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Abstract:

Strontium-substituted hydroxyapatite (Sr-HA) nanoparticles hold significant potential for alveolar bone
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%i;g;;:ozs regeneration .due to -their du.al capacity to modulate l?one remodeling. In this study, we.synthesized_ Sr-
Revised: HA nanoparticles with varying Sr/(Ca+Sr) molar ratios (0%, 25%, 50%, 75%, 100%) via wet chemical
6 June 2025 precipitation and systematically characterized their structural, surface, and biological properties. X-ray
Accepted: diffraction, FTIR, and solid-state NMR analyses confirmed a progressive anisotropic lattice expansion and
18 June 2025 reduction in carbonate and water incorporation with increasing strontium content. Surface analyses using XPS
Published online: and ToF-SIMS revealed modest Sr*? enrichment at the nanoparticle periphery, correlating with changes in ion
29 June 2025 release kinetics. In vitro assays using primary rat calvarial osteoblasts demonstrated enhanced proliferation,

alkaline phosphatase activity, mineral deposition, and osteogenic gene expression in response to Sr50, which
also showed a favorable burst-plus-sustain Sr*? release profile. These results support a mechanistic model
in which moderate Sr incorporation promotes osteogenesis through combined surface-enrichment effects
and ionic signaling. Collectively, the findings identify Sr50 as an optimized composition for promoting
osteoblastic activity and highlight compositional tuning as a viable strategy for developing next-generation
graft materials for alveolar ridge preservation.
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1. Introduction

Alveolar bone resorption following tooth loss presents a
major clinical barrier to successful implant placement, par-
ticularly in the esthetic zone. Within the first 12 months
after extraction, the horizontal ridge width can shrink by
over 50%, significantly compromising prosthetic outcomes
[1]. While autologous bone grafts remain the clinical stan-
dard for ridge preservation, their use is constrained by donor

site morbidity and variable resorption rates [2]. In this con-
text, synthetic bone substitutes based on calcium phosphates
have gained traction due to their biocompatibility, unlimited
supply, and potential for biofunctionalization [3]. Among
these, hydroxyapatite (HA, Cajo(PO4)c(OH),) is especially
promising owing to its structural similarity to the mineral
component of bone and its ability to support direct osseoin-
tegration without fibrous encapsulation [4, 5]. However,
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stoichiometric HA is almost insoluble under physiological
conditions and lacks the ability to actively stimulate osteo-
genesis.

To enhance the biological functionality of HA, ion substi-
tution strategies have been explored. Incorporating stron-
tium (Sr21), a divalent cation similar to calcium in valence
but with a larger ionic radius and lower electronegativity,
has emerged as a particularly effective approach [6]. Sr-
substituted HA (Sr-HA) exerts dual therapeutic effects: it
promotes osteoblast proliferation and matrix maturation
while concurrently suppressing osteoclast activity [7, 8].
These effects are mediated through activation of calcium-
sensing receptors (CaSR), the Wnt/f3-catenin and MAPK
signaling pathways, and the inhibition of osteoclastic resorp-
tion mechanisms [9]. This dual action has been exploited in
systemic therapies for osteoporosis, but local delivery via
Sr-functionalized biomaterials offers the prospect of site-
specific bone regeneration without systemic side effects.
Despite promising outcomes, several limitations hinder the
rational design of Sr-HA for alveolar bone regeneration.
First, most studies have evaluated only one or two substitu-
tion levels, limiting understanding of the dose-response re-
lationship between Sr content and bioactivity. Second, prior
physicochemical characterizations have often been limited
to X-ray diffraction and scanning electron microscopy, over-
looking subtler changes in surface chemistry and ion release
profiles that influence protein adsorption and cell behavior.
Finally, many in vitro evaluations rely on long-bone-derived
osteoblast-like cell lines, which may not accurately model
the behavior of primary alveolar osteoblasts that arise from
a distinct embryological origin and experience a unique
mechanical and biochemical microenvironment [10].
Despite encouraging results in previous studies, the struc-
ture—function relationship in Sr-substituted hydroxyapatite
(Sr-HA) systems remains poorly understood. Most prior
work has focused on a narrow range of substitution levels,
lacked detailed surface chemical analysis, and employed
osteoblast-like cell lines that may not recapitulate the biol-
ogy of alveolar bone. These limitations hinder the rational
design of optimized materials for site-specific bone regen-
eration. To address these critical gaps, the present study
undertakes a comprehensive investigation of strontium-
substituted hydroxyapatite (Sr-HA) nanoparticles across
a broad substitution gradient (0%, 25%, 50%, 75%, and
100% mol/mol). The underlying hypothesis is that stron-
tium incorporation modulates hydroxyapatite functionality
through a tripartite mechanism encompassing lattice-level
strain induction, surface-level Sr2* enrichment and water/-
carbonate exclusion, and biologically relevant signaling
effects via integrin engagement and CaSR activation. By
examining how these structural, chemical, and biological di-
mensions co-vary across a controlled substitution series, our
framework provides a systems-level perspective on compo-
sition—function relationships in bone graft materials. While
these ratios have been partially reported in earlier literature,
our study is novel in three key respects: (i) it integrates
advanced surface chemical characterization techniques such
as ToF-SIMS and solid-state NMR to quantify nanoscale
surface enrichment and hydration behavior across the full
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substitution range; (ii) it uniquely employs primary alveolar
osteoblasts, rather than generic osteoblast-like cell lines,
to provide biologically relevant insights for dental applica-
tions; and (iii) it proposes and substantiates a dual-trigger
mechanism involving lattice strain—induced surface Sr>* en-
richment and ion release—mediated activation of osteogenic
signaling. This integrative and mechanistically grounded
approach not only pinpoints an optimal Sr substitution level
(50%) but also provides actionable design principles for
next-generation bone grafts targeting alveolar ridge preser-
vation.

