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Abstract
Hydroxyapatite (HA) is widely used as a bone substitute; however, its limited intrinsic antimicrobial,
antioxidant, and anti-inflammatory activities can constrain its performance in biologically challenging
environments. In this study, cerium- and selenium-co-substituted hydroxyapatite (CS-HA) with varying
substitution levels was synthesized hydrothermally to develop a multifunctional HA-based biomaterial.
Pure HA and single-ion-substituted Ce-HA and Se-HA were prepared as reference materials. Energy-
dispersive X-ray spectroscopy (EDX) confirmed the presence of Ce and Se, while X-ray photoelectron
spectroscopy (XPS) provided further evidence of their incorporation into the substituted material. Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) demonstrated that the hexagonal
crystalline structure of HA was preserved following co-substitution. Ce-Se co-substitution decreased the
crystallite size and increased the surface area while maintaining moderate to high crystallinity. Biological
evaluation revealed dose-dependent antimicrobial, antioxidant, and anti-inflammatory activities. CS-HA
nanoparticles exhibited improved antimicrobial activity against Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii. Their antioxidant activity was comparable to Se-HA and
higher than that of pure HA and Ce-HA, whereas their anti-inflammatory activity exceeded that of HA and
Se-HA. Cytocompatibility evaluation using human gingival fibroblasts (HGF-1) showed �70% cell viability
under the tested conditions, meeting the cytotoxicity criteria specified in ISO 10993-5. At higher
substituent levels, CS-HA also reduced the viability of CAL-27 squamous cell carcinoma cells. These
findings demonstrate that Ce-Se co-substitution can modulate the physicochemical and biofunctional
properties of HA, supporting further investigation of CS-HA as a multifunctional biomaterial for bone
substitute applications and its potential activity against squamous cell carcinoma.

1. Introduction
Hydroxyapatite (HA) is a bioactive, biocompatible, and osteoconductive bioceramic that resembles the
inorganic phase of bone and teeth [1]. It is used for bone grafting, implant coatings, dental tissue
remineralization, and localized drug-delivery [2]. However, stoichiometric synthetic HA degrades slowly in
vivo, has limited mechanical strength, and shows minimal intrinsic antimicrobial and anti-inflammatory
activity [3, 4]. These limitations can restrict its performance in dynamic biologically challenging
environments, particularly in the oral cavity and infected bone defects, where microbial colonization,
inflammation, fluctuating pH, and oxidative stress can compromise tissue healing [5].

Ionic substitution provides an effective strategy for modifying physicochemical and biological properties
of HA [6]. Substitution at the calcium (Ca2+) and phosphate (PO4

3−) sites modifies the crystallographic

orientation of HA, surface charge and solubility of HA, thereby influencing its biological properties [7].
Therapeutic ions such as magnesium (Mg²⁺), zinc (Zn²⁺), silver (Ag²⁺), and strontium (Sr²⁺) have been
incorporated into HA to support osteogenesis and reduce the risk of post-surgical infection [6].

Cerium (Ce) has gained considerable attention for its dual oxidation states (Ce³⁺/Ce⁴⁺) and reversible
redox cycle [8][9]. Under infected conditions, cerium exhibits peroxidase/oxidase activity and reduces
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microbial load. In contrast, under normal physiological conditions, it protects against cellular damage by
scavenging excess reactive oxygen species (ROS) through superoxide dismutase- and catalase-like
activity [8]. In addition, cerium has been shown to modify inflammatory pathways [10]. Cerium-
substituted HA (Ce-HA) inhibits oral microbes while promoting proliferation of human periodontal
fibroblasts [9, 11].

Selenium, an essential micronutrient, is a key component of selenoproteins and is valued for its
antioxidant, immunomodulatory, and anticancer properties [6, 12]. Selenium facilitates bone healing by
promoting osteoblastic differentiation, collagen-1 formation, and alkaline phosphatase secretion[6, 13].
Moreover, selenium-doped HA has demonstrated selective toxicity against osteosarcoma cells (MG-63)
[14].

Although Ce- and Se-substituted HA have individually demonstrated enhanced biological performance,
single-ion substitution may provide a limited range of therapeutic functions in the complex
microenvironment of compromised bone healing [15]. The combined effect of cerium-selenium co-
substitution remains underexplored. Co-substitution may combine the complementary functions of both
ions while modifying the lattice structure, crystallinity and ion-release behavior of HA. However, a
detailed investigation of Ce-Se substitution level, physicochemical properties and biological response
has not been systematically established.

