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Innovative diopside–MnFe2O4 nanocomposites:
a multifunctional platform for bone regeneration
and hyperthermia therapy featuring MnFe2O4

nanoparticles with near-bulk magnetic
performance

Guan-Xiang Liao,†a Wei-Hsi Chang,†abc Yu-Sheng Tseng†a and Wen-Fan Chen *a

This study explores the novel integration of MnFe2O4 nanoparticles into diopside bioceramics, paving the way

for advanced multifunctional nanocomposites tailored for orthopedic and oncological applications. Diopside

is synthesized using biowaste-derived eggshells and rice husks via solid-state reaction at an optimal sintering

temperature of 1200 1C. MnFe2O4 nanoparticles, with an average particle size of 46 nm, are produced

through a facile hydrothermal method coupled with magnetic separation, achieving an impressive saturation

magnetization (Ms) of 81.6 emu g�1 (99.5% of bulk MnFe2O4) – the highest reported to date. This exceptional

performance is attributed to the nanoparticles’ excellent crystallinity, single-domain behavior, and minimized

surface effects. Incorporating MnFe2O4 nanoparticles into diopside significantly enhances the sinterability,

density, and hardness by 2–2.5 times while reducing porosity to B1%. Even at a low addition of 10 wt%

MnFe2O4, the nanocomposites demonstrate effective hyperthermia within a safe therapeutic range

(41–46 1C) under an alternating magnetic field, with negligible coercivity and remanence. Biocompatibility

evaluations confirm no cytotoxicity and reveal enhanced osteoblast differentiation and mineralization. This

study successfully synthesizes MnFe2O4 nanoparticles with near-bulk saturation magnetization and highlights

diopside–MnFe2O4 nanocomposites as promising candidates for sustainable and multifunctional biomaterials,

offering load-bearing support, efficient hyperthermia for osteosarcoma therapy, and accelerated bone

regeneration.

1. Introduction

Osteosarcoma is a highly aggressive bone tumor,1,2 character-
ized by significant metastatic potential, frequent recurrence,
and poor prognosis,3 even leading to severe pathological
fractures.4 It is most commonly diagnosed in adolescents and
young adults, typically between the ages of 10 and 25.5 This
malignant tumor frequently occurs in the distal femur, prox-
imal tibia, proximal humerus, and proximal femur,6,7 which are
key joints crucial for daily activities and mobility. The treat-
ment of osteosarcoma and other malignant bone tumors pre-
sents substantial challenges in orthopedic surgery because
clinical preference often leans toward limb preservation after

tumor removal, instead of amputation. This approach requires
not only the complete removal of the tumors but also the
subsequent reconstruction of the resulting bone defects.
Despite significant advances in biomedical science, effective
cancer treatment remains less than satisfactory. Traditional
approaches such as surgical resection, chemotherapy, radiation
therapy, and drug therapy have improved patient survival rates
but often come with undesirable side effects, such as hair loss,
nausea, and damage to healthy tissues.8 Incomplete removal of
tumor cells also increases the likelihood of recurrence and
metastasis, even after functional recovery and limb salvage.1,2,7

Furthermore, the extensive bone damage caused by tumor
resection may exceed the bone’s natural regenerative capacity.9

Therefore, it is crucial to develop bioactive materials that not
only provide sufficient capability for bone regeneration and
repair post-resection but also effectively eliminate residual
tumor cells, ensuring successful bone reconstruction and
restoration of normal function.

Bioactive ceramic materials, particularly calcium phosphate
and calcium silicate, have become dominant in the field of
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orthopedic applications.10–14 Hydroxyapatite (HAp), a calcium
phosphate-based ceramic that closely mimics the mineral
composition of human bone, is widely used in clinical settings
as an artificial bone graft due to its exceptional biocompat-
ibility for bone tissue repair.15 Although HAp is known for its
excellent ability to promote bone regeneration, its low mechan-
ical strength limits its suitability for load-bearing orthopedic
applications.16 In contrast, calcium silicate bioceramics,
including compositions like Ca–Si–X (X = Mg, Zn, Zr, etc.), are
emerging as promising alternatives.17 The release of specific
concentrations of calcium and silicon ions from these materials
has been shown to promote osteoblast proliferation and differ-
entiation, processes critical for effective bone regeneration.17–19

Moreover, the chemical versatility of calcium silicate-based
bioceramics allows for the tuning of its mechanical properties,
making it more suitable for load-bearing applications.20 Among
calcium silicate bioceramics, diopside (CaMgSi2O6) stands out
due to its superior compressive strength, mechanical properties,
and controllable degradation rate.11 Magnesium ions (Mg2+),
naturally abundant in the human body, not only enhance cell
growth and differentiation but also improve the biocompatibility
of bioceramics.21,22 Studies suggest that Mg2+ ions regulate the
early-stage decomposition of calcium and phosphate, resulting
in reduced degradation in simulated body fluid (SBF) environ-
ments.14 Furthermore, the higher bonding energy of Mg–O
compared to Ca–O provides greater stability to the crystal
structure, further enhancing the material’s durability and
performance.14,23,24

There are various methods to synthesize diopside, including
sol–gel,25 co-precipitation,26–28 melt-quenching,29 and solid-
state reaction.11–13,30 Among these, the solid-state reaction is
the most widely used due to its simplicity, cost-effectiveness,
and easy accessibility of raw materials. In this study, calcium
oxide (CaO) derived from eggshells serves as the calcium
source, while silica (SiO2) extracted from rice husks provides
the silicon source. The goal is to recycle agro-industrial wastes
into bioceramics for bone defect repair. Agro-industrial wastes
refer to materials generated during the cultivation and proces-
sing of vegetables, poultry, meat, fruits, crops, and dairy
products.31 In the European Union, 118–138 million tons of
bio-waste are generated annually, of which only 25% is recycled
into high-quality compost or digestate. The remainder is dis-
posed of through landfilling, which leads to the emission of
large amounts of greenhouse gases.32 According to the Food
and Agriculture Organization of the United Nations (FAO),
global egg production reached 93 million tons in 2022.33 Since
eggshells account for about 11% of the total dry weight of an
egg,34 this results in approximately 8 million tons of bio-waste
annually, with only a small fraction being used as natural
fertilizer. Eggshells consist of 94% calcium carbonate, 1%
calcium phosphate, 1% magnesium carbonate, and 4% organic
matter, making them a viable calcium source for bioceramic
production.12,35,36 Calcium is a crucial component in bio-
ceramics, which is why research on using waste eggshells as a
calcium source has also been applied to calcium silicate
bioceramics.11,13,14 Moreover, rice is a staple food for much of

the world, and rice husks, which make up 20–30% of the total
weight of harvested rice,37 are a major byproduct. Studies have
shown that rice husks, when pre-treated with acid, can yield up
to 99% silica,11,38,39 making them an ideal silicon source.
Calcium silicate bioceramics synthesized using rice husk-derived
silica demonstrate excellent apatite-forming ability, cell compat-
ibility, and osteoblast proliferation-stimulating effects.11,13

Another focus of this study is how to eliminate residual
tumor cells in bone defects following surgery. Thermotherapy is
gaining attention as an alternative physical treatment for
tumors.40,41 By elevating the temperature to 41–46 1C, thermo-
therapy can effectively destroy tumor cells while sparing
healthy tissues.42,43 Research has shown that a few minutes
of sustained heating at the treatment site can be effective, as
tumor cells are more sensitive to temperature fluctuations than
normal cells.44–46 Among various thermotherapy techniques,
magnetic nanoparticles are widely used in magnetothermal
therapy due to their unique physical properties and excellent
biocompatibility.44–59 When exposed to an alternating mag-
netic field, these nanoparticles generate heat through Néel
and Brownian relaxation, as well as hysteresis loss,44,45,49,51,58,59

leading to the destruction of tumor cells. Recent studies have also
suggested that localized heating may not only ablate tumors but
also stimulate beneficial biological responses such as enhanced
cell proliferation and osteogenic differentiation, potentially aiding
tissue regeneration processes.60,61 Although many magnetic mate-
rials have been investigated for their heating potential, the focus of
most studies has been on magnetic iron oxides, such as Fe3O4

(magnetite) and g-Fe2O3 (maghemite).44,45,47,50,56 While these
materials are well tolerated by the human body, MnFe2O4

(manganese ferrite) offers even higher biocompatibility,62 posi-
tioning it as a promising candidate for biomedical applications,
including drug delivery,63 magnetic resonance imaging (MRI),64

magnetic hyperthermia therapy,51,55 and enzyme-mimetic cata-
lysis such as peroxidase-like and oxidase-like activity.65 In envir-
onmental catalysis, MnFe2O4 has been used as an efficient
magnetically-responsive catalyst for pollutant degradation
due to its redox-active Mn2+/Fe3+ ions. In a recent study, MnFe2O4@
BCZT core–shell nanostructures generated reactive oxygen species
(ROS) under an alternating magnetic field via magnetoelectric
coupling, enabling highly effective degradation of Rhodamine B
without added chemical agents.66

