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dual acting selenium-doped
hydroxyapatite nanoparticles with platinum-
bisphosphonate complexes for bone cancer
therapy
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Bone represents one of the most common sites for metastasis originating from solid tumors, especially

breast and prostate cancers, causing severe complications like pain, fractures, and impaired quality of

life. Hydroxyapatite (HA) nanoparticles (NPs) have been considered as good candidates for bone-

targeted drug delivery due to their biocompatibility and osteoconductivity. In this study, we developed

selenium-doped hydroxyapatite (HASe) NPs with reduced selenium content (up to 2.40 wt%) with the

aim of overcoming the toxicity issues associated with previously reported higher Se doping levels. The

HA-based NPs were thoroughly characterized to evaluate their morphological, colloidal, and

compositional features, supporting the effective incorporation of selenium (Se) within the HA structure.

In vitro cytotoxicity assays on MCF7wt breast cancer cells demonstrated a clear Se dose-dependent

reduction in viability. To improve the anticancer potential, HA and selected HASe NPs were further

functionalized with two HA-binding anti-tumor platinum-bisphosphonate (PtBP) complexes. The

resulting PtBP-HASe NPs exhibited stronger cytotoxicity than PtBP-HA, despite their lower platinum

content, highlighting an additional effect due to the presence of Se. Notably, PtBP-HASe NPs maintained

a cytotoxic profile comparable to more highly doped HASe formulations, while reducing their Se

content, potentially improving safety. Mechanistic investigations confirmed that reactive oxygen species

(ROS) contribute to the antiproliferative activity of both the platinum complexes and the functionalized

NPs, providing insight into the redox-mediated cytotoxicity of these nanomaterials. These findings

suggest that PtBP-HASe NPs represent a promising dual-action biomaterial for bone-targeted cancer

therapy, combining anticancer efficacy with enhanced biocompatibility potential.
Introduction

Bone is a common site for metastases derived from non-osseous
tumors. In fact, many common cancers, in particular breast and
prostate, have a strong predilection to metastasize to bones.1
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Bone metastases lead to severe complications, including pain,
hypercalcemia, skeletal fractures, and spinal instability, signif-
icantly reducing patients' quality of life. Bone tumors or
metastases develop through a “vicious cycle” whereby tumor
cells disrupt the physiological balance between osteoblast-
driven bone formation and osteoclast-mediated bone resorp-
tion, while simultaneously exploiting several growth factors
released from the extracellular bone matrix to support their own
proliferation and survival.2,3 Current treatment strategies for
bone tumors include surgery, chemotherapy, radiotherapy, bi-
sphosphonates and analgesics.4,5 However, surgical resection is
oen not affordable for patients with limited life expectancy, as
residual tumor cells may persist, and large bone defects require
additional interventions for repair.6 A promising alternative
approach for bone cancer therapy lies in the design of multi-
functional biomaterials capable of simultaneously supporting
bone regeneration and inhibiting tumor growth. Among these,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calcium phosphate-based materials have received increasing
attention owing to their close chemical affinity with the mineral
phase of bone and their dual capacity to provide structural
support and therapeutic functionality. In particular, hydroxyap-
atite (HA) nanoparticles (NPs) have emerged as multifunctional
nanoplatforms7–11 due to their unique structural and biological
features.12–14 Indeed, HA, being themain inorganic component of
bone, exhibits excellent biocompatibility, osteoconductivity, and
intrinsic bioactivity, which makes it particularly suitable for
applications in bone-related diseases.15 Moreover, tunable
physico-chemical features of HA NPs, including size,
morphology, porosity and crystallinity and surface function-
ality,16 enable high drug-loading efficiency and controlled and
sustained release of chemotherapeutic agents.17 The chemical
similarity of HA to native bone mineral promotes strong inter-
actions with the bonematrix, ensuring site-specic accumulation
and prolonged local drug retention, thus representing an ideal
bone substitute for implantable devices designed to deliver
bioactive molecules while promoting tissue regeneration.18

The biological performance of HA can be further enhanced
through doping with trace ions of elements such as magnesium,19

strontium,20 and zinc,21 which improve osteogenesis and reduce
inammation. Selenium (Se) is a particularly interesting dopant
due to its unique role in human health and disease being involved
inmany physiological processes such as growth, metabolism, and
hormone balance. Se has also shown antitumoral activity through
apoptosis, necrosis, or regulation of redox state.22 Among its
inorganic forms, selenite ion (SeO3

2−) is the most studied species
due to its excellent chemo preventive and anticancer properties.23

Selenite ions effectively inhibit the proliferation of multiple
cancer cell types24 and play a role in natural killer (NK) cell-based
anticancer immunotherapy, by increasing tumor cell suscepti-
bility to CD94/NK group 2A-positive NK cells.25 Furthermore,
hydrogen selenide (H2Se), a key intermediate generated during
the metabolic reduction of dietary selenite, has been shown to
induce apoptosis in cancer cells (HepG2, HeLa, and MCF-7)
through mitochondrial accumulation. This selenite-induced
accumulation impairs mitochondrial function and structure,
ultimately triggering cancer cell death.26

Given these promising anticancer properties, selenium-doped
hydroxyapatite (HASe) has been explored for its antibacterial,
anticancer, and osteoinductive capabilities.27–31 Very recently, some
of co-authors reported the synthesis of HASe nanoparticles (HASe
NPs) with Se concentration ranging from 0.4 to 13.2 %wt, which
were tested on prostate and breast cancer cells (PC3 andMDA-MB-
231, respectively), as well as on human bone marrow-derived stem
cells (hBMSCs).32 The in vitro studies revealed a clear
concentration-dependent effect: HASe NPs with a very low Se
concentration (0.4 %wt) exhibited good biocompatibility but
lacked signicant anticancer activity, whereas NPs with higher Se
concentrations displayed strong cytotoxicity against cancer cells
but also increased toxicity toward healthy hBMSCs. These results
indicated that careful tuning of Se concentration is crucial to
maximize anticancer efficacy while maintaining biocompatibility.