Therefore, this study aimed to synthesize cerium–selenium co-substituted hydroxyapatite nanoparticles
hydrothermally at varying substitution levels. Hydrothermal processing synthesize highly crystalline and
homogeneous HA [6]. Pure HA and single-ion-substituted Ce-HA and Se-HA were included as reference
materials. By correlating substitution-dependent physicochemical changes with biological responses,
this study provides insights into the structure-function relationship of Ce-Se-HA as a multifunctional HA-
based material for bone substitute applications. It was hypothesized that varying Ce/SE composition
would modify the physicochemical characteristics of HA and therefore would have distinct composition-
dependent biological responses.

2. Materials and Methods
The chemical precursors used for the synthesis of nanoparticles included diammonium hydrogen
phosphate Riedel-de Haen, Seelze, Germany), calcium nitrate tetrahydrate

), Merck, Darmstadt, Germany), sodium hydroxide (NaOH), cerium nitrate
hexahydrate .6H2O, Macklin, Shanghai, China), and sodium selenite pentahydrate ((Na2

), Sigma-Aldrich, St. Louis, MO, USA). All chemicals were of analytical grade and used
without further purification.

2.1. Synthesis of HA Nanoparticles

((NH4)2HPO4,

(Ca\:(NO3)2 ⋅ 4H2O

(( Ce\:(NO3)3

SeO3 ⋅ 5H2O

Page 4/26



Nanohydroxyapatite (nHA) was synthesized hydrothermally. Briefly, calcium and phosphate precursor
solutions were prepared by dissolving respective salts individually in distilled water, while maintaining a
Ca/P ratio of 1.67. Then, the phosphate solution was added dropwise to the calcium solution under
constant stirring, and the pH was maintained at 11. The resulting suspension was sonicated for 30
minutes and hydrothermally treated at 200°C for 8 hours with a heating rate of 5°C min− 1.

After cooling overnight, the precipitates were filtered, washed with deionized water, and dried at 70°C for
24 hours. The product was ground into a fine powder and calcined at 600°C for 90 minutes to improve
crystallinity and remove adsorbed water (Figure S1), as decomposition of HA ẞ-tricalcium phosphate (ẞ-
TCP) is reported at high calcination temperatures.[16, 17]

Table 1 summarized ion-substitution strategy used in the study. The required amounts of cerium and
selenium were calculated as described in the supplementary data and incorporated into the respective
calcium or phosphorus precursor solution. The synthesis was carried out using the same hydrothermal
protocol as described for pure hydroxyapatite.

Table 1
Ion-substitution strategy used for the synthesis of hydroxyapatite; CS
denotes Ce–Se co-substituted hydroxyapatite; CS-1 to CS-4 represent

different experimental groups with varying Ce/Se molar ratios
Substitution Type Sample ID Cerium (mol%) Selenium (mol%)

Non-substituted HA – –

Monosubstituted Ce-HA 2 –

Se-HA – 2

Co-substituted CS-1 2 2

CS-2 5 5

CS-3 10 10

CS-4 15 5

2.2. Characterizations
Fourier Transform Infrared Spectroscopy (FTIR) spectra were recorded using an FTIR spectrometer in the
range of 4000 − 400 cm-1 with Attenuated Total Reflectance (ATR; 100 FT-IR, PerkinElmer, Shelton, CA,
USA) at a resolution of 8 cm-1 and 64 scans. X-ray diffraction (XRD) analysis was performed using a
diffractometer (Rigaku Ultima IV, Neu-Isenburg, Germany), over the 2Ɵ range of 10–70°C at a scan rate of
2ᵒ/min and a step size of 0.02, equipped with a Cu-Kα radiation source of 0.15406 nm. Phase
identification was performed using the International Commission for Diffraction Data-Joint Committee
on Powder Diffraction Standards (ICDD-JCPDS) database. The lattice parameters a and c were
determined from the (300) reflection and using the (002) and (004) reflections, respectively. The
crystallite size and lattice strain were calculated by the Debye-Scherrer formula and Williamson–Hall
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method. Crystallinity was reported based on the sharpness of diffraction peaks and their full width at
half maximum (FWHM) values. The detailed calculation procedure is mentioned in the Supplementary
Document.

The elemental composition and oxidation states were determined using K-ALPHA radiation (Thermo
Fisher Scientific, USA) with monochromatic Al K-alpha. Morphological analysis of nanoparticles was
done using SEM (TESCAN VEGA 3, TESCAN, Brno, Czech Republic) at 10 KV after gold sputtering. The
elemental composition was obtained using energy-dispersive X-ray spectroscopy (EDS) attached to the
SEM. Specific surface area and pore characteristics were analyzed after degassing at 180°C for 12 hours
under vacuum using Micromeritics ASAP 2020 Plus Analyser (USA). Zeta potential measurement was
performed using a Zeta Sizer Nano series (Malvern Panalytical, UK) at 25°C.