Moreover, due to its superparamagnetic properties, MnFe2O4

nanoparticles are considered an ideal heat source for cancer
treatment through magnetothermal therapy under an alternating
magnetic field. Once the magnetic field is removed, the magne-
tization of these particles disappears, which helps prevent particle
aggregation. The heating efficiency of MnFe2O4 nanoparticles in
such a field is closely related to their saturation magnetization
(Ms), which is influenced by factors such as particle size, shape,
and the cation distribution within the tetrahedral and octahedral
sites of the mixed spinel structure.62 Theoretically, the maximum
saturation magnetization for bulk MnFe2O4 can reach approxi-
mately 80–82 emu g�1 at room temperature,67,68 whereas experi-
mental values for nanoparticles typically range from 30 to
76 emu g�1 depending on the synthesis method and crystallinity.62
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Compared with Fe3O4, which has a theoretical Ms of 92 emu g�1,69

MnFe2O4 shows a slightly lower saturation magnetization, but it
offers greater chemical stability, higher resistance to oxidation, and
more favorable cation substitution flexibility, making it more
tunable for biomedical applications.67 In addition, MnFe2O4 shows
enhanced heating efficiency at lower doses due to its tailored
magnetic anisotropy and spin structure,70 indicating that it can
achieve comparable or even superior hyperthermia performance
under clinical AC magnetic field conditions.

Given this context, it is imperative to develop a multifunc-
tional biomaterial capable of both eliminating residual bone
tumor cells and repairing bone defects while providing
mechanical support during the bone healing process. MnFe2O4

was selected as the magnetic nanoparticle for hyperthermia
therapy in this study due to its excellent heating efficiency
and the beneficial effects of Mn2+ and Fe2+/Fe3+ ions on bone
regeneration.71,72 Specifically, Mn2+ ions have been shown to
promote osteogenic differentiation by activating the extra-
cellular signal-regulated kinases (ERK1/2) pathway, leading to
the upregulation of osteoblast-related genes such as RUNX2,
ALP, OCN, and OPN in mesenchymal stem cells.73 Fe2+/Fe3+

ions also enhance osteoblast proliferation and differentiation
by reducing intracellular hydrogen peroxide levels through
intrinsic peroxidase-like activity and by accelerating cell cycle
progression via the regulation of key cell cycle proteins, includ-
ing cyclins and CDKs.74 The synergistic effect of Mn2+ and Fe
ions not only stimulates early-stage osteogenic activity but also
helps modulate local redox balance and maintain the structural
integrity of the extracellular matrix. This dual functionality
provides a valuable platform for bone tissue engineering,
particularly in post-tumor resection scenarios where both
regeneration and residual tumor ablation are required.

In the current literature, the incorporation of MnFe2O4 into
bioactive glass-ceramics is more prevalent compared to its
combination with other types of bioceramics.71,72,75–78 Li
et al.72 developed a magnetic bioactive glass ceramic in the
CaO–SiO2–P2O5–MgO–CaF2–MnO2–Fe2O3 system, composed of
CaSiO3 and Ca5(PO4)3F as the primary phases, with MnFe2O4

and Fe3O4 contributing the magnetic properties. It exhibited a
saturation magnetization of 6.4 emu g�1, promoted hydroxya-
patite formation after 14 days in SBF, and supported successful
cell attachment and proliferation. Tripathi et al.77 investigated
strontium bioactive glass (46.1SiO2–21.9CaO–24.4Na2O–2.6P2O5–
5SrO) and manganese ferrite (MnFe2O4) composites, demonstrat-
ing biocompatibility with MG-63 cells, antibacterial activity
against E. coli and S. aureus, and superparamagnetic behavior
at room temperature with heating potential, confirming their
suitability for hyperthermia applications. Oskoui et al.78 studied
the effect of adding varying MnO2 wt% to 20SiO2–50FeO–15CaO–
15Na2O glass-ceramics, which led to the crystallization of
g-Fe2O3, a-Fe2O3, MnFe2O4, and Na2CaSiO4 phases. Increasing
MnO2 content from 0 to 15 wt% enhanced the saturation
magnetization from 21.5 emu g�1 to 30.8 emu g�1, and hydro-
xyapatite with a cauliflower-like morphology was observed
after immersion in simulated body fluid. Additionally, in a few
studies, MnFe2O4 has been combined with hydroxyapatite for

applications aimed at treating bone cancer.79–81 Pon-On et al.80

investigated the substitution of iron and manganese into hydro-
xyapatite, yielding ceramics with the empirical formula Ca9.4Fe0.4-
Mn0.2(PO4)6(OH)2. TEM images revealed a core/shell structure in
the nano-MnFe2O4 hydroxyapatite particles, where the ferrite core
crystallized from the Fe/Mn substitution in hydroxyapatite upon
heating above 500 1C, surrounded by a hydroxyapatite shell.
Arabzadeh et al.81 explored the use of quercetin (QC), a natural
anticancer agent, to assess the performance of mesoporous
magnetic MnFe2O4 core–shell nanocomposites. The MnFe2O4

core was synthesized via a co-precipitation method and coated
with a mesoporous hydroxyapatite shell for drug loading. Com-
pared to free QC, the loaded QC demonstrated higher antioxidant
activity and enhanced anticancer efficacy.

In this study, diopside (CaMgSi2O6) was selected as the base
bioceramic due to its ability to provide essential load-bearing
support, which is crucial for maintaining mechanical integrity
while facilitating the repair of bone defects. It was synthesized
using biowaste materials – rice husk (as a silica source11,13,38,39)
and eggshells (as a calcium source11–14,35,36,82,83) – and incor-
porated with varying proportions of MnFe2O4 nanoparticles
(10/20/30 wt%) as a heat generator for hyperthermia treatment
of bone tumors. Notably, the incorporation of MnFe2O4 magnetic
nanoparticles into diopside has not been previously explored in
the literature. This study investigates the effects of the diopside–
MnFe2O4 nanocomposites on mineralogy, morphology, mechan-
ical properties, cell biocompatibility, alkaline phosphatase (ALP)
activity, and ARS staining. Additionally, the in vitro magnetic
hyperthermia potential is evaluated. Although this study focuses
on in vitro characterization and cellular responses, further in vivo
studies will be essential to evaluate long-term biocompatibility,
metal ion biodistribution, and the therapeutic efficacy of the
nanocomposites in bone regeneration and tumor ablation.

2. Materials and methods
2.1 Materials

To obtain SiO2 powder, rice husks were first cleaned with RO
(reverse osmosis) water to remove dirt and dust. They were then
immersed in 0.5 M diluted hydrochloric acid and stirred at
60 1C for 30 min. Afterward, the rice husks were thoroughly
rinsed with deionized (DI) water to remove any residual acid
and dried in an oven at 110 1C overnight. The dried husks were
subsequently calcined in a furnace at 700 1C for 6 h, with
a heating rate of 10 1C min�1, and allowed to cool naturally
to room temperature, resulting in white rice husk ash (SiO2

powder). For CaO powder preparation, eggshells were boiled at
100 1C to remove membrane proteins, then rinsed five times
with DI water and dried in an oven at 120 1C for 2 h. The dried
eggshells were ground into a fine powder and calcined in a
furnace at 900 1C for 2 h, with a heating rate of 5 1C min�1. After
cooling to room temperature, the powder was sieved to a
particle size of 200 mm to obtain white CaO powder.

To synthesize magnetic nanoparticles, ferric chloride hexa-
hydrate (FeCl3�6H2O, 97%, Duksan, Korea) and manganese
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chloride tetrahydrate (MnCl2�4H2O, Sigma-Aldrich, USA) were
dissolved in 70 mL of DI water at a molar ratio of 2 : 1 and
stirred magnetically for 30 min until fully dissolved. Next, 5 M
NaOH was titrated slowly until substantial dark brown precipi-
tates formed, followed by continuous stirring for 1 h. The
resulting solution was transferred to a 100 mL Teflon-lined
hydrothermal autoclave, which was then sealed and heated in
an oven at 200 1C for 12 h. After cooling to room temperature,
the precipitates were washed multiple times with DI water and
ethanol using a neodymium magnet (2700 Oe) for magnetic
separation to ensure the complete removal of impurities. The
final product was dried in an oven at 70 1C for 24 h to obtain
pure black MnFe2O4 nanoparticles.

2.2 Preparation of diopside–MnFe2O4 nanocomposites

Firstly, eggshell powder (CaO), magnesium oxide (MgO, 99%,
UniRegion Bio-Tech, Taiwan), and rice husk ash (SiO2) were
weighed in a molar ratio of 1 : 1 : 2, and ball-milled at 400 rpm
for 6 h using a planetary ball mill (BM6pro, POWTEQ, China)
with a ball-to-powder ratio of 10 : 1. The resulting mixed powder
was then sieved to a particle size of 200 mm. A total of 0.3 g of
mixture (diopside precursor) was loaded into a compressing
mold, and 2 wt% of sunflower oil was added as a binder,
followed by uniaxial pressing at 150 MPa for 30 s to form a
dense round pellet (+13 � H1.8 mm). Pure diopside was
obtained by sintering the pellet in air at 1200 1C for 3 h, with
a heating rate of 5 1C min�1, followed by natural cooling to
room temperature. To synthesize diopside–MnFe2O4 nanocom-
posites, a procedure similar to that of pure diopside synthesis
was performed, with MnFe2O4 magnetic nanoparticles added to
the diopside precursor in proportions of 10, 20, and 30 wt%.
The resulting nanocomposites were labeled as Di–XMnFe
(X = 0, 10, 20, and 30), according to the MnFe2O4 content.

