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Strontium-based nanoparticles (SrNPs) have emerged as a versatile and promising class of nanomaterials

with a wide range of potential applications in healthcare, particularly in the fields of bone regeneration

and combating antimicrobial resistance (AMR). Recent research has highlighted the unique properties of

SrNPs, including their ability to promote osteogenesis, enhance bone healing, and exhibit strong

antimicrobial activity against multidrug-resistant pathogens. These attributes position SrNPs as innovative

therapeutic agents with the potential to address challenges such as osteoporosis, bone infections, and

the growing global AMR crisis. This comprehensive review critically examines the dual functional

potential of SrNPs by analyzing their synthesis methods, physicochemical properties, biological

interactions, and translational applications in orthopedic and antimicrobial therapies. Specifically, the

review emphasizes SrNPs' ability to enhance bone density, accelerate fracture healing, and reduce the

economic burden associated with prolonged treatment and rehabilitation for bone-related diseases.

Furthermore, their novel application as antimicrobial agents is explored, highlighting their ability to target

bacterial metabolic pathways and combat the rise of antibiotic resistance. The review focuses on the

synthesis methods used for SrNPs, particularly co-precipitation, hydrothermal synthesis, and sol–gel

techniques. Each method is explored for its ability to produce SrNPs with controlled size, shape, and

functionality, while addressing their scalability, cost-effectiveness, and environmental impact.

Additionally, the toxicological risks associated with SrNPs are also explored, emphasizing the need for

comprehensive preclinical and clinical evaluations to ensure safety for humans and ecosystems. The

regulatory and ethical landscape of SrNPs highlights the need for global safety protocols, equitable

access, and international cooperation to ensure ethical nanotechnology use. Environmental fate studies

address bioaccumulation risks and ecological concerns. This review identifies opportunities and

challenges in advancing bone regenerative medicine and combating AMR while emphasizing sustainable

and ethical SrNP development for researchers, policymakers, and stakeholders.
1 Introduction

Bone-related disorders, including osteoporosis, fractures, and
bone infections, impose a signicant burden on global health-
care systems, affecting millions of individuals annually. These
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conditions are not only debilitating but also costly to manage,
with long-term implications for patient quality of life and
economic stability.1,2 Simultaneously, the rise of antimicrobial
resistance (AMR) presents a severe public health crisis, threat-
ening the efficacy of antibiotics that are critical for managing
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infections, including those associated with bone-related
injuries and implants. The convergence of these challenges
highlights an urgent need for innovative approaches that
address both bone regeneration and infection control.3–5

Strontium (Sr), a trace element with known osteoinductive
properties, has emerged as a promising candidate in the search
for such solutions.6 Beyond its well-documented role in bone
metabolism, Sr has demonstrated potential in modulating
bacterial growth, making it a dual-purpose agent in regenerative
medicine and antimicrobial therapy. Strontium-based nano-
particles (SrNPs) have further amplied the therapeutic poten-
tial of Sr by offering enhanced bioavailability, controlled release
proles, and customizable surface properties.7–9 Unlike tradi-
tional strontium salts, SrNPs can be engineered to achieve tar-
geted biological interactions, presenting a signicant
advancement in addressing bone-related health challenges and
infections.10,11

However, managing bone diseases in an aging population
alongside the escalating threat of antibiotic-resistant pathogens
remains an increasingly complex issue. Current therapeutic
strategies oen fall short due to limitations in drug efficacy,
side effects, and the risk of recurrent infections, especially in
orthopedic applications. In this context, SrNPs present a unique
opportunity to bridge these gaps by providing an integrated
solution that combines both bone regeneration and antimi-
crobial defence mechanisms.12–15

This review aims to explore and synthesize existing knowl-
edge on SrNPs, focusing specically on their application in
bone regeneration and AMR management. By examining the
underlying mechanisms, recent advancements, and potential
future developments of SrNPs, the study seeks to provide
a comprehensive understanding of how these nanoparticles can
address two of the most pressing challenges in modern
healthcare. The dual functionality of SrNPs offers not only
a promising pathway for improved patient outcomes but also
represents a signicant leap toward sustainable and multi-
functional biomedical solutions.
2 Methodology for literature
selection

To ensure a comprehensive and rigorous review of the role of
strontium-based nanoparticles in modulating bone regenera-
tion and antimicrobial resistance, a systematic approach was
employed for selecting relevant research articles. The literature
search was conducted using Scopus, Web of Science, PubMed,
and Google Scholar.

The search strategy incorporated specic keywords,
including “strontium-based nanoparticles,” “bone regenera-
tion,” “osteogenesis,” “antimicrobial resistance,” and “public
health implications”. Studies were selected based on their
relevance to bone regeneration and antimicrobial resistance,
with a focus on those exploring the role of strontium-based
nanoparticles in promoting osteogenesis or combating micro-
bial infections. Preference was given to experimental and clin-
ical studies that providedmechanistic insights, in vitro or in vivo
© 2025 The Author(s). Published by the Royal Society of Chemistry
ndings, and potential therapeutic applications. Only high-
impact and peer-reviewed sources were included to ensure
scientic validity and reliability. Recent advancements and
emerging trends were prioritized, particularly those high-
lighting novel applications, synergistic effects, or innovative
formulations of strontium-based nanomaterials in biomedical
contexts.

Articles that did not directly address the scope of the review,
lacked sufficient experimental data, were not peer-reviewed, or
focused on unrelated applications of strontium-based materials
were excluded. Additionally, duplicate publications and studies
with inconclusive or contradictory ndings without substantial
supporting evidence were critically assessed before inclusion.
3 Synthesis strategies and structural
modifications of strontium-based
nanoparticles
3.1 Synthesis techniques

The synthesis of strontium-based nanoparticles (SrNPs) is
a critical factor in determining their physicochemical proper-
ties, which, in turn, inuence their biological performance and
functionality in biomedical applications. Different synthesis
methods offer varying degrees of control over parameters such
as size, morphology, crystallinity, and surface properties. Pre-
sented below is a detailed discussion of three widely utilized
synthesis techniques: co-precipitation, hydrothermal methods,
and sol–gel processes.16–18 Table 1 presents a comparative
analysis of the advantages and limitations of the co-
precipitation, hydrothermal, and sol–gel synthesis
techniques.19–23

3.1.1 Co-precipitation. Co-precipitation is among the most
commonly employed techniques for synthesizing SrNPs, owing
to its simplicity, cost-efficiency, and scalability, making it suit-
able for both laboratory and industrial applications. The
method involves the chemical precipitation of strontium ions
(Sr2+) from an aqueous solution by reacting with a suitable
precipitating agent, such as ammonium hydroxide (NH4OH) or
sodium hydroxide (NaOH).24,25 This reaction occurs under
controlled pH and temperature conditions, which are critical
for ensuring the uniformity and reproducibility of the resulting
nanoparticles.26

The synthesis process begins with the mixing of precursor
salts, commonly strontium nitrate (Sr(NO3)2), with the precipi-
tating agent in an aqueous medium. This interaction leads to
the formation of insoluble strontium-based compounds, which
subsequently nucleate and grow into nanoparticles. To enhance
the quality of the nanoparticles, additives such as surfactants or
stabilizers are oen incorporated. These additives play a vital
role in controlling particle size, preventing aggregation, and
ensuring a stable dispersion of the nanoparticles.27,28

Co-precipitation is particularly advantageous for producing
large quantities of SrNPs, making it highly suitable for appli-
cations in areas such as coatings for orthopedic implants and
composite materials used in bone tissue engineering. The
ability to scale up this method without compromising product
RSC Adv., 2025, 15, 10902–10957 | 10903
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Table 1 The advantages and limitations of co-precipitation, hydrothermal, and sol–gel synthesis techniques

Technique Advantages Disadvantages

Co-precipitation - Simple and cost-effective method - Limited control over particle size and morphology
- Scalable for large production - Potential for aggregation without stabilizers
- Uniform and crystalline nanoparticles - pH and temperature control are crucial
- Short reaction time

Hydrothermal - Precise control over nanoparticle size, shape, and
crystallinity

- Requires high temperature and pressure, making
it more complex and energy-intensive

- Suitable for producing high-quality nanoparticles - Expensive equipment (autoclave)
- Applicable for advanced biomedical uses
(e.g., drug delivery)

Sol–gel - High stability and tunable compositions - Complex process with multiple steps
(e.g., hydrolysis, polymerization)

- Good for preparing nanoparticles with customized
surface properties

- Requires calcination at high temperatures

- Suitable for applications requiring chemical and thermal
stability

- Can be time-consuming

- Ability to form nanostructured materials

Fig. 1 Micrographs of strontium hexaferrite obtained by transmission
31
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quality further highlights its utility in practical applications.29,30

A comparative analysis of the advantages and limitations of the
co-precipitation technique, particularly in relation to hydro-
thermal and sol–gel processes, is presented in Table 1.

For example, in the study by Mohammadi et al. (2017),
strontium hexaferrite (SrFe12O19) nanoparticles (SrNPs) were
synthesized using the co-precipitation technique, which was
chosen for its simplicity and effectiveness in producing nano-
particles with well-dened properties.31 The synthesis process
involved the precipitation of Sr2+ ions in an aqueous solution,
with various chelating agents and surfactants used to control
the particle size and morphology. The researchers screened
several parameters, including calcination temperature and the
type of chelating agent, to determine the optimal conditions for
synthesis. Amino acids such as proline, alanine, and aspartic
acid, as well as surfactants like SDBS, PVP, and EDTA, were
evaluated for their impact on the nal nanoparticle properties.

Among these, alanine emerged as the most effective
chelating agent, leading to the formation of nanoparticles with
the desired properties. In contrast, the surfactants caused an
increase in particle size, which was less desirable for the tar-
geted applications. The synthesized SrFe12O19 nanoparticles
exhibited notable photocatalytic activity in the degradation of
methyl orange under visible light irradiation (l > 400 nm), with
a high degradation rate of 95% achieved within 220 minutes.
This indicates the potential of these nanoparticles for envi-
ronmental and industrial applications, particularly in waste-
water treatment.

The structural and morphological characteristics of the
SrNPs were analyzed using several techniques. Fig. 1 (as refer-
enced in the study) provides scanning electron microscopy
(SEM) images that reveal nearly spherical nanoparticles with an
average size of 90 nm. The X-ray diffraction (XRD) patterns
conrmed the crystalline structure of the nanoparticles, with
Rietveld renement providing precise structural data (Fig. 2).
The crystallite size was found to be inuenced by the fabrication
method, with a smaller crystallite size observed in the co-
10904 | RSC Adv., 2025, 15, 10902–10957
precipitation method compared to other methods. Further-
more, the magnetic properties of the SrNPs were investigated
using a vibrating sample magnetometer (VSM), and a saturation
magnetization (Ms) value of 32 emu g−1 was reported. The co-
precipitation technique used in this study successfully yielded
SrFe12O19 nanoparticles with enhanced photocatalytic proper-
ties, suitable for visible light degradation applications. The
particle size, morphology, and magnetic properties were inu-
enced by the choice of chelating agents and other synthesis
parameters, with alanine providing the most promising results
for achieving nanoparticles with optimal properties.

In the study by Ali et al. (2019), pure and Sr-doped cerium
oxide (CeO2) nanoparticles (with 3mol% and 5mol% Sr doping)
were synthesized using a simple aqueous co-precipitation
method.32 The synthesis involved cerium nitrate hexahydrate
and strontium chloride hexahydrate as precursors without the
electron microscopy (TEM) of the SGP sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray patterns and Rietveld refinement adjusts for the strontium
hexaferrite prepared by the sol–gel Pechini (SGP) method and the
solid-state reaction (SSR) method.31
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use of any capping agents. This approach resulted in the
formation of nanoparticles with distinct structural and optical
properties, which were thoroughly characterized using tech-
niques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray (EDX), Raman spectroscopy, and UV-Vis
spectroscopy.

The SEM images presented in Fig. 3a and b show that the
3 mol% and 5 mol% Sr-doped CeO2 nanoparticles exhibited
dot-like structures with noticeable agglomeration. The lack of
a capping agent contributed to this agglomeration, as particles
tend to cluster due to high surface energy. However, the
agglomeration was more prominent in the 3 mol% Sr-doped
CeO2 nanoparticles. These results highlight the inuence of
doping concentration on particle morphology, where higher
Sr-doping led to increased agglomeration. To further conrm
the particle morphology and size, TEM images presented in
Fig. 4a and b revealed that the average particle size of the
Fig. 3 SEM images of (a) 3 mol% Sr-doped CeO2 NPs. (b) 5 mol% Sr-do

© 2025 The Author(s). Published by the Royal Society of Chemistry
3 mol% Sr-doped CeO2 nanoparticles was around 8± 1 nm, and
that of the 5 mol% Sr-doped CeO2 nanoparticles was 5 ± 1 nm.
Interestingly, the particle size decreased with increasing Sr
doping, likely due to the substitution of Ce(IV) ions by smaller Sr
ions. This ion substitution causes lattice contraction, leading to
a reduction in nanoparticle size. The XRD analysis conrmed
that the synthesized nanoparticles exhibited a uorite struc-
ture, which is typical for CeO2. The crystallite size, determined
by Debye–Scherrer analysis, was found to be in the range of 6–
10 nm, consistent with the results from the SEM and TEM
images. The slight variation in crystallite size with different
doping concentrations is attributed to the inuence of Sr on the
CeO2 lattice.

The UV-Vis spectroscopy analysis revealed a signicant
change in the band gap of the Sr-doped CeO2 nanoparticles. The
band gap of pure CeO2 was around 3.2 eV, while for the 3 mol%
and 5 mol% Sr-doped CeO2 nanoparticles, the band gap
increased to 3.7 eV. This blue shi in the band gap indicates
that Sr doping affects the electronic structure of CeO2, which
may be related to the modication of the absorption charac-
teristics and enhanced photocatalytic properties. The shi of
the absorption edge to lower wavelengths also suggests that Sr
doping enhances the material's ability to absorb in the visible
light region. In a nutshell the co-precipitation method effec-
tively synthesized Sr-doped CeO2 nanoparticles with tunable
particle size and optical properties. The results from SEM, TEM,
and XRD analyses conrmed the spherical morphology and
uorite structure of the nanoparticles, while the optical prop-
erties demonstrated a shi in the band gap with increasing Sr
doping. These ndings suggest that the co-precipitation
method is a promising route for synthesizing cerium oxide-
based nanoparticles with enhanced photocatalytic properties.

In a study carried out by Huynh et al. (2021), the synthesis of
strontium lanthanum vanadate (La1−xSrxVO3, LSVO) nano-
particles (NPs) was achieved through a modied co-
precipitation method followed by hydrogen reduction.33 The
aim was to produce well-dispersed LSVO NPs with a homoge-
neous size distribution, which is essential for their application
in electrochemical devices, particularly in solid oxide fuel cells.
Traditional synthesis methods had been unable to achieve such
ped CeO2 NPs.32

RSC Adv., 2025, 15, 10902–10957 | 10905
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Fig. 4 TEM images of (a) 3 mol% Sr-doped CeO2 NPs. (b) 5 mol% Sr-doped CeO2 NPs.32
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uniformity, oen resulting in poor dispersion and size
variation.

The co-precipitation technique played a crucial role in
overcoming these challenges. By using this method, the
researchers were able to achieve LSVO NPs with uniform sizes in
the range of 50–100 nm, which is important for their electro-
chemical performance. The NPs were free of any secondary
phases, as conrmed by X-ray diffraction (XRD) analysis. This
indicates that the modied co-precipitation method not only
produced nanoparticles with controlled size but also ensured
high purity and crystallinity, which are essential for the mate-
rial's functional properties in devices.

The hydrogen reduction step at a relatively low temperature
of 700 °C further contributed to enhancing the material's
properties. This low-temperature treatment helped to maintain
the structural integrity of the NPs while facilitating the reduc-
tion of the vanadate precursor, which is critical for optimizing
the electrical conductivity and work function of LSVO NPs.

The effect of Sr substitution was also studied, showing that
the presence of Sr in the LSVO structure inuenced the work
function values of the NPs, which were measured in the range of
2.13 to 3.62 eV. This variation in work function is important for
optimizing LSVO's performance in thermionic devices. The co-
precipitation method used in this study successfully produced
homogeneous, well-dispersed LSVO NPs with a controlled size
and a high degree of purity. This method signicantly enhanced
the material's suitability for electrochemical applications by
improving its electrical conductivity and work function, making
it a promising candidate for solid oxide fuel cell anodes and
thermionic devices.

Vallimeena and Helina (2023) investigated the synthesis of
3D cauliower-shaped Sr-doped SnO2 nanoparticles using
a simple co-precipitation method.34 This study focuses on
producing nanoparticles with a unique 3D morphology, which
can signicantly enhance light harvesting and electron trans-
port—two crucial features for photocatalytic applications. The
co-precipitation method allowed the researchers to synthesize
Sr-doped SnO2 NPs at ambient temperature without the need
10906 | RSC Adv., 2025, 15, 10902–10957
for high-temperature conditions, which is an advantage in
terms of energy efficiency and controlling the nanoparticle size.
The addition of 7 wt% Sr doping played a signicant role in
modifying the structure and improving the photocatalytic
properties of the SnO2 nanoparticles. The resulting nano-
particles exhibited a 3D cauliower-like morphology, which is
not only visually striking but also benecial for photocatalysis.
The increase in surface area and the 3D structure enhanced the
light absorption and charge transport across the grain bound-
aries, which are essential for photocatalytic efficiency.

X-ray diffraction (XRD) analysis revealed that both pure SnO2

and Sr-doped SnO2 exhibited a tetragonal structure, indicating
that Sr doping did not signicantly alter the crystalline phase
but contributed to modifying the particle morphology. Photo-
luminescence (PL) spectra further supported the idea that the
Sr-doped nanoparticles exhibited better charge splitting, which
translates to improved photocatalytic activity. The electro-
chemical impedance spectroscopy (EIS) results showed that the
charge transfer resistance of the 3D cauliower-shaped Sr-
doped SnO2 nanoparticles was low, validating the enhanced
electron transport properties. This feature is crucial for photo-
catalytic processes, where efficient electron transfer is necessary
to drive reactions such as dye degradation.

The study's signicant nding was that the 3D cauliower-
shaped morphology of the Sr-doped SnO2 nanoparticles led to
higher photocatalytic activity under visible light compared to
pure SnO2, as demonstrated by the degradation of methylene
blue (MB) dye solution. In general, the co-precipitation method
was successful in synthesizing 3D cauliower-shaped Sr-doped
SnO2 nanoparticles with excellent photocatalytic properties.
The unique morphology and the role of Sr doping in improving
light harvesting, electron transport, and charge splitting made
these nanoparticles highly effective for photocatalytic applica-
tions under visible light.

3.1.2 Hydrothermal methods. Hydrothermal synthesis is
a versatile and efficient method for the crystallization of SrNPs
from an aqueous solution under elevated temperature and
pressure conditions within a sealed autoclave. This technique is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly valued for its ability to produce nanoparticles with
precise control over size, shape, and crystalline structure, which
are critical attributes for biomedical applications.35,36

The process begins with the dissolution of precursors, such
as strontium salts, along with a reducing or oxidizing agent in
water. The prepared solution is then placed in an autoclave,
where it is subjected to high temperatures (typically ranging
from 120–300 °C) and elevated pressures. These conditions
promote the nucleation and controlled growth of SrNPs under
supersaturated states, ensuring uniformity and reproducibility.
The reaction parameters, including temperature, pressure, and
reaction duration, are meticulously adjusted to ne-tune the
physicochemical properties of the nanoparticles.37,38

Hydrothermal methods are particularly well-suited for
producing high-quality SrNPs designed for specic biomedical
uses, such as drug delivery systems and implant coatings. The
precise control over particle characteristics offered by this
technique allows for the customization of nanoparticles to meet
the stringent requirements of advanced medical applications.
Table 1 illustrates a comparative analysis of the hydrothermal
method in relation to the co-precipitation and sol–gel
processes.39

For example, Zhang et al. (2015) successfully synthesized
strontium titanate (SrTiO3) nanoparticles through a single-step
hydrothermal process at 220 °C under strong alkaline condi-
tions, using anatase titanium dioxide (TiO2) and strontium
hydroxide octahydrate (Sr(OH)2$8H2O) as starting materials.40

The X-ray diffraction (XRD) analysis conrmed that the product
matched the standard SrTiO3 data, indicating high purity and
crystallinity. The crystalline structure was further rened with
the help of Highscore Plus and Maud soware, ensuring the
product was free from secondary phases, a common issue in
other synthesis methods.

The hydrothermal method controlled the morphology and
particle size of the SrTiO3 nanoparticles, resulting in uniform
cubic-shaped particles with sizes ranging from 32 to 45 nm.
Field emission scanning electron microscopy (FE-SEM) and
energy dispersive spectroscopy (EDS) conrmed the regular
Fig. 5 SEM micrographs of the SrTiO3 nanoparticles: (a and b) S1-40, (c

© 2025 The Author(s). Published by the Royal Society of Chemistry
cubic morphology and perovskite phase of the nanoparticles.
SEM images (Fig. 5) show cubic nanoparticles with uniform
sizes, demonstrating the effectiveness of the hydrothermal
process in producing well-dispersed particles. For instance, the
SEM image of sample S2-40 further highlighted the uniform
cubic crystals, reinforcing the consistency of the hydrothermal
synthesis.

