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Abstract: We examined the influence of simultaneous cerium (Ce) and cobalt (Co) substitution in diopside (CaMgSi»Og) on its
structural, mechanical, and biological behavior. Moderate incorporation levels (0.25-0.50 mol of Ce/0.25-0.50 mol of Co) produced
the most balanced performance. At the Ce 0.50 mol/Co 0.50 mol composition, the material achieved the highest hardness (174.8
Hv), a remarkable enhancement compared with pure diopside (14.9 Hv), which is attributed to improved microstructural
densification. In contrast, high co-substitution levels (> 0.75/0.75 mol) caused lattice distortion, increased porosity, and reduced
mechanical stability. Bioactivity tests showed that the Ce 0.25 mol/Co 0.25 mol composition presented hydroxyapatite formation in
simulated body fluid, while excessive co-substitution suppressed Ca, Si, and P participation and limited hydroapatite nucleation.
Cell assays revealed a clear decrease in viability with increasing Co content, indicating that Co release is the primary factor affecting
cytocompatibility and mineralization ability. Through low-to-moderate Ce/Co substitution, mechanical strength enhances while
maintaining acceptable mineralization capability, whereas high substitution compromises performance. The Ce 0.25-0.50 mol/Co
0.25-0.50 mol compositions exhibited optimal performance, while further reduction of Co content effectively lowered cytotoxicity.
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1. Introduction

The rapid progression of global population aging has been a pressing public health challenge. By 2050, the number of
individuals aged 65 and older is projected to more than double, reaching 1.5 billion and accounting for 16% of the global population
[1]. This demographic shift is closely associated with an increased prevalence of musculoskeletal disorders, which impose a
substantial burden on healthcare systems worldwide. Osteoarthritis, in particular, represents a leading cause of articular cartilage
degeneration and pathological deterioration, with its incidence rising sharply among populations over 50 years of age. In addition,
bone defects resulting from trauma, infection, or tumor resection are frequently encountered in clinical practice [2]. Collectively,
these conditions underscore the urgent need for advanced biomaterials capable of supporting effective bone repair and regeneration.

Traditional grafting approaches, including autografts, allografts, and xenografts, have long been used for bone defect repair.
However, their limitations, such as donor site morbidity, limited availability, risk of disease transmission, and inconsistent quality,
have spurred growing interest in the development of synthetic bone substitutes. These substitutes have consistent quality, improved
safety, and enhanced biological performance, and are fabricated from materials with favorable biocompatibility, corrosion
resistance, and mechanical robustness, including titanium alloys [3], biodegradable polymers [4] acrylic bone cements, and high-
density polyethylene. Despite these advantages, synthetic materials present drawbacks. Metallic implants might release and diffuse
ions into surrounding tissues, potentially inducing inflammatory responses, while polymer-based substitutes can leach cytotoxic
residual monomers due to incomplete polymerization. In contrast, ceramic materials demonstrate superior chemical stability and
biocompatibility in vivo, enabling direct chemical bonding with host tissues and even contributing to new bone formation. This
makes ceramics promising candidates for hard-tissue replacement. Among them, calcium phosphate ceramics, particularly
tricalcium phosphate and silicate-based bioceramicsm have been extensively researched owing to their excellent osteoconductivity
and intrinsic bioactivity.

To further enhance the regenerative potential of these materials, growth factor—based methods have been introduced. However,
the methods raise safety concerns and unpredictable immunological responses [5]. In contrast, bioinorganic ions promote
osteogenesis through physiologically aligned and inherently safer mechanisms. Bioinorganic elements such as silicon, magnesium,
strontium, and zinc act as cofactors for enzymes, coenzymes, and metalloenzymes, offering advantages over growth factors,
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including lower cost, extended storage stability, and reduced biological risk [6]. The biological roles and mechanisms of these
bioinorganic ions, in promoting osteogenesis and angiogenesis, are summarized in Table 1.

Table 1.

Biological effects of exogenous ion supplementation on bone-related cellular responses.

Ton

Primary biological
effect(s)

Mechanism of action

Cell type/ion dosage Reference

Mg2+

Sr2+

Si*t

Zn2+

C02+

Osteogenesis;
Angiogenesis;
Neurogenic stimulation

Osteogenesis

Osteogenesis;
Angiogenesis

Osteogenesis

Osteogenesis

Angiogenesis

In undifferentiated and differentiated human
bone marrow, derived mesenchymal stem cells,
Mg?* stimulates the production of regulatory
factors that indirectly enhance VEGF secretion.

