 
describes two concurrent resorptive phases—bundle 
bone resorption and external surface resorption—
leading to clinically relevant vertical and horizontal 
reductions, particularly at the buccal wall (5).
Socket healing itself is a structured sequence 
comprising overlapping inflammatory, proliferative, 
and modeling/remodeling phases (5–7). Early post-
extraction dimensional changes are associated with 
disuse atrophy during the first 7–14 days (3), and 
modeling is reported to occur earlier than remodeling, 
with substantial modeling taking place in the first three 
months (7). Given that resorption is unavoidable, ridge 
preservation aims to modulate healing to minimize 
ridge reduction and support bone formation within 
the extraction socket.
The effectiveness of ridge preservation depends on 
bone graft materials that act as fillers and scaffolds and 
support osteoconduction while enabling biological 
events that culminate in new bone formation (8). 
In osteoinductive contexts, bone morphogenetic 
proteins—particularly BMP-2—are widely discussed as 
key mediators that promote migration, proliferation, 
and differentiation of osteoprogenitor cells and 
extracellular matrix production (9,10).
Abalone shell (Haliotis asinina) has been explored 
as a locally sourced calcium precursor for producing 
carbonated hydroxyapatite (CHA) bone graft materials 
(11). Its high calcium carbonate content (reported 
90–95%) and conversion to calcium oxide provide 
a strong basis for CHA synthesis (11,12), while 
carbonate incorporation indicates CHA formation and 
closer resemblance to the mineral phase of natural 
bone (13,14). However, highly crystalline grafts may 
limit osteoclastic resorption and disturb remodeling 
(15) motivating strategies to reduce crystallinity and 
improve bioactivity.
Ionic substitution is a recognized approach to tailor 
hydroxyapatite properties; incorporation of ions 
such as Sr²⁺ can alter lattice parameters and reduce 
crystallinity (16–18). In this work, Sr substitution is 
discussed as lowering lattice order and increasing 
controlled solubility, facilitating ion release and 

chemical interactions with the cellular environment 
(19) SEM observations further indicate that Sr-
substituted abalone grafts exhibit rougher surfaces 
and altered particle spacing, potentially benefiting 
osteoblast activity and bioactivity.
Beyond inorganic modification, hyaluronic acid has 
been increasingly applied in oral and maxillofacial 
contexts (20) and is a key extracellular matrix 
component in musculoskeletal and dermal tissues 
(21). In vitro evidence suggests hyaluronic acid can 
enhance osteoblast formation through improved 
mesenchymal cell differentiation and migration (22). 
The dissertation further frames hyaluronic acid as a 
“conditioning film” that increases hydrophilicity and 
facilitates early osteoblast adhesion (23), while Sr 
substitution may promote osteoblast differentiation 
through reduced crystallinity (24).
Therefore, this study aimed to enhance material 
characterization, biocompatibility, and osteogenic 
properties of abalone shell–derived bone grafts 
through Sr substitution and hyaluronic acid 
supplementation, evaluated in vitro using MC3T3-E1 
cells and the expression of BMP-2, osteopontin (OPN), 
and osteocalcin (OCN).

MATERIALS AND METHODS

Preparation of Abalone Shell–Derived Bone Graft
Abalone shells (Haliotis asinina) were cleaned, dried, 
and processed to obtain calcium carbonate powder. 
The powder was thermally treated to produce calcium 
oxide, followed by wet chemical precipitation to 
synthesize carbonated hydroxyapatite, hereafter 
referred to as abalone bone graft (ABG). Strontium-
substituted hydroxyapatite (ABGSr) was prepared 
by partially replacing calcium ions with strontium 
ions during the precipitation process. The resulting 
precipitates were filtered, washed, dried, and sintered 
under controlled conditions to obtain stable graft 
powders (Figure 1).
To improve biological performance, hyaluronic acid 
was incorporated into ABGSr at two different weight 
ratios. The first formulation contained ABGSr and 
hyaluronic acid at a 1:1 ratio (ABGSrHA1), while the 
second formulation used a 3:4 ratio (ABGSrHA3). All 
materials were sterilized prior to biological testing. 
A commercially available xenograft (KX) was used as 
a positive control, while cells cultured without graft 
material served as the negative control.