The study also examined the inuence of varying the Sr/Ti
molar ratio and reaction duration on the particle properties.
Increasing the Sr/Ti ratio from 1 to 2 resulted in smaller parti-
cles, while extending the reaction time from 20 to 60 hours led
to larger particles. SEM images (Fig. 6) illustrate these trends,
with samples having a higher Sr/Ti ratio and longer reaction
times showing larger particle sizes. This behavior was consis-
tent with the particle size distribution, ranging from 32 to
45 nm. Transmission electron microscopy (TEM) micrographs
(Fig. 7) conrmed the regular cubic morphology, with the
selected area electron diffraction (SAED) pattern revealing the
polycrystalline nature of the material. The high-resolution TEM
(HRTEM) image showed clear lattice fringes corresponding to
the (110) crystal plane, supporting the XRD results and high-
lighting the excellent crystallinity.

The hydrothermal process also resulted in nanoparticles
with a high specic surface area (up to 32.98 m2 g−1), enhancing
their potential for photocatalytic applications. This was an
improvement over SrTiO3 nanoparticles synthesized by solid-
state reactions, which typically have smaller surface areas.
TEM images (Fig. 8) further conrmed the consistency of
particle sizes and morphologies observed in the SEM and XRD
analyses, reinforcing the role of the hydrothermal method in
producing nanoparticles with high surface area and uniform
shape. Overall, the hydrothermal synthesis of SrTiO3 nano-
particles produced high-quality, uniform particles with excel-
lent crystallinity and large surface area, making them suitable
for various advanced material applications, especially in
photocatalysis.

In the study by Ueno et al. (2015), silver (Ag) nanoparticle-
loaded strontium titanate (SrTiO3) nanoparticles were
) S2-40.40
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Fig. 6 SEM micrographs of SrTiO3 nanoparticles: (a) S1-20, (b) S2-20, (c) S1-60, (d) S2-60.40

Fig. 7 TEM micrographs of S1-20: (a) 100 nm, (b) SAED, (c) HRTEM.40
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synthesized using a sol–gel-hydrothermal method.21 The
process involved preparing titanium oxide precursor gels
incorporating Ag+ and Sr2+ ions at various molar ratios, followed
by hydrothermal treatment at 230 °C in Sr(OH)2 aqueous solu-
tions. The XRD patterns of the synthesized hybrid particles,
demonstrated that precursor gels without Sr2+ ions (Ag : Sr : Ti=
1 : 0 : 4) produced hybrid nanoparticles containing impurities
such as anatase- and rutile-type TiO2. In contrast, gels with Sr2+

ions yielded impurity-free Ag–SrTiO3 hybrid particles. A notable
shi in the XRD peaks originating from SrTiO3 was observed,
10908 | RSC Adv., 2025, 15, 10902–10957
indicating the incorporation of hydroxyl groups into the SrTiO3

lattice, which was further corroborated by thermogravimetric
analysis (TG-DTA).

The TG-DTA analysis, revealed a weight loss up to approxi-
mately 2.5%, suggesting the presence of hydroxyl groups in the
hybrid particles. The incorporation of these groups contributed
to a slight peak shi in the XRD patterns of SrTiO3. The weight
loss attributed to hydroxyl ions increased with the Sr molar
fraction in the precursor gels. This structural modication,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TEM micrographs of SrTiO3 nanoparticles: (a) S2-20, (b) S1-40, (c) S2-40, (d) S1-60, and (e) S2-60.40
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induced by hydroxyl incorporation, highlighted the role of the
Sr content in tailoring the hybrid particle properties.

Secondary electron images obtained via STEM, revealed the
dendritic structure of the Ag–SrTiO3 hybrid particles, with the
particle size decreasing as the Sr molar fraction increased
(Fig. 9). This dendritic growth mechanism was consistent with
diffusion-limited aggregation phenomena, where rapid nucle-
ation and anisotropic surface tension induced the characteristic
branching. Ag nanoparticles formed concurrently with SrTiO3

dendrites, as Ag+ ions released from the dissolving precursor
gels reacted with OH− ions under hydrothermal conditions,
resulting in nanocrystalline Ag precipitates decorating the
SrTiO3 surfaces.

The XRD patterns conrmed the presence of Ag and SrTiO3

phases without observable shis in the SrTiO3 peaks, indicating
consistent structural integrity irrespective of the Ag content
(Fig. 10). The ndings underscored the versatility of the sol–gel-
hydrothermal synthesis technique in producing hierarchical
hybrid nanoparticles with tunable properties, making them
promising candidates for multifunctional applications.

Zhou et al. (2020) utilized this technique to prepare Sr-doped
hydroxyapatite (HA) nanoparticles, demonstrating that Sr
incorporation inuenced the lattice parameters and crystal size
while maintaining the overall crystallinity regardless of
increasing Sr concentrations.41 Both experimental results and
density functional theory simulations agreed on the structural
adjustments caused by Sr doping, which preferentially occupied
specic calcium sites in the HA lattice. This resulted in
© 2025 The Author(s). Published by the Royal Society of Chemistry
improved structural stability, as evidenced by favourable
formation energies.

In a similar vein, Boulkroune et al. (2019) synthesized Sr-
doped ZnS nanoparticles via a surfactant-free hydrothermal
route.42 The Sr incorporation did not introduce new crystalline
phases but inuenced the crystallite size, ranging from 2.24 to
2.51 nm, and led to the aggregation of nanoparticles into
spherical forms. Furthermore, Sr doping altered the optical
properties, reducing the bandgap energy from 3.42 eV to 3.38 eV
and enhancing the photocatalytic degradation of methyl
orange, indicating improved photocatalytic activity with
increased Sr content.

Phoon et al. (2018) explored hydrothermal synthesis for
producing strontium titanate (SrTiO3) nanoparticles, varying
reaction temperatures between 60 °C and 180 °C.43 The nano-
particle size and morphology were strongly temperature-
dependent, with the sample prepared at 150 °C exhibiting the
most uniform size (approximately 47 nm), high surface area
(17.00 m2 g−1), and the best photoelectrochemical water-
splitting performance. The hydrothermally synthesized nano-
particles were subsequently deposited on uorine-doped tin
oxide (FTO) glass, where optimized deposition parameters
yielded lms with high uniformity and enhanced photocurrent
densities, further advancing their hydrogen generation
capabilities.

Devi et al. (2020) examined the impact of hydrothermal
growth duration on SrTiO3 nanoparticle properties. By extend-
ing the growth period from 12 to 48 hours, the morphology
RSC Adv., 2025, 15, 10902–10957 | 10909
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Fig. 9 FE-TEM images of the Ag–SrTiO3 hybrid particles synthesized from the gels with molar ratios of (a-1) Ag : Sr : Ti= 1 : 4 : 4; (b-1) 2 : 4 : 4 and
(c-1) 4 : 4 : 4 by the hydrothermal treatment at 230 °C for 6 h in Sr(OH)2 aqueous solutions. (a-2–c-2) Corresponding high-angle annular dark
field (HAADF)-STEM images with STEM-energy dispersive X-ray spectroscopy (EDX) mapping of the hybrid particles shown in (a-1–c-1),
respectively. Red-colored regions correspond to the Ag nanoparticles.21
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evolved from spherical to cubic, while crystallinity improved as
evidenced by increased diffraction peak intensities.44 Enhanced
crystallinity and cubic morphology contributed to improved
thermoelectric properties, with the sample grown for 24 hours
achieving a signicant power factor. Rahman et al. (2020)
synthesized both bare and N-doped SrTiO3 nanoparticles using
a citric acid-assisted hydrothermal method.45 Post-calcination,
the nanoparticles exhibited monodispersity with an average
size of 50 nm but also displayed surface roughness and oxygen
vacancies due to annealing. Nitrogen doping effectively altered
10910 | RSC Adv., 2025, 15, 10902–10957
the electronic band structure, extending light absorption into
the visible spectrum and improving photocatalytic perfor-
mance. These studies collectively illustrate the versatility and
effectiveness of the hydrothermal synthesis technique in
tailoring structural, morphological, and functional properties
of Sr-based nanoparticles.

3.1.3 Sol–gel processes. The sol–gel method is a highly
adaptable chemical process utilized for synthesizing SrNPs with
exceptional stability and customizable compositions. This
technique transitions a system from a liquid “sol” (a colloidal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (Left) XRD patterns of the hybrid particles synthesized from the
precursor gels with molar ratios of (a) Ag : Sr : Ti = 0 : 4 : 4; (b) 1 : 4 : 4;
(c) 2 : 4 : 4; and (d) 4 : 4 : 4 by the hydrothermal treatment at 230 °C for
6 h in Sr(OH)2 aqueous solutions; (Right) XRD peaks of the hybrid
particles indexed as (110) of SrTiO3 in the 2q range of 31.5–33.0°.21
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suspension of precursors) to a solid “gel” phase through
controlled chemical reactions.46,47

In the sol–gel process, strontium precursors such as alkox-
ides or nitrates undergo hydrolysis and subsequent polymeri-
zation, forming a three-dimensional network. The resulting gel
is carefully dried to remove solvents and then subjected to
calcination at high temperatures. This step eliminates organic
residues and converts the gel into crystalline SrNPs. By ne-
tuning reaction parameters and incorporating additives like
stabilizers or surfactants, the surface characteristics of the
nanoparticles can be modied, and issues such as particle
aggregation can be minimized.48,49

The sol–gel method is particularly advantageous for appli-
cations demanding superior chemical and thermal stability. It
is well-suited for creating bone scaffolds that must withstand
Fig. 11 SEMmicrographs of surface Al2O3/SrCO3 xerogels with the 1.0 Sr
1300 °C (1573 K).51

© 2025 The Author(s). Published by the Royal Society of Chemistry
physiological stresses or antimicrobial coatings that encounter
challenging environmental conditions. The method's ability to
tailor composition and enhance durability makes it a preferred
choice for these specialized applications.49,50 Table 1 provides
a comparative analysis of the sol–gel method, hydrothermal
synthesis, and co-precipitation techniques.

For example, the study by Romańczuk-Ruszuk et al. (2022)
employed a sol–gel synthesis method to create binary xerogel
systems of Al2O3/SrCO3 with Sr/Al molar ratios of 0.1, 0.25, 0.5,
and 1.0.51 The metallic strontium precursor played a crucial role
in inuencing the nal properties of the xerogels. This synthesis
approach facilitated the formation of highly dispersed and
stable strontium carbonate phases, which are critical for the
high dispersion and catalytic activity of platinum nanoparticles
deposited on these supports.

The annealing process signicantly inuenced the
morphological and structural characteristics of the xerogels, as
demonstrated by SEM and TEM analyses. SEM micrographs in
Fig. 11 revealed that the xerogels with a Sr/Al ratio of 1.0
exhibited a non-homogeneous structure when annealed at
1000 °C (1273 K), with noticeable phase aggregation. However,
annealing at higher temperatures, such as 1150 °C (1423 K) and
1300 °C (1573 K), resulted in a monolithic structure with
uniform composition and no evidence of crystallized strontium
phases. This transformation suggests the critical role of thermal
treatment in achieving a homogeneous material with enhanced
structural integrity.

TEM analysis further provided insights into the nanoscale
properties of these xerogels. As shown in Fig. 12, samples
annealed at 500 °C displayed varying morphologies depending
on the Sr/Al molar ratio. At lower ratios (0.1), the structure
remained relatively amorphous, while at higher ratios (1.0),
strontium-rich phases became more prominent. These obser-
vations align with the XRD data, conrming the distribution
and aggregation behavior of the strontium carbonate phases
within the sol–gel systems.

When platinum nanoparticles were incorporated into the
xerogels and the samples were annealed at 500 °C, distinct
molar ratio annealed at: (a) 1000 °C (1273 K), (b) 1150 °C (1423 K), and (c)

RSC Adv., 2025, 15, 10902–10957 | 10911
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Fig. 12 TEM images of Al2O3/SrCO3 xerogels annealed at 500 °C, illustrating different Sr/Al molar ratios: (a) 0.1, (b) 0.5, and (c) 1.0.51
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structural variations were observed depending on the Sr/Al
molar ratio, as illustrated in Fig. 13. The sample with a 0.5 Sr/
Al ratio exhibited unique rod-shaped crystals, which were
absent in the other ratios. TEM images also highlighted the
presence of amorphous alumina, aggregated strontium
carbonate phases, and platinum nanoparticles. The red-marked
regions in the images indicate the distribution of platinum,
demonstrating effective incorporation and dispersion of the
catalyst material. Notably, the high dispersion of platinum,
ranging from 42% to 50%, underscores the potential of these
materials for catalytic applications.

Overall, the sol–gel synthesis enabled precise control over
the composition, morphology, and structural properties of
Al2O3/SrCO3 xerogels, making them suitable as supports for
platinum-based catalysts. These materials demonstrated
a combination of stability, homogeneity, and high dispersion of
active phases, which are desirable attributes for catalytic
systems in industrial and environmental applications.

In the study by Rehman et al. (2022), the sol–gel method was
employed to synthesize Co2+-substituted strontium hexaferrite
nanoparticles (Sr1−xCoxFe12O19) with varying cobalt concentra-
tions (x = 0.0–0.50).52 The sol–gel process, a widely used tech-
nique for producing nanoparticles, involves the conversion of
a solution into a gel phase followed by heat treatment to form
Fig. 13 TEM images of Al2O3/SrCO3 sol–gel incorporated with Pt after an
and (c) Sr : 0.5 Pt.51

10912 | RSC Adv., 2025, 15, 10902–10957
solid nanoparticles. This approach provides precise control over
the particle size and composition, making it ideal for the
synthesis of ferrites with well-dened structural and magnetic
properties.

The X-ray diffraction (XRD) analysis of the synthesized nano-
particles, shown in Fig. 14, revealed the formation of a hexagonal
structure characteristic of SrFe12O19. The diffraction peaks, cor-
responding to the (1 1 0), (1 1 2), and other planes, conrmed the
formation of strontium hexaferrite without secondary phases in
the undoped sample. However, as the cobalt concentration
increased, an undesired hematite phase (Fe2O3) appeared in the
XRD spectra, which was likely due to the oxidation of magnetite
during calcination. Despite this, the hexagonal structure of the
strontium ferrite was maintained, with the peak positions shi-
ing, suggesting the successful substitution of Co2+ for Sr2+ ions,
which caused slight changes in the crystallographic sites due to
the difference in ionic radii. This phase transition and the
structural stability of the ferrite were crucial for the enhanced
magnetic properties of the doped samples.

The scanning electron microscopy (SEM) images depicted in
Fig. 15 revealed that the nanoparticles had a spherical
morphology with a uniform distribution, and their size
remained consistent around 20–25 nm, regardless of the cobalt
concentration. This uniformity is essential for maintaining
nealing at 500 °C, showing molar ratios of: (a) Sr : 0.1 Pt, (b) Sr : 0.25 Pt,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 XRD pattern of Sr1−xCoxFe12O19.52
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consistent magnetic and electrical properties across the
samples. The SEM images also indicated minimal agglomera-
tion, which is benecial for optimizing the material's perfor-
mance in various applications, including magnetic and
electronic devices.

The sol–gel method enabled the preparation of nanoparticles
with a well-maintained stoichiometry, as conrmed by the
Fig. 15 Morphological analysis using SEM for Sr1−xCoxFe12O19 (a) x = 0,

© 2025 The Author(s). Published by the Royal Society of Chemistry
energy-dispersive X-ray (EDX) analysis. The elemental composi-
tion was in agreement with the expected ratios of strontium,
cobalt, iron, and oxygen, ensuring the desired composition for
the magnetic material. Moreover, the Fourier-transform infrared
(FTIR) spectra provided further insight into the structure of the
nanoparticles, with characteristic absorption bands observed
around 600 cm−1 and 400 cm−1, corresponding to the stretching
vibrations of the metal–oxygen bonds in the tetrahedral and
octahedral sites of the hexagonal structure.

This synthesis route allowed for the effective incorporation
of cobalt into the strontium hexaferrite structure, which not
only preserved the hexagonal geometry but also inuenced the
magnetic and electrical properties, making these nanoparticles
suitable for various high-frequency applications such as
microwave absorption and electronics.

Sharma et al. (2022) explored the synthesis of yttrium-
substituted strontium hexaferrite nanoparticles (SrFe12−xYx-
O19) using the sol–gel method.53 This synthesis technique was
selected due to its ability to provide precise control over the
composition and structure of the nanoparticles. X-ray diffrac-
tion (XRD) analysis conrmed the formation of a single-phase
M-type hexagonal structure, with no secondary phases
observed, indicating successful yttrium substitution into the
strontium hexaferrite lattice. Fourier-transform infrared (FTIR)
spectroscopy provided additional evidence of the hexagonal
ferrite structure, with absorption bands at low wavenumbers
that correspond to the stretching vibrations of metal–oxygen
bonds in the tetrahedral and octahedral sites, conrming the
(b) x = 0.15, (c) x = 0.24, and (d) x = 0.5.52
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characteristic features of ferrite materials. The magnetic prop-
erties of the synthesized nanoparticles were investigated using
a vibrating sample magnetometer (VSM). The results revealed
a decrease in both saturation magnetization (Ms) and coercivity
(Hc) values upon yttrium substitution. This decrease was
attributed to the non-magnetic nature of Y3+ ions, which
replaced the magnetic Fe3+ ions in the crystal lattice, thus
altering the magnetic interactions within the material. These
ndings are signicant in understanding the role of yttrium in
modifying the magnetic properties of strontium hexaferrite and
its potential applications in magnetic devices.

Leite et al. (2018) focused on the synthesis and biological
evaluation of bioactive glass nanoparticles (BGNPs), specically
strontium-doped BGNPs (BGNPsSr), produced via the sol–gel
method.54 The sol–gel process allowed for the controlled
incorporation of strontium, with BGNPs having a diameter of
55 nm and BGNPsSr a slightly larger diameter of 75 nm. Despite
the increase in size, the structural integrity of the nanoparticles
was maintained, and no signicant alterations were observed
due to the inclusion of strontium. The cytocompatibility of both
types of nanoparticles was assessed using human umbilical
vein endothelial cells (HUVECs) and SaOS-2 cells, with the
nanoparticles exhibiting excellent biocompatibility. Notably,
the incorporation of strontium in the BGNPs enhanced the
tubule networking behavior of HUVECs, suggesting that stron-
tium plays a role in promoting endothelial cell functions rele-
vant to vascularization. Moreover, the dissolution products of
the BGNPs, particularly BGNPsSr, supported osteogenic differ-
entiation of human adipose stem cells (hASCs). The BGNPsSr
nanoparticles enhanced the expression of key osteogenic genes
and proteins, demonstrating their potential to promote bone
formation without the need for typical osteogenic inducers.
This study highlights the potential of strontium-doped bioac-
tive glass nanoparticles as a valuable tool in bone tissue engi-
neering, particularly in applications that require both
osteogenic differentiation and vascularization.

The study by Zhang et al. (2014) highlighted a water-based
sol–gel synthesis method for fabricating single-crystal stron-
tium hydroxyapatite (SrHAp) nanorods. The process utilized
strontium nitrate and diammonium hydrogen phosphate as
precursors.55 This low-temperature sol–gel method was notable
for its simplicity, achieving gelling without requiring catalysts
or templating agents. The characterization of SrHAp nanorods
synthesized through this method revealed their high crystal-
linity and structural purity.

The X-ray diffraction (XRD) analysis demonstrated that the
synthesized materials exhibited a pure hexagonal SrHAp phase
(JCPDS no. 33-1348) with no evidence of peak shis or
secondary phases. These results conrmed the successful
formation of SrHAp with rened lattice parameters and d-
spacing values aligning closely with the standard SrHAp data-
base. Crystallite size estimation using Scherrer's formula
further validated the nanoscale features of the materials, which
were consistent with dimensions observed in electron micros-
copy studies.

Fourier-transform infrared (FTIR) spectroscopy conrmed
the chemical composition of the synthesized SrHAp powders.
10914 | RSC Adv., 2025, 15, 10902–10957
Prominent bands associated with phosphate groups were
detected, alongside weak bands from carbonate impurities
likely originating from environmental CO2 during synthesis.
The presence of hydroxyl and water adsorption bands under-
scored the material's structural integrity, as expected for pure
hydroxyapatite.

Scanning electron microscopy (SEM) analysis provided crit-
ical insights into the morphological evolution of SrHAp nano-
crystals with aging time (Fig. 16). Aer 24 hours of aging at 60 °
C, irregular agglomerated particles dominated the sample
(Fig. 16A). Extending the aging time to 48 hours produced
uniform, rod-like nanoparticles with diameters of approxi-
mately 30 nm and lengths ranging from 120–180 nm (Fig. 16B).
This transformation highlights the role of aging time in
controlling particle morphology, as extended aging facilitated
anisotropic growth along the c-axis, leading to the formation of
stable SrHAp nanorods.

Transmission electron microscopy (TEM) provided addi-
tional structural details for the 48-hour aged sample (Fig. 17).
The TEM images conrmed the formation of uniform nano-
rods, consistent with the SEM ndings. High-resolution TEM
(HRTEM) imaging (Fig. 17) and the corresponding fast Fourier
transformed (FFT) pattern established the single-crystal nature
of the nanorods. The measured interplanar distances (0.36 nm
along the growth direction and 0.28 nm perpendicular to it)
were in good agreement with the d-spacing of the (002) and
(300) planes reported in the literature for SrHAp.