Given this balance between efficacy and safety, combination
chemotherapy represents a promising strategy to enhance
treatment outcomes. In particular, selenite ions have been
© 2026 The Author(s). Published by the Royal Society of Chemistry
shown to potentiate the effect of various chemotherapeutic
agents, including camptothecin, 5-uorouracil (5-FU), oxali-
platin, irinotecan, and docetaxel, by increasing their cytotoxic
effects on cancer cells while potentially reducing systemic
toxicity.33,34 Additionally, selenite has also been used in combi-
nation with platinum (Pt)-based drugs to mitigate nephrotoxi-
city and bone marrow suppression by forming Se–Pt complexes,
which reduce Pt toxicity while maintaining its therapeutic
activity.35,36 However, the precise mechanism underlying the
protective role of Se remains largely unclear. Zeng et al.
demonstrated that Se and Pt, when combined into aggregates
(that they called EG-Se/Pt), could selectively eliminate liver
carcinoma cells through reactive oxygen species (ROS)-induced
apoptosis, while exhibiting lower toxicity toward healthy liver
cells.37,38 Very recently, some of us reported the development of
HASe NPs functionalized by the adsorption of a Pt-
pyrophosphate (PtPP) complex, resulting in PtPP-HASe NPs. In
particular, experiments using combined Pt and Se releasates
from the PtPP-HASe NPs at different Pt/Se ratios (2, 4, and 8)
revealed that a Pt/Se ratio of 8 signicantly inhibited the
proliferation of cancer cells co-cultured with hBMSCs.39

Building on previous ndings that highlighted the potential of
Se-doped HA NPs, particularly in combination with Pt-based
complexes for anticancer applications, this study aims to
further rene and optimize these materials to maximize thera-
peutic efficacy while minimizing toxicity. Specically, we
synthesized HA NPs and HASe NPs with lower Se content
(HASe2.5%, HASe5.0% andHASe7.5%; the number in the label of
the NPs indicates the nominal Se/(Se + P) molar ratio, based on
the initial reagent feed composition) to address the cytotoxicity
concerns associated with the higher Se concentrations used in
previous works.32 Here, a comprehensive physico-chemical
characterization of the synthesized Se-doped HA NPs was
carried out to identify the most promising candidate in terms of
biocompatibility and Se induced-anticancer activity. Based on
these results, selected HA and HASe5.0% NPs were then loaded
with two pharmacologically active platinum-bisphosphonate
complexes, namely [{Pt(1R,2R-DACH)}2(ZL)]NO3 (PtBP1; DACH
= diaminocyclohexane, ZL = zoledronate; see Fig. 3 for the
chemical structure) and [{Pt(cis-1,4-DACH)}2(ZL)]NO3 (PtBP2),
with the aim of investigating their potential as dual-action bone-
targeting biomaterials.40 Remarkably, given the challenges asso-
ciated with high Se concentrations, our approach aims to achieve
an optimal balance between therapeutic efficacy and biocom-
patibility. As a preliminary pharmacological evaluation, the
cytotoxic activity of HASe NPs suspensions was assessed in direct
treatment of breast cancer cells (MCF-7 wt). To further elucidate
the mechanisms underlying their antiproliferative effects, the
involvement of reactive oxygen species (ROS) was also investi-
gated, laying the groundwork for a more comprehensive under-
standing of their biocompatibility and therapeutic potential.

Experimental
Materials and methods

Chemicals. High-purity chemical reagents such as calcium
acetate hydrate (Ca(CH3COO)2, >99%), orthophosphoric acid
RSC Adv., 2026, 16, 10100–10112 | 10101
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(H3PO4 $ 85% wt in water), sodium selenite (Na2SeO3, $98%),
ammonium hydroxide ((NH4)OH,$ 30% wt in water), ultrapure
nitric acid for Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) analysis (HNO3, $70% wt in water),
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazoliumbromide) were purchased from Sigma
Aldrich (Milan, Italy). All cell culture reagents were purchased
from S.I.A.L. S.r.l. (Rome, Italy).

Synthesis of HASe NPs. HASe NPs were prepared according
a method already reported.32 Briey, selenium – in the form of
selenite anions – was incorporated into HA NPs by precipitation
from an aqueous solution of H3PO4 and Na2SeO3 by the slow
addition (1 drop per s) of an aqueous solution of Ca(CH3COO)2.
The reaction was carried out at pH = 9 by adding few mL of
15% wt (NH4)OH solution to the phosphate solution. Se-free
stoichiometric HA NPs (Ca5(PO4)3OH) were produced, as refer-
ence material, with the same method without adding the Se
source to the phosphoric acid solution. In this latter case,
83 mM Ca(CH3COO)2 and 50 mM H3PO4 solutions were used.
The reaction mixtures were kept under magnetic stirring at
room temperature for 24 h, then le standing for about 30 min
without stirring to allow the deposition of the inorganic phase.
This latter was isolated by centrifugation (Thermo Scientic
centrifuge, T = 25 °C, 4500 rpm for 5 min) of the reaction
mixture, repeatedly washed with Milli-Q® water, and freeze-
dried at −50 °C overnight. HASe NPs were synthesized by
using different Na2SeO3 concentration as a function of the
calculated substitution percentage and adjusting the calcium
and phosphorous molarity. The amounts of reagents were
calculated with the assumption that one orthophosphate ion is
replaced by one selenite ion with a concurrent loss of one
calcium ion, and the reagent were used in the opportune
quantities to yield a Ca/(P + Se) molar ratio of 1.635, 1.61, and
1.585 corresponding, respectively, to a Se/(P + Se) molar ratio of
0.025 (HASe2.5%), 0.05 (HASe5.0%), and 0.075 (HASe7.5%). The
detailed experimental parameters are summarized in Table 1.

Preparation and characterization of [{Pt(1R,2R-DACH)}2(ZL)]
NO3 (PtBP1; DACH = diaminocyclohexane, ZL = zoledronate)
and [{Pt(cis-1,4-DACH)}2(ZL)]NO3 (PtBP2). 1-Hydroxy-3-(1H-
imidazole-1-yl)ethane-1,1-diylbisphosphonic acid (zoledronic
acid, ZL), was prepared following a previously reported proce-
dure.40 [{Pt(1R,2R-DACH)}2(ZL)]NO3 and [{Pt(cis-1,4-DACH)}2(-
ZL)]NO3 (see Fig. 3 for Pt-complexes’ structures) were prepared
as described in earlier studies.41 Spectroscopic and spectro-
metric analyses conrmed that the synthesized compounds
were consistent with the reported data.

Loading of HA and HASe5% NPs with PtBP1 and PtBP2.
PtBP1 and PtBP2 were loaded into lyophilized HA and HASe5%
Table 1 Reagent amounts used in the preparation of HASe NPs. The perc