Fig. 1 illustrates the preparation process of the diopside–
MnFe2O4 nanocomposites.

2.3 Characterization

Mineralogical properties were analyzed using a powder X-ray
diffractometer (D2 Phaser, Bruker, USA) with Cu Ka radiation
(l = 1.54184 Å) at 30 kV and 10 mA, over a diffraction angle
range (2y) from 101 to 701, with a step size of 0.011 2y. The
diffraction patterns were processed and phase identification
was carried out using Match! software (Crystal Impact,
Germany). Quantitative phase analysis was performed using
the Rietveld refinement method via FullProf Suite integrated
with Match! software. Thermal stability, phase transformation,
and crystallization temperature were assessed via thermogravi-
metric/differential scanning calorimetry (TGA/DSC, Mettler-
Toledo, 2-HT, Switzerland) under a nitrogen environment, with
a heating rate of 5 1C min�1 from 30 1C to 1000 1C. Surface
morphology and quantitative chemical composition were exam-
ined using a field emission electron probe microanalyzer
(FE-EPMA, JXA-8530F, JEOL, Japan), equipped with a scanning
electron microscope (SEM) and a wavelength dispersive spec-
trometer (WDS). The FE-EPMA operated at 15 kV with an
analytical depth of approximately 700 nm. Backscattered elec-
tron imaging was employed to distinguish between different
compounds, while the WDS point mode was used for precise
determination of elemental concentrations. The morphology
and particle size distribution of the magnetic MnFe2O4 nano-
particles were characterized using transmission electron micro-
scopy (TEM, Hitachi H7100, Japan). Magnetic properties were
investigated using a superconducting quantum interference
device (SQUID, Quantum Design, USA), with hysteresis curves
generated by varying the magnetic field (H) between �5000 Oe
and +5000 Oe at 300 K. Vickers hardness was measured using a

Fig. 1 Flow chart of diopside–MnFe2O4 nanocomposite preparation.
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Vickers hardness tester (FM-810, Future-Tech, Japan) with an
applied load of 1 kg and a dwell time of 10 s.

The bulk and apparent densities, as well as the porosity, of
sintered pure diopside and diopside–MnFe2O4 nanocomposites
were determined in DI water using the Archimedes method.
Firstly, the samples were dried in an oven at 110 1C overnight
to eliminate any moisture, and then allowed to cool to room
temperature in a moisture-proof container without humidity for
24 h. The dry weight of each sample, denoted as m1, was
measured with a high-precision analytical balance (AS 220.R2
PLUS, Radwag, Poland) with an accuracy of 1 mg. The samples
were then saturated with DI water by vacuum for 2 h, after which
their immersed mass, m2, was recorded while suspended in DI
water. After removing the samples from the water and carefully
wiping off excess surface moisture, their saturated weight in air,
m3, was measured. The following equations were used for the
calculations, where r0 represents the density of DI water at 25 1C.

Bulk density (DB) = (m1 � r0)/(m3 � m2) (1)

Apparent density (DA) = (m1 � r0)/(m1 � m2) (2)

Porosity %ð Þ ¼ 1� DB

DA

� �� �
� 100% (3)

2.4 Magnetic hyperthermia properties in vitro

To assess the magnetic hyperthermia properties of the diopside–
MnFe2O4 nanocomposites, an inductive heating device (ANG-
06A-I, Aneng, Taiwan) was employed. A 20 mg sample of sintered
nanocomposite was placed in an open vial containing 1 g of
water, and the vial was positioned at the center of an alternating
magnetic field coil, operating at a frequency of 287 KHz with a
fixed field amplitude of 30 Oe. During the application of the
alternating magnetic field, temperature data was recorded every
second using a fiber-optic thermometer (H201, Rugged Monitor-
ing, Canada). The heat generated by the magnetic nanoparticles
under the influence of the alternating magnetic field caused a
rise in the sample’s temperature. The relationship between heat
and temperature was described by the following equation:

DQ = mwaterCwaterDT + msampleCsampleDT (4)

where mwater represents the mass of water (1 g), msample is the
mass of the sample (20 mg), Cwater is the specific heat capacity of
water (4.185 J g�1 K�1), Csample is the specific heat capacity of the
sample, and DT is the change in temperature (K) of the sample.

Specific loss power (SLP) is defined as the amount of heat
dissipated per unit mass of magnetic nanoparticles (W g�1).
In this study, the initial slope method was employed to evaluate
the heating efficiency of the sample under an alternating
magnetic field. The SLP was calculated by the following
eqn (5) in combination with the eqn (4):

SLP ¼
DQ
Dt

msample
¼

DT
Dt

msample
mwaterCwater þmsampleCsample

� �

ffi mwaterCwater

msample

DT
Dt

� � (5)

where DT/Dt represents the initial slope of the temperature
change over time (second).

2.5 Cell culture of the MC3T3-E1 cell line

MC3T3-E1 cells (ATCC-CRL-2593, USA), derived from mice,
were cultured in Alpha Minimal Essential Medium (Alpha-
MEM, Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich, USA) and 0.5% penicillin–streptomycin
(Sigma-Aldrich, USA). The cells were maintained at 37 1C in a
humidified atmosphere with 5% CO2.

2.6 Cell viability and proliferation

Cell viability was assessed using liquid extracts from the nano-
composite samples through an MTT assay (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide, 98%, Alfa Aesar,
USA). MTT was dissolved in sterile and filtered phosphate-
buffered saline (PBS) to a concentration of 5 mg mL�1. The
positive control group contained SDS (99%, JT Baker, USA),
while the negative controls included a cell-only group and a
group treated with alumina (Al2O3, 99.5%, Sigma-Aldrich, USA).

MC3T3-E1 cells were seeded into 96-well plates at a density
of 2� 103 cells per well and cultured in 100 mL of Alpha-MEM in
a humidified incubator at 37 1C with 5% CO2 for 24 h. Liquid
extracts from all test groups were prepared by immersing the
nanocomposite materials in Alpha-MEM at a concentration of
0.2 g mL�1 (0.2 mg mL�1 for the SDS group) at 37 1C for 24 h,
followed by filtration through a 0.22 mm filter. After 24 h of
incubation, the Alpha-MEM was removed, and 100 mL of the
filtered extract was added to each well. MC3T3-E1 cells were
incubated in these extracts for 24 h to assess cytotoxicity. Then,
10 mL of the MTT solution (5 mg mL�1 in PBS) was added to
each well and incubated for 2 h at 37 1C in 5% CO2. After
incubation, the MTT solution was discarded, and 100 mL of
dimethyl sulfoxide (DMSO, 99.5%, Sigma-Aldrich, USA) was
added to each well to dissolve the purple formazan crystals.
Absorbance at 570 nm was measured using an ELISA micro-
plate reader (Eon, BioTek, USA), and cell viability was calcu-
lated by the following equation:

Cell viability (%) = (ODs C ODc) � 100% (6)

where ODs is the absorbance of the sample, and ODc is the
absorbance of the control group containing only cells. Quanti-
tative data are presented as the mean � standard deviation
from six replicates per experiment.

The effect of different nanocomposite samples on the pro-
liferation of MC3T3-E1 cells was further investigated by seeding
the cells into 96-well tissue culture plates at an initial density
of 2 � 103 cells per well in standard Alpha-MEM. After 24 h of
incubation, the culture medium was replaced with 100 mL of
material extracts supplemented with 10% FBS, while 100 mL
of standard Alpha-MEM containing 10% FBS served as a blank
control. On days 1, 3 and 7, cell proliferation of MC3T3-
E1 cultured in the material extracts was assessed using the
MTT assay.
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2.7 Alkaline phosphatase assay (ALP)

Alkaline phosphatase assay (ALP) is a key early marker of
osteogenic differentiation, as its activity reflects the maturation
of osteoblasts and the mineralization process. Firstly, MC3T3-E1
cells were seeded at a density of 2 � 104 cells per well in a 24-well
plate and cultured in an incubator at 37 1C with 5% CO2 for three
days, allowing the cells to adhere and reach 80% confluency.
The test extracts were prepared by immersing nanocomposite
materials in an osteogenic induction medium (OIM) containing
50 mg mL�1

L-ascorbic acid, 10 mM b-glycerophosphate, and
100 nM dexamethasone, at a concentration of 0.2 g mL�1.
On the third day of incubation, the osteogenic induction extracts
were collected and filtered through a 0.22 mm syringe filter. The
filtered extracts were added to the 24-well plate at 400 mL per well,
while the control group received fresh OIM. Both the extracts
and OIM were replaced every two days, and ALP analysis was
conducted on days 7 and 14.