The study concludes that aging time is a crucial parameter
for optimizing the morphology and crystalline quality of SrHAp
synthesized by the sol–gel method. The approach offers
a straightforward and catalyst-free pathway for producing high-
purity, monodisperse SrHAp nanorods. This synthesis tech-
nique holds potential for applications in areas requiring highly
crystalline hydroxyapatite materials.

Schmidt et al. (2014) successfully synthesized strontium
uoride (SrF2) nanoparticles using the uorolytic sol–gel
method.56 The characterization of these nanoparticles was
performed using dynamic light scattering (DLS), X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), and
nitrogen adsorption/desorption measurements (BET). The
nanoparticles exhibited a hydrodynamic diameter of approxi-
mately 6 nm, with crystallite sizes below 10 nm and a high
surface area of 180 m2 g−1. The sols remained highly trans-
parent and stable for several months but tended to undergo
gelation over time. The aging process was studied using wide-
angle X-ray scattering (WAXS), revealing that Ostwald ripening
was not responsible for the gel formation. Fluorine-containing
crystalline species were detected by XRD and solid-state 19F
magic-angle spinning (MAS) NMR spectroscopy, indicating the
formation of an intermediate phase during the uorosis
reaction.

Youssef et al. (2018) synthesized strontium titanate (SrTiO3)
nanopowders using both sol–gel and solid-state methods to
investigate how the synthesis method inuences the material's
properties.57 Characterization included X-ray diffraction (XRD),
infrared (IR) spectroscopy, thermogravimetric analysis (TGA),
differential thermal analysis (DTA), scanning electron
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 SEM images of the synthetic crystals aged at 60 °C for 24 hours (A) and 48 hours (B).55

Fig. 17 TEM images of the SrHAp sample aged at 60 °C for 48 hours: (A) a low-magnification image, and (B) a high-magnification image along
with the corresponding fast Fourier transformed (FFT) pattern.55
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microscopy (SEM), and transmission electron microscopy
(TEM). XRD analysis conrmed the formation of SrTiO3 and
anatase TiO2, depending on the method used. The solid-state
route led to the formation of microcrystalline particles, while
the sol–gel method produced a more homogeneous nano-
particle sample with sizes in the nanometer range. TEM images
revealed nanoparticles with an average size of about 10 nm. The
sol–gel synthesized sample exhibited higher magnetization and
dielectric constants compared to the solid-state synthesized
sample, highlighting the effect of synthesis method on the
material's magnetic and dielectric properties.

Alimuddin & Rafeeq (2021) synthesized strontium oxide
(SrO) nanoparticles using a simple and cost-effective sol–gel
method with strontium nitrate and sodium hydroxide at room
temperature.58 Characterization techniques including X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
Fourier-transform infrared (FTIR) spectroscopy were used. XRD
patterns conrmed the crystalline nature of the nanoparticles,
© 2025 The Author(s). Published by the Royal Society of Chemistry
with crystallite sizes of approximately 80 nm, calculated using
the Debye–Scherrer formula. SEM revealed that the morphology
of the nanoparticles varied with temperature; at room temper-
ature, they were pseudo-spherical, at 400 °C they formed cubic
shapes, and at 600 °C they became cylindrical due to agglom-
eration. The FTIR spectrum showed a peak at 854.64 cm−1,
corresponding to the Sr–O bond.59

Kumar et al. (2023)59 conducted a comprehensive study on
the synthesis and characterization of rare-earth yttrium (Y3+)-
substituted strontium hexaferrite (SrFe12−xYxO19) nanoparticles
using a chemical-based sol–gel technique, providing a broader
perspective compared to Sharma et al. (2022).53 Both studies
conrmed the formation of a single-phase hexagonal structure
through X-ray diffraction (XRD), with Sharma et al. highlighting
the absence of secondary phases as evidence of successful
yttrium substitution. Kumar et al. (2023)59 further analyzed the
crystallite sizes and strain using the Williamson–Hall method,
revealing slight lattice constant variations with increasing Y3+
RSC Adv., 2025, 15, 10902–10957 | 10915
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content, which were not explicitly discussed in Sharma et al.53's
study.

In terms of morphology, Kumar et al. (2023)59 employed
scanning electron microscopy (SEM) to illustrate hexagonal
crystal symmetry with agglomeration, while also using trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM) to conrm lattice fringe distances and grain size
variations. These imaging techniques provided a more detailed
structural assessment compared to Sharma et al. who did not
present SEM or TEM data. The magnetic properties of the
synthesized nanoparticles were a key focus in both studies, with
each reporting a decrease in saturation magnetization (Ms) due
to the replacement of magnetic Fe3+ ions by non-magnetic Y3+

ions. However, while Sharma et al.53 observed a concurrent
decrease in coercivity (Hc), Kumar et al.59 found that Hc

increased from 5983 to 6595 Oe with higher Y3+ content, sug-
gesting an enhancement in magnetocrystalline anisotropy,
possibly inuenced by differences in synthesis conditions or
particle size effects.

A key distinction between the two studies is Kumar et al.
(2023)'s59 exploration of optical properties, which Sharma et al.
(2022)53 did not investigate. Photoluminescence (PL) spectra in
Kumar et al. (2023)'s study revealed an emission peak at 481 nm,
while UV-Visible spectroscopy showed a decrease in band gap
energy from 2.3 eV to 1.93 eV as Y3+ concentration increased.59

These ndings indicate potential applications in optoelectronic
and photocatalytic technologies, expanding the functional
scope of the material beyond its magnetic properties. Further-
more, Kumar et al. (2023) examined the biocompatibility of
SrFe12−xYxO19 nanoparticles through cytotoxicity assays,
demonstrating their ability to promote cell growth at lower
concentrations.59 This suggests potential biomedical applica-
tions such as bone replacement, magnetic drug delivery, and
metal implant coatings, aspects that were not addressed in
Sharma et al.53's study.

While both studies provide valuable insights into the effects
of Y3+ substitution in SrFe12−xYxO19, Kumar et al. (2023) extend
their research beyond magnetic characterization by incorpo-
rating structural, optical, and biological analyses.59 The differ-
ences in coercivity trends between the two studies highlight the
need for further investigation into synthesis-dependent varia-
tions in magnetic anisotropy. Additionally, the optical and
biomedical ndings in Kumar et al.59 suggest that Y3+-
substituted SrFe12−xYxO19 nanoparticles hold promise for
multifunctional applications, whereas Sharma et al.53 focused
primarily on structural and magnetic modications. Future
research could integrate insights from both studies to rene
synthesis techniques and optimize the multifunctionality of
these materials for diverse technological applications.
3.2 Structural and surface modications

3.2.1 Doping. Doping is a versatile strategy to enhance the
properties of materials by incorporating specic elements,
tailoring them for specialized applications. Studies have
explored the doping of strontium-based nanoparticles with
various metals and the integration of strontium into other
10916 | RSC Adv., 2025, 15, 10902–10957
materials, yielding composites with improved structural, func-
tional, and antimicrobial properties.60,61

Silver doping into strontium-based materials leverages the
strong antimicrobial properties of silver ions (Ag+). These ions
disrupt microbial cell membranes, destabilize essential meta-
bolic processes, and generate reactive oxygen species (ROS) that
further damage microbial cells. By embedding silver into
strontiummatrices, controlled release of silver ions is achieved,
providing sustained antimicrobial activity. This makes silver-
doped strontium composites particularly suitable for long-
term applications such as antimicrobial coatings for medical
devices or water purication systems.62,63

Zinc doping has also proven effective in enhancing the
antimicrobial properties of strontium-based materials. Zinc
ions (Zn2+) destabilize microbial membranes, interfere with ion
transport, and promote oxidative damage through ROS gener-
ation. In addition, zinc has specic antifungal properties,
broadening the spectrum of antimicrobial activity. Zinc-doped
strontium materials exhibit synergistic effects, targeting both
bacteria and fungi, including drug-resistant strains, and are
ideal for applications in healthcare settings requiring robust
antimicrobial surfaces.63,64

Copper (Cu) doping has emerged as another promising
avenue, where copper ions enhance antimicrobial efficacy
through membrane disruption and interference with protein
and enzyme activity in microbial cells. Copper's ability to
generate ROS complements the intrinsic properties of stron-
tium, creating materials with enhanced performance. Copper-
doped strontium nanoparticles nd applications in areas like
antimicrobial coatings and environmental remediation.65

Strontium-doped materials also exhibit signicant advance-
ments in functionality. Incorporating strontium into bioactive
glasses, ceramics, or other nanoparticles enhances ion
exchange capabilities and facilitates a sustained release of
antimicrobial ions. Strontium ions (Sr2+) have been shown to
disrupt microbial metabolic pathways and inhibit biolm
formation, a critical factor in microbial resistance. These
properties, combined with strontium's known benets in
promoting bone health, make strontium-doped materials
highly desirable for biomedical applications, such as implant
coatings that prevent infections while supporting bone regen-
eration.66,67 Materials doped with strontium and metals like
silver, zinc, or copper demonstrate enhanced photocatalytic
activities, making them useful for light-activated antimicrobial
applications. These materials also show improved biocompati-
bility, crucial for medical and environmental uses. For example,
strontium's incorporation into bioactive glasses enhances
osteoconductivity, while doping with silver or zinc introduces
antimicrobial effects, creating multifunctional materials suit-
able for orthopedic implants and wound-healing
applications.68,69

Doping other materials with strontium, or combining it with
metals like silver, zinc, or copper, creates advanced composites
with unique properties. These materials are pivotal in diverse
elds, including healthcare, water treatment, environmental
remediation, and food safety. Future research could focus on
optimizing doping techniques, ensuring precise control over
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ion release, and minimizing cytotoxic effects while exploring
novel dopant combinations to unlock further potential in these
multifunctional materials.70,71 Strontium's multifaceted role in
biomedical applications has been prominently highlighted
across recent studies, underscoring its osteoinductive, antimi-
crobial, and synergistic properties when combined with other
elements or materials. These qualities make strontium an
invaluable additive in the development of next-generation
biomaterials, particularly for bone regeneration and infection
control.71,72

The public health implications of incorporating strontium
into biomaterials are profound, given its dual role in promoting
bone regeneration and mitigating infection risks. From
enhancing osteogenesis to providing antimicrobial functionality,
strontium-based compounds and coatings are at the forefront of
innovations aimed at improving patient outcomes in orthopedic
and dental applications. The following studies illuminate how
strontium's unique properties contribute to these advancements
while addressing critical public health challenges.73,74

Adawy and D́ıaz (2022) highlighted strontium's osteoinductive
potential when integrated into monetite-based calcium phos-
phate compounds.75 This study underscores strontium's ability to
enhance bone growth while also providing antimicrobial effects
at high concentrations. Such dual functionality is highly bene-
cial in clinical settings were infections and impaired bone healing
oen complicate recovery. For instance, strontium-doped mone-
tite is a promising candidate for bone cement and scaffolds,
particularly in procedures requiring extensive bone regeneration.
By supporting the viability of osteoblast-like Soas-2 cells,
strontium-doped monetite ensures biocompatibility, a critical
criterion for medical applications. From a public health
perspective, the deployment of such materials could signicantly
reduce the incidence of post-surgical infections and promote
faster recovery, alleviating the burden on healthcare systems and
improving patient quality of life.

Zuo et al. (2022) expanded this application to titanium
implants, demonstrating how strontium-calcium-phosphate
(SrCaP) coatings fostered osteointegration while incorporating
zinc for antimicrobial efficacy.76 The synergy between stron-
tium's bioactivity and zinc's antimicrobial properties creates
a comprehensive solution for implant-associated infections—
a growing concern as implant usage rises globally. Strontium's
contribution to structural and biological integrity in SrCaP
coatings is particularly noteworthy, as it ensures that the
implants not only resist bacterial colonization but also promote
healthy bone integration. Public health benets here include
lower rates of implant failure, fewer revision surgeries, and
reduced healthcare costs.

Similarly, Chen et al. (2021) developed Zn/Sr co-doped
nanorod coatings that combine the osteogenic effects of
strontium with the antibacterial properties of zinc.77 This
combination is especially effective in preventing peri-implant
infections, a signicant complication in dental and ortho-
pedic implants. Strontium's role in enhancing early osteo-
genesis through improved cellular adhesion and proliferation
of rBMSCs underscores its importance in accelerating the
healing process. By synergistically inhibiting bacterial adhesion
© 2025 The Author(s). Published by the Royal Society of Chemistry
and biolm formation, these multifunctional coatings address
two critical barriers to implant success: infection and poor bone
integration. The public health implications of such materials
include not only improved patient outcomes but also broader
access to safer, more effective implants.

Geng et al. (2016) explored the co-substitution of strontium
and silver in hydroxyapatite coatings, addressing the challenge
of balancing antimicrobial efficacy and biocompatibility.78

While silver provided robust antibacterial activity, its cytotox-
icity posed limitations for safe clinical use. Strontiummitigated
this toxicity, enhancing the overall biocompatibility of the
coatings. The ndings illustrate how strontium can serve as
a stabilizing agent, enabling the integration of otherwise toxic
antimicrobial components. From a public health perspective,
materials like Sr/Ag-doped hydroxyapatite could reduce
hospital-acquired infections, particularly in vulnerable pop-
ulations, while maintaining high standards of patient safety.

Saeed and Azhdar (2020) broadened the scope of strontium's
applications by introducing holmium-doped strontium hex-
aferrite for potential use in targeted drug delivery or bioimag-
ing.79 Although primarily focused on magnetic materials, the
study highlights strontium's ability to stabilize lattice structures
and rene particle morphology. These properties are essential
for developing advanced biomedical technologies, such as
precision imaging tools or smart drug delivery systems. Public
health benets in this context include improved diagnostic
accuracy and targeted therapies, which could transform the
management of chronic diseases and cancer.80

Collectively, these studies emphasize strontium's versatility
in addressing pressing public health concerns. Its osteoinduc-
tive properties, when paired with antimicrobial agents like zinc
and silver, provide a multifaceted approach to overcoming
challenges in bone healing and infection control. Furthermore,
its role in stabilizing complex material systems expands its
potential applications to cutting-edge medical technologies. As
the global population ages and the demand for orthopedic and
dental interventions increases, optimizing strontium's integra-
tion into biomaterials will be crucial. Continued research on
strontium's concentration thresholds, toxicity mitigation strat-
egies, and synergistic interactions with other elements will
ensure its safe and effective use, ultimately enhancing public
health outcomes and reducing healthcare costs.

3.2.2 Surface functionalization. Surface functionalization
of nanoparticles with polymers or peptides is a transformative
strategy that addresses critical challenges in the development of
nanomaterials for biomedical applications. By modifying the
surface properties of nanoparticles, functionalization enhances
their interaction with biological systems, thereby improving
their biocompatibility, targeting capabilities, and functional
efficiency.81,82 This approach is especially valuable in medical
contexts where the inherent properties of bare nanoparticles,
such as toxicity, instability, or nonspecic interactions, could
limit their therapeutic potential or lead to adverse effects.82

Polymers and peptides serve as versatile functionalization
agents due to their biocompatible, biodegradable, and tunable
chemical structures. When applied to nanoparticles, polymers
such as dextran, polyethylene glycol (PEG), or polyvinyl alcohol
RSC Adv., 2025, 15, 10902–10957 | 10917
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(PVA) form a protective coating that stabilizes the nanoparticles
in biological environments. This stability prevents aggregation,
reduces interactions with nonspecic proteins, and shields the
nanoparticle core from the immune system, thereby prolonging
circulation time in vivo. For instance, PEGylation—functionali-
zation with PEG—has become a gold standard for increasing
the biocompatibility and systemic persistence of nanoparticles
used in drug delivery and imaging.83,84

Peptides, on the other hand, offer the unique advantage of
specicity. Functionalizing nanoparticles with targeting
peptides enables precise interaction with biological molecules
or cellular receptors, enhancing the nanoparticles' ability to
reach specic tissues or cellular compartments. This precision
is crucial in cancer therapies, where targeted delivery can
maximize therapeutic effects while minimizing off-target
toxicity. For example, peptides that mimic natural ligands of
cancer cell receptors can direct nanoparticles to tumor sites,
enabling localized treatment and reducing systemic side
effects.85–88

Surface functionalization also allows for the integration of
multiple functionalities onto a single nanoparticle. This mul-
tifunctionality can combine diagnostic and therapeutic capa-
bilities, creating theranostic platforms. For example,
nanoparticles functionalized with polymers for enhanced
biocompatibility can simultaneously be conjugated with
peptides or antibodies for targeted therapy and uorescent dyes
or contrast agents for imaging.89,90

In addition to biocompatibility and targeting, surface func-
tionalization with polymers or peptides can inuence the
pharmacokinetics and biodistribution of nanoparticles. Func-
tionalization can alter the surface charge and hydrophilicity of
nanoparticles, which affects their interaction with plasma
proteins and uptake by cells. For instance, neutral or negatively
charged functional groups are generally less likely to provoke
unwanted interactions with negatively charged cell membranes,
reducing nonspecic uptake and potential cytotoxicity.91

Importantly, functionalization provides an avenue for ne-
tuning the release of therapeutic agents. For drug-loaded
nanoparticles, polymers can act as stimuli-responsive coatings
that release their cargo in response to environmental triggers
such as pH, temperature, or enzymatic activity. Such precision
in drug delivery enhances therapeutic efficacy and reduces drug
wastage or unintended side effects.92

The transformative impact of surface functionalization
extends beyond laboratory studies, addressing translational
challenges in the clinical application of nanomaterials. Func-
tionalized nanoparticles can meet stringent regulatory
requirements for biocompatibility and safety, paving the way for
their approval and adoption in real-world healthcare settings.
Moreover, advances in functionalization techniques continue to
expand the repertoire of polymers and peptides available,
enabling the design of nanoparticles tailored to specic
diseases and patient needs.93

Surface functionalization with polymers or peptides revolu-
tionizes the use of nanoparticles in biomedicine by improving
stability, biocompatibility, and specicity. This approach not
only addresses the inherent limitations of bare nanoparticles
10918 | RSC Adv., 2025, 15, 10902–10957
but also unlocks new possibilities for targeted therapy, diag-
nostics, and controlled drug delivery. As functionalization
techniques evolve, they will play an increasingly vital role in the
development of next-generation nanotherapeutics and their
integration into precision medicine.94

For instance, the study of Thorat et al. (2013) provide
a compelling case by synthesizing La0.7Sr0.3MnO3 (LSMO)
nanoparticles and functionalizing them with dextran, show-
casing how these strategies can signicantly enhance their
utility in targeted cancer therapies such as magnetic uid
hyperthermia.95 The study demonstrates the benets of dextran
functionalization in stabilizing the nanoparticles, minimizing
cytotoxic effects, and improving thermal efficiency, all while
incorporating the unique properties of strontium within the
nanoparticles.

Strontium, a key component of LSMO nanoparticles,
contributes to their magnetic properties, which are crucial for
applications such as hyperthermia. Strontium's substitution in
the perovskite structure enhances the magnetic and thermal
behaviors of LSMO nanoparticles, enabling precise and efficient
heat generation under an alternating current (AC) magnetic
eld. This characteristic is pivotal in hyperthermia-based
cancer treatment, where maintaining controlled temperatures
is essential to target cancer cells while sparing healthy tissues.
Strontium's role in the structural stability of LSMO further
underscores its importance in biomedical applications, as it
aids in maintaining the integrity of nanoparticles during
synthesis and functionalization processes.

From a public health perspective, surface functionalization
of strontium-containing nanoparticles, such as dextran-coated
LSMO, offers several critical advantages. The biocompatibility
of dextran-functionalized nanoparticles was rigorously evalu-
ated in vitro using L929 and HeLa cell lines. Cytotoxicity assays
demonstrated signicantly reduced toxicity in dextran-coated
nanoparticles compared to bare ones. The cell viability excee-
ded 80% even at the highest tested concentrations (1 mg mL−1),
indicating that dextran functionalization mitigates potential
adverse effects on cellular health. This is particularly important
for nanoparticles intended for in vivo applications, as mini-
mizing toxicity is crucial for patient safety and the regulatory
approval of nanoparticle-based therapies.

The study also highlighted the mechanisms by which func-
tionalization reduces cytotoxicity. Dextran's neutral functional
groups prevent nonspecic binding and clustering on nega-
tively charged cell membranes, reducing internalization and
subsequent cytotoxic effects. This is especially relevant from
a public health standpoint, as nanoparticles with high cyto-
compatibility proles are less likely to induce adverse systemic
effects when used in therapeutic contexts. Furthermore,
dextran-coated nanoparticles exhibited enhanced stability in
physiological environments, ensuring consistent performance
and reducing the risk of unpredictable behavior in biological
systems.

The incorporation of strontium into functionalized nano-
particles also has implications for public health beyond
hyperthermia. Strontium's known roles in bone health and its
therapeutic potential in osteoporosis treatment suggest
© 2025 The Author(s). Published by the Royal Society of Chemistry
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additional biomedical applications for such nanoparticles,
including bone-targeted drug delivery systems. However, the
public health deployment of these technologies must account
for potential risks, such as environmental contamination or
unforeseen biological interactions, emphasizing the need for
comprehensive safety evaluations.