Sample Ca(CH3COO)2 (mmol) H3PO

HA 8.3 5
HASe2.5% 8.175 4.875
HASe5.0% 8.05 4.75
HASe7.5% 7.925 4.625

10102 | RSC Adv., 2026, 16, 10100–10112
NPs according to a method already reported.39 Briey, HA or
HASe5.0% NPs were suspended in water at a concentration of
6.67 mg mL−1 (30 mg HA or HASe5.0% NPs in 4.5 mL H2O) in
a 15 mL Falcon tube, to which 4.5 mg of PtBP1 or PtBP2 were
added to achieve a 1.0 mg mL−1 concentration. The Falcon
tubes were then vortexed for 15 s, aer which the suspensions
were maintained in a bascule bath at 37 °C shaking at 60 rpm
for 24 h. Subsequently, the suspensions underwent centrifuga-
tion (5 min at 5000 rpm). Aer supernatant removal, PtBP1-HA,
PtBP2-HA, PtBP1-HASe5.0%, and PtBP2-HASe5.0% NPs were
washed twice using ultrapure water to remove the unloaded
Pt(II) complexes. The total amount of Pt and Se residual aer
loading of PtBP1 and PtBP2 into HA and HASe5.0% NPs was
quantied by dissolving 1 mg of PtBP1-HA, PtBP2-HA, PtBP1-
HASe5.0%, and PtBP2-HASe5.0% NPs in 65 vol% nitric acid.
Aer complete dissolution, the solutions were diluted with
Milli-Q water to obtain 1 vol% nitric acid. Additionally, 4 mL of
the supernatants collected aer the loading process were acid-
ied to 1 vol% nitric acid by dilution with Milli-Q water. All the
solutions were analyzed for measuring Pt and Se concentration
by ICP-AES (Thermo iCAP 6000 spectrometer). The values are
presented as mean ± standard deviation (n = 3).

The encapsulation efficiency (EE%) was calculated using the
following equation:

EE% = (Wt/Wi) × 100

where Wt is the amount of platinum effectively loaded into the
HA and HASe5% NPs, and Wi is the initial amount of platinum
used in the loading process.

Physicochemical characterization of HA-based NPs. Trans-
mission electron microscopy (TEM) characterization was per-
formed by using a JEM1011 instrument (JEOL, Akishima, Tokyo,
Japan) that works at 100 keV, equipped with a high-resolution
CCD camera. The carbon-coated copper grids were used for
the deposition of the samples in EtOH, that was let to evaporate.

Field emission scanning electron microscopy (FE-SEM) was
performed using a Zeiss (Oberkochen, Germany) Sigma micro-
scope operating in the range of 0.5–20 kV and equipped with an
in-lens secondary electron detector and an INCA energy-
dispersive spectroscopy (EDS) detector. The spray-dried
samples were mounted onto stainless steel sample holders
using double-sided carbon tape and grounded by silver paste. A
uniform gold (Au) coating, a few nanometers thick, was
deposited onto the samples mounted on silicon chips using
a turbomolecular-pumped SC7620Mini Sputter/Glow Discharge
System (Quorum Technologies). FE-SEM analyses were con-
ducted at a constant accelerating voltage (EHT) of 5.00 kV and
entage in the label of the samples indicates the Se/(Se + P) molar ratio

4 (mmol) Na2SeO3 (mmol) Ca/(P + Se)

0 1.66
0.125 1.635
0.25 1.61
0.375 1.585

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a working distance (WD) of 5.0 mm. The micrographs presented
are representative images selected from a set of FE-SEM images
acquired for each sample, which were obtained from three
independent experimental replicates and repeated measure-
ments on the same specimens.

Zetasizer nano ZSP (Malvern, Worcestershire, UK) equipped
a 50 mW laser diode emitting at 532 nm, was employed to
evaluate the mean hydrodynamic diameter (size), polydispersity
index (PDI) and z-potential values of the NPs, aer sample
dilution (1 : 100 in ethanol), as previously reported.42 Data are
referred to as mean ± standard deviation (n = 3 replicates).

FTIR characterization was carried out by using a 670 FTIR
spectrometer (Varian, Palo Alto, CA, USA) equipped with a dia-
mond ATR accessory of 2 mm and a deuterated tryglicine sulfate
(DTGS) detector. A few amounts of each dried sample were put
on the internal reection element and spectra were recorded in
the range 4000–400 cm−1 acquiring 16 scans with a nominal
resolution of 1 cm−1.

Nitrogen adsorption analysis was performed on HA NPs to
evaluate the textural properties of the nanoparticles. Brunauer–
Emmett–Teller (BET) specic surface area was evaluated by N2

adsorption at 77 K through a Micromeritics 3Flex analyzer
(Norcross, GA, USA). Pore size distribution was evaluated using
the Nonlocal Density Functional Theory (NLDFT) analysis. The
adsorption measurements were performed using high purity
gases (>99.999%). HA NPs were degassed at 150 °C under
vacuum before analysis (P < 10−7 mbar).

Cell culture. Human breast adenocarcinoma (MCF7wt) cells
were obtained from American Type Culture Collection (ATCC,
Bethesda, Rockville, MD, USA). MCF7 were cultured in Dul-
becco's Modied Eagle's Medium. This medium was supple-
mented with 10% (v/v) fetal bovine serum, 1% (v/v) glutamine,
and 1% (v/v) penicillin–streptomycin. Cells were cultivated at
37 °C with 5% CO2 at saturated humidity.

In vitro cell viability. The number of living cells was evalu-
ated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Cells were seeded at a density of 10 000
cells per well into 96-well at bottom culture plates containing
50 mL of the test samples (ranged from 0.025 mgmL−1 to 0.2 mg
mL−1

nal concentration) in a nal volume of 100 mL. Untreated
cells were used as positive controls. Aer 72 h of incubation at
37 °C in a 5% CO2 atmosphere, MTT was added to a nal
concentration of 0.5 mgmL−1 for further 3–4 h, then the culture
medium was removed, and the insoluble precipitate was di-
ssolved by the addition of 100 mL of solvent (1 : 1 v/v DMSO/
EtOH). The absorbance of each well was measured at 570 nm
using a PerkinElmer Victor V3 plate reader. Cell growth inhi-
bition was then calculated as a percentage of cell viability
relative to the control and EC50 values were determined from
dose–response curves by applying a non-linear regression
model using GraphPad PRISM version 5.0.

Oxidative stress. ROS involvement in the antiproliferative
activity was tested on MCF7wt cells for PtBP1, PtBP2, Na2SeO3,
HA, PtBP1-HA, PtBP2-HA, HASe5.0%, PtBP1-HASe5%, and
PtBP2-HASe5%. In particular, the interference of ROS in cell
viability was indirectly determined aer 48 h treatment by MTT
assay as reported above. On day 1, 25 000 cells per well were
© 2026 The Author(s). Published by the Royal Society of Chemistry
seeded into 96-well plates in the presence or absence of a-
tocopherol (100 mM). On day 2, the samples (1–100 mM for
PtBP1, PtBP2, Na2SeO3 and 0.05, 0.1 and 0.2 mg mL−1 for HA,
HASe5.0%, PtBP1-HA, PtBP2-HA, PtBP1-HASe5.0%, and PtBP2-
HASe5.0%) were added alone and in combination with a-
tocopherol (100 mM). Aer incubation (48 h) with samples, MTT
(0.5 mg mL−1) was added to each well, and aer 3–4 h incuba-
tion at 37 °C, the supernatant was removed. The formazan
crystals were solubilized with 100 mL DMSO/EtOH (1 : 1), and
the absorbance values at l 570 and 630 nm were determined on
a microplate reader Victor 3.