Material Characterization
Functional group analysis was performed using 
Fourier-transform infrared spectroscopy (FTIR) 
to confirm the formation of hydroxyapatite and 
carbonate substitution. Spectra were recorded in the 
range of 400–4000 cm⁻¹. Surface morphology and 
particle characteristics were examined using scanning 
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electron microscopy (SEM). Elemental composition 
and ion distribution, including calcium, phosphorus, 
and strontium, were analyzed using energy-dispersive 
X-ray spectroscopy (EDX).

Cell Culture
MC3T3-E1 mouse pre-osteoblast cells were used for 
in vitro evaluation. Cells were cultured in α-minimum 
essential medium supplemented with fetal bovine 
serum and antibiotics, and maintained under standard 
conditions (37 °C, 5% CO₂). Cells were subcultured 
upon reaching appropriate confluency and used 
between predetermined passage numbers to ensure 
consistency.

Cell Proliferation and Viability Assay
Cell proliferation and viability was assessed using the 
Cell Counting Kit-8 (CCK-8) assay. Cells were seeded 
in well plates and allowed to attach prior to exposure 
to the test materials. ABGSrHA1, ABGSrHA3, control, 
and KX were added to the respective wells. Cell 
proliferation and viability was evaluated at 24, 48, and 
72 hours by measuring absorbance at 450 nm using a 
microplate reader. Proliferation and viability results 
were expressed as optical density values relative to the 
control.

Osteogenic Gene Expression Analysis
To evaluate osteogenic potential, the expression of 

bone morphogenetic protein-2 (BMP-2), osteopontin 
(OPN), and osteocalcin (OCN) was analyzed using 
real-time polymerase chain reaction (RT-PCR). Cells 
were cultured with the respective materials and 
harvested at day-3, 5, 7, 10, and 14. Total RNA was 
extracted, reverse-transcribed into complementary 
DNA, and amplified using specific primers for each 
target gene. Gene expression levels were normalized 
to a housekeeping gene (GAPDH) and expressed as 
relative fold changes.

Statistical Analysis
All experiments were performed in triplicate or as 
specified. Quantitative data were expressed as mean ± 
standard deviation. Statistical analysis was conducted 
using analysis of variance (ANOVA), followed by 
appropriate post hoc tests to determine significant 
differences between groups.

RESULT

Chemical Composition of Abalone Shell–Derived 
Bone Graft
Fourier-transform infrared spectroscopy (FTIR) 
was used to analyze the chemical composition of 
the abalone shell–derived bone graft, focusing on 
phosphate, carboxyl, and hydroxyl functional groups 
as characteristic features of calcium hydroxyapatite. 
Spectra were recorded in the range of 4000–500 
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cm⁻¹. The results showed that phosphate groups 
were observed at 1046.53 cm⁻¹ in the ABG group and 
1046.39 cm⁻¹ in the ABGSr group. Carboxyl groups 
were detected at 1654.52 cm⁻¹ in ABG and 1458.96 
cm⁻¹ in ABGSr, while hydroxyl groups appeared at 
3572.05 cm⁻¹ in ABG and 3571.86 cm⁻¹ in ABGSr 
(Figure 2).
These findings indicate that both ABG and 
ABGSr fabrication processes resulted in calcium 
hydroxyapatite containing phosphate, carboxyl, 
and hydroxyl ionic groups. The presence of carboxyl 
groups confirms that carbonate incorporation into the 
hydroxyapatite structure was successfully achieved.