Moreover, the magnetic uid hyperthermia studies con-
ducted by Thorat et al. revealed that dextran-coated LSMO
nanoparticles achieved a specic absorption rate (SAR) of 51 W
g−1, compared to 25 W g−1 for uncoated nanoparticles.95 This
improvement signies greater thermal efficiency and control,
critical for clinical applications. By incorporating strontium
into a biocompatible, polymer-functionalized framework, the
study achieves a balance between functionality and safety, a key
consideration in the public health implementation of
nanoparticle-based technologies.

In a nutshell, the surface functionalization of strontium-
containing nanoparticles with polymers like dextran signi-
cantly improves biocompatibility and targeting efficiency, with
far-reaching implications for biomedical applications and
public health. Thorat et al.'s95 study highlights the role of
strontium in enhancing the functional properties of LSMO
nanoparticles and demonstrates how dextran functionalization
reduces cytotoxicity and improves performance. These
advancements hold promise not only for cancer therapies like
magnetic uid hyperthermia but also for broader applications
in public health, such as drug delivery and regenerative medi-
cine. Nonetheless, careful consideration of safety and environ-
mental impacts remains essential to maximize the benets of
these innovative materials.
4 Molecular pathways in bone
regeneration and homeostasis
4.1 Osteoinductive and osteogenic mechanisms

Strontium ions (Sr2+) released from strontium nanoparticles
(SrNPs) promote bone regeneration by enhancing osteoblast
proliferation and differentiation while inhibiting osteoclast
activity.96–100 These effects are mediated through two key
pathways:

4.1.1 Wnt/b-catenin signalling. Strontium ions (Sr2+) play
a pivotal role in bone regeneration by modulating the Wnt/b-
catenin signaling pathway, a key regulator of osteogenesis. The
activation of this pathway begins with Sr2+ enhancing the
interaction between Wnt ligands and their respective receptors,
Frizzled and LRP5/6, located on the surface of osteoblast
precursor cells. This receptor–ligand binding triggers a cascade
of intracellular events that stabilize b-catenin, a crucial
signaling molecule. Stabilized b-catenin escapes proteasomal
degradation and accumulates in the cytoplasm, eventually
translocating to the nucleus.100–103

Within the nucleus, b-catenin acts as a transcriptional
coactivator, binding to T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors to upregulate the expression of
osteogenic genes. Among these, RUNX2, COL1A1, and ALP is
particularly signicant. RUNX2 is a master regulator of
© 2025 The Author(s). Published by the Royal Society of Chemistry
osteoblast differentiation, guiding progenitor cells toward an
osteoblastic lineage. COL1A1 encodes type I collagen, a primary
component of the bone extracellular matrix, essential for
providing structural integrity and a scaffold for mineral depo-
sition. ALP, or alkaline phosphatase, facilitates the minerali-
zation process by hydrolyzing phosphate esters to provide
inorganic phosphate necessary for hydroxyapatite crystal
formation.104–107

The upregulation of these genes results in enhanced extra-
cellular matrix production and mineralization, key processes in
bone tissue development and repair. By driving these cellular
and molecular activities, Sr2+ accelerates osteoblast prolifera-
tion and activity, promoting robust bone formation and
regeneration. This makes the activation of the Wnt/b-catenin
pathway by Sr2+ a cornerstone mechanism in developing ther-
apeutic strategies for bone-related disorders and improving
bone healing outcomes.108–112

For example, the following studies by Rybchyn et al. (2011),113

Yang et al. (2011),114 and Cui et al. (2019)115 provide signicant
support for the role of Sr2+ in activating the Wnt/b-catenin
signaling pathway, which is critical for osteogenesis. These
studies align with the mechanistic pathway discussed earlier,
showing that strontium not only enhances osteoblast activity
but also inuences key signaling mechanisms involved in bone
formation.

Rybchyn et al. (2011) demonstrate that strontium exposure
increases mineralization in human osteoblast cultures while
decreasing the expression of sclerostin, a protein that inhibits
canonical Wnt signaling.113 By decreasing sclerostin levels,
strontium effectively removes a negative regulator of bone
formation, thus promoting Wnt/b-catenin signaling. Further-
more, the study highlights that strontium induces an Akt-
dependent signaling cascade, which activates the nuclear
translocation of b-catenin. This aligns with the mechanism
where Sr2+ stabilizes b-catenin and facilitates its movement to
the nucleus, where it regulates osteogenic gene expression. The
activation of Wnt/b-catenin signaling in this context is pre-
sented as a crucial pathway through which strontium exerts its
osteoinductive effects on osteoblasts.

Yang et al. (2011) further support this by demonstrating that
strontium ranelate promotes osteogenic differentiation in
human mesenchymal stem cells (MSCs) through the activation
of the Wnt/b-catenin pathway.114 Their study shows that stron-
tium not only enhances osteoblast differentiation but also
stimulates the expression of extracellular matrix (ECM) genes,
a hallmark of osteogenesis. Importantly, they also observed
increased b-catenin expression in newly formed bone tissue in
vivo, suggesting that strontium's effect on Wnt/b-catenin
signaling contributes to enhanced bone formation. This rein-
forces the idea that Sr2+ promotes osteoblast differentiation and
bone regeneration by activating this key signaling pathway.

Cui et al. (2019) provide additional evidence by showing that
strontium incorporation into bioactive borate glass cement
enhances osteogenic differentiation of human bone marrow
stem cells (hBMSCs) in vitro and supports bone regeneration in
vivo.115 They found that strontium substitution activated both
the Wnt/b-catenin and BMP signaling pathways, further
RSC Adv., 2025, 15, 10902–10957 | 10919
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emphasizing the role of Wnt/b-catenin signaling in strontium-
induced osteogenesis. Their study highlights that the optimal
osteogenic response was observed when the cement contained
6 mol% SrO, which effectively promoted osteoblast prolifera-
tion, differentiation, and mineralization. This suggests that the
Wnt/b-catenin pathway is a key mediator of strontium's
osteoinductive effects in various biomaterial contexts.

Collectively, these studies underscore the importance of
Wnt/b-catenin signaling in the osteoinductive actions of
strontium. They illustrate how strontium modulates key
signaling pathways, such as reducing sclerostin levels, acti-
vating b-catenin translocation to the nucleus, and enhancing
osteoblast differentiation and bone formation. This mecha-
nistic insight reinforces the potential of strontium as an effec-
tive therapeutic agent for promoting bone healing and
regeneration.

4.1.2 RANK/RANKL/OPG system. Strontium (Sr2+) plays
a pivotal role in regulating bone metabolism by modulating the
RANK/RANKL/OPG signalling pathway, which is central to
osteoclastogenesis. Osteoclasts, the cells responsible for bone
resorption, are regulated by the interaction of RANKL (Receptor
Activator of Nuclear Factor-kappa B Ligand) with its receptor
RANK, expressed on osteoclast precursors and mature osteo-
clasts. This interaction triggers a cascade of signaling events
that leads to the differentiation and activation of osteoclasts,
promoting bone resorption. The osteoblast-derived protein
osteoprotegerin (OPG) functions as a decoy receptor for RANKL,
binding to RANKL and preventing its interaction with RANK,
thus inhibiting osteoclastogenesis.116,117

Sr2+ has been shown to regulate this system through a dual
mechanism. First, Sr2+ reduces the expression of RANKL, which
is crucial for the activation of osteoclastogenesis. By decreasing
the levels of RANKL, Sr2+ minimizes its availability to bind to
RANK receptors on osteoclast precursors, thereby preventing
the initiation of the signaling cascade that leads to osteoclast
differentiation. Second, Sr2+ upregulates the secretion of OPG
from osteoblasts. Elevated OPG levels increase the binding of
OPG to RANKL, further limiting RANKL's ability to activate
RANK and suppressing osteoclast differentiation. This
combined effect—reduced RANKL expression and enhanced
OPG secretion—ultimately leads to a decrease in osteoclasto-
genesis, thereby inhibiting excessive bone resorption.118,119

In addition to modulating the RANK/RANKL/OPG pathway,
Sr2+ also exerts direct effects on osteoclast activity. It has been
shown to reduce the expression of key osteoclast markers,
including tartrate-resistant acid phosphatase (TRAP) and
Cathepsin K, both of which are critical for osteoclast function.
TRAP is a well-established marker of osteoclast differentiation
and activity, and its downregulation by Sr2+ leads to a reduction
in osteoclast activity. Similarly, Cathepsin K, a protease involved
in the degradation of the bone matrix by osteoclasts, is also
downregulated in response to Sr2+ treatment, further limiting
osteoclast-mediated bone resorption.120,121

Together, these actions of Sr2+ provide a comprehensive
approach to regulating bone resorption. By decreasing RANKL
expression and increasing OPG secretion, Sr2+ not only prevents
osteoclast differentiation but also ensures that the osteoclasts
10920 | RSC Adv., 2025, 15, 10902–10957
that do form are less active. This dual action of Sr2+ in sup-
pressing osteoclastogenesis and inhibiting osteoclast function
helps to maintain bone homeostasis, preventing excessive bone
loss while promoting the preservation of bone structure.
Furthermore, this regulatory role of Sr2+ is crucial in both
physiological and pathological conditions, such as osteoporosis
and osteoarthritis, where controlling bone resorption and
supporting bone formation is essential for maintaining skeletal
health.

The following studies provide valuable insights into the
mechanism by which Sr2+ regulates the RANK/RANKL/OPG
signaling axis to suppress osteoclast activity, thereby support-
ing its role in inhibiting osteoclastogenesis while promoting
bone formation. A detailed discussion of these studies is pre-
sented below:

The following studies provide compelling evidence sup-
porting the role of strontium (Sr2+) in regulating the RANK/
RANKL/OPG signalling axis, which is critical for osteoclasto-
genesis and bonemetabolism. Sr2+'s effects are characterized by
a dual mechanism: suppression of osteoclast differentiation
and activity, coupled with the promotion of osteoblast function
and bone formation. The studies reviewed below highlight key
molecular pathways through which Sr2+ exerts these effects,
offering a cohesive understanding of its role in bone
homeostasis.

Sun et al. (2018) investigated the impact of Sr2+ on osteo-
clastogenesis, particularly through its regulation of the RANK/
RANKL/OPG pathway.122 The authors demonstrated that Sr2+

treatment led to a reduction in RANKL levels, a crucial mediator
of osteoclast differentiation. This reduction in RANKL expres-
sion directly supports the suppression of osteoclast activity by
limiting the signaling that triggers osteoclastogenesis. Addi-
tionally, Sr2+ was shown to enhance the LRP6/b-catenin/OPG
signaling pathway in MC3T3-E1 osteoblast-like cells. This
pathway promotes the upregulation of OPG, which subse-
quently binds to RANKL, preventing its interaction with the
RANK receptor on osteoclast precursors. These ndings align
with the proposed mechanism where Sr2+ both reduces RANKL
expression and upregulates OPG to inhibit osteoclastogenesis
while promoting bone formation. Furthermore, Sr2+ also
modulated osteoclast activity through direct regulation of
markers like miR-181d-5p, which is involved in OPG expression,
further supporting its anti-resorptive effects.

Atkins et al. (2009) explored the effects of strontium ranelate
(SR) on the OPG/RANKL system and its inuence on osteo-
blastic function.123 SR treatment promoted osteoblast matura-
tion and osteocyte differentiation, accompanied by an increase
in OPG secretion. This enhancement in the OPG/RANKL ratio
was associated with a reduction in osteoclastogenesis. By
increasing OPG levels, SR reduced the availability of RANKL to
bind to RANK receptors on osteoclast precursors, thereby
inhibiting osteoclast differentiation and resorptive activity. This
study reinforces themechanism proposed by Sun et al. (2018),122

where Sr2+ regulates the RANK/RANKL/OPG system to suppress
osteoclast activity and bone resorption while supporting oste-
oblast maturation and mineralization.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00308c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
12

:0
7:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Peng et al. (2011) further elucidated the role of Sr2+ in
enhancing OPG secretion in osteoblasts.124 The study demon-
strated that SrCl2 treatment of MC3T3-E1 cells increased OPG
expression, which played a critical role in inhibiting osteoclas-
togenesis. Notably, neutralization of OPG reversed Sr2+'s effects
on osteoclast differentiation, highlighting the centrality of the
OPG/RANKL pathway in mediating Sr2+'s anti-resorptive effects.
These ndings complement the earlier studies by conrming
that Sr2+ promotes OPG secretion from osteoblasts, thereby
inhibiting osteoclastogenesis by preventing RANKL from
interacting with RANK receptors. Additionally, Sr2+ treatment
led to a decrease in osteoclast activity, further substantiating its
dual action in regulating bone resorption and formation.

Tat et al. (2011) investigated the effects of strontium ranelate
(SR) on osteoblasts from human osteoarthritic (OA) subchondral
bone.125 They found that SR treatment signicantly increased
OPG production while reducing RANKL expression, particularly
the RANKL isoforms involved in osteoclast activation. This was
coupled with a reduction in membranous RANKL, further
inhibiting osteoclastogenesis. The study also observed a decrease
in bone resorption, as evidenced by reduced resorbed surface
area. These results are particularly relevant in pathological
conditions like osteoarthritis, where Sr2+ not only regulates the
OPG/RANKL axis to inhibit osteoclast activity but also promotes
osteoblast function and bone formation.

Collectively, these studies provide strong evidence that Sr2+

modulates bone metabolism through its regulation of the
RANK/RANKL/OPG system. Sr2+ reduces RANKL expression,
upregulates OPG secretion, and inhibits osteoclast differentia-
tion and activity. This dual mechanism—directly suppressing
osteoclastogenesis and indirectly promoting osteoblast differ-
entiation and OPG secretion—prevents excessive bone resorp-
tion while supporting bone formation. Therefore, Sr2+ emerges
as a crucial modulator of bone homeostasis, with signicant
implications for both healthy bone remodelling and the treat-
ment of pathological bone conditions such as osteoarthritis and
osteoporosis.
5 Biomedical applications of
strontium-based nanomaterials in
orthopedic implants

SrNPs have been widely integrated into various biomedical
platforms such as scaffolds, hydrogels, and surface coatings for
orthopedic implants, demonstrating their multifaceted role in
enhancing bone repair and regeneration. These applications
leverage the osteoconductive and osteoinductive properties of
Sr ions, which promote osteoblast activity and suppress
osteoclast-mediated bone resorption.126,127

In scaffolds, SrNPs are oen incorporated to improve
mechanical strength, biocompatibility, and osteogenic poten-
tial. These scaffolds provide structural support while actively
participating in bone regeneration by releasing Sr ions that
stimulate bone tissue growth. Hydrogels containing SrNPs serve
as injectable systems or 3D matrices, offering both a conducive
environment for cellular activities and the gradual release of
© 2025 The Author(s). Published by the Royal Society of Chemistry
bioactive ions to encourage bone healing. Similarly, SrNPs have
been used as coatings for orthopedic implants to enhance
surface bioactivity, minimize implant-associated inammation,
and promote direct bone-implant integration.128–131

These platforms collectively exemplify the versatility of
SrNPs in addressing critical challenges in orthopedic treat-
ments, including poor integration of implants, insufficient
mechanical support, and the need for sustained bioactivity.
Specic applications range from non-load-bearing bone repair
to enhancing the performance of load-bearing implants in
complex fractures or bone defects. Examples include their
integration into polymeric scaffolds, hybrid composites, and
bioactive coatings, demonstrating their efficacy in both in vitro
and in vivo studies.
5.1 Strontium-doped hydroxyapatite (HA) nanoparticles

The incorporation of strontium (Sr) into hydroxyapatite (HA)
nanoparticles has proven to be a promising approach in
advancing scaffold technology for bone tissue engineering. Sr-
doped HA exhibits unique bioactive properties that signi-
cantly enhance the biological and mechanical performance of
scaffolds. On the biological front, Sr ions are known to stimu-
late osteoblast activity, promote alkaline phosphatase (ALP)
expression, and encourage extracellular matrix mineraliza-
tion.132,133 These effects are crucial for initiating and sustaining
osteogenesis, making Sr-doped HA a favourable choice for bone
regeneration applications. Additionally, Sr is recognized for its
capacity to inhibit osteoclast-mediated bone resorption, which
helps to maintain bone integrity during the healing process.134

In terms of mechanical strength, the doping of Sr into HA
improves the crystallinity and stability of the material, making
it more robust under physiological conditions. This is particu-
larly benecial for scaffolds designed to bear the mechanical
loads of bone tissue, as it addresses one of the major limitations
of conventional HA-based scaffolds, which oen lack sufficient
compressive strength. By optimizing the doping concentration
and combining Sr-doped HA with other reinforcing materials,
scaffolds can achieve a balanced prole of high porosity for cell
inltration and adequate mechanical support for tissue
regeneration.135,136

Moreover, Sr-doped HA nanoparticles have demonstrated
versatility in their integration into composite scaffolds. These
composites oen combine Sr-doped HA with polymers,
ceramics, or other bioactive materials to create hybrid scaffolds
with enhanced properties. For example, incorporating Sr-doped
HA into biopolymeric matrices not only improves the structural
integrity but also allows for controlled ion release, promoting
sustained osteogenic activity. This synergy between the
components of the composite scaffolds contributes to their
multifunctionality, addressing challenges such as poor
mechanical performance, limited osteoconductivity, and the
need for vascularization.137,138

Recent advancements have explored strategies such as
coupling Sr-doped HA with nanostructured elements or func-
tional additives, which further enhance scaffold properties.
These developments are pivotal in aligning scaffold design with
RSC Adv., 2025, 15, 10902–10957 | 10921

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00308c


Fig. 18 Live/dead cell viability assay images of MC3T3-E1 cells after
24 h seeding on PPF/HA, PPF/Sr5-HA, PPF/Sr10-HA, and PPF/Sr20-HA
scaffolds. Cell density on PPF/Sr10-HA nanocomposite scaffolds was
the highest (p < 0.05) among the groups. Green color indicates live
cells; red indicates dead cells.143
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the complex demands of bone tissue engineering, including
osteogenesis, angiogenesis, and long-term structural support.
Sr-doped HA scaffolds have shown potential in various appli-
cations, from non-load-bearing bone repair to supporting more
dynamic and mechanically demanding environments.138–140

The progress in Sr-doped HA nanoparticle-based scaffolds
underscores the material's potential to bridge the gap between
biocompatibility and mechanical performance. By leveraging
the osteogenic and anti-resorptive properties of Sr with the
structural advantages of HA, these scaffolds represent a signi-
cant step forward in designing bioactive and mechanically
resilient materials for clinical applications. The ongoing opti-
mization of these systems continues to open new avenues in the
eld of bone tissue engineering, promising improved patient
outcomes in the treatment of bone defects and fractures.140–142

Li et al. (2018) explored the incorporation of strontium-
substituted hydroxyapatite (Sr-HA) nanoparticles into poly(-
propylene fumarate) (PPF)-based scaffolds to enhance their
mechanical strength and osteoinductive properties for bone
tissue engineering applications.143 The study aimed to investi-
gate the effect of varying strontium contents (0%, 5%, 10%, and
20% Sr substitution) in Sr-HA on the structural characteristics,
mechanical properties, and biological responses of the
composite scaffolds. These scaffolds were fabricated as two-
dimensional disks using a thermal cross-linking method, and
their structure and surface morphology were thoroughly
analyzed using scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), atomic force microscopy
(AFM), and energy-dispersive X-ray spectroscopy (EDS).

The study focused on evaluating cellular responses in vitro by
culturing MC3T3-E1 cells on the different PPF/Sr-HA composite
scaffolds. Cell viability, morphology, and proliferation were
assessed over various time points. Among the four different Sr-
HA composites, the PPF/Sr10-HA group exhibited the highest
cell density aer 24 hours, as shown in the confocal laser
scanning electron microscopy (CLSM) images (Fig. 18). This
result suggested that the 10% Sr content in the composite
scaffold provided an optimal environment for cell survival,
while the PPF/Sr20-HA group exhibited the lowest viable cell
density, indicating potential cytotoxic effects at higher Sr
concentrations. This observation highlighted the importance of
Sr content in tailoring the biological activity of the scaffold
materials.

Further SEM analysis at 5 days post-seeding revealed that
MC3T3-E1 cells adhered to all four types of scaffolds, displaying
typical elongated spindle-like morphology. The PPF/Sr10-HA
group showed the most pronounced cell attachment and
proliferation, with more cells and cellular processes evident
compared to the other groups (Fig. 19). This nding suggests
that the PPF/Sr10-HA composite scaffold provided superior
conditions for cellular attachment, likely due to enhanced
surface interactions resulting from the Sr-HA incorporation. In
contrast, the PPF/Sr20-HA scaffold exhibited fewer attached
cells, possibly due to the excessive Sr content affecting cell
adhesion.

The osteogenic differentiation of MC3T3-E1 cells was
assessed using alkaline phosphatase (ALP) live staining and
10922 | RSC Adv., 2025, 15, 10902–10957
enzyme activity measurements. ALP staining revealed increased
accumulation of green particles in the cytoplasm of cells cultured
on the PPF/Sr10-HA scaffold, indicating stronger osteogenic
differentiation compared to the other groups (Fig. 20A–D).
Quantitative ALP activity measurements (Fig. 20E) conrmed
that the PPF/Sr10-HA scaffold signicantly enhanced ALP activity
at 14 days of culture, with levels remaining elevated at 21 days,
indicating sustained osteogenic potential. Osteocalcin content,
a late marker of osteogenic differentiation, was also signicantly
higher in the PPF/Sr10-HA group at each time point, further
supporting its superior osteoinductive properties (Fig. 20F).