2.3. Antimicrobial Activity
An agar well diffusion assay was used to assess the antimicrobial activity against Staphylococcus
aureus (S. aureus; ATCC 43300), Escherichia coli (E. coli; ATCC 25922), Klebsiella pneumoniae (K.
pneumoniae; ATCC 1706), Acinetobacter baumannii (A. baumannii; BAA-1710), and Pseudomonas
aeruginosa (P. aeruginosa; ATCC 27853). Before testing, nanoparticle suspensions were prepared at 10
mg/mL in autoclaved distilled water and stored at 4°C for 24 hours.

Wells (6 mm) were loaded with 50 µL of nanoparticle suspension, and plates were stored at 4°C for 2
hours to allow diffusion. Tetracycline was used as a positive control. Antimicrobial activity was assessed
by measuring inhibition zones after incubation at 37°C for 24 hours. The experiment was carried out in
triplicate, and results were reported as mean ± S.D.

2.4. DPPH Free-Radical Scavenging Assay
The antioxidant potential of nanoparticles was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay [5]. Ascorbic acid served as a positive control. Nanoparticle suspensions (100, 200, 300, and 400
µg/mL) were prepared and mixed thoroughly with DPPH solution [18]. The reaction mixture was
incubated at room temperature for 30 min in the dark, then centrifuged for 10 min at 6000 rpm [19]. The
absorbance was measured at 517 nm using the Thermo Scientific Multiskan Sky spectrophotometer
(Singapore). The DPPH radical-scavenging activity was calculated using the following formula:

 EQ.1

where A control is the absorbance of the control (DPPH without the test sample), and A2 is the
absorbance of test sample containing DPPH.

2.5. Anti-Inflammatory Assay
Anti-inflammatory activity was assessed using the bovine serum albumin (BSA) denaturation inhibition
assay [18]. Samples at different concentrations (100, 200, 300, and 400 µg/mL) were added to 1% BSA.
The mixture was incubated at 25°C for 10 min, then heated at 70°C for 20 min. The absorbance was

% DPPH Scavenging = ∗ 100
Acontrol−Atest

Acontrol

Page 6/26



measured at 660 nm using the Thermo Scientific Multiskan Sky spectrophotometer (Singapore).
Diclofenac sodium at a similar concentration was used as a positive control. The experiment was carried
out in triplicate, and the percentage inhibition of protein denaturation was calculated using the given
equation.

 EQ. 2

where A1 is the absorbance of the sample, and A2 is the absorbance of the negative control

2.6. Cytocompatibility Testing
The MTT assay was performed on human gingival fibroblast-1 (HGF-1; CRL-2014) cells to evaluate
cytocompatibility. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with
5% fetal bovine serum, 1% penicillin/streptomycin, and 2 mM L-glutamine at 37°C and 5% CO2. Cells

were seeded into 96-well plates at 5 × 103 cells/well and incubated for 24 hours to allow attachment.
Culture media were then replaced with nanoparticle eluates (100, 10, and 1 µg/mL), and the plates were
incubated for 48 hours.

MTT solution (200 µL) was added to each well and incubated for 4 hours, then dissolved in 100 µL
DMSO. Untreated cells served as experimental control. Absorbance was measured at 540 nm using a
MULTISKAN GO (Thermo Scientific, US), and cell viability was calculated as a percentage. Experiments
were performed in triplicate. Results were expressed as mean ± standard deviation.

 EQ. 3

2.7. Cytotoxicity assessment against CAL-27 Oral
Squamous Carcinoma Cells
Cytotoxicity against Cal-27 human squamous cell carcinoma cells (CRL-2095) was evaluated under the
same culture conditions as described for HGF-1 cells. Cells were seeded into a 96-well plate at a density
of 30,000 cells/mL (100 µL/well) and incubated for 24 hours. Cells were then exposed to nanoparticle
suspensions (100 µg/mL) for 24 hours. Cytotoxicity was evaluated using the MTT assay as described for
HGF-1. Samples showing cytotoxic effect in initial screening were further evaluated at concentrations of
100, 75, 50, and 25 µg/mL. Cells were incubated for 24, 48, or 72 hours, and morphological changes
following each treatment period were observed under an inverted microscope (10x).

2.8. Statistical Analysis
SPSS software (version 26; IBM Corp., USA) was used to analyze quantitative data. Data are presented
as mean ± S.D. Normality was assessed using the Shapiro-Wilk test, and Levene’s test evaluated
homogeneity of variance. For normally distributed data, one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc was used to compare nanoparticles. A p-value ≤ 0.05 was considered statistically
significant.

