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Abstract: Osteoporosis is characterized by an imbalance between osteoblastic bone for-
mation and osteoclastic bone resorption, leading to an increased risk of fractures. The
water-soluble matrix (WSM) of nacre exhibits osteoinductive properties in osteoblastic cells,
both in vitro and in vivo. However, its release from natural nacre remains challenging due
to its solid and compact surface. This study aimed to prepare nano-nacre particles with
smaller diameters than intact aragonite crystals to enhance WSM release and to investigate
its effects on osteoblast differentiation. Size analysis and SEM imaging showed that the
nano-nacre particles had an average size of about 600 nm. Furthermore, their effects on
osteoblast differentiation and mineralization were evaluated through qPCR and ARS assay.
The results showed that WSM significantly upregulated key osteogenic genes, including
RUNX2, ALP, and OCN, in a dose- and time-dependent manner over 14 days, with fold-
changes ranging from 1.6 to 3.6. Additionally, the mineralization effects showed calcium
deposition levels comparable to those of the positive group. These findings suggest that
WSM may be a promising soluble factor for osteoblast differentiation and mineralization.
Therefore, understanding the effects of the WSM from H. diversicolor nano-nacre parti-
cles on osteoblasts in vitro may provide evidence suggesting that it could be a promising
anti-osteoporosis agent.

Keywords: nacre; Haliotis diversicolor; osteoblast differentiation; mineralization; osteogenesis

1. Introduction
Osteoporosis, a common condition in aging societies, is particularly severe among post-

menopausal women due to estrogen deficiency. This deficiency accelerates bone turnover,
disrupting the balance between bone formation and resorption, leading to a decrease in
bone density and an increased risk of fractures, especially in the spine and hips. These
fractures are a leading cause of morbidity and mortality among the elderly population [1,2].
Current pharmaceutical treatments, such as bisphosphonates, selective estrogen receptor
modulators (SERMs), and newer agents like denosumab and romosozumab, are effective
in reducing fracture risks but can have significant side effects, including infection risks,
venous thromboembolism, and bone loss after discontinuation [3,4]. Estrogen therapy,

Appl. Sci. 2025, 15, 2907 https://doi.org/10.3390/app15062907

https://doi.org/10.3390/app15062907
https://doi.org/10.3390/app15062907
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1494-1680
https://doi.org/10.3390/app15062907
https://www.mdpi.com/article/10.3390/app15062907?type=check_update&version=1


Appl. Sci. 2025, 15, 2907 2 of 11

while beneficial in reducing bone loss and fracture risk, is also associated with cardiovas-
cular events and certain types of cancer [5]. Consequently, there is a pressing need for
new treatment options that can effectively stimulate bone density recovery and restore
bone structure. Nacre, or mother of pearl, is a composite material primarily composed of
calcium carbonate crystals in aragonite form, along with an organic WSM consisting of
polysaccharides, proteins, and glycoproteins [6]. This composition is similar to bone, as
both structures utilize organic matrices to guide controlled mineral deposition in biomin-
eralization processes [7]. Moreover, studies suggest that nacre has strong osteoinductive
properties. For example, implants of fragmented nacre from Pinctada maxima (P. maxima)
have been shown to stimulate bone formation in animal models, suggesting its potential for
promoting bone healing [8–12]. In vitro studies also show that WSM extracted from nacre
can induce human bone marrow stromal cells (hBMSCs) and pre-osteoblasts to differentiate
into osteoblasts. These cells exhibit osteogenic markers, such as alkaline phosphatase
and osteocalcin, indicative of active bone tissue formation [13,14]. Nacre’s organic matrix
contains bioactive proteins like nacrein, MSI60, and perlucin, which are critical for its
osteoinductive effects. These proteins are non-immunogenic, making nacre biocompatible
and suitable for use in bone repair without causing adverse immune reactions [15–24].
Studies have shown that fragmented nacre releases bioactive molecules into culture media,
further promoting osteoblast differentiation and mineralization. However, achieving the
release of WSM from natural nacre has been challenging due to its solid and compact sur-
face [25]. Recent advances, such as the development of nano-nacre particles, have helped to
enhance the release of WSM and calciumions by increasing the surface area [14]. However,
it is well established that the osteoinductive effect of nacre is attributed to the organic
components within the WSM. Therefore, the molecules responsible for promoting bone
formation need to be identified and elucidated. In this study, nano-nacre particles were
developed with a smaller diameter than the intact aragonite crystal of nacre to enhance
the release of the organic matrix and identify potential osteogenic molecules within the
WSM. This approach improves the bioavailability of nacre’s active components, making it
more effective in promoting osteogenesis. This innovation is particularly significant for the
development of therapeutic strategies for osteoporosis and bone regeneration.