Mg* also enters neurons and promotes
calcitonin gene-related peptide release, which
subsequently upregulates osteogenic gene
expression in periosteal stem cells.

. Sr?* enhances osteoblast activity
while suppressing osteoclast-mediated
resorption.

. It activates Ca-sensing receptors
and downstream signaling, increases anti-
resorptive  molecule  production, reduces
expression of osteoclast-activating membrane
proteins, and induces osteoclast apoptosis.

. In co-culture with human dermal
fibroblasts, Si*" promotes angiogenesis by
regulating nitric oxide synthase and enhancing
VEGF expression at low concentrations.

. Although its mechanism in
osteogenesis is not fully defined, elevated Si*"
levels are known to play critical roles during
mineralization.

. Zn*"  participates in the
expression, catalytic activity, and regulation of
alkaline phosphatase, thereby contributing to
osteogenesis and mineralization.

. It also inhibits osteoclast-
mediated bone resorption.

Li* suppresses GSK-3p activity and serves as an
activator of the Wnt/B-catenin pathway, thereby
enhancing osteogenesis and accelerating fracture
healing.

Co?" induces a hypoxia-mimicking response by
stabilizing hypoxia-inducible factor (HIF),
leading to upregulation of genes associated with
neovascularization and angiogenesis.

Mouse pre-osteoblasts, 50150 ppm [7]

Human bone marrow stem cells, 5-10

mM [8.9]

Rat bone marrow (derived stem cells); [10.11]
Primary osteoblasts; <1 mM ’

Human osteoblasts (MG-63), 10-20
uM; Human mesenchymal stem cells, [12,13]
<100 pg/mL

Mouse pre-osteoblasts, 105 M; Rat bone [14-16]
marrow (derived stem cells), 10° M

Mouse model; 0.02 M administered via

17
daily drinking water (17

Human bone marrow  (derived
mesenchymal stem cells), 100 mM or 20 [18-20]
mg/L

In addition to the introduction of new materials, diverse strategies have been developed to optimize the mechanical and
biological performance of bone substitutes, including the incorporation of natural [21] or synthetic [22] biopolymers, surface-coating
treatments [23], and elemental doping or substitution [24]. Among these, ion doping is considered particularly promising, as it
reinforces mechanical strength and biological functionality at the same time. In the method, doped ions have fostered mineralization,
increased ceramic densification [25], and modulated grain size and morphology, which are closely associated with bioactivity [26].
Moreover, the release kinetics of these ions substantially influence the material’s overall biological response [27].
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Among the ions, Ce** possesses electronegativity and ionic radii similar to Ca?* (Ce**: 1.06 and 0.107 nm; Ca**: 1.01 and 0.100
nm [28,29]), while Co?* exhibits ionic characteristics analogous to Mg?" [Co?*: 1.88 and 0.065 nm (high spin) / 0.0745 nm (low
spin); Mg?*: 1.31 and 0.072 nm] [30]. These similarities enable the substitutions of Ce** to Ca** and Co?" to Mg?" in the diopside
lattice, altering its chemical composition and structural configuration. Importantly, Ce** is known to regulate bone remodeling,
enhance metabolic activity, and exhibit antibacterial properties [31-35], while Co?" is known to induce hypoxic responses, stimulate
angiogenesis, and promote osteogenesis [36,37]. On ths bases of the previous research results, we investigate the co-substitution of
cobalt (Co) and cerium (Ce) ions into diopside (CaMgSi2Os) to develop bioactive ceramic materials with enhanced functionality in
this study.