Statistical analysis. Data were analyzed by one-way ANOVA
for repeated measures followed by post-hoc Bonferroni's
multiple comparison test. Results are expressed as mean ± SD
of at 2–3 independent experiments in triplicates. Statistical
signicance was accepted at a level of P < 0.05.
Results and discussion
Synthesis and characterization of HA and HASe NPs

Several emerging nanocarriers are designed for active tumor
targeting, oen incorporating complex biomimetic, stimuli-
responsive, or multi-modal functionalities. For example,
platelet-based magnetically guided nanoplatforms have shown
promise for glioma therapy, enabling targeted delivery under
external eld control.43 Similarly, smart materials integrating
diagnostic and therapeutic functions within a single system
have been developed for enhanced tumor selectivity and real-
time imaging.44,45 While these approaches offer sophisticated
control and versatility, they oen require external stimuli (e.g.,
magnetic elds, light), complex synthesis, or suffer from scal-
ability and immunogenicity concerns. In contrast, HA NPs
leverage the natural bone affinity of hydroxyapatite for passive
bone targeting, which is particularly advantageous in the
context of bonemetastases, a scenario less frequently addressed
by conventional tumor-targeting systems. Furthermore, sele-
nium doping and Pt-functionalization allow for both redox-
mediated activity and controlled cytotoxicity that does not rely
on external triggers. This fully inorganic system ensures scal-
ability, biocompatibility, and intrinsic bone selectivity, repre-
senting a complementary and more application-focused
alternative to complex tumor-targeted nanocarriers, especially
for bone-related malignancies. HA based nanostructures were
synthesized via an aqueous precipitation method, which allows
the formation of nanocrystalline HA NPs while ensuring charge
balance in the reagent calculations.28 Specically, the substitu-
tion of a bivalent selenite anion (charge −2) in place of an
orthophosphate anion (charge −3) generates a negatively
charged vacancy (−1). This charge imbalance is compensated by
the simultaneous release of one calcium cation and one
hydroxyl anion.28 Thus, the reagent quantities were determined
based on the assumption that one orthophosphate ion and one
calcium ion are replaced by a single selenite ion.

Comprehensive physico-chemical characterization of the
resulting NPs was carried out, including size and morphology
(TEM, SEM), elemental composition (SEM-EDX, ICP-AES),
RSC Adv., 2026, 16, 10100–10112 | 10103
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colloidal stability (DLS, z-potential), and functional group
analysis (ATR-FTIR).

TEM images (Fig. 1B1–B4) show that all synthesized NPs,
including both undoped and Se-doped HA samples (2.5%, 5%,
and 7.5%), predominantly appear elongated and rod-like in
shape, with lamellar features (Fig. 1A1–A4). The NPs exhibit
a marked tendency to form aggregates on TEM grids upon
solvent evaporation, which makes an accurate determination of
individual particle dimensions difficult, as single NPs are not
always clearly distinguishable within the aggregates. For this
reason, particle size is reported as a range, with average lengths
in the interval of 30–60 nm for all samples.46,47 SEM analysis
performed on the same samples (Fig. 1C1–C4), probing the
nanostructures at larger length scales, consistently conrms the
overall morphology in good qualitative agreement with the TEM
observations; however, at these observation scales, drying-
induced aggregation of the NPs appears more evident. These
morphological features are consistent with the size distribution
and polydispersity index (PDI) values reported in Fig. 1D1–D4,
as determined by DLS analysis. DLS measurements revealed
a monomodal size distribution in suspension, indicating an
overall good dimensional homogeneity of the nanostructures. A
Fig. 1 (A) Schematic sketches (not drawn to scale), (B) TEM representative
= 5.0mm, aperture size= 30.00 mm, scale bar= 100 nm) and (D) DLSme
different initial concentrations: 2.5, 5 and 7.5%. Table reporting the value

10104 | RSC Adv., 2026, 16, 10100–10112
moderate increase in the average hydrodynamic diameter was
observed for Se-doped HA compared to undoped HA; however,
no clear trend with increasing Se content was detected. Such
differences may be reasonably attributed to slight variations in
a very limited degree of NP aggregation that may partially occur
even when the NPs are well dispersed in suspension, rather
than to a direct increase in primary particle size induced by Se
doping. As previously reported,32 the heterogeneous incorpora-
tion of selenite ions can induce subtle local lattice distortions
and minor modications in crystal growth dynamics, which
may inhibit crystal growth while mildly favoring oriented
aggregation, thereby only marginally inuencing the hydrody-
namic size measured by DLS. z-potential values of all HA
dispersions were negative, reecting the presence of surface
phosphate and hydroxyl groups. Upon Se doping, a progressive
decrease in the absolute z-potential was observed: −11.7 ±

0.3 mV for HASe2.5%, −10.1 ± 0.2 mV for HASe5%, and −9.8 ±

1.2 mV for HASe7.5%. This trend may be attributed to the
incorporation of divalent selenite anions into the HA lattice,
which induces a charge imbalance and compensatory structural
rearrangements, ultimately resulting in a less negative net
surface charge. A negatively charged HA surface is known to
micrographs, (C) SEM representative micrographs (EHT= 5.00 kV, WD
asurements of HA NPs (D1) in absence and (D2–D4) in presence of Se at
s of mean sizes, polydispersion index (PDI) and z-potential values.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promote interaction and adhesion with bone cells, which is
advantageous for bone tissue engineering applications.46,48

Simultaneously with SEM imaging, EDX analysis conrmed
the elemental composition of the samples, consistently detect-
ing calcium (Ca), phosphorus (P), and oxygen (O) (Table S1, SI),
with the additional identication of selenium (Se) in the doped
samples. To ensure data comparability across the different
compositions, SEM-EDX spectra were acquired from the same
predened area on each sample. A progressive increase in Se
signal intensity was observed in proportion to the nominal Se
content used during synthesis, supporting the successful
incorporation of Se into the HA-based nanostructures.

Selected elemental composition (selenium, calcium, phos-
phorus) was also assessed by ICP-AES (Table 2). The Se content
determined by both SEM-EDX and ICP-AES was comparable,
although SEM-EDX slightly underestimated the absolute values
due to its surface-limited and semi-quantitative nature. None-
theless, both techniques consistently conrmed that Se incor-
poration into HA NPs was proportional to the nominal Se
concentration used during synthesis (Fig. S1).

The bulk Ca/(P + Se) ratio was determined from the ICP-
detected molar atomic percentage and range from about 1.58
in undoped HA to 1.43 in HASe7.5%. In line with previous
observations on HASe with high Se concentrations, as reported
by some of us,32 the bulk Ca/(P + Se) ratio decreases as the Se
substitution percentage increases. This could be attributed to
the fact that the synthesis was performed under stoichiometric
conditions, with a slight calcium deciency imposed during the
reaction.