2. Materials and Methods
2.1. Nano-Nacre Particles Preparation

The shells of adult H. diversicolor abalone (50–55 mm in length) were provided by
Phuket Abalone Farm (Phuket, Thailand). To prepare the nano-nacre particles, the outer
surface of the shells was cleaned using a metal brush, and then the prismatic layer was
removed with sandpaper. The shells were then fragmented into small pieces (2–10 mm)
and ground into a powder. The powder was suspended in a nano-grinding facility for
further grinding, resulting in particles ranging in size from 10 to 1000 nm, which were then
freeze-dried at −50 ◦C for 48 h (FreeZone, Labconco, Kansas City, MO, USA). For structural
analysis, the generated nano-nacre particles were placed on a sample plate for scanning
electron microscopy (SEM). The samples were diluted in distilled water, and a drop of the
suspension was applied to copper tape and allowed to dry at room temperature overnight.
The dried samples were then sputter-coated with gold, and SEM images were obtained
under high vacuum conditions with an operation voltage of 15 kV using a JSM-5910 SEM
(JEOL USA, Peabody, MA, USA). Similar methods have been used in other studies to
prepare and analyze nano-particles from natural sources for biomedical applications [26].
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2.2. Extraction of WSM from Nano-Nacre Particles

The WSM from nano-nacre particles was extracted by dissolving 100 mg of nano-nacre
particles in 100 mL of phosphate-buffered saline (PBS). The solution was stirred overnight
at 4 ◦C, and then subjected to centrifugation at 30,000× g for 20 min. The supernatant was
then lyophilized to obtain the WSM in a powdered form [27].

2.3. Western Blotting for WSM Protein Profiling

To analyze the protein profile of the WSM from nano-nacre particles, Western blotting
was performed as follows: Approximately 10 µg of WSM proteins was loaded onto a
12.5% SDS-PAGE gel for separation. Following electrophoresis, proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA) for
analysis. The PVDF membrane was immersed in a blocking solution containing 10% skim
milk in TBS-T (Tris-buffered saline with 0.05% Tween-20) at 4 ◦C overnight to prevent
non-specific binding. The membrane was incubated with goat anti-BMP-2/4 antibody
(Abcam, Cambridge, UK) at a dilution of 1:1000 for 2 h at room temperature (RT). After
extensive washing with PBST (PBS with Tween-20), the membrane was incubated with
a corresponding secondary antibody conjugated to streptavidin–horseradish peroxidase
(HRP) (Jackson ImmunoResearch, West Grove, PA, USA) at a dilution of 1:3000 for 2 h at
RT. Immunoreactive bands were visualized using an enhanced chemiluminescence (ECL)
detection kit (Amersham Pharmacia, Buckinghamshire, UK) [28].

2.4. Cell Culture and WSM Treatment

Mouse calvarial MC3T3-E1 pre-osteoblasts (American Type Culture Collection,
Rockville, MD, USA) were seeded at a density of 25 × 103 cells per well in 24-well plates.
The cells were cultured in α-Minimum Essential Medium (α-MEM) (Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 1% penicillin
(100 U/mL) and streptomycin (100 µg/mL) (Gibco, USA) and maintained at 37 ◦C in a 5%
CO2 humidified incubator. To induce osteoblastic differentiation, MC3T3-E1 cells were
treated with water-soluble matrix (WSM) at concentrations of 0.025%, 0.05%, and 0.1% w/v.
Culture media were changed every 3 days, and osteogenic supplements (ascorbic acid at
50 µg/mL and β-glycerophosphate at 10 mM) were freshly added during each medium
change. Positive and negative controls were set with α-MEM supplemented with ascorbic
acid (50 µg/mL) and β-glycerophosphate (10 mM), respectively, as described in previous
studies [27–29]. Each experiment was repeated three times to ensure the reproducibility
and reliability of the results.