For ALP analysis, the culture medium was firstly removed,
and the cells were washed with PBS. Then, 400 mL of 4%
paraformaldehyde was added to each well and incubated for
10 min. After removing the paraformaldehyde, the wells were
rinsed with DI water. BCIP/NBT color reagent (Revvity, USA) was
then added to each well (450 mL per well) and incubated for
45 min, resulting in dark purple staining at the phosphatase-
active sites. The intensity of this staining correlates with ALP
activity, indicating the level of osteogenic differentiation.
To quantify ALP activity, the stained cells were observed using
an optical microscope (IX73P1F, Olympus, Japan), and ImageJ
software was used for quantitative analysis.

2.8 Alizarin Red S mineralization assay (ARS)

Alizarin Red S assay (ARS) is used to assess calcium mineraliza-
tion, a critical marker of late-stage osteogenic differentiation.
By detecting and quantifying calcium deposition in the extra-
cellular matrix, this assay provides a reliable measure of the
extent of mineralization, reflecting the maturity of the bone-like
tissue formed by the cells.

For ARS analysis, the preparation and addition of osteogenic
induction extracts, as well as cell culture, were performed in the
same way as for the ALP assay. The primary difference in the ARS
assay is that it was conducted after 21 days of cell culture. At this
point, the osteogenic induction extracts were removed, and the cells
were washed with PBS. Next, 400 mL of 4% paraformaldehyde was
added to each well and incubated for 10 min to fix the cells. After
removing the paraformaldehyde, the residual liquid was rinsed off
with DI water. Then, 420 mL of 2% alizarin red S solution (pH 4.2,
Alfa Aesar, USA) was added to each well and incubated for 45 min to
allow for calcium staining. Calcium deposition, indicative of miner-
alization, appeared as an orange-red color. The alizarin stain was
subsequently dissolved with 10% acetic acid, and the absorbance at
450 nm was measured to quantify the staining intensity.

2.9 Statistical analysis

All data were presented as the mean � standard deviation (SD).
Statistical analysis was performed using one-way analysis of

variance (ANOVA) followed by Tukey’s post hoc test in GraphPad
Prism. A p-value of less than 0.05 was considered statistically
significant.

3. Results and discussion
3.1 Characterization of diopside bioceramics

The XRD patterns of rice husk and eggshell after calcination are
shown in Fig. 2(a) and (b). Raw rice husk contains approxi-
mately 15–23% silica, with the remaining portion consisting
of organic matter (cellulose, hemicellulose, lignin). The decom-
position of rice husk into ash occurs in three stages: (1) moist-
ure loss, (2) decomposition of the organic fraction, leading to
the elimination of volatile organic compounds (VOCs), and
(3) carbon removal. As a result, heat treatment can increase
the silica purity to as much as 95%,38 while acid treatment of
rice husks prior to sintering yields silica with a purity exceeding
99%.39 This is confirmed in Fig. 2(a), where rice husk treated
with acid followed by calcination resulted in amorphous silica.
As for raw eggshells, which make up 11% of the total weight of
an egg, they are composed of 94% calcium carbonate, 1%
calcium phosphate, 1% magnesium carbonate, and 4% organic
matter.36 Fig. 2(b) shows that pure calcium oxide (CaO) was
obtained after the heat treatment of eggshell powder, which
aligns with the standard reference of CaO (ICSD code: 51409).

The thermal stability and phase transformation of the ball-
milled diopside precursor were investigated using TGA and
DSC. As depicted in Fig. 2(c), the TGA curve reveals three
primary stages of weight loss. The first stage, with a minor
weight loss of approximately 0.4% below 150 1C, corresponds to
the removal of residual moisture.11,84 The second stage shows
a significant endothermic peak around 393 1C, with a weight
loss of about 2.7%, which is attributed to the dehydration
of chemically adsorbed water, as CaO in the precursor readily
absorbs moisture from the environment, forming calcium
hydroxide.85,86 The final weight loss, approximately 1.4%,
occurs between 450 1C and 1000 1C and is likely due to the
decarburization of incompletely condensed by-products. The
constant mass beyond 800 1C indicates that no further decom-
position occurred. In the DSC curve, an exothermic peak is
observed around 845 1C, which corresponds to the crystal-
lization temperature of diopside. This result is consistent with
previous studies on diopside synthesis using different starting
materials.13,14,87,88

Based on the TGA/DSC analysis shown in Fig. 2(c), the
sintering temperature for diopside in this study was set at
900–1200 1C. The optimum sintering temperature was further
evaluated by analyzing the crystallization temperature of diop-
side obtained from TGA/DSC, with the corresponding XRD
results shown in Fig. 2(d). When the precursor powders were
sintered at 900 1C for 3 h, the formation of the major phase
(diopside, CaMgSi2O6) along with secondary phases such as
akermanite (Ca2MgSi2O7), merwinite (Ca3MgSiO4), wollastonite
(CaSiO3), and silicon dioxide (SiO2) was observed. This corre-
lates with the appearance of exothermic peaks in the DSC
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analysis at the crystallization temperature of diopside (845 1C).
As the sintering temperature increased to 1000 1C, diopside
remained the dominant phase, but an exothermic peak was
observed near 1000 1C in the DSC analysis, attributed to the
intensification of secondary phases. At 1100 1C, diopside was
still the main phase, but the peak intensity of the secondary
phases began to decrease, with the merwinite peak disappearing.
At 1200 1C, all secondary phases were completely eliminated, and
the resulting composition was confirmed as pure diopside using
Match3! software, corresponding to the standard reference (ICSD
code: 89856). However, when the precursor was further sintered at
1300 1C, the sample melted and adhered to the crucible surface,
despite the melting point of diopside being 1391 1C. This dis-
crepancy may be due to temperature variations within the furnace
chamber. Therefore, the optimal sintering temperature was deter-
mined to be 1200 1C.

3.2 Characterization of MnFe2O4 nanoparticles

The XRD pattern of the magnetic nanoparticles is shown in
Fig. 3(a). No secondary phases were detected, and the cubic
spinel structure, consistent with the standard ICSD code:
40702, confirms the formation of MnFe2O4. Additionally, the
average crystalline size of the sample was estimated to be
approximately 41 nm using Scherrer’s formula89 (eqn (7)).

D ¼ K � g
b cos y

(7)

where K is the shape factor, assumed to be 0.943 due to the
cubic structure, g is the X-ray wavelength, b is the full width at
half maximum (FWHM) in radians, and y is the Bragg angle.

The TEM image of MnFe2O4 nanoparticles is shown in
Fig. 3(b), revealing the cuboctahedron-like morphology of the
particles. Additionally, agglomeration can be observed, likely
due to the absence of a surfactant during synthesis, leading
to the formation of clusters as a result of magnetic coupling
interactions between the nanoparticles. Based on the TEM
images, the size distribution of 59 individual particles, mea-
sured using Nano Measurer, is presented in Fig. 3(c). The
particle sizes mainly ranged from 30 to 65 nm, with a calculated
average diameter of approximately 46 nm � 22%, which closely
aligns with the size estimated from XRD analysis.

3.3 Characterization of diopside–MnFe2O4 nanocomposites

Backscattered electron images (BEI) and quantitative chemical
composition analysis of the sintered Di–XMnFe (X = 0, 10, 20,
30) nanocomposites are displayed in Fig. 4, with their physical
properties summarized in Table 1. Fig. 4(a) and (e) show that
the surface morphology of pure diopside consisted of agglom-
erated spherical particles ranging from 0.45 mm to 0.75 mm in
size. In Fig. 4(i), the quantitative chemical composition analysis
at site 1 confirmed the presence of oxides containing
the essential elements Ca, Mg, and Si, with a molar ratio of
1 : 0.96 : 1.98. This ratio closely matches that of diopside (CaMg-
Si2O6), verifying that pure diopside can be synthesized from rice

Fig. 2 (a) XRD pattern of rice husk after calcination at 700 1C for 6 h, (b) XRD pattern of eggshell after calcination at 900 1C for 2 h, (c) TGA/DSC curves of
diopside precursor, and (d) XRD patterns of diopside sintered at different temperatures for 3 h.
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husk and eggshells sintered at 1200 1C. Additionally, pores were
observed on the surface of the pure diopside, likely formed due
to the release of volatile substances during the sintering
process. These pores may enhance bioactivity and facilitate
the release of ionic products.90 The presence of microporosity
(pores smaller than 10 mm) increases the surface area, which is
believed to improve the adsorption of bone-inducing proteins
and promote the formation of bone-like apatite through dis-
solution and reprecipitation processes.91 Consequently, this
porous surface morphology plays a crucial role in the inter-
action between bioceramic implants and surrounding tissues.
In terms of density and porosity, Table 1 indicates that the

apparent density (DA) of diopside is 3.21 g cm�3, which is quite
close to its theoretical density of 3.26 g cm�3. However, the bulk
density (DB) is significantly lower, at 2.55 g cm�3. This dis-
crepancy is attributed to the material’s porosity, which was
calculated to be 20.4%.