FT-IR spectroscopy (Fig. S2) was performed to qualitatively
conrm the Se substitution process. The results are consistent
with previous ndings,32 considering the lower amount of
sodium selenite used in this new synthesis. Briey, the FT-IR
spectra of HASe with reduced Se content showed the charac-
teristic phosphate (PO4

3−) vibration bands at ∼1092, 1037, 603,
and 567 cm−1. The selenite (SeO3

2−) bands were still present but
as expected appear less intense compared to previous high-Se
samples. Specically, a weak band is observed around
750 cm−1, attributed to Se–O vibrations resulting from selenite
ion substitution in HA NPs. This band is shied compared to
free sodium selenite, likely due to changes in the counter-ion
environment of the incorporated selenite. Unlike previous
samples, no carbonate (CO3

2−) bands were detected, indicating
minimal or absent carbonate incorporation. Additionally, the
broad band at ∼3500 cm−1 and the peaks at 2500 and
Table 2 Composition of HASe NPs (Se content%, bulk Ca/(P + Se) molar
three triplicates

Sample Expected Se content (%wt) Measured Se contenta

HA 0 0
HASe2.5% 1.18 0.67 � 0.05
HASe5.0% 2.37 1.57 � 0.06
HASe7.5% 3.57 1.95 � 0.06

a Calculated by EDX. b Calculated by ICP-AES.

© 2026 The Author(s). Published by the Royal Society of Chemistry
1630 cm−1 correspond to the stretching and bending vibrations
of water (H2O) adsorbed on the nanocrystalline surface.
In vitro cytotoxicity of HASe NPs

The in vitro cytotoxicity of suspensions (0.003125, 0.00625,
0.0125, 0.025, 0.05, 0.1, and 0.2 mg mL−1) of HA, HASe2.5%,
HASe5.0%, and HASe7.5% was evaluated by assessing the
viability of MCF7wt cancer cell line, aer 72 h treatment, using
the MTT assay (Fig. 2). The choice of testing the matrices on
MCF7wt cells is justied by the fact that, although bone
metastases can arise from almost all types of cancer, they most
frequently originate from breast cancer cells.49,50

The MTT assay results for MCF7wt cells aer 72 hours of
direct exposure to NP suspensions revealed a dose-dependent
decrease in cell viability across all tested samples, with Se
concentrations ranging from 0.73 to 2.40 wt%. Pure HA NPs
exhibited excellent cellular tolerance, showing only a modest
reduction in viability across the tested concentration range. Cell
viability remained above 65% even at the highest concentration
tested (0.2 mg mL−1), decreasing slightly from about 85% at
0.025 mg mL−1. These ndings indicate a minimal impact of
HA NPs on cell viability and conrm their suitability as safe and
biocompatible nanocarriers. In contrast, Se-doped HA samples
(HASe2.5%, HASe5.0%, and HASe7.5%) showed a more
pronounced cytotoxic effect even at higher concentrations. For
HASe2.5%, cell viability decreased from about 80% at 0.025 mg
mL−1 to nearly 30% at 0.2 mg mL−1. A stronger cytotoxic effect
was observed with increasing Se content. In fact, in HASe5.0%,
viability fell from around 98% at the lowest concentration to
approximately 20% at 0.2 mg mL−1. A similar trend was
observed with HASe7.5% except for the highest concentrations
(0.1 and 0.2 mg mL−1) where a very slight decrease in cytotox-
icity was observed. This effect was probably due to a saturation
effect caused by the high levels of selenium that entered tumor
cells. Worth of note is also the fact that the Se content is rather
similar in HASe5.0% and HASe7.5% (see Table 2). These results
indicate that increasing Se content enhances the cytotoxic
potential of the NPs, likely due to Se-induced alterations in
cellular processes. The more signicant reduction in viability at
higher concentrations in Se-doped samples compared to pure
HA suggests a potential role of Se in boosting the bioactivity of
these NPs. However, HASe NPs with higher Se content (3.2 to
7.2 wt%) demonstrated strong cytotoxicity toward cancer cells
but also caused increased toxicity in healthy cells.32
ratio. Values are reported as mean value ± SD, averaged out of at least

(%wt) Measured Se contentb (%wt) Ca/(P + Se) molar ratiob

0 1.58 � 0.16
0.73 � 0.10 1.54 � 0.14
1.99 � 0.15 1.47 � 0.22
2.4 � 0.27 1.43 � 0.35

RSC Adv., 2026, 16, 10100–10112 | 10105
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Fig. 2 Viability of MCF7wt cells after 72 hours of exposure to HA and HASe suspensions at different concentrations (0.003125–0.2 mg mL−1).
Each bar represents the mean ± SD of three experiments in triplicate: one-way ANOVA followed by Bonferroni's multiple comparison test *p <
0.05, **p < 0.01, ***p < 0.001 vs. HA at the same concentration.
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Among the Se-doped NPs, HASe7.5% displayed one of the
most pronounced antiproliferative effects, consistent with its
higher Se content (2.4 wt% Se by ICP-AES). However, HASe7.5%
was not selected for further functionalization. Instead, matrices
with lower Se content, such as HASe5.0%, were selected as
a strategic compromise between antiproliferative efficacy and
potentially improved biocompatibility, in line with previous
studies reporting toxicity concerns at elevated Se levels.32

Although biocompatibility was not directly evaluated here on
healthy cells, the selection was guided by the aim of minimizing
systemic toxicity while maintaining relevant anticancer activity.
Loading of HA and HASe5.0% NPs with dinuclear Pt(II)
complexes PtBP1 and PtBP2

Based on the in vitro cytotoxicity, HASe5.0% NPs were selected
for loading of the two dinuclear Pt(II) bisphosphonate
complexes (PtBPs), namely PtBP1 and PtBP2 (Fig. 3C and D), to
achieve a combined and synergistic antitumor effect. The pure
HA sample was included as a biocompatible reference matrix.
The selection of PtBP1 was driven by the presence of the
[Pt(1R,2R-DACH)]2+ residue, corresponding to the pharmaco-
logically active moiety of the clinically used drug oxaliplatin. In
contrast, PtBP2 contains an isomer of 1R,2R-DACH (cis-1,4-
DACH), present in the complex known as kiteplatin ([PtCl2(cis-
1,4-DACH)]), which has demonstrated the ability to overcome
both the cisplatin and the oxaliplatin-resistance.51 Previous
studies showed that PtBP1 and PtBP2 exhibit signicant in vitro
cytotoxicity against four human tumor cell lines, with PtBP1
consistently more active than PtBP2 in all cell lines.41 Moreover,
both Pt(II) complexes displayed enhanced anticancer activity
compared to oxaliplatin and free zoledronate in MCF7 wt and
HepG2 cancer cell lines, outperforming the previously reported
[{cis-Pt(NH3)2}2(ZL)]

+,40 which contains the platinum moiety
present in clinically used cisplatin. Taken together, these nd-
ings underscored the therapeutic relevance of both PtBP1 and
PtBP2 and provide a strong rationale for their further investi-
gation in combination with HA/HASe-based materials to exploit
potential synergistic antitumor effects.