% inhibition = ∗ 100
A2−A1

A2

Cell\:viability\:(\%) = × 100
Absorbance\:of\:treated\:cells

Absorbance\:of\:control\:cells
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3. Results

3.1. Composition and Structural Characterizations
FTIR analysis revealed that all samples retained the characteristic vibrational peaks of HA, including
phosphate (PO43-) bands around 960 cm-1 (v1), 1020–1100 cm-1 (v3), and 560–603 cm-1 (v4), together
with hydroxyl (OH⁻) stretching bands at approximately 3570 cm-1 (Fig. 1a). Minor shifts in band intensity
and position were observed in substituted samples. XRD further confirmed the preservation of the
hexagonal apatite structure (Fig. 1b). The diffraction patterns of pure HA, indexed with JCPDS 09-0432,
are presented in Figure S2. Diffraction peaks were observed at 2θ = 25.9˚ (002), 31.8˚ (211), 32.9˚ (300),
34.2˚ (202), 39.9˚ (310), 46.7˚ (222), 49.5˚ (213), 53.1˚ (004), and 64˚ (304).

Table 2 shows structural parameters calculated from XRD data. Ce-HA had reduced crystallite size and
increased lattice strain, compared with HA. Similarly, Se substitution caused slight broadening and
shifting of peaks, with a minor reduction in crystallite size and an increase in lattice strain. Co-
substituted samples exhibited concentration-dependent structural changes in crystallite size and lattice
strain.CS-1 and CS-2 exhibited a reduction in crystallite size compared with pure HA. In contrast, CS-3
had the smallest crystallite size and the highest lattice strain.

Table 2
Lattice parameters, unit cell volume and crystallite size of synthesized nanoparticles

Sample Lattice Parameter
(nm)

Unit cell Volume
(nm3)

Crystallite Size
(nm)

Lattice Strain
(10− 3)

a c

HA 0.9368 0.6843 0.5201 31.6 3.51

Ce-HA 0.9394 0.6870 0.5251 28 4.31

Se-HA 0.9404 0.6878 0.5268 31.1 3.85

CS-1 0.9373 0.6849 0.5211 27.4 4.43

CS-2 0.9384 0.6868 0.5238 23 4.96

CS-3 0.9431 0.6881 0.5300 18.3 7.12

CS-4 0.9400 0.6883 0.5267 30.2 4.86

XPS analysis was performed to determine the chemical state of the substituted ions (Fig. 2). Ca 2p
spectra of synthesized nanoparticles exhibited symmetrical doublets in the range of 347.2 to 350 eV,
while P 2p spectra exhibited doublet peaks at approximately 134eV and 134.6 eV, consistent with Ca2+

and P⁵⁺ in HA, respectively. The Ce 3d spectra for Ce-HA and the co-substituted sample contained
features consistent with both Ce³⁺ and Ce⁴⁺ reference compounds (Fig. 2c), indicating a mixed Ce
oxidation state. The Se 3d spectrum showed a peak at 58–60 eV, consistent with oxidized Se4 + state in
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Se-HA and co-substituted samples (Fig. 2d). No additional features associated with cerium oxide,
elemental selenium or metal selenides were observed.

EDS analysis confirmed that all samples were predominantly composed of calcium, phosphorus, and
oxygen, while selenium and cerium were detected in substituted samples (Table 3). Ce-HA contained
0.3at% cerium, while Se-HA contained 1.38at% selenium. The co-substituted samples had increasing
concentrations of Ce (0.49–3.27 at%) and Se (1.68–2.90 at%) across CS-1 to CS-4.

Table 3
Elemental Composition of synthesized nanoparticles obtained by EDS

analysis
Sample ID O (at%) P(at%) Ca(at%) Se(at%) Ce(at%) Ca/P

HA 65.54 9.16 15.70 - - 1.71

Ce-HA 67.11 11.66 18.19 - 0.30 1.56

Se-HA 63.93 12.84 18.40 1.38 - 1.43

CS-1 63.80 14.65 19.38 1.68 0.49 1.32

CS-2 61.40 14.45 21.03 1.93 1.19 1.46

CS-3 61.35 13.52 17.40 3.01 2.42 1.29

CS-4 56.72 16.62 19.18 2.90 3.27 1.15

3.2. Morphological and Surface Characterizations
SEM revealed that HA had dense, irregular, cauliflower-like agglomerates ranging from 5 to 30 µm
(Fig. 3a). Ce-HA revealed smaller, loosely packed agglomerates with greater interparticle voids and
increased surface roughness. Se-HA retained a morphology more similar to pure HA. Co-substituted
samples showed a progressive increase in surface roughness, fragmentation, and interparticle porosity
with increasing substitution level. CS-1 showed angular agglomerates with interconnected voids, while
CS-3 had fragmented agglomerates with greater interparticle gaps. In contrast, CS-4 had more
consolidated agglomerates with fewer interparticle gaps. Elemental mapping confirmed homogeneous
distributions of Ce and Se in the co-substituted samples (Fig. 3b).