Fig. 4(b)–(d) and (f)–(h) display the backscattered electron
images (BEI) of Di–XMnFe nanocomposites (X = 0, 10, 20, and
30). Due to the higher atomic numbers of Mn and Fe compared
to Ca, Mg, and Si elements, MnFe2O4 appeared brighter in the
BEI, allowing for clear differentiation between MnFe2O4 and
CaMgSi2O6. As the concentration of MnFe2O4 magnetic nano-
particles increased, a greater number of angular particles,

Fig. 4 Backscattered electron images of Di–XMnFe nanocomposites: (a), (e) X = 0 wt%, (b), (f) X = 10 wt%, (c), (g) X = 20 wt%, and (d), (h) X = 30 wt%.
(i) Chemical compositions, (j) XRD patterns, and (k) hardness of Di–XMnFe nanocomposites (X = 0, 10, 20, and 30 wt%).

Fig. 3 (a) XRD pattern, (b) TEM image, and (c) particle size distribution of MnFe2O4 magnetic nanoparticles.
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uniformly distributed across the diopside surface, became
visible. These MnFe2O4 nanoparticles exhibited a polyhedral
morphology, which is consistent with the TEM image shown in
Fig. 3(b). However, many of these grains grew from an average
size of 46 nm to a range of 0.7–3.2 mm, forming a strong bond
with the diopside matrix. The chemical composition analysis in
Fig. 4(i) reveals that the brighter areas (sites 2, 3, 5, 6, and 8)
corresponded to MnFe2O4. The elemental signals from the
particles at sites 2 and 6 were more susceptible to interference
from the surrounding diopside matrix due to their smaller size,
resulting in compositions that included CaMgSi2O6. In con-
trast, the larger particles at sites 3, 5, and 8 displayed composi-
tions more characteristic of pure MnFe2O4. However, Ca, Mg,
and Si signals were also detected on these MnFe2O4 particles,
with total concentrations ranging from 11 at% to 19.3 at%,
indicating that co-sintering with CaMgSi2O6 led to the diffusion
of Ca, Mg, and Si elements into MnFe2O4. Interestingly, a
significant Mg content was found on the MnFe2O4 particles,
likely due to the higher diffusivity of Mg2+ ions in oxides
compared to Ca2+ and Si4+ ions, attributed to their smaller
ionic radius and lower activation energy.92 As the incorporation
of MnFe2O4 nanoparticles increased, the sample surface
became noticeably denser. Table 1 indicates that adding 10
wt% MnFe2O4 to diopside significantly reduced the porosity
from 20.4% to 1.5%. Further increases in MnFe2O4 content to
20 and 30 wt% kept the porosity consistently around 1%.
Moreover, in Fig. 4(i), sites 4, 7, and 9 represented the diopside
matrix in the diopside–MnFe2O4 nanocomposites, with a con-
firmed chemical composition of Ca : Mg : Si at approximately
1 : 1 : 2. Notably, MnFe2O4 element signals were also detected in
these sites, suggesting that nanoscale MnFe2O4 particles may
be embedded between diopside grains. After sintering at
1200 1C, the high-temperature treatment facilitated element
diffusion, causing the MnFe2O4 nanoparticles to bond tightly
with the spherical diopside matrix and resulting in a denser
structure with lower porosity. Consequently, the incorporation
of MnFe2O4 nanoparticles significantly enhanced the sinter-
ability of the diopside.

The XRD patterns of the sintered diopside–MnFe2O4 nano-
composites are presented in Fig. 4(j). All diffraction peaks could
be indexed to the diopside phase (CaMgSi2O6, ICSD #89856)
and the MnFe2O4 spinel phase (ICSD #40702), with no second-
ary phases such as Fe2O3, MnO, or amorphous impurities
detected, indicating high phase purity. As the MnFe2O4 content
increased, its characteristic peaks at 2y values of 29.71, 35.01,

42.51, 56.21, and 61.71 became more prominent, while several of
them overlapped with the main peaks of diopside. To further
quantify the phase composition, Rietveld refinement was per-
formed using Match! and FullProf Suite. The results revealed
that the MnFe2O4 phase content increased proportionally with the
nominal addition: 8.9% in Di–10MnFe, 17.1% in Di–20MnFe, and
26.3% in Di–30MnFe, with corresponding CaMgSi2O6 contents of
91.1%, 82.9%, and 73.7%, respectively. These values confirm that
the majority of the ceramic matrix remains diopside, and the
distribution of MnFe2O4 is consistent with the target formulation.
However, the measured MnFe2O4 contents were slightly lower than
the nominal values. This discrepancy may be attributed to partial
material loss during ball milling, as MnFe2O4 possesses relatively
high hardness and may become embedded into the milling jar
walls or grinding media, thereby reducing the effective loading in
the final mixture. In addition, a slight shift of MnFe2O4 diffraction
peaks toward higher angles and diopside peaks toward lower
angles was observed with increasing MnFe2O4 content. This trend
is likely associated with mutual ionic diffusion during high-
temperature sintering, as supported by the elemental analysis in
Fig. 4(i). Smaller ions such as Mg2+(0.57 Å) and Si4+(0.26 Å)93 may
enter the MnFe2O4 lattice and induce lattice compression, while
larger Mn2+(0.66 Å) and Fe3+(0.49 Å)93 ions could diffuse into the
CaMgSi2O6 lattice, causing lattice expansion. This interfacial diffu-
sion contributes to the observed lattice distortion and partial peak
shift behavior.

The hardness results of the Di–XMnFe nanocomposites (X = 0,
10, 20, and 30 wt%) after sintering are presented in Fig. 4(k) and
Table 1. Each sample was measured at five different points on the
pellet surface, and the values were used to calculate the mean and
standard deviation. The hardness of the diopside–MnFe2O4 nano-
composites increased with the addition of magnetic nanoparticles.
Remarkably, incorporating just 10 wt% of MnFe2O4 nearly doubled
the hardness of diopside, significantly enhancing its mechanical
properties. Increasing the MnFe2O4 content to 30 wt% further
improved the hardness, reaching a maximum value up to
990.8 Hv. As shown in Table 1, the incorporation of magnetic
nanoparticles reduced the porosity of the diopside, as observed in
the SEM images. This densified crystalline structure is likely
responsible for the material’s excellent hardness. The influence
of MnFe2O4 on the mechanical properties of Ca–Mg–Si-based
bioceramics has not been reported in the literature. Comparable
studies have focused on hydroxyapatite composites with added
magnetite (Fe3O4),94,95 where results showed that higher magnetite
content increased porosity and reduced mechanical strength,
which is contrary to our findings. When compared to densified
(493%) TCP bioceramics synthesized via novel ultrafast high-
temperature sintering,96 the hardness of our diopside–MnFe2O4

nanocomposites, enhanced by the densification effect of MnFe2O4,
was considerably higher, with the densified TCP reaching a
maximum hardness of only 350 Hv.

3.4 Magnetic property and magnetic hyperthermia ability of
diopside–MnFe2O4 nanocomposites

The magnetic hysteresis (M–H) curves of MnFe2O4 nano-
particles and Di–XMnFe nanocomposites (X = 0, 10, 20, and

Table 1 Density, porosity, and hardness of diopside–MnFe2O4 nano-
composites

Sample

Composition (wt%) Density (g cm�3)

Porosity
(%)

Hardness
(Hv)Diopside MnFe2O4

Bulk
(DB)

Apparent
(DA)

Diopside 100 0 2.55 3.21 20.4 397.8 � 47
Di–10MnFe 90 10 3.18 3.23 1.5 821.6 � 27
Di–20MnFe 80 20 3.41 3.41 0.2 911.2 � 40
Di–30MnFe 70 30 3.77 3.81 1.1 990.8 � 44
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30 wt%) were measured under an external magnetic field
ranging from �10 000 Oe, as presented in Fig. 5. Additionally,
the heating curves of Di–XMnFe nanocomposites for potential
in vitro hyperthermia therapy are also shown. As illustrated in
Fig. 5(a) and its inset, MnFe2O4 nanoparticles exhibited a
coercivity (Hc) of approximately 36 Oe and a low remanence
(Mr) of 3 emu g�1, indicating that these nanoparticles pos-
sessed the characteristics of soft magnetic materials approach-
ing a superparamagnetic state. This behavior suggests that
the magnetization nearly returns to zero once the external
magnetic field is removed, effectively minimizing magnetic
dipolar interactions between particles. This is particularly
advantageous in biomedical applications, as it prevents particle
aggregation, which could otherwise lead to adverse effects
such as blood clots in the circulatory system. Notably, the
saturation magnetization (Ms) of the MnFe2O4 nanoparticles
synthesized in this study reached 81.6 emu g�1 at room
temperature, achieving 99.5% of the bulk MnFe2O4 value
(Ms = 82.0 emu g�1). This value is significantly higher than
those reported for MnFe2O4 nanoparticles in previous studies
(16.2–76 emu g�1 (ref. 51,55,63,77,81 and 97–102), making this
material the highest-performing MnFe2O4 nanoparticle cur-
rently published. This extraordinary Ms value indicates the
superior magnetic performance of the synthesized nano-
particles and their potential for efficient heating in hyper-
thermia applications.