2.5. Cell Viability

To determine whether WSM is non-immunogenic, making nacre biocompatible and
suitable for using without causing adverse immune reactions, a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was conducted to evaluate the impact of
WSM on the viability of MC3T3-E1 osteoblast cells. This assay involved seeding approxi-
mately 5 × 103 cells per well in a 96-well microplate. WSM at varying concentrations was
introduced, and the cells were incubated for 24, 48, and 72 h so acute and late immune
reaction effects could be observed. At each time point, an MTT solution (0.5 mg/mL in PBS)
was added to each well, and the cells were further incubated for 4 h to allow the formation
of formazan crystals by metabolically active cells. The formazan was dissolved by adding
200 µL of dimethyl sulfoxide (DMSO). The absorbance was measured at 570 nm using a
microplate reader. This method enables the quantitative analysis of cell metabolic activity,
providing insights into the cytotoxic or proliferative effects of WSM on osteoblasts. A high
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absorbance value at 570 nm indicates higher cell viability, suggesting a non-cytotoxic effect
of WSM at the tested concentrations and time points [28].

2.6. Detection of Osteogenic Gene Markers

The alteration of osteoblastic mRNA marker levels was analyzed using quantita-
tive PCR (qPCR). Total RNA was extracted from WSM-treated groups using the Direct-
Zol RNA MiniPrep Kit (Zymo Research, Tustin, CA, USA) according to the manufac-
turer’s protocol. Approximately 500 ng of total RNA was reverse transcribed into com-
plementary DNA (cDNA) using the Superscript III RT Kit (Invitrogen, Carlsbad, CA,
USA). The qPCR was performed using SYBR Green PCR Mastermix (Applied Biosys-
tems, Warrington, UK) with the following primer sequences: GAPDH (internal con-
trol), 5′-CATGTTCCAGTATGACTCCACTC-3′ and 5′-GGCCTCACC CCATTTGATGT-3′;
Runx2 (Runt-related transcription factor 2), 5′-CGCCCCTCCCTGAA CTCT-3′ and 5′-
TGCCTGCCTGGGATCTGTA-3′; alkaline phosphatase (ALP), 5′CGGGT CATAAGCTTCGTT-
3′ and 5′-CCGCAGGTTCACCTACGG-3′; Osteocalcin (OCN), 5′-CAGCGGCCCTGAGTCTGA-
3′ and 5′-GCCGGAGT CTGTTCACT ACCTTA-3′. Amplifications were performed in a
program of 45 PCR cycles as follows: The first cycle consisted of 10 min at 95 ◦C, and the
next 44 cycles consisted of 15 s at 95 ◦C, 30 s at 57 ◦C for RUNX2 and ALP, and 64 ◦C
for OCN. The 2−△△CT method was applied for relative quantification of mRNA levels,
allowing comparison between WSM-treated samples and the negative control group. Data
were collected from triplicate experiments and presented as fold-changes. This approach
ensures robust and reproducible quantification of gene expression changes in osteoblastic
differentiation markers [24].

2.7. Quantitative Calcium Deposition

Matrix mineralization in MC3T3-E1 cells treated with WSM for 7 and 14 days was
assessed using an Alizarin Red Staining (ARS)-based assay to evaluate calcium deposition.
Briefly, the procedure was as follows: WSM-treated cells were washed twice with PBS,
fixed using 4% paraformaldehyde for 30 min at room temperature, and rinsed twice with
deionized water. Fixed cells were stained with a 40 mM ARS solution (pH 4.2) for 20 min
under continuous agitation. After incubation, excess dye was removed by washing with
deionized water followed by PBS. For quantitation, 10 mM sodium phosphate (pH 7.0)
containing 10% Cetylpyridinium Chloride (CPC, Sigma-Aldrich, St. Louis, MO, USA)
was added to ARS-stained wells. The plates were agitated at 37 ◦C for 1 h to dissolve the
calcium-bound dye. The dissolved dye solution was transferred to a 96-well plate, and the
absorbance was measured at 564 nm using a microplate reader. This absorbance reflects the
extent of calcium deposition, providing quantitative insights into matrix mineralization [24].