2. Materials and Methods

2.1.Sample Fabrication

1 mol of CaMgSi206 powders were synthesized using a precipitation method. Calcium chloride (CaCl,, 95%, Fisher Scientific,
the United Kingdom), magnesium chloride hexahydrate (MgCl,-6H,O, EMSURE, Germany), and tetraethyl silicate (TEOS,
Seedchem, Australia) were dissolved in 95% ethanol and stirred for 2 hours to obtain a homogeneous precursor solution. Ammonium
hydroxide (28%, Nihon shiyaku reagent, Japan) was then added, and the mixture was heated at 80°C for ethanol evaporation and
precipitation. After 24 hours of continuous stirring, the precipitate was dried at 80°C for 24 hours, ground into fine powder, and
calcined at 600°C for 3 hours to remove impurities and avoid diopside crystallization. The crystallization occurs at 850-950°C
[38,39]. The resulting powders were pressed into 13 (diameter) x 1.8 (thickness) mm pellets 9 at 75 MPa for 30 seconds and
underwent a two-stage sintering process: removing moisture at 250°C for 2 hours and desifying by 1000°C for 4 hours.

Ce/Co co-substituted CaMgSi206 nanoparticles are prepared in the following procedure. CaCl,, MgCl,-6H,O, TEOS, and
varying ratios of cerium chloride heptahydrate (CeCls-7H>0, 99%, Alfa Aesar, USA), anhydrous cobalt chloride (CoCl,, 97%, Alfa
Aesar, USA) were mixed in ethanol, stirred for 2 hours, and precipitated with NH+OH at 80°C. Subsequently, the participate was
dried, ground, calcinated, and sintered to obtain the pure diopside powders. In this study, Ce*" substitutes for Ca*" and Co** for
Mg?*, with the level ranging from 0-100 mol% (Table 2). The overall synthesis process is illustrated in Fig. 1
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Fig. 1. The ssynthesis procedure of Ce/Co-substituted CaMgSi206 bioceramics via the precipitation method.
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Table 2. Molar ratios of Ce>* and Co?* substituting for Ca?" and Mg?" in CaMgSi20s (Ca(1-yyMg(1-C0xCeySizOp),

Sample CaCl MgClL-6H.0 TEOS CeCl;-7TH20 CoClz
(mole) (mole) (mole) (mole) (mole)
1 0.01 0.01 0.02 - -
2 0.0075 0.0075 0.02 0.0025 0.0025
3 0.005 0.005 0.02 0.005 0.005
4 0.0025 0.0025 0.02 0.0075 0.0075
5 0 0 0.02 0.01 0.01

2.2. Characterization

The crystal structure and phase composition were characterized using X-ray diffractometry (D2 Phaser, Bruker, USA) with Cu-
Ko radiation (A = 1.5418 A) over a 20 range of 10°-70° at 30 kV and 10 mA, with a scan rate of 0.01°/s. Phase identification was
performed using Match! software (Crystal Impact, Germany). Surface morphology and microstructural features were examined by
environmental scanning electron microscopy (Environmental Scanning Electron Microscope, FEI Quanta 200, Philips, Netherlands).
Due to the low conductivity of the ceramic materials, samples were sputter-coated with gold to prevent charging artifacts during
imaging. Hardness was measured using a Vickers hardness tester (FM-810, Future-Tech, Japan) under a load of 200 gram-force for 10
seconds.

2.3. In Vitro Biodegradation and Apatite Formation Analysis

To evaluate the in vitro bioactivity and degradation behavior, pH variation, weight loss, and ion release were analyzed. Simulated
body fluid (SBF) was prepared following Kokubo et al’s method [40]. Samples were immersed in SBF at 37°C, with the required
solution volume calculated using Equation (1).

_sa
VS_ 10° (1)

where Vs is the SBF volume (mL), and S, is the sample surface area (mm?). The pH of the immersion media was measured on days 7,
14, 21, and 28 using a pH meter (pH 510, Eutech, Singapore) to assess the influence of dissolution and ion exchange on the solution
environment. Weight loss (W %) after immersion was calculated using Equation (2).

wi= 28 5 100 (%), b

Wo

where Wy and Wr denote the initial and final sample weights, respectively. For ion release analysis, SBF solutions collected at days 14
and 28 were examined by inductively coupled plasma-mass spectrometry (Inductively Coupled Plasma Mass Spectrometry,
ELEMENT X, Thermo Fisher Scientific, USA) to quantify Ca, Mg, Si, Ce, Co, and P concentrations, thereby assessing dissolution and
re-mineralization behavior under physiological conditions.