The study's results underscore the importance of the Sr
content in Sr-HA nanoparticles, with the 10% Sr-substituted HA
formulation (PPF/Sr10-HA) showing the most favorable biolog-
ical responses in terms of cell viability, attachment, prolifera-
tion, and osteogenic differentiation. These ndings align with
previous research suggesting that Sr-HA can enhance osteo-
genesis by promoting cell adhesion and inducing osteoblastic
differentiation. The study also highlights the critical role of
scaffold composition in modulating cellular behavior and
osteogenic activity, with PPF/Sr10-HA offering a promising
material for bone tissue engineering applications. The incor-
poration of Sr-HA nanoparticles into PPF-based scaffolds not
only enhanced the mechanical properties but also signicantly
promoted osteogenesis, making it an ideal candidate for
applications in bone regeneration and repair.

Wang et al. (2018) explored the potential of Sr-doped, Zn-
doped, and Sr/Zn-codoped hydroxyapatite (HA) porous scaf-
folds in enhancing the biological properties required for bone
regeneration applications.144 The study addressed the inherent
limitations of HA scaffolds, specically their insufficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 SEM images of MC3T3-E1 cells after 5 days of culture on PPF/HA (A and E), PPF/Sr5-HA (B and F), PPF/Sr10-HA (C and G), and PPF/
Sr20-HA (D and H) scaffolds. MTS assay analysis of cell proliferation (I) on PPF/HA and PPF/Sr-HA samples at 1, 4, and 7 days (*p < 0.05).143
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antibacterial properties and osteoinductivity, which hinder
their broader clinical use. Through the use of ion-exchange and
foaming methods, the researchers successfully integrated Sr
and Zn into the HA lattice, altering the material's lattice
parameters and thereby enhancing its properties. The results,
supported by density functional theory (DFT) and experimental
data, demonstrated that Sr and Zn doping signicantly
improved the mechanical strength, biocompatibility, and
osteoinductive potential of the HA scaffolds. Importantly, the
Sr-doped and codoped scaffolds promoted the differentiation of
bone marrow stromal cells (BMSCs), while both Zn-doped and
codoped scaffolds exhibited superior antibacterial activity.
These ndings suggest that the codoped HA scaffolds, with
their enhanced mechanical properties, biocompatibility, and
antibacterial capabilities, hold great promise as an effective
material for bone tissue regeneration. They could provide
a reliable solution for bone repair, mitigating microbial infec-
tions and promoting the healing process. The study, as depicted
in Fig. 21, emphasizes the signicant potential of Sr/Zn codo-
ped HA porous scaffolds for clinical applications as bone
replacement materials.

Panzavolta et al. (2018) investigated the incorporation of
strontium-doped hydroxyapatite (SrHA) into gelatin-based
© 2025 The Author(s). Published by the Royal Society of Chemistry
scaffolds, aiming to enhance scaffold biocompatibility and
mechanical strength while leveraging strontium's role in bone
remodeling.145 Strontium is well-known for its benecial effects
in treating bone resorption-related pathologies like osteopo-
rosis, and this study explored the potential of SrHA as a stron-
tium delivery system using 3D porous gelatin scaffolds. The
scaffolds were created via freeze-drying, with the incorporation
of approximately 30% SrHA or pure hydroxyapatite (HA). The
study revealed that these scaffolds exhibited impressive porosity
and interconnected pore structures, which are essential for
tissue engineering applications.

The incorporation of SrHA into the scaffolds did not signif-
icantly alter the interconnectivity, which remained at 100%, but
did result in a slight decrease in average pore size. This modi-
cation did not hinder the porosity but suggested a ner
dispersion of inorganic particles within the scaffolds. The
mechanical properties of the scaffolds also improved with
reinforcement, as indicated by increased values for elastic
modulus and stress when compared to unreinforced scaffolds.
These improvements were attributed to the crosslinking of
gelatin and the reduction in pore size induced by the addition of
gelatin, which acted as a stiffening agent. The mechanical
testing showed that the reinforced scaffolds, as shown in
RSC Adv., 2025, 15, 10902–10957 | 10923
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Fig. 20 ALP live staining images showing the number of green particles in the cytoplasm of MC3T3-E1 cells after 10 days of culture on PPF/
Sr10-HA scaffolds (C) was significantly higher (p < 0.05) than the other groups of (A) PPF/HA, (B) PPF/Sr5-HA, and (D) PPF/Sr20-HA. ALP (E) and
osteocalcin (F) quantification at 7, 14, and 21 days after cell seeding (*p < 0.05).143
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Fig. 22, had higher values for compressive strength and elastic
modulus, highlighting the positive effect of gelatin reinforce-
ment on scaffold stability and mechanical performance.

Strontium release from the scaffolds in phosphate-buffered
saline (PBS) was sustained over a period of 14 days, with only
10924 | RSC Adv., 2025, 15, 10902–10957
14% of the initial content released from the unreinforced
scaffolds and 18% from the reinforced scaffolds, indicating
a controlled release prole. This suggests that the SrHA-
containing scaffolds could effectively serve as a local delivery
system for strontium in areas of excessive bone resorption. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Sr/Zn codoped hydroxyapatite (HA) porous scaffold:
enhanced antibacterial properties and osteoinductive potential for
bone regeneration applications.144
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addition to the physical and mechanical properties, biological
studies indicated that the SrHA scaffolds promoted osteoblast
viability and activity when compared to HA scaffolds. Coculture
experiments of osteoblasts and osteoclasts further revealed that
the SrHA scaffolds inhibited osteoclast differentiation and
osteoclastogenesis, which is crucial for preventing excessive
bone resorption.

The X-ray diffraction analysis conrmed that SrHA main-
tained the crystal structure of hydroxyapatite, with slight shis
in the diffraction peaks, indicating the substitution of calcium
ions by strontium. The scaffolds displayed signicant bioac-
tivity, and the combination of gelatin, HA, and SrHA made the
Fig. 22 Mean values of collapse stress (s), linear elastic modulus (E), a
determinations and is reported with its standard deviation (**p < 0.001
modulus: **G_HA versus G_HA_G; G_SrHA versus G_SrHA_G.145

© 2025 The Author(s). Published by the Royal Society of Chemistry
material suitable for bone tissue engineering applications,
particularly in scenarios where bone resorption is excessive. The
study's m-CT analysis, shown in Fig. 23, illustrated the high
porosity and interconnectivity of the scaffolds, further sup-
porting their suitability for cell migration and tissue ingrowth,
which are critical for bone regeneration.

The study of Panzavolta et al. (2018)145 demonstrated that
SrHA-doped gelatin scaffolds offer a promising approach for
enhancing the mechanical properties and biological perfor-
mance of bone scaffolds, with the added benet of strontium's
anti-osteoporotic properties. This work provides a comprehen-
sive look at the potential of such scaffolds for local strontium
delivery and their application in bone regeneration therapies.

Strontium-doped hydroxyapatite (SrHA) has been widely
studied for its potential to enhance bone regeneration due to its
favourable osteoconductivity and high alkaline phosphatase
(ALP) activity. However, a challenge persists in improving the
mechanical strength of SrHA scaffolds to meet the high
compressive modulus required for bone repair. Wu et al. (2020)
addressed this limitation by incorporating graphene oxide (GO)-
reinforced SrHA nanoparticles into chitosan-based scaffolds.146

The inclusion of GO not only provided nucleation sites for
hydroxyapatite growth but also contributed to the mechanical
strengthening of the scaffold. The resulting scaffold exhibited
a four-fold increase in compressive modulus compared to
unreinforced scaffolds, alongside enhanced ALP activity and in
vitro mineralization. This demonstrates that SrHA, when modi-
ed with reinforcing agents like GO, can achieve the desired
mechanical properties while retaining its osteoconductive
benets, making it suitable for bone tissue engineering.

Further exploring the role of Sr in scaffold development,
Scalera et al. (2019) synthesized magnesium-strontium hydroxy-
apatite (HAMgSr) nanocrystals to fabricate thermally stable,
highly porous scaffolds.147 These scaffolds showed improved
thermal stability and mechanical properties when doped with
Mg and Sr, which are known to promote osteogenesis. The
HAMgSr scaffolds demonstrated good biocompatibility, sup-
porting osteoblast proliferation, which underscores the syner-
gistic effect of Sr and Mg in enhancing bone tissue regeneration.
This study supports the idea that Sr-doped materials can be ne-
nd strain (3%) of the different scaffolds. Each value is the mean of six
). Stress: **G_HA versus G_HA_G; G_SrHA versus G_SrHA_G. Elastic
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Fig. 23 Osteoclast viability and differentiation after coculture with osteo-blast on the different samples. (a) Osteoclast viability after 7 (light bars)
and 14 (dark bars) days of culture by WST1 reagent test. Statistical analysis is reported in the figure (*p < 0.05, **p < 0.005, ***p < 0.0005): 7 days,
*G_SrHA_G versusG_SrHA; 7 and 14 days ***G_SrHA, G_SrHA_G versusG_HA, G_HA_G. (b) Live&dead significant images of osteoclasts grown
around material samples (magnification 10×). (c) TRAP staining of osteoclasts (magnification 20×) after 14 days of coculture with osteoblast:
considering G_HA as 100%, G_SrHA, G_HA_G, and G_SrHA_G were 32, 89, and 24%, respectively.145
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tuned with other elements to further improve scaffold properties,
such as thermal stability and mechanical strength, making them
more effective for clinical applications.

Zhang et al. (2019) introduced a biocomposite scaffold
incorporating strontium-substituted hydroxyapatite (Sr-HAp)
alongside cellulose nanocrystals (CNCs) and carboxymethyl
chitosan (CMCS).148 The composite scaffolds exhibited
increased compressive strength compared to pure chitosan-
based scaffolds, with a signicant enhancement in osteogenic
gene expression and ALP activity. The addition of Sr-HAp
promoted osteoblast differentiation and protein adsorption,
demonstrating the potential of Sr-doped scaffolds in enhancing
osteogenic responses. The combination of Sr-HAp with other
materials like CNCs not only improves mechanical properties
but also supports the biological functions essential for bone
repair, emphasizing the versatility of Sr-doped HA scaffolds in
various biomaterial formulations.

In amore advanced approach, Borciani et al. (2024) developed
a composite material combining strontium-enriched meso-
porous bioactive glasses with hydroxyapatite nanoparticles and
collagen type I for bone tissue engineering.149 These 3D-printed
scaffolds, crosslinked with genipin for improved stability,
10926 | RSC Adv., 2025, 15, 10902–10957
signicantly enhanced osteoblast activity and reduced osteoclast
differentiation. The presence of Sr in the scaffold promoted
a positive cellular response, boosting alkaline phosphatase
activity and supporting the proliferation of bone cells. This study
highlights how Sr doping can improve both the mechanical and
biological properties of scaffolds, making them suitable for bone
regeneration applications.

Finally, Li et al. (2023) demonstrated the potential of Sr-
doped scaffolds for vascularized bone regeneration by incor-
porating Sr2+ and simvastatin (SIM)-loaded hydroxyapatite
microspheres into a poly(3-caprolactone) (PCL) matrix.150 These
scaffolds exhibited enhanced osteogenic differentiation of
mesenchymal stem cells (BMSCs) and promoted vascular
network formation, which is crucial for successful bone regen-
eration. The dual-loading strategy of Sr2+ and SIM further
facilitated osteogenesis and angiogenesis, underscoring the
importance of Sr in promoting both bone formation and
vascularization. This study emphasizes that Sr-doped scaffolds,
when combined with growth factors or drugs, can further
enhance their regenerative potential.

In a nutshell, these studies collectively highlight the poten-
tial of Sr-doped hydroxyapatite scaffolds to signicantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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improve the mechanical strength, osteoconductivity, and
biocompatibility required for effective bone tissue engineering.
Through various strategies such as incorporating reinforcing
agents, combining Sr with other bioactive ions, and dual-
loading with drugs, Sr-doped scaffolds have become increas-
ingly optimized for clinical use in bone repair and regeneration.
5.2 Bioactive coatings: reduction of implant-associated
infections and promotion of osseointegration

Strontium-based nanoparticles have gained signicant attention
for their potential to address two critical challenges in ortho-
pedic and dental implants: reducing implant-associated infec-
tions and promoting osseointegration. Strontium, known for its
osteoinductive properties, can enhance bone formation and
remodeling by stimulating osteoblast activity and inhibiting
osteoclast differentiation. When incorporated into nanoparticle
formulations, strontium can be effectively delivered to implant
surfaces, creating a favorable environment for bone growth while
simultaneously combating bacterial colonization.151,152

The antimicrobial properties of strontium nanoparticles,
particularly when combined with other agents like silver, offer
a dual benet—enhancing the antibacterial efficacy of implants
while ensuring biocompatibility. These nanoparticles can be
applied to titanium surfaces using various coating techniques,
such as sol–gel or plasma immersion ion implantation, which
allow for the controlled release of strontium ions over time. This
slow-release mechanism not only reduces the risk of infection
but also provides sustained osteogenic effects, promoting faster
and more stable osseointegration.153,154

In addition to reducing bacterial adhesion, strontium-based
nanoparticles support cellular adhesion and proliferation,
further facilitating the integration of the implant into the
surrounding bone tissue. As a result, strontium nanoparticles
represent a promising strategy for improving the long-term
success of implant surgeries by addressing both infection
prevention and bone healing simultaneously.155,156

For instance, let's examine the use of strontium and silver
coatings on titanium surfaces as a case study to reduce implant-
associated infections and enhance osseointegration. Strontium-
based nanoparticles have emerged as a focal point in the design
of functionalized titanium implant surfaces due to their dual
functionality in promoting osteoinduction and combating
bacterial infections.151–153 Combining strontium (Sr) with silver
(Ag) on titanium surfaces offers a promising strategy to address
the persistent challenge of optimizing osseointegration while
mitigating infection risks. This delicate balance is necessary as
most antibacterial materials exhibit cytotoxicity at high
concentrations, and excessive use of osteoinductive agents may
compromise cell viability. The synergistic effects of Sr and Ag, as
highlighted in recent systematic reviews, demonstrate the
potential for enhanced implant performance through innova-
tive surface modications.154–157

Various strategies for modifying titanium surfaces with Sr/Ag
combinations have been explored, including plasma immersion
ion implantation and sol–gel chemistry. These methods not
only ensure supercial modications but also allow deeper
© 2025 The Author(s). Published by the Royal Society of Chemistry
alterations to the material layers, enhancing their applicability
to diverse biomedical materials. Importantly, the release
kinetics of ions from these surfaces typically follow zero- or rst-
order patterns, avoiding the burst release that could otherwise
lead to cytotoxic effects or reduced antibacterial efficacy. This
controlled release is a signicant advantage, ensuring pro-
longed therapeutic effects while minimizing risks to
surrounding tissues. Studies consistently report that the
biocompatibility of Sr/Ag coatings is comparable to Sr-only
surfaces and superior to Ag-only surfaces, highlighting Sr's
role in mitigating Ag's cytotoxicity.158,159

The antimicrobial properties of Sr/Ag coatings are primarily
attributed to Ag ions, which disrupt bacterial membranes,
generate reactive oxygen species (ROS), and impair essential
cellular functions, ultimately causing bacterial death.160,161 The
addition of Sr further enhances antibacterial efficacy through
mechanisms that may include environmental modications,
such as pH changes or increased membrane permeability,
although the exact processes remain unclear.162 Notably, studies
have observed antibacterial effects in Sr-only groups, indicating
a potential intrinsic antimicrobial activity of Sr, particularly
against pathogens like S. aureus and MRSA.64

Fig. 24 illustrates the multifaceted mechanisms underlying
the antibacterial and osteogenic effects of Sr/Ag-modied tita-
nium surfaces. Ag ions directly target bacterial structures and
processes, while Sr contributes to enhanced osteogenic
outcomes by promoting bone marrow stromal cell (BMSC)
adhesion, proliferation, and differentiation. These effects are
mediated through signaling pathways such as ERK1/2 and NF-
kB, which are crucial for osteogenic gene expression and
mineralization.163,164 The integration of nanostructures into
these coatings, as demonstrated by Pan et al. (2020), further
enhances surface hydrophilicity, reducing bacterial adhesion
and promoting osseointegration.165

Despite these advances, the clinical translation of Sr/Ag-
modied surfaces faces challenges. The critical period for pre-
venting implant infections, particularly the immediate post-
surgery phase, requires reliable antibacterial activity. Studies
suggest that Ag ion release is most effective during this early
period, with its efficacy diminishing over time. To ensure sus-
tained antibacterial effects, innovative strategies such as
incorporating cross-linking agents like silk broin or hierar-
chical micro/nanostructures have been employed to modulate
ion release kinetics.166–168

The variability in bacterial sensitivity to Ag, as seen in studies
comparing E. coli and S. aureus, underscores the need for
tailored approaches based on the clinical context. While most
research has focused on single-species bacterial strains, the
complexity of multispecies biolms associated with infections
such as dental peri-implantitis remains underexplored.169

Future investigations should prioritize biolm models and
clinically relevant bacterial communities to enhance the appli-
cability of ndings.

From a public health perspective, the development of Sr/Ag-
coated implants addresses two critical concerns: the increasing
prevalence of implant-related infections and the growing
demand for durable, biocompatible orthopedic and dental
RSC Adv., 2025, 15, 10902–10957 | 10927
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Fig. 24 Schematic illustration of possible mechanisms related to antibacterial/osteogenic titanium surfaces in the included studies. Abbrevia-
tions: BMSCs, bone marrow stromal cells; ERK1/2, extracellular signal-regulated kinases 1/2; NF-KB, nuclear factor k-light-chain-enhancer of
activated B cells.60
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solutions. The ability of these coatings to reduce infection rates
while promoting bone healing has signicant implications for
reducing healthcare costs and improving patient outcomes.
However, the potential environmental impact of silver ion
release and the long-term effects on human health warrant
further investigation.60,170

In general, Sr/Ag-modied titanium surfaces offer a prom-
ising solution for dual-functionality in medical implants,
achieving both osteogenic and antibacterial outcomes. While
the biocompatibility and controlled ion release of these coat-
ings are promising, further studies are needed to unravel the
underlying mechanisms, optimize their long-term perfor-
mance, and address public health and environmental concerns.
The integration of advanced surface modication techniques
with a deeper understanding of biological interactions will be
crucial for the successful clinical translation of these innovative
biomaterials.

Kuo et al. (2022) present a detailed investigation into poly-
electrolyte multilayer (PEM) coatings doped with mesoporous
bioactive glass (MBG), specically incorporating strontium (Sr)
and silver (Ag) ions, to address implant-associated chal-
lenges.171 The study demonstrates how such coatings can miti-
gate risks like infections and insufficient osseointegration,
thereby aligning closely with the concept of bioactive coatings
aimed at reducing implant-related infections while promoting
tissue integration.

The PEM coatings evaluated in this study exhibit signicant
potential to enhance implant biocompatibility and
10928 | RSC Adv., 2025, 15, 10902–10957
functionality. Sr ions, a trace element in human bone, are
shown to enhance osteoblast activity, promote angiogenesis,
and stimulate osseointegration without compromising cellular
viability. On the other hand, Ag ions, incorporated as an anti-
microbial agent, effectively disrupt bacterial cell membranes,
reducing the likelihood of infections. However, the cytotoxicity
associated with higher Ag concentrations necessitates careful
optimization. As demonstrated by the cytotoxicity assays
(Fig. 25), 1 mol% Ag in SrMBG exhibited a balance between
antibacterial properties and cell viability, making it suitable for
PEM preparation.

The structural and physical modications of the PEM coat-
ings also contribute to their bioactive capabilities. Scanning
Electron Microscopy (SEM) imaging (Fig. 26) reveals a wrinkled
surface morphology with distinct particle formations that
improve surface roughness and hydrophilicity. These attributes
facilitate cell adhesion, proliferation, and differentiation. The
enhanced wettability of the PEM/SrMBG and PEM/AgSrMBG
coatings, as evidenced by reduced contact angles, further
underscores their ability to create a favorable microenviron-
ment for tissue integration.

Mechanical property assessments reveal that while the PEM
coatings reduce the surface hardness and Young's modulus of
stainless-steel substrates, these changes bring the mechanical
properties closer to those of natural bone. This compatibility
supports osteoblast proliferation and attachment, a critical
factor in osseointegration. The MTT assay results also conrm
the coatings' ability to sustain high cell viability across extended
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 The H&E staining in vivo results of packed SrMBGand AgSrMBGdiscs for (A) 1 week and (B) 3 weeks after implantation into the skull
defects of Sprague-Dawley rats. The yellow square represents the implantation site, yellow arrow is the site of new blood vessel formation, and
NB indicates new bone formation (n = 5).171
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culture periods, further validating their suitability for ortho-
pedic applications.

In a recent study, Kuo et al. (2022) demonstrate that PEM
coatings embedded with SrMBG and AgSrMBG provide
a multifaceted approach to enhancing implant efficacy.171 By
combining antimicrobial activity with enhanced osteogenic
properties, these coatings address two critical challenges in
implant surgery: infection control and osseointegration. Fig. 25
and 26 effectively illustrate the cytotoxicity and structural
enhancements, respectively, highlighting the functional
synergy of Sr and Ag in the bioactive coatings. This research lays
a strong foundation for developing next-generation biomate-
rials with tailored properties for clinical applications.