2.8. Statistics Analyses

All experiments were performed in triplicate to ensure the reproducibility and relia-
bility of the results. Data are presented as the mean ± standard deviation (SD). Statistical
analyses were conducted using one-way analysis of variance (ANOVA) for comparisons
across multiple groups. Post hoc analyses were performed where necessary to identify
significant differences between groups. The GraphPad Prism software (version 10.0.2) was
utilized for statistical computations, and a value of p < 0.05 was established to determine
statistical significance.
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3. Results
3.1. Characterization of Nano-Nacre Particles

After the mechanical crushing of the nacre, scanning electron microscopy (SEM) analy-
sis confirmed that the nano-nacre particles had experienced a substantial reduction in size to
approximately 600 nm (Figure 1), which is considerably smaller than the natural intact arag-
onite crystals of nacre, which typically exceed 50 µm in diameter. This significant reduction
in particle size highlights the efficiency of the mechanical grinding process and suggests an
increased surface area, which is crucial for enhancing bioactive compound release.
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Figure 1. Nano-nacre particles observed by scanning electron microscopy. Scale bars represent 5 µm
(a) and 0.5 µm (b).

3.2. Western Blotting

The Western blot analysis revealed distinct protein profiles in all lysate samples
derived from nano-nacre particle WSM, foot tissue, and mantle tissue (MT). Strong protein
signals were detected at molecular weights equal to or larger than 75 kDa, with lighter
bands observed near 25 kDa (Figure 2a). Notably, there was no detection of the pre-
protein (~47 kDa) or the secreted (mature) protein (~11 kDa) forms of BMP-2/4 in any
lysate sample.
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Figure 2. Protein expression of BMP-2/4 in the WSM from nano-nacre particles of H. diversicolor.
Western blotting of protein lysates from three tissues: WSM from nano-nacre particles (WSM) (lane 1),
foot tissue (lane 2), and mantle tissue (MT) (lane 3) using a polyclonal antibody against BMP-2/4 (a)
and its competition with HdBMP-2/4 peptide (b). Note the reactive band of BMP-2/4 antibody at
47 kDa.

To confirm the specificity of antibody staining, a competition assay was performed
using a tenfold higher concentration of HdBMP-2/4 peptide. This competitive binding
completely inhibited the staining of the BMP-2/4 antibody (Figure 2b). These results
suggest that the HdBMP-2/4 peptide is a constituent of the WSM derived from nano-nacre
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particles of H. diversicolor. This specificity underscores the potential role of HdBMP-2/4 in
the bioactivity of WSM.

3.3. The WSM from Nano-Nacre Particles Is Non-Cytotoxic to MC3T3-E1 Cells

The MTT assay was used to assess the cytotoxicity of WSM on MC3T3-E1 pre-
osteoblastic cells, revealing no adverse effects on cell viability across a broad concentration
range (0.005% w/v, 0.025% w/v, 0.05% w/v, and 0.1% w/v). At all time points studied (24,
48, and 72 h), cell viability remained above 90%, comparable to the untreated control group
(Figure 3). These results demonstrate that WSM does not induce cytotoxicity, highlighting
its biocompatibility and potential for osteogenic applications.
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Figure 3. Effect of WSM from nano-nacre particles of H. diversicolor on cell viability percentage as
measured by MTT assay, indicating the non-toxic nature of WSM for MC3T3-E1 cells. Each value is
the mean ± SD of three independent experiments when compared with the DMEM group. * p < 0.05
indicates significant differences compared with the control group.