2.4. Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (98%, Alfa Aesar, USA) was performed using
liquid extracts of the bioceramic samples. Dulbecco’s Modified Eagle Medium (DMEM) powder medium (GIBCO, USA) was prepared
with deionized (DI) water, supplemented with 3.7 g/L NaHCO3, 10% fetal bovine serum (FBS), and 0.5% penicillin-streptomycin
(Sigma-Aldrich, USA). The medium was sterilized through a 0.22 um filter and stored at 4°C. MTT stock solution (5 mg/mL) was
prepared in PBS and filtered through a 0.22 um membrane before use. The assay was prepared through extract preparation, sample
exposure, and MTT reaction.

e Day I: Extract preparation
Mouse mesenchymal stem cells (D1) were seeded at 0.2 x 10* cells/well in 96-well plates and incubated at 37°C with 5% CO, for
24 hours. Sample extracts were prepared at 0.2 g/mL. Sodium dodecyl sulfate (0.2 mg/mL) was used as the positive control and
alumina (0.2 g/mL) as the negative control. All materials were immersed in DMEM and incubated at 37°C for 24 hours.

e Day2: Sample testing
After extraction, all solutions were filtered, and 100 pL of each extract was used to replace the culture medium in each well. Cells
were incubated for another 24 hours.

e Day3: MTT reaction
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MTT solution (100 pL/well) was added and incubated for 2 hours. Formazan crystals were dissolved with 100 pL/well of dimethyl
sulfoxide and absorbance was measured at 570 nm. Cell viability was calculated as
Cell viability (%) = 225 x 100 (%) 3)

OD¢
where ODs and ODc denote the absorbance of the sample and cell-only control groups, respectively. Data are presented as mean +
standard deviation. Statistical significance p was lower than 0.05.

2.5. In-vitro Bone Mineralization

Cell mineralization was assessed using Alizarin Red S (ARS) staining. The osteogenic induction medium (OIM) was prepared
using DMEM supplemented with 3.7 g/l NaHCOs3, 10% FBS, 0.5% penicillin-streptomycin, L-ascorbic acid, f-glycerol phosphate
disodium salt, and dexamethasone (Sigma-Aldrich, USA). ARS staining solution was prepared by dissolving ARS sodium salt (Alfa
Aesar, USA) in DI water to a final concentration of 2% and adjusting the pH to 4.2.

e Day 1: Cell seeding
D1 cells were seeded in 48-well plates at 2.5 x 10* cells/well and cultured in DMEM at 37°C and 5% CO for 2 days.
e Day2: Extract preparation
Samples were immersed in OIM at 0.0125 g/mL and incubated at 37°C for 24 h.
e Day 3: Extract treatment
Extracts were filtered, and 250 uL of extract was used to replace the culture medium in each well. Cells were cultured in the
extracts for 4 days under standard incubation conditions.
e Day7: ARS staining

The culture medium was removed, and cells were washed with PBS. A volume of 200 pL/well of 4% paraformaldehyde was

added for 10 min to fix the cells. After rinsing with ultrapure water, 200 pL/well of ARS solution was applied for staining. The

calcium-bound dye was then eluted using 10% acetic acid, and absorbance was measured at 570 nm using an Enzyme-Linked

Immunosorbent Assay.

3. Results

The X-ray diffraction (XRD) patterns of diopside co-substituted with various Ce/Co ratios are shown in Fig. 2. The main
phases in all samples were CaMgSi»Os (the Inorganic Crystal Structure Database (ICSD) 52359) and CeO, (ICSD 28753), while no
Co-related crystalline phases were observed in Fig. 2(a). According to previous studies, this is likely due to the incorporation of Co
ions into CeO; lattice sites rather than forming separate Co-containing phases [41-43]. The unchanged CeO, diffraction profile
shows the formation of a Co-Ce-O solid solution [41]. When the Ce/Co substitution reached 0.50 mol/0.50 mol, the diffraction
peaks shifted slightly toward higher angles with increasing dopant content. This shift is attributed to the smaller ionic radius of Co?*
relative to Ce*", leading to a reduced unit-cell volume when Co** occupies Ce*" lattice positions [44], confirming the solid solution
incorporation of Co**. Figure 2(b) shows the XRD results after SBF immersion.