Prior to PtBP1 and PtBP2 loading, HA and HASe5.0% NPs
were characterized for their textural properties, since
10106 | RSC Adv., 2026, 16, 10100–10112
parameters such as surface area, pore volume and pore size
distribution strongly inuence cargo loading capacity, release
behaviour and the stability of therapeutic agents incorporated
within the materials. The textural properties of HA and
HASe5.0% NPs were analysed by nitrogen adsorption analysis.
The nitrogen adsorption–desorption isotherms were registered
at 77 K (Fig. 3A); the specic surface area of the samples was
evaluated with the Brunauer–Emmett–Teller (BET) model and
the pore size distribution was evaluated through the Non-Local
Density Functional Theory (NLDFT) (Fig. 3B). Both HA and
HASe5.0% NPs exhibit type V isotherms, characterized by
a sharp increase at high relative pressure, indicative of weak
adsorbent–adsorbate interaction, typical of material containing
large mesopores.52 The incorporation of Se (HASe5.0%, blue
curve) resulted in a higher volume of adsorbed nitrogen
compared with pure HA NPs (green curve), indicating that Se
substitution enhances the surface area, that changed from 150
± 1 to 175 ± 1 m2 g−1 for HA and HASe5.0% NPs, respectively.
Moreover, HASe5.0% NPs displayed a small H1-type hysteresis
loop, revealing the presence of a narrow mesopore size distri-
bution.52 The pore size distribution obtained from the NLDFT
model is shown in Fig. 3B. Pure HA NPs exhibited a broad
distribution, reecting irregular porosity and poorly dened
mesostructures, mainly attributable to interparticle voids. In
contrast, the HASe5.0% prole showed a sharp and intense
peak centered around ∼25 nm, conrming the presence of
a well-dened mesoporous structure. The total pore volume,
calculated at relative pressure p/p0 = 0.99, was 0.78 and 0.84
cm3 g−1 for HA and HASe5.0% NPs, respectively, accounting
also for interparticle porosity. Overall, these results demon-
strate that Se substitution plays a crucial role in tailoring the
textural properties of HA NPs, promoting the formation of
a more organized mesoporous network with increased surface
area and pore volume, and smaller pores, which can inuence
the loading efficiency.

Fig. 3F shows the loading percentage of PtBP1 and PtBP2
onto HA and HASe5.0% NPs. PtBP1 exhibited a higher loading
on HA NPs (24.52%) compared to HASe5.0% (15.50%). A
similar, but more pronounced, trend was observed for PtBP2,
with an encapsulation efficiency of 14.65% on HA NPs and only
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) N2 physisorption isotherms for the prepared samples, HA and HASe5.0% NPs (green curve and blue curve, respectively); (B) pore size
distributions of HA and HASe5.0% NPs; (C) molecular structures of two dinuclear Pt(II) bisphosphonate complexes (PtBP1 in black and PtBP2 in
red); (D) schematic sketches of HA and HASe5.0% NPs loaded with PtBP1 and PtBP2 (not drawn in scale); (E) table reporting the %wt of Se and Pt
in HA and HASe5.0% before and after the loading process by ICP-AES; (F) encapsulation efficiency (EE%) of PtBP1 and PtBP2 on HA and HASe5.0%
NPs.
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5.72% on HASe5.0%. These results indicate a lower amount of
PtBP2 loaded into HA compared to PtBP1. The lower encapsu-
lation efficiency of PtBP2 may be attributed to the structural
differences in the chelating diamine ligands. Although the bi-
sphosphonate moiety is primarily responsible for binding to HA
via calcium coordination as well as via interaction between the
protonated imidazole ring and phosphate ions on the HA
surface, the nature of the platinum-bound diamine inuences
the overall molecular geometry. In PtBP1, the 1R,2R-di-
aminocyclohexane ligand may allow a molecular conformation
that better accommodates the spatial orientation of the bi-
sphosphonate group for effective interaction with HA. In
contrast, the cis-1,4-diaminocyclohexane in PtBP2 imposes
© 2026 The Author(s). Published by the Royal Society of Chemistry
a more rigid geometry andmore distant coordination Pt-planes,
which may reduce the accessibility or orientation of the bi-
sphosphonate moiety toward the HA surface, thereby lowering
the encapsulation efficiency. In addition to these structural
considerations, textural differences between HA and HASe5.0%
also contribute to the observed loading behaviour. As shown by
the nitrogen adsorption–desorption analysis, Se substitution
induces signicant modications in the mesoporous architec-
ture, leading to a narrower pore size distribution and reduced
average pore diameter compared to pure HA. Since larger
mesopores can better accommodate the steric requirements of
bulky PtBP complexes, the reduced pore dimensions in
HASe5.0% likely impose spatial constraints that limit the
RSC Adv., 2026, 16, 10100–10112 | 10107
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Fig. 4 Representative TEM micrographs of HA (A and B) and
HASe5.0% (C and D) after loading with PtBP1 and PtBP2, respectively
(scale bar 100 nm), along with the corresponding schematic sketches
(not drawn in scale).
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overall loading capacity of both PtBP1 and PtBP2. This struc-
tural effect, combined with the lower availability of Ca2+ ions
caused by partial substitution with Se, aligns with previous
observations reported by some of us regarding the adsorption of
a Pt(II)-pyrophosphate compound, [Pt(dihydro-
genpyrophosphate)(cis-1,4-DACH)], on HA and HASe NPs39 and
further explains the reduced encapsulation efficiency in Se-
doped HA NPs. Additionally, ICP-AES analysis of the superna-
tants aer the loading process conrmed a substantial release
of Se from Se-doped HA (data not shown). Interestingly, a more
pronounced Se release was detected for PtBP1-HASe5.0%
compared to PtBP2-HASe5.0%, which was consistent with the
greater reduction in Se%wt observed in PtBP2-loaded samples
relative to those loaded with PtBP1 (Fig. 3E). While this may be
partially explained by an increased dissolution of HASe nano-
crystals induced by the adsorbed complex, it is also likely that
the higher loading of PtBP1 is directly associated with a greater
displacement or destabilization of Se within the HASe NPs In
contrast, the lower loading of PtBP2 may have resulted in less
interaction with the Se-doped HA structure, thereby leading to
a reduced Se release Se (Fig. 3E). This suggests that the extent of
PtBP adsorption/loading may directly inuence the Se release,
possibly due to competition for surface binding sites or
perturbation of the Se-substituted region within the HASe
structure. Consequently, the adsorption of PtBP1 onto
HASe5.0% NPs led to a signicant reduction in the Se content of
the PtBPs-loaded Se-doped HA NPs (Fig. 3E).