Calcium–Phosphate (Ca/P) Ratio
The elemental composition of the synthesized 
hydroxyapatite materials was analyzed using energy-
dispersive X-ray spectroscopy (EDX). The results 
revealed the presence of carbon (C), oxygen (O), 
phosphorus (P), and calcium (Ca) in both ABG and 
ABGSr groups. In addition, strontium (Sr) was detected 
exclusively in the ABGSr group (Table 1). Based on 
these data, the calcium-to-phosphate ratio (Ca/P) was 
calculated.
The Ca/P ratio of the ABG group was 1.59, while the Ca–

Sr/P ratio of the ABGSr group was 1.63. Since the Ca/P 
ratio of human bone hydroxyapatite typically ranges 
from 1.62 to 1.83, the ABGSr sample more closely 
resembles the mineral composition of human bone. 
The presence of Sr confirms successful substitution 
of calcium by strontium. The lower intensity of Sr 
compared to calcium indicates partial substitution, 
meaning that not all calcium ions were replaced by 
strontium ions (Table 1).

Surface Morphology
Surface morphology and density of the abalone shell–
derived bone graft were examined using scanning 
electron microscopy (SEM). At 20,000× magnification, 
the ABG group exhibited relatively uniform grain size 
with closer interparticle spacing (Figure 3, yellow 
arrows). The structure indicates that pure ABG tends 
to have a more controlled particle distribution and 
consistent morphology compared to ABGSr.
In contrast, ABGSr observed at 1,000× magnification 
displayed a rougher surface with larger agglomerations 
than ABG (Figure 2, red arrows). Particle size appeared 
more heterogeneous, and several larger particles were 
identified.
Strontium substitution within the hydroxyapatite 
structure resulted in morphological changes, as 
evidenced by increased agglomeration and a broader 
particle size distribution. The ABG group showed 
smoother surfaces and denser particle packing, whereas 
ABGSr exhibited more loosely packed particles due 
to agglomeration (Figure 3). The wider interparticle 
spacing observed in ABGSr suggests a lower degree of 
crystallinity, which may be advantageous for medical 
applications.

Cell Proliferation
Cell Counting Kit-8 (CCK-8) assays were conducted 
to evaluate cell proliferation and cytotoxicity of 
ABGSrHA1 and ABGSrHA3 samples. Optical density 

Tab. 1 Atomic percentage of hydroxyapatite elements in ABG and 
ABGSr determined by SEM–EDX.

Element Atom % (ABG) Atom % (ABGSr)

C 6.86 ± 0.03 8.29 ± 0.03

O 47.25 ± 0.12 49.75 ± 0.09

P 17.69 ± 0.05 15.94 ± 0.04

Ca 28.20 ± 0.09 24.87 ± 0.06

Sr – 1.15 ± 0.01

Total 100.00 100.00

Fig. 3 SEM images showing surface morphology and density of abalone shell–derived hydroxyapatite in ABG and ABGSr groups.
Yellow arrows indicate interparticle distance, while red arrows indicate particle agglomeration.

ABG

1000x 5000x 10000x 20000x

ABGSr
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(OD) values in the control group (Figure 4) increased 
from 1.95, 2.36, and 2.73 over time (24–72 hours), 
indicating normal cell growth and healthy culture 
conditions.
The commercial xenograft (KX) showed significantly 
higher proliferation compared to the control at 24 and 
72 hours (p < 0.05), with no significant difference at 48 
hours (p > 0.05). The ABGSrHA1 group did not differ 
significantly from the control (p > 0.05) and tended to 
show lower values, suggesting that the 1:1 ratio was 
not optimal for sustaining proliferation. In contrast, 
ABGSrHA3 demonstrated significantly higher OD 
values (p < 0.05) than the control at 24, 48, and 72 
hours, with the strongest significance observed at 24 
and 48 hours. These results indicate that strontium 
substitution combined with hyaluronic acid at a 3:4 
ratio was most effective in promoting MC3T3-E1 
osteoblast proliferation, particularly during the early 
phase critical for cell colonization on bone graft 
materials.

Cell Viability
Cell viability was calculated based on OD values 
obtained from the CCK-8 assay using the formula in 
figure 5.