It is well known that as the particle size of magnetic
materials decreases to the nanoscale, the increased surface-
to-volume ratio enhances surface effects (e.g., surface spin
disorder and magnetic dead layers).103 Concurrently, thermal
fluctuations increasingly affect the magnetic moments, disrupt-
ing their alignment and often leading to a decline in saturation
magnetization (Ms).

103 However, the MnFe2O4 nanoparticles

synthesized in this study demonstrated an Ms value comparable
to that of bulk MnFe2O4, indicating that particle size reduction
did not significantly impair the magnetic properties. This
exceptional performance can be attributed to several key fac-
tors, as follows. (1) As confirmed by the XRD patterns (Fig. 3(a)),
the MnFe2O4 nanoparticles exhibited sharp and well-defined
diffraction peaks, closely matching the standard MnFe2O4

pattern (ICSD #40702) without any additional peaks, which
would indicate secondary phases (e.g., Fe2O3 or MnO).
This confirms the high purity and structural integrity of the
synthesized nanoparticles, ensuring that the internal magnetic
moment alignment remained highly ordered, similar to bulk
materials. (2) TEM images and particle size distribution
(Fig. 3(b) and (c)) reveal that the MnFe2O4 nanoparticles
exhibited clear particle boundaries, good dispersion, and mini-
mal aggregation. The low degree of surface defects (e.g., lattice
distortions or chemical adsorptions) reduced their surface spin
disorder, contributing to the high Ms. Additionally, the narrow
size distribution (40–55 nm, average size: 46 nm) reflected
stable synthesis conditions and uniform particles, further
ensuring that the overall magnetic behavior closely resembled
that of bulk MnFe2O4. The cuboctahedron-like morphology of
the nanoparticles may also contribute to their high Ms. This is
supported by findings from Noh et al.,104 which reported that
cubic magnetic nanoparticles exhibited lower surface aniso-
tropy compared to spherical ones, thereby enabling higher
saturation magnetization for cubic-shaped nanoparticles.
(3) The average particle size of 46 nm approached the single-
domain critical size of MnFe2O4, where particles typically
exhibit uniform magnetic alignment.67 However, the particle
size of 46 nm remained larger than the superparamagnetic
critical size, as evidenced by the non-zero Hc and Mr in the M–H
curves. Unlike bulk MnFe2O4, which has a multi-domain

Fig. 5 (a) Magnetic hysteresis curves of MnFe2O4 and Di–XMnFe nanocomposites at 300 K (inset in the lower-right corner presenting a magnified view
of the region within the �100 Oe magnetic field range), (b) heating curves of Di–XMnFe nanocomposites for in vitro hyperthermia therapy (under a
magnetic field of 30 Oe and an alternating current frequency of 287 kHz; the red shading indicates the hyperthermia therapy range), and (c) saturation
magnetization (Ms), and specific loss power (SLP) values of Di–XMnFe nanocomposites (X = 0, 10, 20, and 30 wt%).
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structure and lower Hc due to the ease of domain wall motion,
single-domain nanoparticles lack domain walls. The magnetic
moments in these nanoparticles flip coherently as a whole,
rather than through domain wall movement. This coherent
flipping mechanism requires overcoming higher energy bar-
riers, leading to slightly higher coercivity compared to bulk
materials.103 Consequently, the single-domain structure of
MnFe2O4 nanoparticles synthesized in this study eliminated
the influence of domain walls (e.g., pinning effects), thereby
contributing to their enhanced saturation magnetization.
(4) The average size of 46 nm provided a relatively low
surface-to-volume ratio, minimizing the influence of surface
spin disorder. While some degree of surface spin misalignment
may exist, the contribution of the well-ordered internal mag-
netic moments effectively compensated for surface-induced
magnetic loss. This optimal size prevented significant magnetic
degradation caused by surface effects, while also avoiding the
energy dissipation associated with multi-domain structures in
bulk materials.

When MnFe2O4 nanoparticles were incorporated into CaMg-
Si2O6 to form composites, the Ms, Hc, and Mr values decreased
significantly as the MnFe2O4 content decreased. This trend can
be explained by the following mechanisms. (1) The inclusion of
non-magnetic CaMgSi2O6 diluted the concentration of mag-
netic MnFe2O4 particles, leading to a proportional reduction in
the overall Ms. (2) The dispersion of MnFe2O4 nanoparticles
within the ceramic matrix reduced interparticle magnetic dipole
interactions, which impaired cooperative magnetic moment align-
ment under an external field, particularly in the low-field region.
(3) The reduced interparticle magnetic coupling due to matrix
separation weakened the collective magnetic anisotropy barriers,
making moment reversal easier and resulting in a lower Hc.
(4) After the removal of the external magnetic field, the magnetic
isolation imposed by the non-magnetic matrix diminished rema-
nent coupling among MnFe2O4 particles, thereby reducing the
stability of magnetic alignment and leading to a decrease in Mr.
(5) During high-temperature sintering, the growth of MnFe2O4

grains introduced grain boundaries, while the diffusion of Ca, Mg,
and Si into the MnFe2O4 phase induced lattice distortions, as
evidenced by Fig. 4(i) and (j). In addition, grain coarsening induced
by sintering may have promoted partial transition from single-
domain to multi-domain states, which would lower the coercivity
(Hc) due to the increased ease of domain wall motion compared to
coherent rotation in single-domain particles. These factors likely
disrupted the alignment of magnetic moments, increased local
spin disorder, and further reduced Ms, Hc, and Mr. In summary,
both compositional dilution and microstructural evolution, includ-
ing particle size growth and matrix-induced isolation, contribute to
the observed variation in magnetic behavior among the Di–XMnFe
composites.

The MnFe2O4 nanoparticles synthesized in this study
demonstrated a near-bulk saturation magnetization (Ms) at
the nanoscale, due to their excellent crystallinity, high purity,
particle shape, single-domain behavior, and minimized surface
effects. Upon integration with CaMgSi2O6, the magnetic proper-
ties of the composites decreased predictably due to magnetic

dilution, weakened interparticle interactions, and structural
alterations.

Fig. 5(b) illustrates the heating rates of Di–XMnFe nanocom-
posites (X = 0, 10, 20, and 30 wt%) under a magnetic field of
30 Oe and an alternating current frequency of 287 kHz, while
their specific loss power (SLP) values are presented in Fig. 5(c).
To ensure the safety of healthy human tissues, Hergt et al.,105

building on Brezovich et al.’s research,106 proposed that the
product of the magnetic field amplitude (H) and frequency ( f )
should not exceed 5 � 109 A m�1 s�1. Within this limit,
individuals can tolerate magnetic hyperthermia for over an
hour without discomfort. Furthermore, the operational fre-
quency for magnetic hyperthermia is typically restricted to a
narrow range of 100–300 kHz.59 The magnetic field amplitude
and frequency used in this study were 30 Oe (= 2.4 kA m�1) and
287 kHz, resulting in H � f = 6.9 � 108 A m�1 s�1, which is well
within the safe range. As shown in Fig. 5(b), the temperature of
the aqueous solution containing diopside increased to 30 1C
within 5 minutes under the alternating magnetic field. This
slight temperature rise can be attributed to ambient heating
caused by the operation of the equipment, as diopside itself
does not induce heating under magnetic fields. For the
Di–MnFe nanocomposites, the heating rate was positively cor-
related with the MnFe2O4 content, and all samples achieved the
therapeutic hyperthermia range of 41–46 1C. Notably, the
heating curve of Di–10MnFe reached 41 1C in 7.7 minutes
and maintained the temperature within this therapeutic win-
dow for up to 20 minutes without exceeding 46 1C, making it an
optimal formulation for hyperthermia applications. This is
particularly advantageous because achieving effective hyperther-
mia with a lower content of magnetic nanoparticles reduces
potential toxicity and cost, thereby making high-efficiency
heating nanoparticles more desirable.99 In addition, the
steady-state temperature of Di–10MnFe was approximately
44.5 1C, which falls within the recommended temperature
range (41–45 1C) for mild photothermal therapy (MPT) to
support bone tissue regeneration.61 Within this temperature
window, osteogenesis has been reported to be enhanced. More-
over, to evaluate the heating efficiency of Di–MnFe nanocom-
posites, the SLP of the samples under the alternating magnetic
field was calculated using the initial slope method. The results
were 16.49, 24.29, and 31.08 W g�1 for Di–10MnFe, Di–20MnFe,
and Di–30MnFe, respectively, as shown in Fig. 5(c).