In addition to CaMgSi,Os and CeO,, new peaks corresponding to hydroxyapatite (HAp) (Cas(POs);OH, ICSD 34457)
appeared, indicating apatite deposition on the sample surface. The Ce 0.25 mol/Co 0.25 mol group exhibited the strongest HAp
signals, suggesting optimal remineralization capability at this substitution level. As the Ce/Co ratio increased, the CaMgSi»Og peak
intensity decreased, and in the high-substitution group (Ce 1.00 mol/Co 1.00 mol), HAp signals were hardly detectable,
demonstrating that excessive ion substitution inhibits apatite formation. These observations indicate that low-level Ce/Co co-
substitution preserves phase stability while enhancing surface bioactivity and promoting biomineralization in SBF.
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Fig. 2. XRD patterns of pure and Ce/Co co-substituted diopside samples: (a) after sintering at 1000°C for 4 h; (b) after immersion in
SBF.

Figure 3 presents the Scanning Electron Microscopy (SEM) microstructures of pure and Ce/Co co-substituted samples before
and after 28 days of immersion in SBF. Before immersion, the sample with Ce 0.50 mol/Co 0.50 mol exhibited the densest surface
structure. As the Ce/Co substitution level increased beyond this, the surface became progressively more porous, with porosity
increasing alongside the dopant concentration. For the Ce/Co co-substituted samples, no spherical HAp precipitates were observed
when the substitution levels were high. The absence of HAp formation is attributed to the replacement of Ca and Mg ions in the
diopside lattice by Ce and Co, which reduces the availability of Ca/Mg and alters the overall crystal structure, thereby hindering the
nucleation and growth of HAp. In contrast, the Ce 0.25 mol/Co 0.25 mol sample exhibited scattered HAp deposits, although less
pronounced than those observed on pure diopside. Although HAp formation was lower than in the pure sample, low-level Ce/Co
substitution maintained the material's intrinsic mineralization bioactivity. This is consistent with the XRD results, confirming that

excessive Ce/Co incorporation suppresses bioactive surface reactions in SBF.
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Fig. 3. Comparison of the microstructural features of diopside samples with varying Ce/Co co-substituted levels (5000X).

The Vickers hardness values of the samples are presented in Fig. 4, from five repeated measurements to ensure measurement
accuracy and reproducibility. The pure specimen (x = 0.00, y = 0.00) exhibited the lowest hardness of 14.9 Hv due to its higher
porosity and insufficient structural integrity. As the Ce and Co substitution levels increased to Ce 0.25 mol/Co 0.25 mol, the hardness
improved to 93.8 Hv, and increased to the maximum of 174.8 Hv at Ce 0.50 mol/Co 0.50 mol. The measured range aligns with
typical hardness values of densified diopside and other bioactive silicate ceramics, supporting the plausibility of the observed >10-
fold enhancement in systems undergoing substantial porosity reduction and improved microstructural packing. This increase is
attributed to the development of a denser, more interconnected microstructure, consistent with the SEM observations presented in
Fig. 3.
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Fig. 4. Vickers hardness of diopside samples with varying Ce/Co co-substituted levels (n =5).

When the co-substitution level was increased to Ce 0.75 mol/Co 0.75 mol and Ce 1.00 mol/Co 1.00 mol, the hardness decreased
to around 134.6 and 32.8 Hv, respectively. This decrease is caused by excessive dopant incorporation, which promotes secondary
phase formation, increases lattice distortion, and leads to microstructural heterogeneity. These effects weaken grain boundary
cohesion, and SEM confirms the resulting increase in porosity and localized defects. The difference between the pure and substituted
samples highlights the influence of Ce/Co incorporation on densification behavior. Overall, the results demonstrate that moderate
Ce/Co co-substituted levels strengthen diopside-based bioceramics by optimizing microstructural densification, whereas excessive
co-substitution induces structural imbalance and deteriorates mechanical performance.

The pH variations of pure diopside and Ce/Co co-substituted samples after immersion in SBF for 7, 14, 21, and 28 days are
shown in Fig. 5(a). All samples exhibited a rapid increase in pH during the first 7 days. For the Co 0.50 mol/Ce 0.50 mol, Co 0.75
mol/Ce 0.75 mol, and Co 1.00 mol/Ce 1.00 mol samples, pH approached equilibrium after 14 days, whereas the Co 0.25 mol/Ce
0.25 mol group showed only a slight increase in pH during the same period. Compared with pure diopside, all co-substituted samples
displayed smaller pH fluctuations, suggesting that the ion-exchange reactions between H'/H;O" and Ca*/Mg?>* were less
pronounced in the co-substituted samples. This indicates that the dissolution and precipitation rates are rapidly balanced, resulting
in a stable solution. The reduced pH variation observed in co-substituted samples may be advantageous for potential implant
applications, as it minimizes drastic changes in the surrounding physiological environment, providing a favorable and biocompatible
surface for tissue interaction.