The ABGSrHA1 group showed no significant difference 
compared to KX at 48 hours but was significantly 
lower (p < 0.05) than KX at 24 and 72 hours (Figure 
6). These results indicate that ABGSrHA1 provided 
inferior cell viability compared to KX, with a transient 
improvement at 48 hours. The ABGSrHA3 group 
exhibited significantly higher viability than KX (p < 
0.05), indicating that strontium substitution combined 
with hyaluronic acid at a 3:4 ratio most effectively 
enhanced cell viability and provided the most favorable 
microenvironment for MC3T3-E1 osteoblasts.
Three-way ANOVA revealed a significant effect of assay 
type (proliferation vs. viability) on biocompatibility 
outcomes (p < 0.001). Significant interactions were 
observed between assay type × group, assay type × 
time, and assay type × group × time (p < 0.001). Post 
hoc LSD analysis demonstrated that the highest 
proliferation and viability values were achieved in 
the ABGSrHA3 group, followed by ABGSrHA1. These 
findings indicate that the addition of hyaluronic 
acid and strontium substitution enhanced the 
biocompatibility of abalone shell–derived bone grafts 
toward MC3T3-E1 cells, particularly in proliferation 
and viability assays, without inhibiting cell growth. 
The optimal formulation was identified as ABGSrHA3.

3

2.5

3.5

2

1

1.5

0.5

0
24 h 48 h 72 h

O
D

 V
al

ue
s

Proliferation of MC3T3-E1 cells

Negatives control ABGSrHA1 ABGSrHA3KX

Fig. 4 Mean and standard deviation of MC3T3-E1 cell numbers showing the effects of strontium substitution and hyaluronic acid addition
in abalone shell–derived bone grafts on cell proliferation after 24, 48, and 72 hours of culture.

% Viability = x 100%
OD Treatment - OD Average of Control Medium

OD Average of Control Cell - OD Average of Control Medium

Fig. 5



Sr-Substituted HA for Osteogenesis

7Early Access 2026 © Helyx

Bone Morphogenetic Protein-2 (BMP-2)
After day 5, BMP-2 expression decreased in all groups 
(Figure 7), indicating that osteoblasts had progressed 
toward advanced differentiation and were producing 
their own extracellular matrix independently of 
the material stimulus. This finding suggests that 
strontium substitution and hyaluronic acid addition 
activated BMP-2 expression in osteoblasts, which was 

subsequently secreted into the extracellular matrix. 
After day 7, BMP-2 expression declined in all groups, 
reflecting the bone tissue maturation phase.
 
Osteopontin (OPN)
OPN expression peaked on day 3 and decreased 
thereafter (Figure 8). The highest osteopontin 
expression was observed in the positive control group, 
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Fig. 6 Mean and standard deviation of MC3T3-E1 cell numbers illustrating the effects of strontium substitution
and hyaluronic acid addition in abalone shell–derived bone grafts on cell viability after 24, 48, and 72 hours of culture.
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indicating strong osteoblast responsiveness during the 
early phase. As osteoblast differentiation progressed, 
the influence of external stimulation diminished. 
The ABGSrHA1 and ABGSrHA3 groups exhibited a 
slower and more stable decline, suggesting that these 
compositions may prolong the differentiation phase 
and extracellular matrix formation.

Osteocalcin (OCN)
The lowest OCN expression was observed in the 
ABGSrHA3 group on day 10 (Figure 9), while the 
highest expression occurred in the ABGSrHA1 group on 
day 7. Significant differences in OCN gene expression 
were found among treatment groups (p = 0.003) and 
observation times (p = 0.001), with a significant group 
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Fig. 8 Shows significant differences in OPN expression among treatment groups (p < 0.001) and across observation times (p < 0.001),
with a significant group × time interaction (p = 0.002).
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× time interaction (p = 0.004).