3.4. The WSM from Nano-Nacre Particles Promoted MC3T3-E1 Cells Differentiation

The WSM extracted from nano-nacre particles significantly promoted the differenti-
ation of MC3T3-E1 pre-osteoblastic cells by upregulating both early and late osteogenic
markers (Figure 4a–c). Early markers, including RUNX2 and ALP [30], exhibited increased
mRNA levels following WSM treatments, with ALP showing a higher fold-change than
RUNX2. The highest fold-change for RUNX2 (~1.6) was observed on day 14 at WSM con-
centrations of 0.05% and 0.1% w/v, both significantly different from the control (p = 0.005,
p = 0.0062). For ALP, the effective WSM concentration was as low as 0.025% w/v, yielding
a fold-change of ~1.4 by day 14, with the maximum (~1.8) observed in the 0.05% and 0.1%
w/v treatments (p < 0.01, p < 0.0121). Late osteogenic marker OCN [31] exhibited a more
pronounced response, with its mRNA levels showing a maximum fold-change of ~3.6 on
day 14 at 0.1% w/v (p < 0.0001). Across all durations, OCN mRNA fold-changes consistently
exceeded 1.5 at 0.05% w/v (p < 0.009), demonstrating WSM’s potent osteoinductive capacity.
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for 2 consecutive days and collected for mRNA analysis at days 7 and 14 post-treatment. Osteogenic
markers assessed include RUNX2 (a), ALP (b), and OCN (c). Each value is the mean ± SE of three
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3.5. The WSM from Nano-Nacre Particles Accelerated Mineralization of MC3T3-E1 Cells

The WSM derived from nano-nacre particles significantly accelerated the mineral-
ization of MC3T3-E1 pre-osteoblastic cells in vitro. ARS demonstrated enhanced calcium
deposition within the extracellular matrix, with an increasingly intense red coloration ob-
served upon WSM treatment. This effect was both concentration and duration dependent,
highlighting the osteogenic potential of WSM (Figure 5a). Quantitative analysis of ARS via
CPC solubilization and absorbance measurement (A564) confirmed a significant increase in
calcium deposition. Fold-changes ranged from 1.8 to 2.0 when cells were treated with WSM
concentrations of 0.025–0.1% w/v for 14 days, compared to the control group (Figure 5b).
These findings underscore that WSM not only promotes differentiation of MC3T3-E1 cells
but also effectively accelerates matrix mineralization, a critical step in bone formation.
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positive control at day 7 (a–e) and day 14 (f–j), and calcium nodule formation was detected by
Alizarin Red Staining (a) and further quantified by PCP solution and spectrophotometric absorbance
at 564 nm (A564) (b). Each value is the mean ± SD of three independent experiments when compared
with the DMEM group. * p < 0.05 indicates significant differences compared with the control group.