The heat generation mechanisms of Di–MnFe nanocompo-
sites are elucidated as follows. The increase in MnFe2O4 con-
tent elevated the proportion of magnetic phases, total magnetic
moments, and saturation magnetization (Ms), leading to a
significant rise in SLP. The high Ms suggests the superior
heating efficiency of MnFe2O4 nanoparticles. However, the
increase in SLP was disproportionate to the rise in Ms, indicat-
ing the involvement of additional factors. Heat generation
mechanisms in magnetic materials under an alternating mag-
netic field primarily include: (1) magnetic hysteresis loss,
(2) Néel relaxation loss, and (3) Brownian relaxation loss.
Among these mechanisms, Brownian relaxation loss, where
heat is generated through the physical rotation of magnetic
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nanoparticles due to friction with the surrounding medium,
can be excluded in this study. This is because the MnFe2O4

nanoparticles were tightly bonded with CaMgSi2O6 during
high-temperature sintering, making physical rotation unlikely
and thus eliminating Brownian relaxation loss as a contributor
to heat generation. Fig. 5(a) shows that as the MnFe2O4 content
increased, the area enclosed by the hysteresis loop also grew,
indicating more heat generation from hysteresis loss. From the
above mechanism analysis, it can be inferred that while
increasing the MnFe2O4 content enhanced the overall magnetic
moment and generated heat through magnetic hysteresis loss,
the SLP did not increase proportionally. This suggests that the
heat contribution from Néel relaxation loss may decrease as the
MnFe2O4 content increased. Néel relaxation involves the inter-
nal rotation of magnetic moments within particles under an
alternating magnetic field, producing heat through friction
with the crystal lattice. As shown in the inset of Fig. 5(a), the
coercivity (Hc) increased with higher MnFe2O4 content. This is
likely attributed to particle aggregation, leading to magnetic
moment coupling and raising the energy barriers required for
flipping the magnetic moments. Additionally, grain growth and
the diffusion of non-magnetic elements (e.g., Ca, Mg, Si) into
the magnetic particles during high-temperature sintering intro-
duced grain boundaries and lattice stress or distortions, further
increasing magnetic anisotropy and coercivity. These factors
diminished Néel relaxation efficiency by lowering the frequency
of magnetic moment flipping and stabilizing the magnetic
moments against thermal disturbances.

The MnFe2O4 nanoparticles synthesized in this study
demonstrated excellent magnetic performance. When incorpo-
rated into CaMgSi2O6 to form composites, even at a low
concentration of 10 wt%, the resulting Di–10MnFe nanocom-
posites retained a functional saturation magnetization (Ms) and
negligible coercivity (Hc). This combination allowed the Di–
10MnFe nanocomposites to achieve sufficient heating within
the hyperthermia temperature range solely through Néel relaxa-
tion loss, using fewer magnetic nanoparticles. Although higher

additions of MnFe2O4 increased the total SLP, the enhance-
ment in heating efficiency became marginal with excessive
loading. These findings suggest that MnFe2O4 nanoparticles
can serve as efficient heat sources in various biological envir-
onments by optimizing the magnetic field parameters and
nanoparticle concentration.62

3.5 Cell viability and proliferation of diopside–MnFe2O4

nanocomposites

The effects of ionic extracts from Di–XMnFe nanocomposites
(X = 0, 10, 20, 30 wt%) on MC3T3-E1 cell viability and prolifera-
tion were evaluated over 1, 3, and 7 days of culture using the
MTT assay, with the results shown in Fig. 6. According to the
biological evaluation of medical devices (ISO 10993-5: 2009107),
a material is considered cytotoxic if the relative cell viability
after incubation is less than 70%. As shown in Fig. 6(a),
the MTT cytotoxicity test results for MC3T3-E1 cultured with
diopside–MnFe2O4 nanocomposites indicate that diopside
synthesized from rice husks and eggshells exhibited no cyto-
toxicity and demonstrated excellent cell compatibility. These
findings align with previous reports that diopside derived from
biowaste showed good biocompatibility.11 Furthermore, the
addition of MnFe2O4 magnetic nanoparticles to the bioceramic
composites did not introduce cytotoxicity and even enhanced
cell compatibility. Among these, Di–30MnFe exhibited a signi-
ficant difference compared to the blank control group (P o
0.05), consistent with earlier studies reporting that Fe3O4

magnetic nanoparticles incorporated into bioceramics also
maintained good cell compatibility.47,56

Fig. 6(b) presents the results of MC3T3-E1 cell proliferation
over 1, 3, and 7 days cultured with diopside–MnFe2O4 nano-
composites. The diopside synthesized from biowaste in this
study demonstrated excellent cell proliferation effects, consis-
tent with prior research showing comparable proliferation
rates with different cell types, such as Saos-2, HUVECs, and
fibroblasts,108 and similar proliferation levels to those observed
with TCP and HAp.24 Bioceramics with added MnFe2O4

Fig. 6 (a) MTT results of Di–XMnFe nanocomposites (X = 0, 10, 20, 30 wt%) on MC3T3-E1 cells for 24 h (ANOVA, MC3T3-E1 cell control group
compared to four nanocomposites, *P o 0.05; **P o 0.01; ***P o 0.001; n = 6), (b) proliferation of Di–XMnFe nanocomposites (X = 0, 10, 20, 30 wt%)
on MC3T3-E1 cells measured at 1, 3 and 7 days (ANOVA, MC3T3-E1 cell control group compared to four nanocomposites, *P o 0.05; **P o 0.01;
***P o 0.001; n = 4).
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nanoparticles also supported cell proliferation over time.
In this study, all three groups exhibited good MC3T3-E1 pro-
liferation, with minor variations between groups, yet maintain-
ing high proliferation levels overall. There were no significant
differences among the diopside–MnFe2O4 nanocomposite groups
on days 1, 3, and 7 (P 4 0.05), indicating that the addition of
MnFe2O4 magnetic nanoparticles did not negatively affect cell
proliferation. These results are in line with previous findings,
where bioceramics containing Fe3O4 magnetic nanoparticles sup-
ported sustained high levels of cell proliferation.47,56 This could be
attributed to the release of Fe2+/Fe3+ ions from MnFe2O4 nano-
particles, which may regulate intracellular oxidative stress by
mimicking peroxidase activity and reducing hydrogen peroxide
levels, thereby promoting cell cycle progression in osteoprogenitor
cells.74

3.6 Alkaline phosphatase assay (ALP) of diopside–MnFe2O4

nanocomposites

In vitro differentiation of osteoblasts and subsequent bone
formation is a progressive process characterized by three main
stages: cell proliferation, extracellular matrix production and
maturation, and mineralization.109 Alkaline phosphatase (ALP)
is a key marker of early osteoblast differentiation. In this study,
the ALP activity of MC3T3-E1 cells cultured with the extract of
Di–XMnFe nanocomposites (X = 0, 10, 20, 30 wt%) for 7 and
14 days was evaluated. The ALP activity was quantified using
ImageJ software for precise analysis.110

The staining results of ALP activity are shown in Fig. 7(a), and
the corresponding quantitative analysis is presented in Fig. 7(b). As
indicated in Fig. 7(b), the ALP activity of the osteogenic induction
medium (OIM) control group and the four diopside–MnFe2O4

nanocomposite groups showed no significant difference after

7 days of culture (P 4 0.05). This observation is consistent with
the cell proliferation results on day 7 shown in Fig. 6(b). However,
by day 14, the Di–30MnFe nanocomposite exhibited a significant
increase in ALP activity compared to other groups (P o 0.001).
According to previous studies, ALP activity peaked as osteoblasts
matured and then declined as mineralization began.111 For
instance, Yeniyol et al.112 reported that the ALP activity of
MC3T3-E1 cells typically peaked between days 9 and 12 before
decreasing after day 12, corresponding to the onset of extracellular
matrix deposition and mineralization. Based on the results of this
study, it can be inferred that the addition of MnFe2O4 magnetic
nanoparticles accelerated the maturation of MC3T3-E1 cells. The
observed decrease in ALP activity at later stages suggests the
initiation of matrix mineralization. Furthermore, Zhang et al.56

noted that Fe3O4 could stimulate ALP activity in human bone
marrow stromal cells (h-BMSCs). Similarly, Wu et al.113 demon-
strated that magnetic nanoparticles incorporated into Ca–P cera-
mics enhanced osteoblasts (Ros17/2.8 and MG-63) proliferation
and differentiation while upregulating rhBMP-2 expression, ulti-
mately promoting bone tissue formation. Moreover, Yu et al.73

reported that Mn-containing stainless steel significantly
increased ALP expression and activity in rBMSCs by activating
the ERK1/2 signaling pathway, thereby promoting early-stage
osteogenic differentiation. These findings align with the results
of the present study, underscoring the potential of MnFe2O4

magnetic nanoparticles to enhance early osteogenic activity and
bone formation.