The study by Mao et al. (2018) presents a comprehensive
strategy for addressing two critical challenges associated with
© 2025 The Author(s). Published by the Royal Society of Chemistry
orthopedic implants: reducing implant-associated infections
and promoting osseointegration.172 This aligns directly with the
goals of bioactive coatings designed to improve clinical
outcomes in orthopedic and dental implants.

Bone infections, particularly in cases of long open fractures
(4–64%) and joint-related surgeries (approximately 1%), remain
signicant complications. To address these, Mao et al. devel-
oped a multifunctional system combining strontium ranelate-
loaded poly(lactic-co-glycolic acid) microspheres (SR-PM) with
assembled silver nanoparticles (AgNPs) and hydroxyapatite
nanoparticles (HANPs) using a novel solid-in-oil nano-
suspension (S/O/N) technique. The schematic of this experi-
mental protocol is depicted in Fig. 27, emphasizing the
integration of antibacterial and osteoinductive components in
a single platform. This dual functionality is critical in
RSC Adv., 2025, 15, 10902–10957 | 10929
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Fig. 26 The H&E staining in vivo results of PEM/SrMBG and PEM/AgSrMBG (A) 1 week and (B) 3 weeks of implantation in Sprague-Dawley rat skull
defects. The yellow square represents the implantation site, yellow arrows indicate new blood vessel formation sites, and NB represents new
bone formation (n = 5).171
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minimizing post-surgical infections while enhancing bone
repair and regeneration.

The microspheres exhibited promising drug release proles,
with cumulative release reaching approximately 90% within 22
days. This sustained release is benecial for long-term thera-
peutic effects, particularly in managing infections and sup-
porting bone tissue repair. The inclusion of strontium ranelate
notably enhanced MC3T3-E1 cell proliferation compared to
microspheres without it, suggesting improved biocompatibility
and cellular response.

In vitro evaluations demonstrated that SR-PM-Ag-HA micro-
spheres signicantly promoted osteogenic differentiation of
MC3T3-E1 cells, as evidenced by enhanced alkaline phospha-
tase (ALP) activity and upregulated expression of osteogenic
marker genes, including ALP, Col I, OCN, and RunX-2. The
results, as shown in ALP staining, highlight the superior
osteoinductive capacity of SR-PM-Ag-HA compared to other
formulations. This enhanced differentiation is pivotal for
achieving robust osseointegration, ensuring the stability and
longevity of implants.

Antibacterial activity, a cornerstone of implant-associated
infection prevention, was also robustly addressed. The SR-PM-
10930 | RSC Adv., 2025, 15, 10902–10957
Ag-HA formulation effectively reduced colony-forming units
(CFUs) of bacterial strains and inhibited biolm formation on
titanium surfaces. As demonstrated in biolm assays (Fig. 28),
co-culturing with SR-PM-Ag-HA led to signicantly fewer viable
bacteria and diminished biolm intensity. These results
underscore the potent antibacterial properties conferred by the
incorporated silver nanoparticles, a key component in
combating implant-associated infections.

By integrating osteoinductive and antibacterial properties,
the SR-PM-Ag-HA microspheres developed by Mao et al.
(2018)172 represent a promising advancement in bioactive
coatings. The combination of sustained drug release, enhanced
cell proliferation, osteogenic differentiation, and strong anti-
bacterial activity positions this system as a potential solution for
improving implant outcomes in clinical settings. The study
underscores the importance of multifunctional materials in
modern implant technology, paving the way for reduced infec-
tion rates and improved bone healing.

Geng et al. (2022) address the critical challenge of implant-
associated infections and the promotion of osseointegration
in the osteoporotic microenvironment by utilizing strontium
(Sr)-doped nanocoatings on titanium (Ti) implant surfaces.173
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Schematic diagram of the overall experimental protocol.172
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Osteoporosis, a condition characterized by reduced bone
density and impaired bone healing, signicantly compromises
the effectiveness of oral implants. To overcome this, the study
employed hydrothermal treatment to fabricate Sr-doped nano-
coatings (AHT-Sr) on Ti implants, aiming to enhance the bone-
binding properties of implants in osteoporotic conditions. Sr
ions, known for their osteogenic properties, were integrated
into nanoscale surface features, effectively improving biological
functionality.

In vitro assessments demonstrated that AHT-Sr coatings
signicantly promoted the osteogenic differentiation of bone
marrow mesenchymal stem cells (OVX-BMSCs) derived from
osteoporotic models. Alkaline phosphatase (ALP) activity,
a marker of early osteogenic differentiation, was markedly
higher on AHT-Sr surfaces compared to AHT coatings, as evi-
denced by more intense purple staining (Fig. 29A). Additionally,
gene expression analysis revealed substantial upregulation of
key osteogenic markers such as ALP, BMP-2, COL-1, OCN, OPN,
and BSP in OVX-BMSCs cultured on AHT-Sr coatings (Fig. 29B).
These ndings underscore the ability of Sr-doped coatings to
stimulate early-stage osteogenesis through the sustained
release of Sr ions.

In vivo studies further validated the superior performance of
AHT-Sr implants in enhancing osseointegration. Micro-
computed tomography (micro-CT) analysis was used to eval-
uate primary bone healing, comparing AHT-Sr implants with
AHT-treated controls. The AHT-Sr implants showed signi-
cantly enhanced bone formation, with higher bone volume,
greater trabecular thickness and number, and reduced trabec-
ular spacing around the implants aer two and four weeks
(Fig. 30). The 3D reconstruction images (Fig. 30A) vividly illus-
trated these improvements, highlighting the transformative
potential of Sr-doped coatings in promoting bone integration in
osteoporotic environments.

This study offers a robust approach to surface modication
for dental and orthopedic implants, emphasizing the dual
© 2025 The Author(s). Published by the Royal Society of Chemistry
benets of reducing implant-associated infections and
enhancing osseointegration. By integrating Sr ions into nano-
scale coatings, the AHT-Sr implants effectively address the
challenges posed by osteoporosis, offering a promising avenue
for improving implant outcomes in vulnerable populations.

Shen et al. (2022) investigated the impact of oxidative stress
(OS), induced by excessive reactive oxygen species (ROS), on
titanium implants in osteoporotic environments and the
potential for strontium (Sr)-doped titanium coatings to address
these challenges.174 They fabricated titanium implants with
varying Sr content (Sr0%, Sr25%, Sr50%, Sr75%, and Sr100%)
using the micro-arc oxidation (MAO) technique, which creates
a porous oxide layer with enhanced bonding strength and
biocompatibility. Importantly, these Sr-doped coatings main-
tained similar physicochemical properties such as morphology,
roughness, crystal structure, and wettability, enabling a focused
study on the biological effects of Sr doping levels under normal
and OS conditions.

Under normal conditions, the Sr25% group demonstrated
superior osteogenesis, consistent with previous ndings that
bioactivity is highly dose dependent. However, under OS
conditions, higher Sr content (Sr75% and Sr100%) out-
performed Sr25% in promoting osteogenic differentiation of
MC3T3-E1 cells and M2 macrophage polarization. These effects
were attributed to the upregulation of antioxidant enzymes
catalase (CAT) and superoxide dismutase (SOD), reducing ROS
levels andmitigating OS-induced damage. This mechanism was
conrmed through in vitro cell co-culture studies and in vivo
implantation procedures, where high Sr-doped samples,
particularly Sr100%, exhibited enhanced osteoimmunomodu-
lation and promoted early osseointegration.

The composition analysis revealed the presence of SrO,
Sr3(PO4)2, and SrTiO3 in the coatings, with the ratio of SrO
increasing alongside Sr content. The gradual release of Sr2+

from these coatings was identied as a critical factor in their
bioactivity. Sr2+ not only supported osteogenesis but also
RSC Adv., 2025, 15, 10902–10957 | 10931
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Fig. 28 Confocal laser scanning microscopy (CLSM) images depict biofilm development by two bacterial strains on titanium (Ti) disks following
co-culture with four distinct microsphere formulations. Quantitative examination of biofilm formation using crystal violet staining shows biofilm
absorption intensity for ATCC43300 and ATCC12228 over 2, 5, and 8 hours of co-culture. Results are presented as mean± standard deviation (M
± SD), with statistical significance indicated (*P < 0.01).172

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
12

:0
7:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
inducedM2macrophage polarization, which is vital for creating
an anti-inammatory and regenerative microenvironment. This
dual action facilitated both the reduction of OS and the
enhancement of bone formation at the implant site.

Furthermore, Shen et al. (2022) illustrated the comprehen-
sive process by which high Sr-incorporated samples inhibit
ROS-mediated injury and promote new bone formation, as
depicted in Fig. 31.174 The schematic highlights how Sr2+

enhances CAT and SOD activity in osteoblasts, regulates
macrophage polarization to the M2 phenotype, and stimulates
osteogenesis through the secretion of osteogenic cytokines such
as TGF-b1 and BMP-2. This integration of antioxidant and
osteogenic mechanisms underscores the potential of Sr-doped
coatings to improve implant performance in challenging oste-
oporotic environments.
10932 | RSC Adv., 2025, 15, 10902–10957
The ndings by Shen et al.174 provide compelling evidence
for the utility of Sr-doped titanium implants in mitigating OS
and promoting osseointegration. These results pave the way for
further research into Sr-doped coatings as a promising strategy
to reduce implant-associated infections and enhance bone
regeneration in patients with osteoporosis.

Wang et al. (2021) demonstrated the potential of silk broin-
silver (SF–Ag) coatings incorporated into strontium (Sr)-loaded
titanium dioxide nanotubes (SFAgSTN). This hybrid system
leverages the osteogenic and antibacterial properties of Sr and
Ag, respectively, with silk broin acting as a stabilizer to ensure
a sustained release of silver ions, minimizing cytotoxicity while
maintaining antibacterial efficacy.160 Their in vitro and in vivo
results highlighted enhanced osteoblast adhesion, prolifera-
tion, and differentiation alongside signicant antibacterial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 AHT-Sr promoted osteogenic differentiation of OVX-BMSCs. (A) ALP staining of H-BMSCs and OVX-BMSCs cultured on Ti, AHT and
AHT-Sr disks for 4 and 7 days. Representative images of three separate experiments. (B) mRNA expression of selected osteogenic markers in H-
BMSCs and OVX-BMSCs that were cultured on different Ti disks for 4 and 7 days. Error bars indicate the SD of three separate experiment. *p <
0.05.173
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activity against E. coli and S. aureus, underscoring SFAgSTN's
multifunctionality as a bone repair implant.

Building on the role of strontium, Qiao et al. (2019) explored
a gallium-doped polydopamine-functionalized SrTiO3 nanotube
(PDA-SrTiO3 NT) coating.175 By combining the bioactivity of
strontium with gallium's antibacterial and osteogenic proper-
ties, this coating exhibited sustained ion release with negligible
cytotoxicity. The synergistic effects signicantly inhibited E. coli
and S. aureus growth while promoting osteoblast activity and
© 2025 The Author(s). Published by the Royal Society of Chemistry
osseointegration in rabbit bone defect models. The gallium
doping enhanced osteoinductivity, demonstrating that such
coatings could serve as promising candidates for long-term
infection resistance and bone regeneration.

Wu et al. (2023) introduced an innovative spatiotemporal
immunomodulatory approach using Cu–Sr bilayer bioactive
glass nanoparticles (CS-BGNs) on polyetheretherketone (PEEK)
surfaces.176 By regulating the sequential release of Cu2+ and Sr2+,
the coating modulated macrophage polarization, initiating
RSC Adv., 2025, 15, 10902–10957 | 10933
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Fig. 30 Osseointegration of AHT and AHT-Sr implants was measured by micro-CT. (A) Schematic of the surgery. (B) Reconstructed pictures of
AHT implants (control) and AHT-Sr implants at 2- and 4-weeks post surgery. Scale bar representing 1 mm; n = 5 per group. (C) BV/TV, Tb.Th,
Tb.N, and Tb.Sp were measured. n = 5. *p < 0.05.173
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early-stage M1 phenotypes for antibacterial effects and tran-
sitioning to M2 phenotypes to support tissue repair. This dual-
phase immunomodulation facilitated early bacterial inhibition
and long-term osseointegration, offering a novel design
framework for next-generation biomaterials tailored for ortho-
pedic applications.

Further advancing bioactive coatings, Wang et al. (2024)
developed a “pneumatic nanocannon” system for titanium
10934 | RSC Adv., 2025, 15, 10902–10957
implants, combining SrTiO3 nanotubes with on-demand anti-
biotic release triggered by near-infrared irradiation.177 This
approach achieved robust antibacterial activity against plank-
tonic and biolm pathogens while ensuring continuous Sr ion
release for enhanced osteogenic differentiation. In vivo studies
conrmed signicant reductions in infection and improved
bone-to-implant integration, showcasing the potential of
dynamic, responsive coatings in complex surgical scenarios.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 Schematic representation of high Sr-incorporated samples promoting early osseointegration under oxidative stress (OS) conditions.
Released Sr2+ enhances catalase (CAT) and superoxide dismutase (SOD) activity, reducing excessive endogenous reactive oxygen species (ROS)
in osteoblasts, thereby improving osteoinductive and antioxidative properties. Sr2+ also regulates macrophage morphology and CAT/SOD
activity, mitigating OS and inflammation to facilitate macrophage polarization from M0 to M2. M2 macrophages overexpress osteogenic
cytokines, such as TGF-b1 and BMP-2, significantly enhancing osteogenesis.174
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Chen et al. (2021) focused on the co-incorporation of zinc
(Zn) and Sr into a nanorod coating on sandblasted and acid-
etched titanium (SLA-Zn/Sr).178 This dual-doped system signi-
cantly reduced biolm formation by downregulating icaA gene
expression in S. aureus, leading to diminished polysaccharide
intercellular adhesion. Concurrently, the coating enhanced
rBMSCs adhesion, proliferation, and osteogenic differentiation,
positioning SLA-Zn/Sr as a multifunctional platform for dental
implant applications.

Offermanns et al. (2018) emphasized the sustained-release
capabilities of a strontium-functionalized titanium (Ti–Sr–O)
coating prepared via magnetron sputtering.179 In vivo studies
revealed accelerated bone-to-implant contact (BIC) and
enhanced bone formation (BF) aer both two and twelve weeks
of implantation in a rabbit femur model. The localized release
of Sr provided substantial benets in osseointegration without
systemic effects, underscoring its osteoinductive potential for
endosseous implants.

Liu et al. (2015) investigated the dual osteogenic and anti-
bacterial effects of strontium-substituted bioactive glasses.180

Their ndings highlighted that a 5% Sr-substituted glass (5Sr)
signicantly promoted alkaline phosphatase activity, cell prolif-
eration, type I collagen synthesis, and mineral nodule formation
in MC3T3-E1 osteoblast-like cells. Furthermore, the material
exhibited dose-dependent antibacterial activity against Aggrega-
tibacter actinomycetemcomitans and Porphyromonas gingivalis, key
pathogens implicated in dental infections. This dual function-
ality underscores the potential of Sr-substituted bioactive glasses
in scenarios where rapid bone formation and infection preven-
tion are critical, such as dental bone defect repair.

Building on this, Lu et al. (2022) demonstrated that Sr-
incorporated micro/nano titanium surfaces (SLA-Sr) not only
© 2025 The Author(s). Published by the Royal Society of Chemistry
improved osteogenic activity but also facilitated angiogenesis
through upregulation of HIF-1a protein expression and Erk1/2
phosphorylation.181 Additionally, SLA-Sr coatings induced
macrophage polarization toward the M2 phenotype, promoting
a pro-healing environment. The synergistic effects of angio-
genesis and immunomodulation were further evidenced by
early vascularized osseointegration and type H vessel formation
in vivo. These ndings illustrate the multifaceted benets of Sr
modications in implant surfaces, aligning with the broader
goal of enhancing implant integration while minimizing
inammatory complications.

Cheng et al. (2023) expanded on the use of Sr in the context of
critical-size bone defects, which pose a signicant challenge in
clinical practice.182 By incorporating Sr ions into nano-
hydroxyapatite (nHA)/chitosan microspheres using polydop-
amine (PDA) as a chelating agent, the study achieved
a controlled release system that enhanced both osteogenic
differentiation and vascularization. In vivo experiments
involving cranial defects in rats demonstrated effective bone
regeneration facilitated by the composite microspheres. This
approach highlights the importance of integrating bioactive
ions like Sr into scaffolds to provide sustained biological cues
for bone repair.

The benets of Sr substitution extend to orthopedic appli-
cations, as evidenced by Geng et al. (2020), who fabricated Sr-
substituted apatite coatings via electrochemical deposition.183

These coatings not only supported mesenchymal stem cell
adhesion, proliferation, and differentiation but also inhibited
osteoclast activity, a key factor in counteracting osteoporosis-
associated implant loosening. In vivo studies revealed that
nano-needle-like Sr-substituted coatings promoted new bone
formation and improved implant-bone integration. This
RSC Adv., 2025, 15, 10902–10957 | 10935
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demonstrates the potential of Sr to address the unique chal-
lenges posed by osteoporotic bone conditions.

Hayann et al. (2024) took a complementary approach by
developing a porous polymethylmethacrylate (pPMMA) cement
enriched with Sr-based nanoparticles.184 These nanoparticles,
which mimicked the structure of bone apatite, signicantly
enhanced osteoblast activity, as evidenced by upregulated TNAP
activity, Runx2 expression, and matrix mineralization. In vivo
implantation in rabbit femurs conrmed the cement's ability to
promote osteointegration and apatite mineral formation. The
use of pPMMA cement highlights how Sr nanoparticles can be
leveraged to enhance the bioactivity of traditionally inert
materials, addressing long-term implant stability and
integration.

Zhang et al. (2016) further emphasized the role of Sr in
enhancing rapid osseointegration through the development of
a novel strontium-incorporated nanoporous coating (MAO-Sr)
for titanium implants.185 This coating signicantly enhanced
bone marrow stromal cell (BMSC) adhesion and osteogenic
differentiation while promoting angiogenic growth factor
secretion to recruit endothelial cells. The involvement of MAPK/
Erk and PI3K/Akt signaling pathways was identied as a key
mechanism underlying these effects. In vivo, the MAO-Sr
coating demonstrated rapid bone formation and osseointegra-
tion comparable to commercial implants, underscoring its
clinical potential.

Together, these studies illustrate the diverse strategies
employed to integrate Sr into bioactive coatings and scaffolds.
By promoting osteogenesis, angiogenesis, and immunomodu-
lation while simultaneously reducing infection risks, Sr-based
materials address critical barriers in implant technology. This
body of work not only underscores the therapeutic potential of
Sr but also highlights its versatility in various material plat-
forms, paving the way for innovations in reducing implant-
associated infections and enhancing osseointegration.

6 Antimicrobial properties
6.1 Mechanisms of action

Strontium nanoparticles (SrNPs) exhibit antimicrobial activity
through a multifaceted mechanism that targets key aspects of
bacterial survival and function, making them effective against
a broad range of pathogenic microorganisms. A primary mode
of action involves membrane disruption.186,187 Upon contact
with bacterial cells, SrNPs interact with the cell wall and
membrane, compromising their structural integrity. This
destabilization leads to leakage of intracellular contents,
depletion of essential ions, and ultimately, bacterial cell lysis.
By dismantling the membrane, SrNPs not only disrupt critical
cellular processes but also prevent the microorganism from
initiating self-repair, leading to its complete eradication.187

Each study discussed below elaborates on how SrNPs,
synthesized through various methodologies, achieve this anti-
microbial action.

Hamarawf et al. (2023) explored the antibacterial properties
of strontium manganese hexaferrite nanoparticles (SMHFs)
synthesized through chemical and green sol–gel auto-
10936 | RSC Adv., 2025, 15, 10902–10957
combustion routes.188 Among the variants tested, SMHF-P,
synthesized using pomegranate extract, exhibited superior
antibacterial activity. The study suggests that SMHF-P's high
magnetic characteristics, mesoporosity, and large surface area
enhance its interaction with bacterial cell walls. When SMHF-P
comes into contact with bacterial membranes, its small particle
size enables penetration into the lipid bilayer, disrupting the
membrane's structural integrity. This interaction results in
cytoplasmic leakage, as indicated by the well diffusion assay,
and leads to bacterial cell death. The combination of physical
membrane disruption and the intrinsic properties of SMHF-P
underscores its potent bactericidal mechanism.

Similarly, Ilavenil et al. (2023) reported the antimicrobial
efficacy of strontium oxide nanoparticles (SrONPs) synthesized
using Lantana camara leaf extract.189 These SrONPs showed
substantial antibacterial activity, particularly against E. coli and
S. aureus, with zones of inhibition reaching 28 mm. The
researchers observed that SrONPs at higher concentrations
effectively penetrated the bacterial cell walls, compromising the
polysaccharide and peptidoglycan layers. The nanoparticles
caused irreversible damage by weakening the electrostatic
interactions that maintain membrane integrity. This break-
down not only allowed the nanoparticles to breach the bacterial
cells but also facilitated the release of intracellular contents,
culminating in the cessation of bacterial growth and
metabolism.