The weight loss of Ce/Co co-substituted diopside samples after immersion in SBF for 7, 14, 21, and 28 days is shown in Fig.
5(b). Among the low-to-moderate substitution groups (Co 0.25 mol/Ce 0.25 mol, Co 0.50 mol/Ce 0.50 mol, and Co 0.75 mol/Ce
0.75 mol), the weight loss trends were generally similar, exhibiting slight weight gain after 28 days due to surface HAp deposition.
In particular, the Co 0.50 mol/Ce 0.50 mol sample, which displayed the densest microstructure and highest hardness, showed the
slowest degradation and weight gain, indicating that its structural compactness effectively retarded dissolution. In contrast, the pure
diopside exhibited rapid weight loss, attributable to its lower hardness and higher porosity, which facilitated faster degradation. The
Co 1.00 mol/Ce 1.00 mol sample experienced significant weight reduction after 28 days, likely due to complete substitution of Ca
and Mg ions, lattice alteration, and accelerated ion release. This suggests that the dissolution rate of cations in the highly substituted
sample exceeded the re-adsorption rate of ions from SBF onto the sample surface. Overall, the weight loss and degradation behavior
were closely correlated with both sample microstructure and HAp formation capability. Denser samples degraded more slowly while
promoting HAp deposition, whereas porous, softer samples degraded faster with less effective mineralization.
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The release of Co ions from Ce/Co co-substituted samples increased with higher substitution levels (Fig. 5(c)). Samples with
larger Co content released more Co into the SBF over the immersion period. This indicates that the ion release is directly related to
the dopant concentration and reflects the structural incorporation of Co within the diopside lattice. As shown in Fig. 5(d), Ca ion
release increased after 14 days for all groups except the Ce 0.25 mol/Co 0.25 mol sample, including the pure diopside control.
Compared with pure diopside, all co-substituted samples exhibited slower Ca dissolution after 28 days of immersion, with the Ce
0.25 mol/Co 0.25 mol group showing the slowest release. This reduced Ca depletion indicates enhanced structural stability and
suggests that the Ce 0.25 mol/Co 0.25 mol composition is particularly favorable for implant applications.

As shown in Fig. 5(e), Mg ion release remained relatively stable across most groups, with no substantial dissolution or re-
adsorption observed, except for the pure diopside and the Ce 0.25 mol/Co 0.25 mol samples. This suggests that Mg ions played a
minimal role in governing the pH variation during immersion. Further, the overall Mg release decreased with increasing Ce/Co
substitution levels, indicating that higher dopant concentrations may suppress Mg mobility within the diopside lattice, thereby
reducing its release into the SBF.

All samples, including pure diopside and the Ce/Co co-substituted groups, exhibited a continuous release of Si ions throughout
the immersion period (Fig. 5(f)). This sustained release facilitates the formation of surface Si-OH groups, which promote the
nucleation of HAp. The results show that increasing levels of Ce and Co substitution progressively suppressed Si ion release,
indicating that dopant incorporation into the diopside lattice hinders Si mobility and thereby reduces its dissolution into the SBF.
As shown in Fig. 5(g), the P ion concentration in SBF decreased over time for the pure diopside and the Ce 0.25 mol/Co 0.25 mol
samples, indicating active phosphate uptake associated with HAp formation, consistent with the surface observations in Fig. 3. In
contrast, the other co-substituted groups displayed a similar trend of minimal or no decrease in P ion concentration, suggesting that
higher levels of Ce/Co co-substitution hinder phosphate adsorption and consequently suppress HAp deposition. Notably, Ce ions
were not detected, most likely because their concentration released into the SBF solution was below the detection limit.
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Fig. 5. (a) Variations in pH; (b) weight loss of Ce/Co co-substituted samples immersed in SBF; (¢) concentration changes in Co; (d)

concentration changes in Ca; (e) concentration changes in M; (f) concentration changes in Si; (g) P ions released from the Ce/Co co-