3.7 Alizarin Red S mineralization assay (ARS) of
diopside–MnFe2O4 nanocomposites

The present study evaluated bone mineralization in MC3T3-E1
cells cultured with the extract of Di–XMnFe nanocomposites

Fig. 7 (a) ALP activity of Di–XMnFe nanocomposites (X = 0, 10, 20, 30 wt%) on MC3T3-E1 cells measured at 7 and 14 days, and (b) quantitative analysis
(ANOVA, OIM control group compared to four nanocomposites, *P o 0.05; **P o 0.01; ***Po 0.001; n = 5). (c) ARS mineralization of Di–XMnFe
nanocomposites (X = 0, 10, 20, 30 wt%) on MC3T3-E1 cells measured at 21 days, and (d) quantitative analysis (ANOVA, OIM control group compared to
four nanocomposites, *P o 0.05; **P o 0.01; ***Po 0.001; n = 3).
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(X = 0, 10, 20, 30 wt%) for 21 days using Alizarin Red S (ARS)
staining. As shown in Fig. 7(c) and (d), the mineralization
results aligned with the ALP activity findings, indicating that
the incorporation of MnFe2O4 magnetic nanoparticles enhanced
osteogenic differentiation in MC3T3-E1 cells, which subsequently
influenced bone mineralization after 21 days of culture. Although
the mineralization performance of the diopside bioceramic alone
was lower than that of the osteogenic induction medium (OIM)
control group, the three groups of diopside–MnFe2O4 nanocom-
posites exhibited a positive correlation between MnFe2O4 content
and mineralization. Notably, the Di–30MnFe nanocomposite
exhibited superior mineralization performance among all samples
and demonstrated significant differences compared to the control
group (P o 0.001). This observation is supported by a study
conducted by Li et al.,114 which reported that Mn2+ ions released
from Mn-doped b-tricalcium phosphate (TCP) bioceramics can
significantly inhibit osteoclast formation and activity while pro-
moting osteoblast differentiation and accelerating bone regenera-
tion. Similarly, Yu et al.73 demonstrated that the release of Mn2+

from Mn-containing stainless steel enhanced matrix mineraliza-
tion in rBMSCs, which was accompanied by the upregulation of
both early (ALP) and later-stage (OCN) osteogenic markers through
activation of the ERK1/2 signaling pathway. Based on these find-
ings, diopside–MnFe2O4 nanocomposites developed in this study
may represent a more promising alternative compared to Fe3O4

magnetic nanoparticle-based bioceramics.
Although the incorporation of 20–30 wt% MnFe2O4 content

enhanced mechanical strength and osteogenic activity in this
study, a trade-off may occur at concentrations beyond this
range. Excessive MnFe2O4 loading may improve mechanical
integrity through phase reinforcement, but could also reduce
the Ca content in the ceramic matrix, which is crucial for bone
regeneration. This Ca deficiency may compromise biocompat-
ibility or osteoinductivity. Conversely, lower MnFe2O4 content
(o10 wt%) may result in insufficient heating performance,
while higher content (Z20 wt%) leads to overly rapid tempera-
ture rise, as observed in Fig. 5(b). Notably, the Di–10MnFe
sample maintained a steady temperature of B44.5 1C over
20 minutes without exceeding 46 1C, which aligns with typical
hyperthermia treatment durations.115 In contrast, the 20 and
30 wt% groups exceeded 46 1C within 10 minutes, which may
pose a risk of thermal damage to surrounding healthy tissues.
While these results were obtained from in vitro testing, previous
studies have shown that in vivo magnetothermal heating tends
to be 1.0–3.5 1C lower due to heat dissipation by tissue
conduction and local blood perfusion.116 Therefore, the Di–
10MnFe formulation is expected to generate temperatures
within the therapeutic range of 41–46 1C in vivo, making it a
promising candidate for safe clinical application. These find-
ings suggest that B10 wt% MnFe2O4 may represent a thermally
safe and biologically favorable threshold for balancing heating
efficiency, biocompatibility, and structural integrity.

3.8 Limitations & future perspectives

Although this study provides comprehensive in vitro evi-
dence supporting the biocompatibility, osteogenic activity,

and magnetothermal potential of diopside–MnFe2O4 nanocom-
posites, several limitations remain that warrant further inves-
tigation. All experiments related to biological performance were
conducted under in vitro conditions using MC3T3-E1 pre-
osteoblasts, which only partially replicate the physiological
microenvironment. Therefore, the long-term behavior of the
nanocomposites in vivo, including their degradation, biodistri-
bution, and systemic biocompatibility, remains to be validated.
In particular, the fate of released Mn2+ and Fe2+/Fe3+ ions after
implantation requires further study, as excessive accumulation
of transition metals in major organs may pose toxicological
risks. A recent review similarly emphasized that the long-term
toxicity of MnFe2O4 nanomaterials in living systems remains
largely unexplored and needs to be thoroughly assessed in
future studies.67 In addition, the therapeutic efficacy of the
nanocomposites for magnetothermal tumor ablation has not
yet been confirmed under in vivo magnetic field conditions.

Future work will therefore focus on animal experiments to
evaluate the biosafety, ion metabolism, osteointegration, and
bone regeneration capacity of the nanocomposites in critical-
sized defect models. Simultaneously, in vivo hyperthermia
studies under clinically relevant AC magnetic field exposure
will be conducted to verify the dual functionality of the system
for both tumor ablation and bone tissue repair. These con-
siderations not only address current limitations but also guide
future optimization of MnFe2O4-based multifunctional plat-
forms for clinical translation.

To ensure safety and efficacy in practical use, real-time
temperature monitoring strategies such as fiber optic thermo-
metry, magnetic resonance thermometry (MRT), ultrasound-
based thermometry, and infrared thermal imaging can be
employed. Among them, fiber optic thermometry is particularly
advantageous due to its high sensitivity, lack of electromagnetic
interference, and compatibility with MRI-guided setups.117

These approaches, when combined with feedback-controlled
AMF systems, can help maintain thermal precision during
hyperthermia treatments. In addition, the long-term stability
of MnFe2O4 nanoparticles under physiological conditions is
an important consideration. Although spinel ferrites such as
MnFe2O4 are generally more chemically stable than Fe3O4,
partial dissolution or oxidative degradation may occur over
extended implantation or storage periods. To address this,
surface modification strategies (e.g., silica coating and polymer
encapsulation) and composite embedding, as employed in this
study, can help minimize direct exposure to fluids and preserve
both magnetic performance and biocompatibility over time.56

In addition to in vivo evaluations and magnetic control,
processing parameters such as sintering dwell-time may also
play a crucial role in determining the microstructure and
functional performance of the nanocomposites. Variations in
dwell-time can influence grain growth, densification, interfa-
cial bonding, and magnetic behavior. Although this study
focused on a fixed sintering duration, future work may inves-
tigate the effects of different thermal profiles to further opti-
mize the balance between mechanical strength, magnetic
properties, and biocompatibility.
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4. Conclusion

This study pioneers the integration of MnFe2O4 nanoparticles
into diopside bioceramics, advancing the development of mul-
tifunctional nanocomposites with outstanding biomedical
properties, such as bone defect repair with load-bearing sup-
port and hyperthermia therapy. By utilizing biowaste-derived
precursors, eggshells as a calcium source and rice husks as a
silica source, high-purity diopside was efficiently synthesized
through a solid-state reaction with an optimal sintering tem-
perature of 1200 1C. This sustainable approach not only miti-
gates environmental concerns but also delivers a mechanically
robust bioceramic base suitable for composite fabrication.

Remarkably, MnFe2O4 nanoparticles with an average parti-
cle size of 46 nm were synthesized using a facile hydrothermal
method combined with magnetic separation, achieving an
impressive saturation magnetization (Ms) of 81.6 emu g�1. This
Ms, accounting for 99.5% of bulk MnFe2O4, stands as the
highest value reported in the literature to date. Such excep-
tional magnetic performance can be attributed to the nano-
particles’ excellent crystallinity, high purity, cuboctahedral
morphology, single-domain behavior, and minimal surface
effects.

The incorporation of MnFe2O4 nanoparticles into diopside
(Di–MnFe nanocomposites) significantly enhanced diopside’s
physical and mechanical properties, including improved sinter-
ability, increased density, and a remarkable 2–2.5-fold enhance-
ment in hardness, while reducing porosity to approximately
1%. Notably, adding just 10 wt% MnFe2O4 was sufficient to
achieve hyperthermia efficacy within the safe therapeutic tem-
perature range (41–46 1C) under an alternating magnetic field
of 30 Oe and 287 kHz, solely driven by Néel relaxation mechan-
isms, with near-zero coercivity.

Biocompatibility evaluations confirmed that MnFe2O4 inclu-
sion caused no cytotoxicity, while further promoting osteoblast
differentiation and mineralization, as evidenced by elevated
ALP activity and ARS staining. Impressively, all Di–MnFe nano-
composites exhibited superior osteogenic performance, under-
scoring their potential applications in osteosarcoma treatment
and bone regeneration. These findings position diopside–
MnFe2O4 nanocomposites as promising candidates for advanced
orthopedic and oncological therapies, seamlessly combining sus-
tainable material synthesis with exceptional functional properties.
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