DISCUSSION

This study highlights several important advances in 
the development of a bioactive bone graft derived 
from abalone shell through strontium substitution 
and hyaluronic acid supplementation. The principal 
novelty lies in the combined physicochemical and 
biological optimization of a locally sourced xenograft 
material to more closely resemble the mineral phase 
and biological behavior of natural bone.
FTIR analysis confirmed that both ABG and ABGSr 
consist of carbonated hydroxyapatite (CHA), as 
evidenced by the presence of phosphate, hydroxyl, 
and carbonate functional groups. The detection of 
carbonate bands indicates successful carbonation, 
which is critical because CHA more closely mimics 
the mineral phase of human bone than stoichiometric 
hydroxyapatite (13,14). Natural bone mineral is 
known to be a calcium-deficient, carbonate-rich 
apatite containing lattice defects, which contribute 
to higher bioactivity, enhanced protein adsorption, 
and controlled biodegradability (25,26). Compared 
with highly crystalline hydroxyapatite, CHA exhibits 
improved remodeling capacity and osteoblast 
interaction, supporting its suitability for bone 
regeneration applications (27,28).
Strontium substitution further refined the mineral 
chemistry of the graft. The Ca+Sr/P ratio of ABGSr 
was closer to that of natural bone compared with 
Ca/P ratio of ABG, and the presence of Sr confirmed 
partial ionic substitution. Such substitution is known 
to reduce lattice order and crystallinity, thereby 
increasing controlled solubility and ion release, which 
are key drivers of osteogenic signaling (19,29,30). SEM 
observations corroborated these changes, showing 
a rougher and less densely packed surface in ABGSr. 
Surface roughness and microstructural heterogeneity 
are well recognized to enhance osteoblast adhesion 
and biological activity, contributing to improved 
graft–bone interactions.
Functionally, the biological assays demonstrated a 
synergistic effect between strontium substitution and 
hyaluronic acid supplementation. The ABGSrHA3 
formulation consistently yielded the highest 
proliferation and viability values, particularly 
during the early culture period (24–48 h), which is 
critical for osteoblast colonization of graft surfaces 
(31). Hyaluronic acid likely acts as a viscoelastic 
conditioning film that enhances surface hydrophilicity 
and facilitates early cell adhesion without impeding 
nutrient diffusion (23). In contrast, the 1:1 
formulation appeared insufficient to fully exploit 
these biofunctional advantages, underscoring the 
importance of formulation optimization.
At the molecular level, RT-PCR results supported 