The morphology of the HA and HASe5.0% aer the PtBP1
and PtBP2 adsorption was also assessed by TEM characteriza-
tion, resulting in no signicant morphological changes in both
NPs aer PtBP1 and PtBP2 adsorption process. The HA NPs, in
both cases and for both Pt-based complexes, retained their
original structures, while a diffuse halo surrounding them,
appeared, which can be attributed to the presence of an organic
matrix related to the adsorption/loading process (Fig. 4).
In vitro cytotoxicity of PtBP-HASe NPs

Following the selection of Se-doped HA matrices and their
functionalization with platinum(II) complexes, the in vitro
cytotoxic activity of the resulting HASePt NPs was assessed on
MCF7wt breast cancer cells to evaluate the therapeutic potential
of the combined Se–Pt system.

A direct comparison with empty HASe5.0% NPs is not suit-
able in terms of concentration, considering the signicant
release of Se observed aer the adsorption process (Fig. 5).
However, considering the %wt of Pt and Se in each sample,
Fig. 5 highlights signicant differences in cytotoxicity among
HA, HASe5.0%, PtBP1-HA, PtBP2-HA, PtBP1-HASe5.0%, and
PtBP2-HASe5.0%. For a direct comparison, the cell viability data
of HA and HASe5% NPs without Pt-based complex loading
(Fig. 2) are also reported in Fig. 5.

As described above, pure HA NPs exhibited low cytotoxicity,
oppositely to HASe5.0% NPs that showed a strong cytotoxic
effect, with viability sharply decreasing as concentration
increased. When comparing the cytotoxic effect of PtBP1-HA
and PtBP1-HASe5.0% NPs, this latter exhibited greater
10108 | RSC Adv., 2026, 16, 10100–10112
cytotoxicity, particularly at 0.2 mg mL−1, where viability (ca.
45%) was lower than in PtBP1-HA NPs (ca. 51%). This trend
suggests that the effect of reduced platinum content on the
cytotoxicity (being higher in PtBP1-HA: 1.51 %wt vs. 0.96 %wt in
PtBP1-HASe5.0%) is compensated for the presence of selenium
that plays a key role in further reducing cell viability. Indeed,
PtBP1-HASe5.0% contains Se (0.23%wt), which may enhance its
biological effect compared to that of PtBP1-HA (Fig. 3E and 5).
Comparison between HASe5.0% and PtBP1-HASe5.0% shows
that at low concentrations platinum plays a key role in reducing
cell viability while, the higher content in selenium of HASe5.0%
(1.99 % wt; Table in Fig. 3E) as compared to PtBP1-HASe5.0%
(0.23 %wt) seems to predominate at high concentrations.
Further insights emerged when comparing the cytotoxic effects
of the matrices with those of the two free PtBP complexes.
Interestingly, as free compounds, PtBP1 showed higher cyto-
toxicity than PtBP2, probably because of the presence of the
1R,2R-diaminocyclohexane ligand in PtBP1, which may improve
cellular uptake or DNA interaction.41 However, once adsorbed
on HA or HASe, this trend was reversed: PtBP2-HA and PtBP2-
HASe5.0%, despite containing less Pt (0.90 and 0.35 wt%,
respectively) than PtBP1-HA and PtBP1-HASe5.0% (1.51 and
0.96 wt%, respectively), demonstrated stronger cytotoxic effects
(Fig. 3E and 5). This could be explained by differences in
adsorption/loading behavior and matrix interaction. ICP-AES
data showed that PtBP2 was adsorbed in lower amounts
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Viability of MCF7wt cells after 72 hours of exposure to HA, PtBP-HA, HASe5.0%, and PtBP-HASe suspensions at different concentrations
(0.003125–0.2 mg mL−1). Each bar represents the mean ± SD of three experiments in triplicate: one-way ANOVA followed by Bonferroni's
multiple comparison test *p < 0.05, **p < 0.01, ***p < 0.001 vs. HA at the same concentration.
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compared to PtBP1 onto both HA and HASe matrices. This
reduced binding efficiency, possibly due to the more rigid
geometry of the cis-1,4-diaminocyclohexane ligand in PtBP2,
may result in a looser association with the NP surface, facili-
tating a higher release rate of the active Pt species under bio-
logical conditions.

Finally, PtBP2-HASe5.0% demonstrated higher cytotoxicity
than PtBP1-HASe5.0%, even though it contained less Pt (0.35 %
wt vs. 0.96 %wt), again indicating that selenium plays a critical
role in reducing cell viability. The presence of Se (0.23 %wt in
PtBP1-HASe and 0.53 %wt in PtBP2-HASe) likely contributes to
enhanced biological activity, even at relatively low concentra-
tions (Fig. 3E and 5).

Overall, these results indicate that Pt-loaded HA NPs induce
a controlled cytotoxic response, while even small amounts of Se
signicantly enhance this effect. The combined presence of Pt
and Se in PtBP-HASe5.0% leads to stronger cytotoxicity than in
PtBP-HA though still lower than HASe-5%. Since HASe NPs with
higher Se content have been shown to induce strong cytotoxicity
in cancer cells but also increased toxicity in healthy cells, the
PtBP-HASe5.0% samples could represent a promising alterna-
tive. Their lower Se content might help balancing the potent
anticancer effects while reducing the risk of excessive toxicity to
healthy tissues, making these matrices promising candidates
for further investigations.
Oxidative stress

To further elucidate the mechanisms underlying the cytotoxic
effects observed for Se-doped and Pt-loaded HA NPs, we inves-
tigated the potential involvement of reactive oxygen species
(ROS) in the antiproliferative response. Oxidative stress is
a well-known contributor to cancer cell death, particularly
through ROS-induced damage to cellular structures such as
lipids, proteins, and DNA.53

Thus, the contribution of oxidative stress to the cytotoxic
activity of platinum-bisphosphonate complexes (PtBP1 and
PtBP2) was rst assessed in MCF7wt cells aer 48 hours of
treatment with increasing doses ranging from 1.56 to 100 mM,
by comparing cell viability in the presence or absence of the
antioxidant a-tocopherol (Fig. 6). Both platinum complexes
© 2026 The Author(s). Published by the Royal Society of Chemistry
induced a dose-dependent decrease in MCF7wt cell viability,
and in both cases, the co-treatment with a-tocopherol signi-
cantly rescued cell survival. This indicates that ROS generation
plays a relevant role in their antiproliferative activity.