4. Discussion
In this study, we explored the osteoinductive potential of WSM from nacre, particu-

larly focusing on its ability to enhance the differentiation of pre-osteoblasts into mature
osteoblasts. Previous studies have demonstrated that nacre and its extracts stimulate bone
formation and differentiation of human bone marrow stem cells (hBMSC) without affecting
the physical size of the nacre [8–10]. The osteoinductive properties of nacre have been
attributed to an organic WSM consisting of polysaccharides, water-soluble protein, and
glycosaccharides, which can be slowly released from the organic matrix of nacre and sub-
sequently mediate osteoblastic differentiation [13,14]. However, the challenge lies in the
limited release of osteoinductive factors from natural nacre due to its dense and compact
surface [25]. To address this issue, we synthesized nano-nacre particles with a size of ap-
proximately 600 nm, smaller than the intact aragonite crystals of nacre (greater than 50 µm).
This reduction in particle size facilitates the enhancement of the release of WSM, resulting
in faster pre-osteoblast differentiation. Notably, while osteoblasts typically require 21 days
to differentiate and form mineralized nodules in standard mineralizing media [32], our
results showed that 0.1% w/v WSM significantly increased RUNX2, ALP mRNA, and OCN
mRNA expression by 1.5- and 1.8-fold, respectively, compared to the control within 7 days,
while 0.05% w/v WSM achieved the same within 14 days (Figure 4). Additionally, ARS also
confirmed significant calcium deposits in MC3T3-E1 treated with 0.1% w/v WSM within
7 days, indicating hydroxyapatite mineralization (Figure 5). Meanwhile, the MC3T3-E1
pre-osteoblasts also entered the mature stage of differentiation earlier. Therefore, WSM
may accelerate bone formation, completing the process in just 7 days in a dose-dependent
manner. In our study, WSM showed a prominent protein band at approximately 75 and
25 kDa (as shown in Figure 2). This finding is consistent with the results reported by
Tanasawet et al., who indicated the presence of a protein band at 25, 52, 60, and 72 kDa
in acid-extracted nacreous protein (AEP) from H. diversicolor shell [33]. The protein band
at 25 kDa was described as sometsuke, an abalone mantle protein, which has biominer-
alization and calcium-binding properties [34,35]. According to the composition of nacre,
which has similarities to bones in both its organic and inorganic components, it plays a
crucial role in mineralization, which is regulated by the mantle tissue in mollusks [16,26,36].
Mineral deposition occurs in specific regions of the mantle, where epithelial cells influence
the formation of the nacreous layer [37,38]. For nacreous proteins to be deposited into
the nacreous layer, they must exhibit characteristics typical of secretory proteins, such as
a signal peptide, glycosylation sites, and cysteine residues forming disulfide bridges for
proper conformation. The presence of such features was confirmed in molecular analyses of
the HdBMP2/4 transcript from the univalve H. diversicolor and the Pf BMP2 transcript from
the bivalve P. fucata [18,24]. As shown in Figure 2, we performed WB by using a polyclonal
antibody against BMP-2/4, but there was no detection of the pre-protein (~47 kDa) or the
secreted (mature) protein (~11 kDa) forms of BMP-2/4 in the WSM. However, we analyzed
its competition with the HdBMP-2/4 peptide and the result showed that the protein band
at 25 kDa was absent. One explanation for the lack of pre-BMP-2/4 (~47 kDa) protein
may be that it is in a dimeric or multimeric form, bound together by disulfide bridges or
by electrostatic interaction, as also reported for other nacreous proteins [39,40], which are
subsequently disrupted by reducing or high salt conditions. Therefore, our competition
assay further supported that HdBMP2/4 peptides are some of the integral components of
WSM. As shown in Figure 3, the osteoinductive mechanism of WSM appears to involve the
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canonical BMP signaling pathway. Specifically, WSM likely promotes pre-osteoblast differ-
entiation by engaging the dimerized HdBMP2/4 with BMP receptors on the cell surface.
This interaction triggers phosphorylation of Smad1/5/8, which then forms a complex with
Smad4. The complex translocates to the nucleus to regulate the expression of osteoblastic
transcription factors, including RUNX2, which subsequently stimulates osteoblast-related
genes such as ALP, collagen type I (Col IA), and OCN [41,42]. This cascade of events
is essential for the induction of osteoblastic differentiation and bone matrix deposition.
Our findings corroborate this mechanism by showing upregulated expression of RUNX2,
ALP, and OCN in response to WSM treatment, which also led to calcium deposition in the
extracellular matrix, as confirmed by ARS (Figure 5). While the canonical pathway is the
primary mechanism identified, the potential involvement of non-canonical pathways, such
as a RUNX2-related mechanism [43], cannot be excluded, and further research is needed to
fully elucidate the diverse signaling pathways activated by WSM in osteoinduction.

5. Conclusions
The function of WSM from nano-nacre particles of H. diversicolor in osteoinduction is

signified by the triggering of pre-osteoblastic MC3T3-E1 cell differentiation. As mollusk
nacreous materials that have high homology with bone proteins (including HdBMP2/4,
reported herein) continuously exert their potency in inducing osteogenesis in higher mam-
mals, the potential clinical applications of these marine biomaterials (particularly those that
are non-allergic to mammalian systems) should thus be successfully achieved in the future.
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