The observed changes in particle packing were further quantified through BET analysis (Table 4). All
samples exhibited a type IV adsorption isotherm with H3 hysteresis. Pure HA had the lowest surface
area, whereas co-substituted samples exhibited greater surface area ranging from 35.50 to 108.21 m2/g.
CS-4 exhibited the highest total pore volume.

The zeta potential ranged from − 14.5 to -27.8 mV, demonstrating composition-dependent differences in
surface charge under the measurement conditions. CS-3 exhibited the least negative zeta potential,
whereas CS-4 exhibited the most negative zeta potential (Table 4).
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Table 4
BET parameters and Zeta potential of synthesized nanoparticles

Sample

ID

Surface area

(m²/g)

Total pore volume

(cm³/g)

Average pore diameter

(nm)

Zetapotential

(mV)

HA 18.6116 0.169843 36.5026 -23.9

Ce-HA 19.1340 0.122246 25.5558 -21.7

Se-HA 20.1254 0.192696 20.1254 -23

CS-1 35.5000 0.381764 43.0156 -19

CS-2 64.3917 0.332898 20.6796 -18.3

CS-3 108.2092 0.429096 15.8617 -14.5

CS-4 98.1162 0.479847 19.5624 -27.8

3.3. Biological Evaluation

3.3.1. Antimicrobial Analysis
Antimicrobial activity of nanoparticles was influenced by the composition of nanoparticles and microbial
species (Fig. 4). No measurable inhibition zones were observed against E. coli and S. aureus, while
antimicrobial activity was observed against Klebsiella pneumoniae, Acinetobacter, and Pseudomonas
aeruginosa. HA or Ce-HA had no measurable inhibition zone against any of the tested microbes. In
contrast, inhibition zones of Se-HA were comparable to the positive control. The co-substituted samples
exhibited intermediate activity, with CS-3 showing the largest inhibition zones.

3.3.2. Antioxidant and Anti-inflammatory Activities
Antioxidant activity showed dose-dependent inhibition of DPPH radicals (Fig. 5a). Pure HA exhibited
significantly weaker radical-scavenging activity than the substituted HA. Co-substituted samples showed
greater DPPH- scavenging activity than Ce-HA but activity comparable to Se-HA. Among the co-
substituted samples, CS-2 and CS-4 exhibited the highest activity at the maximum tested concentration
(Fig. 5b).

Anti-inflammatory activity, determined using the BSA denaturation assay, showed composition- and
concentration-dependent effects (Fig. 5c). HA had significantly lower activity than substituted samples
(p < 0.001), while Ce-HA had the highest activity. Pure HA showed only a modest increase at 400 µg/mL
compared with 25 µg/mL (p = 0.010). In contrast, Ce-HA showed significant increases at 100 µg/mL (p = 
0.038), 200 µg/mL (p = 0.009), and 400 µg/mL (p = 0.007), with activity plateauing between 200 and 400
µg/mL. Se-HA showed a similar trend, with significant improvement at 200 µg/mL (p = 0.006) and 400
µg/mL (p = 0.001) compared with 50 µg/mL, followed by a plateau. Co-substituted nanoparticles had
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intermediate activity (Fig. 5d). CS-1 had the lowest activity, whereas CS-2 exhibited the highest activity,
with a significant increase from 200 µg/mL onward (p = 0.009).

3.3.3. Cytocompatibility with HGF-1 cells
Cytocompatibility was evaluated using HGF-1 cells after 48 hours of incubation (Fig. 6a). Nanoparticle
composition and concentration significantly affected cell viability (F = 128.12, p ≤ 0.001) [15]. HA, Ce-HA,
Se-HA, CS-1 and CS-2 maintained �70% cell viability across all tested concentrations. In contrast, CS-3
and CS-4 showed ˂70% cell viability at higher concentrations.

Tukey’s post-hoc analysis indicated that at 25 µg/mL, pure HA, CS-3 and CS-4 had statistically similar
cell viability, which was significantly lower than that of Ce-HA, Se-HA, CS-1, and CS-2 (p ≤ 0.001). A
similar trend was observed at 50 µg/mL, although CS-4 had reduced cell viability compared with pure
HA. At 100 µg/mL, Ce-HA and Se-HA had statistically similar values, while CS-4 exhibited the lowest cell
viability (p < 0.001).

3.3.4. Cytotoxicity against CAL-27 Oral Squamous
Carcinoma Cells
The effect of nanoparticles on CAL-27 squamous cell carcinoma cells was evaluated using the MTT
assay. Pure HA and mono-substituted HA had little effect on CAL-27 viability during initial screening
(Fig. 6b). Among co-substituted samples, CS-4 produced the greatest reduction in cell viability, followed
by CS-3, whereas CS-2 showed moderate cytotoxicity, and CS-1 showed no cytotoxic effect on CAL-27
cells.