substituted samples in SBF.
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The cytotoxicity analysis results of the Ce/Co co-substituted samples are shown in Fig. 6(a). The Ce/Co co-substituted samples
exhibited cytotoxicity, with cell viability progressively decreasing as the co-substitution level increased. The incorporation of Ce
ions did not mitigate this response. Instead, the structural alterations induced by co-substitution reduced cell adhesion. These
findings indicate that Co ion release is an important factor affecting the biocompatibility of the Ce/Co co-substituted samples. The
mineralization of the Ce/Co co-substituted samples was adversely affected by the cytotoxicity of Co ions, resulting in suboptimal
cell adhesion.

As shown in the OD value analysis in Fig. 6(b), elevated concentrations of both Ce and Co ions continued to exert noticeable
effects on the samples. At higher co-substitution levels, Ce and Co ions suppressed the mineralization capability, indicating that
excessive ion release hinders the osteogenic potential of the Ce/Co co-substituted samples. The different biological responses
induced by Ce and Co co-substitution can be explained at the molecular level by their distinct interactions with cells and the local
ionic environment. Ce**/Ce*" ions exhibit redox activity that scavenges reactive oxygen species, reducing oxidative stress at the
cell-material interface. This antioxidant effect, together with a more regulated ion-exchange behavior and stabilized local pH,
improves cell adhesion and HPa formation at low Ce/Co substitution levels. In contrast, Co?" ions induce cytotoxic effects through
oxidative stress generation and interference with essential Ca?*-and Mg?*-dependent cellular processes. As the Co content increases,
Co?" ions release disrupts cellular homeostasis, reducing cell viability and mineralization. Therefore, while limited Ce/Co co-
substitution enhances structural stability and surface bioactivity, excessive Co incorporation affects the biological response and
results in compromised biocompatibility.
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Fig. 6. (a) Cytotoxicity analysis; (b) ARS staining quantification of the Ce/Co co-substituted samples for 24 hours.

4. Conclusions

Co-substitution of Ce and Co ions into the diopside lattice was investigated for structural, mechanical, bioactive, and biological
effects. The results indicate that low-to-moderate co-substitution (Ce 0.25-0.50 mol / Co 0.25-0.50 mol) provides the most favorable
balance. Notably, the Ce 0.50 mol/ Co 0.50 mol composition exhibited the highest hardness (174.8 Hv), representing a >10-fold
increase compared with pure diopside (14.9 Hv). Structural analysis results confirmed that low-to-moderate substitution preserved
lattice stability, whereas higher levels (=0.75/0.75 mol) induced distortion, increased porosity, and reduced mechanical strength.
Bioactivity assessments revealed that Ce 0.25 mol/Co 0.25 mol promoted the most pronounced HAp deposition, consistent with
reduced Ca and P depletion in SBF. In contrast, excessive substitution suppressed Si release and inhibited HAp nucleation.
Degradation studies further showed that Ce 0.50 mol/ Co 0.50 mol had the slowest dissolution rate, while Ce 1.00/ Co 1.00 degraded
rapidly.

Ion-release profiles demonstrated a proportional increase in Co release with substitution level, reducing biocompatibility.
Cytotoxicity assay results showed a dose-dependent decline in cell viability, identifying Co ions as the primary factor impairing
cellular response. High dopant concentrations also suppressed mineralization, as reflected by diminished ARS OD values. Overall,
controlled Ce/Co co-substitution at low-to-moderate levels enhances structural densification and maintains acceptable
mineralization capacity, whereas excessive incorporation compromises mechanical integrity, bioactivity, and cytocompatibility. The
Ce 0.25-0.50 mol/Co 0.25-0.50 mol sample represents the optimal substitution window for developing diopside-based biomaterials.
Within this range, Ce 0.25 mol/Co 0.25 mol sample shows the best balance of bioactivity and biocompatibility, while the Ce 0.50
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mol/ Co 0.50 mol sample presents superior mechanical reinforcement. Therefore, Ce 0.25 mol/Co 0.25 mol is recommended for
prioritizing osteogenic potential and cytocompatibility, whereas Ce 0.50 mol/Co 0.50 mol is preferable when mechanical strength
is required. In further studies, Co levels to minimize cytotoxicity while preserving performance must be examined.
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