the cellular findings. BMP-2 expression peaked at 
early time points, particularly in the ABGSrHA3 
group, reflecting early osteogenic induction. BMP-
2 is a well-established osteoinductive factor that 
initiates osteoblast differentiation through SMAD-
mediated signaling pathways (32–34). The subsequent 
expression patterns of OPN and OCN followed the 
expected temporal sequence of osteogenesis, with 
OPN dominating early matrix interaction phases 
and OCN marking late-stage maturation (35,36). 
The relatively higher OCN expression in ABGSrHA1 
suggests that different hyaluronic acid concentrations 
may preferentially modulate distinct stages of 
osteoblast differentiation.
Importantly, the physicochemical and biological 
findings obtained in this study were mutually 
supportive and collectively explain the superior 
performance of the ABGSrHA3 formulation. Strontium 
substitution was shown to modify the hydroxyapatite 
lattice and reduce crystallinity, enabling controlled 
dissolution of the abalone shell–derived bone graft 
and sustained release of Ca²⁺ and Sr²⁺ ions. These ions 
act as key signaling mediators that support osteoblast 
activity and bone remodeling processes (37). In parallel, 
the formation of carbonated hydroxyapatite (CHA) 
combined with a rougher surface topography enhanced 
serum protein adsorption, thereby exposing adhesion 
motifs that facilitate faster osteoblast attachment and 
spreading (38). The addition of hyaluronic acid further 
amplified these effects; at the 3:4 ratio, hyaluronic 
acid likely formed a viscoelastic conditioning film that 
entrapped proteins and stabilized growth factors, while 
also interacting with RHAMM receptors to strengthen 
BMP-related signaling and downstream osteogenic 
pathways (39). Consistent with this mechanism, BMP-
2 expression increased at early time points, followed 
sequentially by OPN expression—associated with 
integrin/CD44-mediated cell–matrix interactions—
and OCN expression as a marker of late osteoblast 
maturation. Taken together, the coordinated 
modulation of lattice structure and crystallinity, 
surface morphology, biocompatibility, and osteogenic 
gene expression provides a mechanistic basis for why 
the ABGSrHA3 group consistently outperformed the 
other formulations evaluated in this study.
Several limitations should be acknowledged. First, 
this study was conducted entirely in vitro, which 
cannot fully recapitulate the complex biological 
and mechanical environment of alveolar bone 
healing. Second, only two hyaluronic acid ratios were 
evaluated; a broader range may further refine the 
optimal formulation. Third, mechanistic pathways 
were inferred from gene expression patterns rather 
than confirmed by receptor-blocking or protein-level 
assays.
Despite these limitations, the findings have important 
implications for future research and clinical 
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practice. The ABGSrHA3 formulation demonstrates 
competitive performance relative to a commercial 
xenograft during the critical early phase of osteoblast 
colonization, suggesting potential advantages for 
ridge preservation after tooth extraction. Its local 
availability, compositional tunability, and favorable 
bioactivity profile make it a promising candidate 
for further in vivo validation. Future studies should 
focus on animal models to evaluate bone formation, 
graft degradation, and dimensional stability using 
histomorphometric and micro-CT analyses, as well 
as mechanistic studies targeting SMAD, CD44, and 
RHAMM signaling pathways.
Overall, this study demonstrates that strontium-
substituted, hyaluronic acid–enhanced abalone 
shell–derived CHA can effectively promote 
osteoblast adhesion, proliferation, and osteogenic 
gene expression. Among the tested formulations, 
ABGSrHA3 showed the most balanced and robust 
biological performance, supporting its potential 
development as a locally sourced bone graft material 
for ridge preservation and alveolar reconstruction 
before dental implant placement.

CONCLUSION

This study demonstrated that abalone shell–
derived hydroxyapatite can be effectively optimized 
through strontium substitution and hyaluronic acid 
supplementation to improve its physicochemical 
characteristics and biological performance relevant 
to ridge preservation. Material characterization 
confirmed the formation of carbonated hydroxyapatite, 
while strontium substitution modified lattice structure 
and surface morphology toward a less crystalline 
and rougher topography, features associated with 
improved bioactivity.
In vitro biocompatibility assays showed that the 
combined modification influenced osteoblast 
responses in a formulation-dependent manner. Among 
the tested materials, the ABGSrHA3 (3:4) formulation 
consistently supported higher early osteoblast 
proliferation and viability compared with the control 
and the 1:1 formulation, indicating a more favorable 
microenvironment for initial cell colonization. 
Gene expression analysis further revealed that this 
formulation promoted an osteogenic sequence 
characterized by early BMP-2 upregulation, followed 
by OPN and OCN expression, reflecting coordinated 
progression from osteogenic induction to matrix 
interaction and maturation.
Importantly, the convergence of material chemistry, 
surface morphology, cellular responses, and 
osteogenic gene expression provides support for the 
observed biological performance. While these findings 
do not yet confirm clinical efficacy, we conclude that 
strontium-substituted, hyaluronic acid–enhanced 

abalone shell–derived hydroxyapatite—particularly 
the ABGSrHA3 formulation—has potential as a 
bioactive bone graft candidate.
From a clinical perspective, this material may offer 
advantages for ridge preservation following tooth 
extraction by supporting early osteoblast activity 
and osteogenic signaling, which are critical for 
maintaining alveolar bone before implant placement. 
Further in vivo and translational studies are required 
to validate bone formation, graft remodeling, and 
dimensional stability before clinical application can 
be recommended.
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