Based on initial screening, CS-3 and CS-4 were evaluated further over 24, 48, and 72 hours at
concentrations of 25–100µg/mL. A significant effect of concentration and treatment time on cell
viability was observed (p ≤ 0.05). At 24 hours, CS-4 had an IC50 value of 89.87 µg/ml, whereas CS-3 did

not reach IC50. At 48 hours, the IC50 values were 96.87 µg/ml and 83.48 µg/ml for CS-3 and CS-4,
respectively. At 72 hours, the IC50 was 99.48 µg/mL for CS-3 and 76.39 /mL for CS-4.

Morphological observations supported the viability findings. Untreated CAL-27 cells maintained
polygonal morphology and uniform cell distribution. CS-3 induced slight cellular rounding at 25–50
µg/ml after 24 hours, whereas at 75–100 µg/ml, increased cell shrinkage, cellular rounding, and reduced
cell density were observed, which became more pronounced at 48 and 72 hours (Fig. 7). Similarly, CS-4
caused minimal changes at 25–50 µg/ml but induced marked cellular rounding, irregular cell
morphology, partial loss of adherence, and reduced cell density at 50–100 µg/ml, particularly at 48 and
72 hours (Fig. 8).

4. Discussion
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Cerium–selenium co-substituted hydroxyapatite nanoparticles were synthesized as a multifunctional
biomaterial for potential use in infected oral bone defects, where simultaneously preventing infection,
regulating oxidative stress, and suppressing inflammation are desirable. The findings indicate that co-
substitution modifies physicochemical and morphological characteristics in a composition-dependent
manner. Importantly, biological effects did not improve linearly with Ce/Se substitution level, suggesting
that the physicochemical characteristics, rather than the total substituent concentration alone,
influenced material performance.

4.1. Effect of co-substitution on Physicochemical
Properties of HA
The retention of characteristic phosphate and hydroxyl vibrational bands in HA FTIR spectra indicated
preservation of the apatite structure after co-substitution. Minor shifts in band intensity and position in
substituted samples may reflect localized lattice distortion associated with Ce and Se incorporation [20].
A weak band observed around 890 cm⁻¹ in Se-HA was consistent with previous reports of Se-substituted
HA [21]. Progressive peak broadening in co-substituted materials with increasing Ce-Se substitution
further suggested increasing structural modification.

XRD analysis further supported preservation of hexagonal apatite structure after substitution. Ce-HA
exhibited reduced crystallite size and increased lattice strain, compared with HA. These changes may
reflect limited crystalline growth caused by differences between ionic radii and charge state of Ce+ 3/Ce+ 

4 and Ca+ 2 ions [20]. Ciobanu et al. observed similar changes in the XRD peaks of the Ce-doped
hydroxyapatite/collagen layer [2].

Selenium incorporation produced comparatively subtle changes in the diffraction pattern, accompanied
by a minor reduction in crystallite size and increased lattice strain, likely due to the differences in
structural orientation and charge distribution of SeO3

2− and PO4
3− ions [23]. Structural modification upon

Se incorporation is consistent with previous studies, although the magnitude of these changes depends
on the extent of substitution and synthesis conditions [21, 22].

Co-substituted samples exhibited more pronounced concentration-dependent structural changes, in
agreement with previous studies[24, 25]. From CS-1 to CS-3, crystallite size decreases and lattice strain
increases compared with pure HA, suggesting increasing Ce and Se content led to more pronounced
structural distortion. CS-4, however, deviated from this trend, indicating structural modification was not
solely governed by total substitution level, but the Ce-to-Se ratio may also influence crystal growth.

XPS analysis provided additional information on the chemical state of incorporated elements. Features
consistent with both Ce³⁺ and Ce⁴⁺ indicated a mixed Ce oxidation state in Ce-containing samples. The
ability of cerium to exist in reversible Ce³⁺/Ce⁴⁺ oxidation states are responsible for the redox behaviour
of cerium-based nanomaterials and may therefore contribute to the antioxidant activity of Ce-based HA
samples [26]. The Se 3d spectrum was consistent with the oxidized Se4+ state in Se-containing samples.
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The absence of distinct XPS features associated with cerium oxide, elemental selenium, and metal
selenides was consistent with previous reports.[21, 27]

EDS analysis confirmed that all samples were predominantly composed of calcium, phosphorus, and
oxygen, with selenium and cerium additionally detected in the respective substituted samples. The
measured concentrations of the substituent ions were lower than the amount added during synthesis, as
has also been observed in substituted HA systems [9, 14, 21]. Nevertheless, the progressive increase in
measured Ce and Se concentration from CS1- to CS-4 confirmed composition-dependent enrichment of
the co-substituted samples.