Kasthuri and Pandian (2023) extended these ndings by
synthesizing SrONPs using Solanum nigrum leaf extract.187 These
nanoparticles demonstrated signicant antibacterial activity,
with zones of inhibition as large as 33 mm for E. coli. The study
highlighted that phytochemical, including avonoids and
tannins present in the extract, synergize with SrONPs to
enhance their membrane-disruptive capabilities. These bioac-
tive compounds destabilize the lipid bilayer, allowing SrONPs to
penetrate and disrupt the membrane. The subsequent leakage
of cellular components, coupled with impaired replication,
underscores the bactericidal potential of these nanoparticles.
The researchers further noted the pronounced vulnerability of
Gram-negative bacteria, such as E. coli, due to their thinner and
less rigid cell walls, making them more susceptible to
membrane disruption by SrONPs.

Swain and Rautray (2021) investigated strontium bismuth
titanate nanoparticles (SBT NPs), which also demonstrated
robust antibacterial activity.190 The polarized SBT specimens
exhibited enhanced efficacy, with a zone of inhibition of 28 mm
against Staphylococcus aureus. The researchers attributed this
activity to electroporation, a phenomenon where an externally
induced electric eld creates pores in bacterial membranes.
This membrane perforation facilitates ion and molecular
leakage, severely compromising bacterial viability. The bismuth
component in SBT NPs further contributes to this bactericidal
action by interacting with bacterial surface proteins, amplifying
the destabilization of the cell membrane.

Collectively, these studies emphasize that the antimicrobial
efficacy of SrNPs fundamentally hinges on their ability to
disrupt bacterial membranes. The physical interaction of SrNPs
with cell walls destabilizes the membrane, initiating a cascade
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of events, including the loss of essential ions, leakage of intra-
cellular components, and eventual bacterial cell lysis. Factors
such as nanoparticle size, surface area, charge, and the pres-
ence of bioactive capping agents signicantly inuence this
mechanism, enhancing the penetration and destabilization of
bacterial membranes. This membrane-targeting strategy
underscores the potential of SrNPs as effective antimicrobial
agents against a broad spectrum of bacterial pathogens.

Another key mechanism underlying the antimicrobial
activity of SrNPs is the generation of reactive oxygen species
(ROS). These nanoparticles enhance ROS production, leading to
extensive oxidative damage to essential cellular components.
Highly reactive molecules such as superoxide radicals,
hydrogen peroxide, and hydroxyl radicals inict signicant
harm on bacterial DNA, proteins, and lipids. The resulting
oxidative stress overwhelms the bacteria's intrinsic defense
mechanisms, including antioxidant enzymes and repair
systems, leaving them unable to mitigate the damage. This
disruption ultimately leads to cellular dysfunction and bacterial
death due to the accumulation of oxidative injuries.191,192

The antimicrobial efficacy of SrNPs, particularly through
ROS generation, is underscored in the work of Gao et al. (2021)
involving the design and application of zirconium-doped
strontium titanate (ZSTO) nanobrous membranes modied
Fig. 32 (a) The inhibition rate of AZSTO nanofibrousmembranes against E
the disinfection mechanism of AZSTO nanofibrous membranes. Optica
aureus: unprocessed (left) and treated with AZSTO nanofibrous membra

© 2025 The Author(s). Published by the Royal Society of Chemistry
with silver phosphate (AZSTO).193 The study meticulously
reveals how these nanobrous membranes leverage ROS
generation to achieve remarkable antibacterial effects against
Gram-positive and Gram-negative bacteria. This mechanism is
pivotal to their enhanced bactericidal performance.

The fabrication of AZSTO membranes through a combina-
tion of sol–gel and electrospinning methods endowed the
materials with excellent structural exibility and porosity.
Importantly, the doping with silver phosphate signicantly
amplied their photocatalytic and antibacterial activities under
visible light. The membranes exhibited over 99.99% bacterial
inhibition rates, attributed to synergistic effects between ROS,
such as superoxide radicals and photogenerated holes, and the
release of silver ions.

The study revealed that in dark environments, the antibac-
terial effects stem primarily from Ag+, which interferes with
bacterial enzymatic systems and other cellular processes.
However, under visible light, the membranes' bactericidal effi-
ciency increased signicantly due to the generation of ROS.
These reactive species, generated in the valence and conduction
bands of the AZSTO membranes, were released into the bacte-
rial suspension, where they penetrated bacterial cells, inicting
oxidative damage on DNA, RNA, and proteins. This oxidative
stress led to cellular dysfunction and eventual bacterial death.
. coli and S. aureus under different conditions. (b) Schematic illustrating
l profiles showing the inhibition zone test against (c) E. coli and (d) S.
nes under visible-light irradiation (right).193
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Fig. 32 provides a mechanistic illustration of the antibacte-
rial action. It depicts how the AZSTO nanobrous membranes,
upon visible-light irradiation, generate free radicals that induce
severe oxidative damage. This gure supports the assertion that
the interaction between ROS and bacterial cellular components,
facilitated by the AZSTO membranes, overwhelms bacterial
defense mechanisms, resulting in their inactivation.

Additionally, the inhibition zone method demonstrated the
practical application of AZSTO membranes. The calculated
inhibition zone widths for S. aureus (3.5 mm) and E. coli (3.4
mm) exceeded ISO 20645:2004 standards for “good effect,”
further validating their potent antimicrobial properties. These
results emphasize that the ROS-mediated pathways, augmented
by Ag+, play a critical role in the observed antimicrobial efficacy,
aligning closely with the described oxidative mechanisms in
SrNPs.

This comprehensive analysis not only conrms the potential
of AZSTO membranes in antibacterial applications but also
highlights their robustness under harsh environmental condi-
tions, suggesting superior adaptability compared to traditional
polymeric antibacterial materials. The ndings bridge funda-
mental ROS-driven antimicrobial pathways with practical
implementations, marking a signicant advance in
nanomaterial-based antibacterial strategies.

The study by Alou (2023) highlights the critical role of
reactive oxygen species (ROS) generation in the antimicrobial
activity of Sr-doped tin dioxide (SrSnO2) nanoparticles synthe-
sized through a green approach using Mahonia bealei leaf
extract.194 The SrSnO2 nanoparticles were characterized for their
structural, compositional, and functional properties, and their
effectiveness against Gram-positive and Gram-negative patho-
gens was attributed signicantly to ROS-mediated mechanisms.

ROS molecules, including superoxide radicals, hydrogen
peroxide, and hydroxyl radicals, are known to induce oxidative
damage to bacterial cells. In the study, photoluminescence (PL)
spectroscopy conrmed the presence of surface defects and
oxygen vacancies in SrSnO2 nanoparticles. These oxygen
vacancies are critical active sites for ROS production, as they
enhance the interaction of the nanoparticles with molecular
oxygen and water, leading to the generation of ROS under
appropriate conditions. These ROS then attack essential
cellular components of the bacteria, including DNA, proteins,
and lipids, resulting in oxidative stress that overwhelms the
bacteria's intrinsic defense systems. The disruption of antioxi-
dant enzymes and repair pathways ensures that bacteria cannot
mitigate this damage, culminating in cellular dysfunction and
eventual death.

The antimicrobial activity of SrSnO2 nanoparticles against
various human pathogens, as demonstrated in the study,
underscores the potency of ROS-induced oxidative stress. The
Gram-positive and Gram-negative bacteria treated with SrSnO2

nanoparticles exhibited signicant growth inhibition, which
can be directly linked to the ability of these nanoparticles to
generate ROS. This aligns with the fundamental pathway
described, where the accumulation of ROS-induced injuries to
critical cellular machinery irreparably damages bacterial cells.
10938 | RSC Adv., 2025, 15, 10902–10957
The green synthesis approach employed by Alou (2023)194

adds an eco-friendly dimension to the development of SrSnO2

nanoparticles while maintaining their functional efficacy. This
method not only supports sustainable nanoparticle production
but also retains the structural and chemical properties essential
for ROS generation and the resulting antimicrobial activity. The
results of this study solidify the centrality of ROS as a mecha-
nism of action for Sr-doped nanoparticles, offering insights into
their potential applications in healthcare as antimicrobial
agents.

The study by Dapporto et al. (2022) underscores the critical
role of bioactive strontium ions released from SrCPC formula-
tions in enhancing therapeutic outcomes.195 Strontium ions,
known for their dual functionality in bone regeneration and
antimicrobial activity, are released during the degradation of
SrCPCs into the surrounding environment. This release mech-
anism is evident from the degradation tests, which demon-
strated ameasurable release of calcium and strontium ions over
35 days (Fig. 33A).

Strontium ions interfere with bacterial metabolic processes
by disrupting enzymatic activities essential for survival. Once
released, these ions can bind to critical bacterial enzymes and
cofactors, altering their structure and functionality. This
disruption cascades into impairments in nutrient absorption
and ion homeostasis, effectively inhibiting bacterial growth and
reproduction. These ndings highlight the antimicrobial effi-
cacy of SrCPCs, particularly formulations containing NP-TC,
which further optimize the release kinetics of therapeutic
agents while supporting ion-mediated bacterial inhibition.

Moreover, the release of strontium ions also aligns with the
broader biological functionality of SrCPCs in bone regenera-
tion. By contributing to the osteointegrative potential of the
material, the ions create a synergistic effect, coupling the anti-
bacterial properties with bone-healing capabilities. The steady
ion release, observed alongside the slow TC release prole from
NP-TC-loaded formulations, reinforces the multifaceted utility
of SrCPCs in treating complex bone defects and infection-prone
environments.

In summary, the bioactive strontium ions released from
SrCPCs play a pivotal role in their functionality, particularly by
modulating bacterial metabolism and enhancing therapeutic
efficacy. Fig. 33A provides a clear depiction of the ion release
dynamics, supporting the study's conclusions on the material's
antimicrobial and regenerative potential.

The study by Kumar et al. (2023) provides signicant insights
into the antimicrobial properties of strontium and copper co-
doped hydroxyapatite nanoparticles (SrCuHA NPs) incorpo-
rated into orthodontic composites.59 The results demonstrate
that SrCuHA NPs enhance antimicrobial efficacy by leveraging
the dual action of copper and strontium ions, particularly
against Streptococcus mutans (S. mutans), a primary contributor
to white spot lesions (WSLs) during orthodontic treatments.
Strontium ions, released from these nanoparticles, likely
contribute to the observed antimicrobial activity by interfering
with bacterial metabolism and disrupting enzymatic activities
critical to bacterial survival.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 33 (A) Ion releases up to 35 days: (a) calcium, (b) strontium. SrCPC (blue), SrCPC_NP (red), SrCPC_TC (green), SrCPC_NP-TC (violet); (B)
SEM micrographs of cements: CPC (a), CPC_TC (b), CPC_NP (c), CPC_NP-TC (d). Scale bar = 5 mm.195
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Strontium ions, upon release into the surrounding environ-
ment, may bind to essential bacterial enzymes and cofactors,
altering their structural integrity and functionality. This action
potentially inhibits metabolic pathways necessary for bacterial
growth, such as nutrient absorption and ion homeostasis. The
study's ndings align with these mechanisms, as the SrCuHA NP-
incorporated composite demonstrated a marked zone of inhibi-
tion (ZOI) against S. mutans. This activity highlights the role of
bioactive strontium ions in impairing the bacterial metabolic
processes, thereby reducing the viability of cariogenic pathogens.

Further characterization of SrCuHA NPs using EDAX, FTIR,
and SEM conrmed successful nanoparticle synthesis and
incorporation into orthodontic composites. These nano-
particles showed concentration-dependent antimicrobial
activity, with higher concentrations leading to enhanced ZOI,
particularly against S. mutans. This outcome underscores the
importance of optimizing nanoparticle content in clinical
materials to achieve maximal antibacterial efficacy.

Copper ions, also released from SrCuHA NPs, complement
the antimicrobial effects of strontium by disrupting bacterial
cell membranes and generating reactive oxygen species, which
further enhance bactericidal activity. These combined effects
not only inhibit bacterial growth but also prevent biolm
formation on orthodontic composites, reducing the risk of
enamel demineralization and WSLs. Additionally, the study
corroborates ndings from previous research that demon-
strated the enhanced antimicrobial properties of metal-doped
hydroxyapatite nanoparticles, particularly in combating
Escherichia coli and Staphylococcus aureus.

Kumar et al. (2023) successfully synthesized SrCuHA NPs and
demonstrated their potential in orthodontic composites to
mitigate WSLs by leveraging the antimicrobial properties of
strontium and copper ions.59 This study emphasizes the
importance of bioactive ions in disrupting bacterial metabolic
pathways and highlights the promising role of SrCuHA NPs in
advancing orthodontic materials. These ndings contribute to
© 2025 The Author(s). Published by the Royal Society of Chemistry
the growing body of evidence supporting the use of nanotech-
nology in preventing bacterial infections associated with dental
treatments.

The study conducted by Alshammari et al. (2024) highlights
the signicant antimicrobial potential of strontium (Sr)-
functionalized wafers in combating bacteria commonly associ-
ated with peri-implant infections.196 The wafers, coated with
a strontium titanium oxygen (Sr–Ti–O) layer, were evaluated for
their bacteriostatic and bactericidal effects on both mono-
species and multispecies biolms over varying time intervals.
The ndings underscore the efficacy of Sr-functionalized wafers
in reducing bacterial viability, colony-forming units (CFUs), and
enzymatic activity, notably gingipain, in biolms.

Key results demonstrated that Sr-functionalized wafers led to
a statistically signicant reduction in viable cells compared to
titanium (Ti) control wafers, as evidenced by bacterial viability
assays and CFU plate counting methods. For mono-species
biolms, Sr-functionalized wafers showed pronounced reduc-
tions in viable cells for Staphylococcus aureus and Escherichia coli
within 2 hours, with similar trends observed for Porphyromonas
gingivalis aer 24 hours (Fig. 34). In multispecies biolms,
a marked decrease in total biomass and viable cells was
observed across various bacterial consortia, including those
containing P. gingivalis, S. aureus, and E. coli, over six days
(Fig. 35). Notably, P. gingivalis was undetectable in Sr-
functionalized wafers at all time points, contrasting with its
persistence in control samples, where it constituted up to 15%
of the total biolm by Day 6.

The antimicrobial action of Sr-functionalized wafers is
attributed to their ability to release bioactive strontium ions
into the surrounding environment. These ions disrupt bacterial
metabolism by interfering with enzymatic activities essential for
bacterial survival. Strontium ions can bind to critical bacterial
enzymes and cofactors, altering their structure and function-
ality, thereby impairing key metabolic pathways such as
nutrient absorption and ion homeostasis. These disruptions
RSC Adv., 2025, 15, 10902–10957 | 10939
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Fig. 34 Bar graph showing the results of mono-species viability assay showing total biomass, viable (green) and dead (red) cells, and CSLM
images of both Sr-functionalized and Ti control wafers tested against Porphyromonas gingivalis (a), Staphylococcus aureus (b), and Escherichia
coli (c). **p < 0.01 compared to Ti control. ***p < 0.001 compared to Ti control.196

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
12

:0
7:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
inhibit bacterial growth and reproduction, amplifying the
antimicrobial efficacy of Sr-functionalized wafers.

Additionally, Sr-functionalized wafers exhibited a signicant
reduction in gingipain activity, an enzyme produced by P. gin-
givalis that plays a critical role in peri-implantitis. Lower gin-
gipain activity was consistently observed in biolms grown on
Sr-functionalized wafers compared to Ti control wafers. This
10940 | RSC Adv., 2025, 15, 10902–10957
reduction aligns with the suppression of P. gingivalis viability
and indicates the broader potential of Sr-functionalized
surfaces to modulate biolm-associated virulence factors.

These ndings align with previous studies demonstrating
the antimicrobial properties of Sr coatings. The sustained
bacteriostatic and bactericidal effects observed in this study
further emphasize the prolonged antimicrobial efficacy of Sr ion
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 35 Bar graph showing the results of multispecies viability assay showing total biomass, viable (green) and dead (red) cells, and CSLM images
of both Sr-functionalized and Ti control wafers tested against Porphyromonas gingivalismultispecies (a), Staphylococcus aureusmultispecies (b)
and Escherichia colimultispecies consortia (c). *p < 0.05 compared to Ti control. **p < 0.01 compared to Ti control. ***p < 0.001 compared to Ti
control.196

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 10902–10957 | 10941
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release over six days. The study also suggests that the formation
of Sr(OH)2, due to Sr ions reacting with water, may contribute to
localized pH changes, which in turn enhance antimicrobial
activity.

In a nutshell, the study by Alshammari et al. (2024) demon-
strates that Sr-functionalized wafers are effective in signicantly
reducing bacterial viability, inhibiting biolm formation, and
mitigating virulence factors in mono- and multispecies bio-
lms.196 These ndings underscore the potential of Sr-
functionalized surfaces in preventing and managing peri-
implant infections, particularly through their capacity to
release bioactive ions that disrupt bacterial metabolism and
growth.

The combined action of membrane disruption, ROS gener-
ation, and ion-mediated metabolic interference ensures that
SrNPs attack bacteria through multiple fronts, reducing the
likelihood of resistance development. This comprehensive
approach makes SrNPs highly effective against both planktonic
bacterial cells and biolm-associated communities. By
leveraging these synergistic mechanisms, SrNPs emerge as
a versatile and potent antimicrobial agent capable of addressing
a broad spectrum of pathogens, including drug-resistant
strains. These characteristics highlight their potential as
a powerful tool in the ght against microbial infections,
particularly in settings where conventional antibiotics are
becoming less effective.
6.2 Synergistic effects with antibiotics

SrNPs also enhance the efficacy of antibiotics, particularly in
combating multidrug-resistant (MDR) pathogens such as Staph-
ylococcus aureus and Pseudomonas aeruginosa. Their synergistic
effects stem from their ability to disrupt biolms—complex
bacterial communities that act as a physical and chemical barrier
against antibiotic penetration.195,197 By breaking down biolms,
SrNPs expose the embedded bacteria, increasing their suscepti-
bility to antibiotics. Additionally, SrNPs sensitize resistant strains
by targeting resistance mechanisms, such as inhibiting efflux
pumps or reducing enzymatic degradation of antibiotics. Studies
have highlighted the enhanced antibacterial potency of antibi-
otics when combined with SrNPs, with signicant improvements
in treatment outcomes against MDR strains. This synergy
underscores the potential of SrNPs as valuable adjuncts in anti-
microbial therapy, addressing the critical challenge of antibiotic
resistance in modern medicine.195,198–201

For example, the study by Dapporto et al. (2022) highlights
the potential of strontium-doped calcium phosphate cements
(SrCPCs) in bone regeneration and antibacterial applications,
with an emphasis on their synergistic effects when functional-
ized with hydroxyapatite nanoparticles loaded with tetracycline
(NP-TC).195 A key aspect of this synergy involves the enhance-
ment of antibiotic efficacy, particularly against resistant path-
ogens such as Staphylococcus aureus and Escherichia coli.

SrNPs and SrCPC formulations play a crucial role in dis-
rupting biolms, which are structured bacterial communities
that protect pathogens from antibiotics. Biolms oen act as
formidable barriers, limiting antibiotic penetration and
10942 | RSC Adv., 2025, 15, 10902–10957
fostering resistance. The study demonstrates that SrCPC
formulations enriched with NP-TC not only inhibit bacterial
growth but also facilitate the breakdown of biolms, exposing
previously shielded bacteria to the effects of antibiotics. This
disruption, coupled with the bacteriostatic and bactericidal
properties of NP-TC, creates a conducive environment for
antibiotics to function more effectively.

Moreover, SrNPs enhance antibiotic sensitivity by targeting
specic resistance mechanisms in bacteria. By interfering with
bacterial metabolic activities and potentially inhibiting efflux
pumps—key components in antibiotic resistance—SrNPs make
resistant strains more susceptible to treatment. The study
provides empirical evidence that combining NP-TC-loaded
SrCPCs with antibiotics results in signicantly improved anti-
bacterial outcomes, as observed in microbiological tests.

Another critical contribution of SrCPCs to the synergistic
effect is the sustained release of tetracycline from NP-TC
formulations. The study shows that the inclusion of NP-TC
slows down the release prole of tetracycline, ensuring
a steady and prolonged antibacterial effect. This controlled
release mechanism enhances the long-term efficacy of antibi-
otic therapy, particularly in treating infections associated with
bone defects.

Furthermore, degradation tests of SrCPCs demonstrate the
release of calcium and strontium ions over time, which not only
supports bone regeneration but also contributes to the anti-
bacterial activity by altering the local environment to deter
bacterial growth. The combination of ion release, biolm
disruption, and antibiotic sensitization underscores the multi-
faceted role of SrCPC formulations in addressing the challenges
of multidrug-resistant pathogens.

Overall, the ndings by Dapporto et al.195 illustrate the
promise of SrCPCs as a platform for synergistic antibiotic
therapy. By integrating the bioactive properties of SrNPs with
the controlled drug delivery capabilities of NP-TC, these
formulations address critical challenges in antimicrobial
therapy, particularly in combating antibiotic resistance and
enhancing treatment outcomes.

The studies by Alkhraisat et al. (2010)202 and Jayasree et al.
(2018)203 also provided valuable insights into the synergistic
effects of strontium (Sr) substitution in calcium phosphate
cements (CPCs) for antibiotic delivery, demonstrating
enhanced therapeutic potential for managing bone infections.