The protective effect of the antioxidant appeared more
marked in cell treated with PtBP1, however both compounds
likely rely on a combination of mechanisms, including oxidative
stress and the well-established ability of platinum(II) complexes
to form covalent adducts with DNA, interfering with transcrip-
tion and replication processes.

To further contextualize these ndings, the comparison with
oxaliplatin and kiteplatin (Fig. S3) provides additional insight
into the potential contribution of oxidative stress to the cyto-
toxicity of platinum-based compounds. Oxaliplatin, a clinically
used drug that shares the same carrier ligand as PtBP1 (1R,2R-
DACH), showed a notable rescue of cell viability in the presence
of a-tocopherol, suggesting a possible role of ROS in its mech-
anism of action54,55 in addition to DNA targeting.56,57 Similarly,
kiteplatin, a Pt(II) compound bearing the cis-1,4-DACH ligand
present in PtBP2, also showed partial protection by a-tocoph-
erol (Fig. S3). These ndings further suggest that ROS genera-
tion contributes to cytotoxicity as an additional layer of activity,
acting alongside the established DNA-binding pathway charac-
teristic of platinum(II) compounds.

In contrast, sodium selenite (Fig. S3) also reduced cell
viability in a dose-dependent manner, but the co-treatment with
a-tocopherol resulted in only modest or inconsistent protection.
This suggests a more complex mechanism of action, possibly
involving both redox-dependent and redox-independent path-
ways. Selenium compounds are known for their dual antioxi-
dant and pro-oxidant nature, and their biological effects are
highly context-dependent, varying with dose, cell type, and
redox status.23,26 In particular, selenite can modulate cellular
redox signaling, impair mitochondrial function, and interfere
with thiol-containing proteins, mechanisms that may not be
fully counteracted by classical antioxidants such as a-
tocopherol.

The involvement of oxidative stress was nally investigated
on the NPs (Fig. 7), at concentrations ranging from 0.05 to
0.2 mgmL−1, aer 48 hours of incubation. As expected, pure HA
did not show signicant sensitivity to a-tocopherol, conrming
RSC Adv., 2026, 16, 10100–10112 | 10109
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Fig. 6 Viability of MCF7wt cells after 48 hours of exposure to PtBP1 (A) and PtBP2 (B) at increasing concentrations (1.56–100 mM), in the presence
or absence of the antioxidant a-tocopherol (100 mM). Cell viability was assessed by MTT assay. Each bar represents the mean ± SD of three
experiments in triplicate: one-way ANOVA followed by Bonferroni's multiple comparison test *p < 0.05, **p < 0.01, ***p < 0.001 vs. respective
test compound without 100 mM a-tocopherol.

Fig. 7 Viability of MCF7wt cells after 48 hours of exposure to HA, PtBP1-HA, and PtBP2-HA (A) and to HASe5.0%, PtBP1-HASe5.0%, and PtBP2-
HASe5.0% (B) suspensions at different concentrations (0.05, 0.1, and 0.2 mg mL−1), in the presence or absence of the antioxidant a-tocopherol
(100 mM). Cell viability was assessed by MTT assay. Each bar represents the mean ± SD of three experiments in triplicate: one-way ANOVA
followed by Bonferroni's multiple comparison test *p < 0.05, **p < 0.01, ***p < 0.001 vs. respective test compound without 100 mM a-
tocopherol.
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its relevant degree of biocompatibility and absence of ROS-
related mechanisms. Upon functionalization with platinum
complexes, both PtBP1-HA and PtBP2-HA exhibited increased
cytotoxicity that was partially reversed by a-tocopherol co-
treatment, conrming that ROS contribute to their biological
activity.

Interestingly, the HASe5.0% matrix alone (Fig. 7) did not
respond to antioxidant treatment, indicating that its cytotoxic
effect, while pronounced, is not primarily ROS-driven. This is
consistent with the known complexity of selenite mechanisms,
which involve mitochondrial impairment and redox imbal-
ance that may not be neutralized by classical antioxidants.
When Se-doped matrices were combined with Pt complexes,
a protective effect of a-tocopherol was observed, similarly to
what was seen with their HA-based counterparts. This suggests
that ROS generation also contributes to the cytotoxicity of
PtBP1-HASe5.0% and PtBP2-HASe5.0%. It is important to note
that ROS involvement was assessed at 48 hours, while the
cytotoxicity reported in Fig. 4 was evaluated at 72 hours.
Therefore, although oxidative stress may participate in the
mechanism of action, it is likely complemented by redox-
independent processes, potentially inuenced by the
combined presence of platinum and selenium within the NP
matrix.
10110 | RSC Adv., 2026, 16, 10100–10112
Conclusions

Given the challenges associated with high Se content and its
potential toxicity, the aim of this study is to explore a balance
between therapeutic efficacy and potential biocompatibility. A
series of Se-doped HA (HASe) NPs was synthesized, achieving
effective Se substitution up to 2.40 wt%, signicantly lower than
the 13 wt% previously reported.32 Physico-chemical analyses
(TEM, FT-IR, EDX, ICP-AES) conrmed the successful incorpo-
ration of Se into the HA lattice. In vitro cell tests on MCF7wt
showed a clear dose-dependent cytotoxicity of Se-doped HA NPs,
with cell viability decreasing signicantly as both Se content
and NP concentration increased. In particular, HASe5.0% was
identied as a lead material, showing a reduction in cell
viability from ∼98% to ∼20% across the tested concentrations,
while maintaining a lower Se content (1.99 wt%) compared to
previously reported Se-doped matrices.32 The adsorption of
PtBP1 and PtBP2 onto HASe5.0% (PtBP-HASe) enhanced the
cytotoxic effect when compared to PtBP-HA despite having
a lower Pt content. Importantly, PtBP-HASe achieved a cytotoxic
prole comparable to that of highly doped HASe (e.g.,
HASe5.0%), but with signicantly reduced Se content (0.23 and
0.53 wt% for PtBP1-HASe and PtBP2-HASe, respectively),
potentially minimizing the adverse effects observed in healthy
© 2026 The Author(s). Published by the Royal Society of Chemistry
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cells. These results suggest that Se plays a critical role in
enhancing the cytotoxic response, even at lower concentrations,
and that the combined Pt/Se system offers a more potent anti-
cancer activity than either element alone. In addition to cyto-
toxicity assessment, mechanistic investigations showed that
reactive oxygen species contribute to the antiproliferative
activity of both the platinum complexes and the functionalized
NPs, providing insight into the redox-mediated cytotoxicity of
these systems.

Overall, the PtBP-HASe formulation stands out as promising
biomaterials for bone-targeted cancer therapy, capable of
maximizing anticancer efficacy while potentially minimizing
systemic toxicity. Although this study primarily focuses on the
material's synthesis, characterization, and anticancer activity,
future investigations will be necessary to further assess its
effects on healthy cells and overall biocompatibility.
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