Ce-HA showed a reduction in particle size, an effect that has been reported previously [20]. In contrast,
selenium incorporation produced limited changes in particle packing [21]. In co-substituted samples,
increased fragmentation was observed across CS-1 to CS-3, while CS-4 had more consolidated
agglomerates. These morphological changes complemented the XRD observations, further suggesting
that the physicochemical characteristics of the co-substituted materials were influenced by relative
Ce/Se composition rather than total substitution level.

Changes in surface area and pore characteristics accompanied the observed morphological variations.
Co-substituted samples had enhanced surface area and pore volume than HA, with CS-3 exhibiting the
greatest surface area. Increased surface area and porosity may facilitate interaction of nanoparticles
with their surrounding biological environment and potentially influence biological activity [25].
Composition-dependent differences were also observed in the zeta potential. A progressively less
negative zeta potential from CS-1 to CS-3 indicated reduced electrostatic stability and a greater tendency
towards agglomeration [2].

4.2. Effect of co-substitution on Biological Properties of
HA
The antimicrobial response was both composition-dependent and microbe-specific, consistent with
literature on ion-substituted calcium phosphate materials [28]. Inhibition of Klebsiella pneumoniae,
Acinetobacter, and Pseudomonas aeruginosa are clinically relevant pathogens, given their association
with oral and bone infections. Pure HA and Ce-HA produced no inhibition zones, which agrees with
reported limited intrinsic antimicrobial activity of these nanoparticles [2, 29, 30]. In contrast, Se-HA had
greater antimicrobial activity, with inhibition zones comparable to positive control. Previous studies have
associated selenium-induced oxidative stress, disruption of microbial membranes, and inhibition of
cellular enzymes responsible for these findings [29, 31]. Among co-substituted samples, CS-3 exhibited
the largest inhibition zones. This may be due to relatively high selenium content, reduced crystallite size
and greatest surface area. These characteristics may increase ion release, potentially influencing
antimicrobial properties [28, 31].

Composition- and concentration-dependent differences were also evident in antioxidant and anti-
inflammatory assays [18]. Pure HA exhibited significantly weaker radical-scavenging activity and anti-
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inflammatory activity compared to the substituted HA, indicating that ionic substitution was primarily
responsible for the enhanced biological responses [19, 32]. The antioxidant activity of co-substituted
samples was higher than Ce-HA and comparable to Se-HA. CS-2 and CS-4 exhibited the highest
antioxidant activity among the co-substituted samples. The improved antioxidant activity of CS-4 may be
related to higher cerium content and coexistence of Ce3+ and Ce4+ as identified by XPS. A reversible
Ce3+/Ce4+ transition is associated with the ROS-scavenging properties of cerium-based
nanomaterials[33].

The anti-inflammatory assay showed a different composition-dependent response. Ce-HA had the
highest anti-inflammatory activity, consistent with literature that linked anti-inflammatory effects of
cerium-containing nanomaterials to Ce3+/Ce4+ redox cycling and suppression of pro-inflammatory
cytokines [34, 35]. Among co-substituted nanoparticles, CS-1 exhibited the lowest anti-inflammatory
activity, whereas CS-2 exhibited the highest activity. Despite their greater substituent concentration, CS-3
and CS-4 showed comparatively lower activity than CS-2, suggesting increasing substitution alone does
not enhance anti-inflammatory response. Notably, CS-2 combined moderate structural modifications
with enhanced surface area, which may have contributed to its greater activity.

Cytocompatibility with HGF-1 cells was also dependent on nanoparticle composition and concentration
[15]. HA, Ce-HA, Se-HA, CS-1 and CS-2 met ISO 10993-5 criteria for non-cytotoxicity, whereas higher-
substituted CS-3 and CS-4 showed reduced cytocompatibility at higher concentrations.

CS-1 and CS-2 showed significantly higher cell viability across concentrations, suggesting moderate
substitution can preserve/ enhance cytocompatibility, potentially reflecting a balance between ionic
composition and surface characteristics[15, 25]. In contrast, reduced viability associated with CS-3 and
CS-4 indicates that higher substituent concentration may lead to greater cellular exposure to
incorporated ions and burst ion release [32].

A contrasting composition-dependent response was observed in CAL-27 oral squamous cell carcinoma
cells. Squamous cell carcinoma (SCC) is considered one of the most prevalent and malignant tumors of
the head and neck region [13]. Pure HA and mono-substituted HA had little effect on CAL-27 viability,
whereas CS-3 and CS-4 produced greater concentration- and time-dependent reduction in cell viability.