In Alkhraisat et al. (2010), a novel Sr-substituted CPC loaded
with doxycycline hyclate (DOXY-h) was developed to explore the
inuence of Sr substitution on antibiotic adsorption and
release.202 The results highlighted that Sr incorporation signif-
icantly improved the cement's capacity to adsorb DOXY-h,
attributed to better accessibility to drug-binding sites. The
study revealed that the method of antibiotic loading—whether
through adsorption from drug-containing solutions or using
antibiotic solution as the cement's liquid phase—had
a profound impact on the release prole. Cement prepared with
Sr-substituted b-tricalcium phosphate (Sr-b-TCP) exhibited
a faster release rate when loaded with DOXY-h solution, point-
ing to Fickian diffusion as the primary release mechanism. This
tunability in drug release proles, ranging from rapid to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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prolonged, underscores the potential of Sr-substituted CPCs as
an efficient drug delivery system, enhancing local antibiotic
efficacy in bone defects.

Jayasree et al. (2018) further advanced the concept by
incorporating Sr2+ ions into tetracalcium phosphate (TTCP)-
based cements designed to release both Sr2+ ions and the
antibiotic ornidazole.203 The study demonstrated that Sr
substitution not only improved the physicochemical properties
of CPCs, such as complete hydroxyapatite (HA) formation
within a week but also accelerated the release of ornidazole. The
dual-action CPCs exhibited sustained antibacterial activity
against E. coli from day one, with needle-shaped HA crystals
observed in Sr-substituted formulations. Moreover, the
biocompatibility of the Sr-substituted CPCs with skeletal
myoblast (L6) cells underscored their suitability for clinical
applications in bone infection treatment. The study's ndings
highlight the role of Sr in enhancing both the structural and
antimicrobial properties of CPCs, making them effective for
localized drug delivery and promoting bone regeneration.

Together, these studies demonstrate that Sr substitution in
CPCs not only facilitates improved antibiotic delivery through
enhanced adsorption and tailored release mechanisms but also
synergistically combines antimicrobial efficacy with osteogenic
benets, offering a promising strategy for treating infected bone
defects. The incorporation of Sr enables CPCs to act as dual-
action materials, capable of addressing infection while simul-
taneously promoting bone healing, thus addressing critical
clinical challenges in orthopedic applications.

7 Public health implications
7.1 Addressing bone disorders

The application of strontium nanoparticles (SrNPs) in the
treatment of osteoporosis and bone infections represents
a groundbreaking advancement in modern medicine.172 Osteo-
porosis, characterized by reduced bone mass and structural
deterioration, oen leads to fractures and long-term disabil-
ities, while bone infections such as osteomyelitis pose signi-
cant challenges in terms of treatment and recovery. SrNPs offer
a unique dual-action capability: they not only enhance osteo-
genesis by stimulating bone regeneration but also exert potent
antimicrobial effects to mitigate infections.204,205 This combi-
nation makes SrNPs particularly valuable in orthopedic and
dental treatments, where the risk of infection oen complicates
the healing process. By promoting bone density, accelerating
fracture healing, and providing an antimicrobial shield, SrNP-
based therapies hold the potential to substantially enhance
patient outcomes, improve mobility, and reduce the prevalence
of chronic complications associated with bone disorders.205

From an economic perspective, integrating SrNP-based
treatments into mainstream healthcare systems could signi-
cantly alleviate nancial burdens. Osteoporosis and bone
infections impose substantial costs due to prolonged hospital-
izations, complex surgical interventions, and extensive reha-
bilitation programs.206,207 For instance, the treatment of hip
fractures alone represents a considerable nancial strain on
both patients and healthcare systems worldwide. SrNPs, by
© 2025 The Author(s). Published by the Royal Society of Chemistry
offering an efficient and potentially cost-effective alternative,
could reduce these expenses. Their ability to expedite healing
and reduce the incidence of complications may also help
decrease readmission rates and the need for additional inter-
ventions, further contributing to cost savings.184

However, realizing the full potential of SrNP-based therapies
requires overcoming signicant barriers. Scaling up the
production of SrNPs is a crucial step to meet the demands of
widespread clinical use. Advances in nanotechnology
manufacturing must focus on cost-effective methods that
maintain the therapeutic efficacy of SrNPs. Equally important is
the establishment of streamlined distribution networks to
ensure timely and equitable access to these treatments, espe-
cially in resource-limited settings where advanced medical
technologies remain scarce.208–210

Addressing these challenges demands a concerted effort from
multiple stakeholders. International collaborations between
governments, research institutions, and healthcare providers
could drive innovation and facilitate the sharing of resources and
expertise. Public–private partnerships are also critical in bridging
the gap between research and commercialization, ensuring that
SrNP-based treatments reach the global market efficiently.
Furthermore, policies that prioritize affordable healthcare and
the inclusion of advanced therapies in insurance coverage plans
are essential for reducing disparities in access.211–213

By addressing these systemic challenges, SrNPs have the
potential to revolutionize the treatment landscape for bone-
related disorders, improving patient outcomes while simulta-
neously reducing the economic strain on healthcare systems.
Through collaborative efforts, SrNP-based therapies could
become a cornerstone of orthopedic and dental care, offering
hope to millions of patients worldwide.
7.2 Combating antimicrobial resistance (AMR)

The rise of antimicrobial resistance (AMR) has emerged as one
of the most pressing challenges in global public health,
threatening to render many conventional antibiotics ineffective
and leaving infections increasingly difficult to treat. This crisis
necessitates the development of innovative solutions that go
beyond traditional approaches to combat resistant pathogens.
Strontium nanoparticles (SrNPs) present a promising alterna-
tive, leveraging their unique antimicrobial properties to inhibit
the growth and proliferation of multidrug-resistant organ-
isms.214,215 Unlike conventional antibiotics, which oen target
specic cellular processes, SrNPs employ a multifaceted
mechanism of action. They disrupt bacterial metabolic path-
ways, impair enzymatic functions critical for survival, and
generate reactive oxygen species (ROS) that compromise
bacterial cell membranes. These combined effects not only
enhance their antimicrobial efficacy but also reduce the likeli-
hood of resistance development, making SrNPs a valuable tool
in mitigating the AMR crisis.216

However, the successful deployment of SrNP-based antimi-
crobial strategies requires a comprehensive and integrated
approach to their development, regulation, and implementa-
tion. Public health policies must prioritize the establishment of
RSC Adv., 2025, 15, 10902–10957 | 10943
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stringent guidelines that ensure the safe synthesis, application,
and disposal of SrNPs. This is essential to mitigate potential
risks, such as environmental contamination or unintended
health effects, that could arise from the widespread use of
nanomaterials.217,218 Collaborative efforts between regulatory
agencies, researchers, and industry stakeholders are needed to
standardize safety protocols and promote the responsible use of
SrNPs in healthcare settings.

Investing in research and development (R&D) is equally
critical to unlocking the full potential of SrNPs. R&D initiatives
should focus on optimizing nanoparticle formulations to
enhance their antimicrobial spectrum and efficacy while mini-
mizing cytotoxicity to human cells. Advanced characterization
techniques and preclinical studies can help rene their design,
enabling the creation of SrNP-based antimicrobials tailored to
combat a diverse array of pathogens, including bacteria, fungi,
and viruses. Furthermore, exploring synergies between SrNPs
and existing antibiotics could pave the way for combination
therapies that restore the efficacy of drugs rendered ineffective
by resistance.194,217

Integrating SrNPs into national and global AMR mitigation
programs could signicantly bolster efforts to address this
growing threat. Such integration would involve incorporating
SrNP-based solutions into treatment guidelines and protocols
for resistant infections, ensuring their availability and proper
use in clinical practice. Public awareness campaigns are also
crucial for fostering acceptance and uptake of nanoparticle-
based antimicrobials. By educating healthcare providers and
the public about the safety, efficacy, and benets of SrNPs, these
campaigns can address potential concerns and accelerate their
adoption.218–222

Ultimately, the judicious implementation of SrNPs in clinical
and public health settings, underpinned by robust evidence-
based policies, has the potential to revolutionize the ght
against AMR. By reducing reliance on conventional antibiotics
and curbing the emergence of resistant strains, SrNPs can play
a pivotal role in safeguarding global health and ensuring the
continued effectiveness of antimicrobial therapies for future
generations.
8 Challenges

The application of strontium nanoparticles (SrNPs) in health-
care and other sectors holds immense promise, but several
critical challenges must be addressed to ensure their safe,
effective, and equitable deployment. These challenges span
toxicological concerns, scalability, cost, and regulatory and
ethical considerations. Tackling these issues will require
a multidisciplinary effort involving scientists, industry stake-
holders, policymakers, and ethicists.
8.1 Toxicological concerns

One of the most signicant challenges in the development and
application of strontium nanoparticles (SrNPs) is under-
standing their potential impact on human health and the
environment. While SrNPs exhibit promising therapeutic and
10944 | RSC Adv., 2025, 15, 10902–10957
antimicrobial properties, the long-term consequences of expo-
sure remain insufficiently explored. Thorough investigation is
essential to address the possible risks associated with their use.7

A primary concern is cytotoxicity, as SrNPs may interact with
human cells in unintended ways, potentially causing cellular
damage or death. It is imperative to evaluate the dose-
dependent effects of SrNPs on various cell types to establish
safe exposure limits and minimize harm. These studies will
provide crucial insights into the safe application of SrNPs,
particularly in medical and pharmaceutical contexts.223

Another critical area is genotoxicity, which involves the
potential of SrNPs to induce genetic mutations or DNA damage.
This concern is particularly relevant for scenarios involving
repeated or chronic exposure to SrNPs. Rigorous preclinical
testing is needed to assess these risks and ensure that SrNP-
based technologies do not pose a threat to genetic stability or
long-term human health.224,225

Additionally, immunogenicity presents a challenge, as
nanoparticles can trigger immune responses that lead to
inammation or hypersensitivity. Understanding how SrNPs
interact with the immune system is vital for preventing adverse
effects, especially in clinical applications where biocompati-
bility is a top priority. Investigating these impacts will help
guide the development of SrNP formulations that minimize
immune-related complications.226,227

The environmental impact of SrNPs is another pressing
issue. Once released into the environment, SrNPs could accu-
mulate in ecosystems, potentially affecting aquatic organisms
and soil microorganisms. Comprehensive studies are necessary
to understand the environmental fate of SrNPs, including their
bioaccumulation potential and long-term ecological effects.
These ndings will help inform strategies to mitigate environ-
mental risks.228,229

To address these concerns, preclinical and clinical studies
must prioritize extensive toxicological evaluations. Advanced
analytical techniques, such as omics-based analyses, can offer
valuable insights into the molecular mechanisms underlying
SrNP interactions with biological systems. Furthermore, regu-
latory agencies need to collaborate with researchers to establish
standardized safety assessment protocols. By addressing these
challenges proactively, the development and application of
SrNPs can be guided toward safe and sustainable use.
8.2 Scalability and cost

The transition from laboratory-scale research to industrial-scale
production of strontium nanoparticles (SrNPs) presents a series
of challenges that must be addressed to ensure their successful
integration into various applications. One of the primary diffi-
culties is maintaining consistent quality, uniform size distri-
bution, and high purity during large-scale manufacturing.
Current synthesis methods oen depend on expensive reagents,
intricate procedures, or advanced and specialized equipment,
all of which limit their scalability and affordability. These
challenges hinder the broader adoption of SrNP technologies in
real-world applications, especially in resource-constrained
settings.230,231
© 2025 The Author(s). Published by the Royal Society of Chemistry
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To overcome these barriers and ensure the efficient, afford-
able, and sustainable large-scale production of SrNPs, several
strategies must be prioritized. One promising avenue is green
synthesis, which involves the development of environmentally
friendly and sustainable methods for producing SrNPs. Using
plant extracts, biopolymers, or other natural materials as
reducing and stabilizing agents can signicantly lower costs
while minimizing environmental risks associated with
conventional chemical synthesis methods. This approach not
only reduces reliance on expensive and hazardous reagents but
also aligns with sustainability goals and eco-friendly
manufacturing processes.231

Another critical strategy is process optimization, which
focuses on technological improvements to enhance production
yield and ensure quality control. Advances in process engi-
neering, such as the implementation of automated systems and
continuous production techniques, can streamline SrNP
synthesis by reducing variability, improving efficiency, and
enabling consistent production at scale. Innovations in these
areas could lead to more predictable and cost-effective
manufacturing processes that address both industry and envi-
ronmental standards.232

Furthermore, achieving economies of scale will be vital for
overcoming the nancial hurdles associated with SrNP
production. Collaborative efforts between academia and
industry can foster partnerships that promote the development
of cost-effective production methods and shared technological
resources. Such collaborations can drive innovation while
ensuring that SrNP-based technologies becomemore affordable
and accessible to a broader range of end-users, particularly in
regions where affordability and resource availability are major
concerns.

Investing in these approaches—green synthesis, process
optimization, and collaborative efforts for economies of scale—
will be essential to enable the widespread adoption of SrNPs
across diverse applications. Addressing these challenges will
not only ensure the cost-effective production of SrNPs but also
make them more readily available for critical applications in
biomedical, environmental, and technological elds, especially
in resource-limited areas where access to advanced medical and
technological interventions can be restricted.230
8.3 Regulatory and ethical considerations

The lack of standardized guidelines for evaluating and utilizing
strontium nanoparticles (SrNPs) represents a considerable
obstacle to their safe, ethical, and effective deployment in
various applications. The establishment of clear and compre-
hensive regulatory frameworks is essential to ensure consis-
tency, safety, and efficacy across the growing range of SrNP
technologies while addressing broader ethical and societal
concerns. Without such guidelines, variations in SrNP produc-
tion, testing, and application could lead to unintended conse-
quences, including safety risks, environmental concerns, and
inequitable access to these advanced technologies. Therefore,
addressing these gaps requires a multifaceted approach that
© 2025 The Author(s). Published by the Royal Society of Chemistry
incorporates regulatory standards, ethical considerations,
environmental sustainability, and public engagement.189,233

One of the primary areas of focus is regulatory standards.
Comprehensive guidelines for the characterization, toxicity
testing, and clinical evaluation of SrNPs are vital for assessing
their safety and efficacy in various contexts. These standards
should be developed collaboratively with international organi-
zations, such as the World Health Organization (WHO) and
other regulatory bodies, to ensure global harmonization. Such
harmonization would facilitate uniformity in the assessment of
SrNPs across different regions, allowing for their safe and
effective application worldwide. Regulatory bodies must also
consider a variety of risk factors, such as dose–response rela-
tionships, potential for immunogenic responses, and long-term
environmental effects, during their development of these
standards.18,194

Another critical ethical consideration involves accessibility
and equity. As advancements in nanotechnology bring trans-
formative solutions, it is imperative to ensure that access to
SrNP-based treatments and technologies does not widen health
disparities. Ethical frameworks must address challenges asso-
ciated with ensuring equitable distribution, particularly in low-
and middle-income countries, where healthcare infrastructure
may be limited. Policymakers, healthcare providers, and
industry leaders have a shared responsibility to create strategies
that ensure SrNP technologies are affordable, accessible, and
integrated into health systems without discriminating against
vulnerable or underserved populations.

Furthermore, environmental sustainability must be priori-
tized in the development and regulation of SrNPs. Regulations
should mandate lifecycle assessments to evaluate the environ-
mental footprint of SrNPs from their synthesis through
disposal. This includes analyzing their potential for bio-
accumulation, persistence, and ecological disruption. Policies
promoting the use of green synthesis techniques and the
adoption of environmentally responsible manufacturing and
waste management strategies can further support sustainability
goals. These actions would minimize the ecological risks asso-
ciated with the production, use, and disposal of SrNPs while
maintaining their therapeutic and technological benets.234–237

Lastly, public engagement is vital for fostering trust, trans-
parency, and inclusivity in the development and implementa-
tion of SrNP technologies. Public concerns about the safety,
efficacy, and ethical implications of novel nanotechnologies
must be addressed through clear, transparent, and accessible
communication. Building trust requires open dialogue between
scientists, policymakers, and the public, ensuring that stake-
holders—ranging from patients to community representa-
tives—are actively involved in decision-making processes. By
integrating diverse perspectives into the conversation, policy-
makers can ensure that the societal impacts of SrNP technolo-
gies are thoughtfully considered, resulting in broader
acceptance and ethical use.

In a nutshell, addressing the challenges associated with the
lack of standardized guidelines for SrNP evaluation and appli-
cation requires a comprehensive and multidisciplinary
approach. Establishing regulatory standards, ensuring
RSC Adv., 2025, 15, 10902–10957 | 10945
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equitable access, prioritizing environmental sustainability, and
fostering public engagement will be essential in enabling the
ethical, safe, and effective deployment of SrNP technologies.
Such efforts will help ensure that SrNPs fulll their promise of
addressing critical health and technological needs while mini-
mizing risks and promoting fairness and sustainability.

9 Future directions

Tackling the challenges related to the development, production,
and use of strontium nanoparticles (SrNPs) will demand
a unied and multidisciplinary approach. Considering the
intricate interactions of SrNPs with biological systems, the
environment, and societal factors, it is crucial for researchers,
policymakers, and industry leaders to collaborate in creating
and implementing strategies that guarantee their ethical, safe,
and sustainable use. A focused and collective effort is necessary
to emphasize research, foster innovation, strengthen regulatory
frameworks, and ensure equitable access to SrNP technologies.

One key research focus should be advancing our under-
standing of SrNP interactions with biological and environ-
mental systems. This can be achieved through the use of
advanced analytical techniques, such as omics-based method-
ologies, high-resolution imaging, and computational modeling.
These tools can uncover the molecular and cellular mecha-
nisms through which SrNPs interact with human cells, envi-
ronmental agents, and ecosystems. Understanding these
interactions will clarify potential risks, mechanisms of toxicity,
and opportunities for optimizing SrNP design for targeted
applications. Such insights would also support risk assessment
and the development of safer SrNP formulations.

Another critical area is developing innovative and sustain-
able synthesis methods. Current methods for synthesizing
SrNPs can be costly, require specialized infrastructure, or rely
on non-eco-friendly reagents and processes. To ensure the
large-scale production of SrNPs while minimizing environ-
mental impact, research efforts should focus on creating scal-
able, cost-effective, and environmentally friendly synthesis
routes. Green synthesis methods—utilizing renewable
resources such as plant extracts, biopolymers, or other natural
reducing agents—could play a pivotal role. Optimizing these
methods will lower costs, enhance accessibility, and align
production with environmental sustainability goals.

Moreover, strengthening regulatory frameworks and
fostering international cooperation is vital for the standardized
evaluation and use of SrNPs across borders. Establishing clear,
transparent, and internationally harmonized guidelines for the
characterization, testing, clinical evaluation, and application of
SrNPs will ensure safety and efficacy while reducing risks
associated with their use. Collaborative efforts between
governments, international organizations, and research insti-
tutions can streamline these guidelines and provide the
necessary oversight to monitor SrNP development and use.
Additionally, these international partnerships can enhance
knowledge sharing and resource allocation, particularly for
regions that lack access to the infrastructure and expertise
needed to evaluate SrNPs.
10946 | RSC Adv., 2025, 15, 10902–10957
Equally important is promoting equitable access to SrNP-
based solutions, particularly for underserved or low-resource
populations. Barriers to accessibility—ranging from high costs
to limited healthcare infrastructure—could prevent the full soci-
etal benets of SrNP technologies from being realized. Public–
private partnerships can play a vital role in addressing these
inequities by pooling expertise, resources, and funding to scale
production, improve distribution networks, and integrate SrNP
solutions into health systems. Targeted funding initiatives and
strategic collaborations can ensure that advancements in SrNP
technology do not exacerbate existing global health disparities.

Overcoming the complex challenges associated with the
development and application of strontium nanoparticles
(SrNPs) will demand a coordinated and multidisciplinary
approach. The scientic and medical communities must focus
on a comprehensive research agenda that explores biological
and environmental interactions, develops scalable and
sustainable synthesis methods, and establishes robust regula-
tory and ethical frameworks. By fostering innovation,
promoting international collaboration, and ensuring equitable
access, we can fully realize the transformative potential of
SrNPs. This strategic approach will guarantee their ethical, safe,
and sustainable use while addressing pressing global chal-
lenges, including improving health outcomes, combating anti-
microbial resistance, and mitigating environmental and
technological concerns.
10 Conclusion

Strontium-based nanoparticles (SrNPs) hold immense potential
as multifunctional nanomaterials in addressing pressing
healthcare challenges, particularly in bone regeneration and
combating antimicrobial resistance (AMR). Their ability to
enhance bone density, accelerate fracture healing, and target
multidrug-resistant pathogens highlights their versatility as
both orthopedic and antimicrobial therapeutic agents. The
synthesis methods discussed—co-precipitation, hydrothermal
synthesis, and sol–gel techniques—demonstrate effective
strategies for controlling SrNPs' size, shape, and functionality,
with considerations for scalability, environmental sustain-
ability, and cost-effectiveness. Furthermore, the exploration of
toxicological risks and environmental fate underscores the
importance of conducting rigorous preclinical and clinical
evaluations to ensure the safe application of SrNPs. Addressing
regulatory and ethical challenges, such as the establishment of
global safety standards and equitable access, is crucial for
supporting the responsible development and application of
these nanomaterials. This review provides a comprehensive
perspective on the opportunities and challenges associated with
SrNPs, emphasizing their potential to revolutionize bone
regenerative therapies and the ght against AMR. Moving
forward, strategic investments in research, technological inno-
vation, and international collaboration will be vital to unlock
their full capabilities while ensuring their ethical, safe, and
sustainable deployment.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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