The enhanced cytotoxicity of highly substituted formulations suggests that the combined Ce-Se
composition influences their interaction with carcinoma cells. The greater lattice distortion due to
increased substituent concentration may promote higher ion release, causing impaired mitochondrial
function and cellular stress [32]. Moreover, selenium can exert anticancer effects through increased
intracellular ROS in malignant cells [36]. Wen et al. also reported that selenite induced apoptosis in CAL-
27 cells [13].

Interestingly, the different responses of HGF-1 and CAL-27 are particularly noteworthy. CS-3 and CS-4
showed reduced CAL-27 viability while maintaining relatively high HGF-1 viability, suggesting preferential
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cytotoxicity towards carcinoma cells. This response was most pronounced for CS-4 and coincides with
its higher substituent content and distinct physicochemical characteristics.

Collectively, the findings demonstrate that the biological performance of Ce-Se-substituted HA depends
not only on substituent concentration but also on the physicochemical characteristics of the material.
However, further studies are required to investigate ion uptake and release, intracellular ROS generation,
optimize substituent concentration and establish a comprehensive biosafety profile.

5. Conclusions
Cerium-selenium co-substituted HA nanoparticles were successfully synthesized as multifunctional
biomaterials, with their physicochemical and biological properties strongly influenced by the degree of
substitution. Moderate substitution (CS-2) had favourable HGF-1 cytocompatibility and anti-inflammatory
and antioxidant activity, and antibacterial activity. At higher substitution levels (CS-3 and CS-4), greater
cytotoxicity against CAL-27 cells was observed while maintaining high viability of HGF-1, indicating
differential response between the normal and malignant oral cells. These findings demonstrate the
potential of Ce-Se co-substitute HA towards different biological functions
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Figures

Figure 1

(a) FTIR spectra of synthesized nanoparticles recorded over the range of 4000-400cm-1, showing
characteristic phosphate (PO4

3-) and hydroxyl (OH-) absorption bands; (b) XRD pattern of synthesized

nanoparticles showing characteristic peaks of the hydroxyapatite phase, matching JCPDS card no. 09-
0432
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Figure 2

XPS analysis of HA and ion- substituted nanoparticles. (a) Ca 2p spectra of HA, Ce-HA, Se-HA, CS-1 and
Cs-3 showing the characteristic spin-orbit doublets (b) P 2p showing the characteristic P 2p3/2 and P

2p1/2 spin-orbit doublets (c) High-resolution Ce 3d region of Ce-HA and CS-1, together with Ce3+ and Ce
4+ reference spectra (d) High resolution Se 3d region of Se-HA and CS-1
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Figure 3

(a) SEM micrograph of synthesized nanoparticles at 20000X (scale bar 5µm) (i) HA, (ii) Ce-HA, (iii) Se-
HA, (iv) CS-1, (v) CS-2, (vi) CS-3 and (vii) CS-4, (b) Elemental mapping of (i) HA, (ii) Ce-HA, (iii) Se-HA and
(iv) Ce-Se co-substituted HA, showing the distribution of Ca, P, Ce, and Se.
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Figure 4

Mean zone of inhibition (n=3) of synthesized nanoparticles (a) Acinetobacter baumannii, (b)
Pseudomonas aeruginosa, (c) Klebsiella pneumoniae,(d) Escherichia coli, and (e) Staphylococcus aureus;
1, HA; 2, Se-HA; 3, Ce-HA; 4, CS-1; 5, CS-2; 6, CS-3; and 7, positive control (tetracycline)
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Figure 5

Antioxidant and anti-inflammatory activities of synthesized nanoparticles at 25, 50, 100, 200 and 400
µg/mL (a) DPPH radical scavenging activity of HA, Ce-HA and Se-HA, compared with positive control
(ascorbic acid) (b) DPPH radical scavenging activity of co-substituted samples; (c) Anti-inflammatory
activity of HA, Ce-HA, Se-HA with diclofenac sodium as positive control; (d) anti-inflammatory activity of
co-substituted samples. Data are presented as mean ± S.D (n=3); *p≤0.05 was considered statistically
significant.
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Figure 6

(a) Cell viability of HGF-1 cells (CRL-2014) after 48 h exposure to nanoparticles at 25, 50, and 100 µg/mL
(b) Cell viability of CAL-27 cells (CRL-2095) after treatment with nanoparticles at 100 µg/mL. Data is
presented as mean ± S.D (n=3). Different letters indicate statistically significant differences among
samples (p≤0.05).
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Figure 7

Phase-contrast images showing morphological changes in CAL-27 cells after treatment with CS-3
nanoparticles at concentrations of 25–100 µg/mL for 24, 48 and 72 hours
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Figure 8

Phase-contrast images showing morphological changes in CAL-27 cells after treatment with CS-4
nanoparticles at concentrations of 25–100 µg/mL for 24, 48 and 72 hours.
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