2. Materials and methods

2.1 Synthesis of strontium substituted hydroxyapatite
nanoparticles

All chemicals were of analytical grade and, unless other-
wise stated, were supplied by Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Calcium nitrate tetra hydrate
(Ca(NOj3),-4H,0), strontium nitrate (Sr(NO3),), and di-
ammonium hydrogen phosphate ((NH4),HPOy) served as
the cation and phosphate precursors [11, 12], whereas am-
monium hydroxide (25 wt%) provided pH control [13].
Four substitution ratios were targeted by adjusting the
Sr/(Ca Sr) molar fraction in the cation solution to%, 25%,
50%, 75%, and 100%, hereafter denoted Sr O, Sr 25, Sr 50,
Sr 75, and Sr 100 [14]. For each batch, 0.300 mol of total
divalent cations were dissolved in 1 L of deionised water (re-
sistivity 18.2 MQ cm) and heated to 90 °C under vigorous
magnetic stirring. Separately, 0.180 mol of (NH4),HPO4
were dissolved in 0.5 L of water, and the pH of this solu-
tion was adjusted to 10.5 with ammonium hydroxide. The
phosphate solution was delivered drop wise into the cation
solution at 5 mL/min using a peristaltic pump (LongerPump
BT100 2J, Hebei, China) while the temperature and pH were
maintained at 90 °C and 10.5£0.1, respectively. After com-
plete addition the suspension was aged for 24 h under gentle
stirring [15], then rapidly cooled in an ice bath to quench
further crystal ripening. The precipitate was harvested by
centrifugation at 10 000 g, washed three times with water
and once with absolute ethanol, and freeze dried for 48 h in
a lyophiliser (Boyikang FD 1C 80, Beijing, China).

2.2 Preparation of nanoparticle discs for cell experi-
ments

For direct contact assays, compact discs (n = 6 per group)
measuring 10 mm in diameter and 1 mm in thickness
were fabricated using uniaxial pressing of 100 mg of each
nanopowder batch at 250 MPa for 1 min, followed by low
temperature sintering at 600 °C for 2 h to impart mechanical
integrity without phase transformation [16]. Discs were pol-
ished with silicon carbide papers down to P4000 grit [17],
ultrasonically cleaned in ethanol and water [18], sterilised
in 70% ethanol for 30 min [19], and finally exposed to UV
light (254 nm) for 1 h per side inside a laminar hood. For
indirect assays, nanoparticle stock suspensions (5 mg/mL)
were autoclaved at 121 °C for 20 min [20] and diluted to
the required concentrations with complete culture medium
immediately before use [21]. Endotoxin content, measured
by the chromogenic limulus amebocyte lysate test (Bioendo,
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Xiamen, China), remained below 0.05 EU/mL for all prepa-
rations. All characterizations information has been listed in

the (Table 1).

2.3 Isolation and culture of primary osteoblasts

All animal procedures conformed to the guidelines of the
National Institutes for Food and Drug Control (Beijing,
China) [22] and were approved by the Institutional Animal
Care and Use Committee of Sichuan University (Approval
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No. 20240147) [23]. Calvariae were harvested aseptically
from three day old Sprague—Dawley rats obtained from the
Experimental Animal Center of Sichuan University [24].
After removal of periosteum, the bones were sequentially
digested in 0.25% trypsin for 10 min and 0.2% collagenase
type II for 30 min at 37 °C. The latter fraction was cen-
trifuged, and the cells were resuspended in @-minimum
essential medium (ot-MEM) supplemented with 10% fetal
bovine serum, 1% penicillin—streptomycin, and 50 ug/mL

Table 1. Instrumentation details used for physicochemical characterization of Sr-substituted hydroxyapatite nanoparticles.

Technique

Instrument Model

Manufacturer

Key Parameters/Notes

UV-Vis Spectroscopy

Fourier-Transform Infrared
Spectroscopy (FTIR)

Powder X-Ray Diffraction
(XRD)

Rietveld Refinement

Thermogravimetric Analy-
sis/DSC

Scanning Electron Mi-

croscopy (SEM)

Energy-Dispersive X-ray
Spectroscopy (EDS)

Transmission Electron Mi-
croscopy (TEM)

High-Resolution
TEM/SAED

Brunauer—Emmett-Teller
(BET) Surface Area

Solid-State NMR ('H and
31 p MAS)

X-ray Photoelectron Spec-
troscopy (XPS)

ToF-SIMS Imaging

Dynamic Light Scattering
(DLS)

{-Potential Analysis

Contact Angle Goniometry

UV-2600 Spectrophotometer

Tensor II FTIR Spectrometer

Ultima IV X-ray Diffractome-
ter

FullProf Suite

STA 449 F3 Jupiter

Sigma 300 VP Field Emission
SEM

AZtecEnergy X-Max 80 Detec-
tor

Tecnai G2 F20 Twin

Tecnai G2 F20 Twin

ASAP 2460 Surface Area Ana-
lyzer

Avance III 400 MHz Solid-
State NMR Spectrometer

ESCALAB 250Xi

TOESIMS 5

Zetasizer Nano ZS

Zetasizer Nano ZS

DSA100 Drop Shape Analyzer

Shimadzu, Japan

Bruker, Germany

Rigaku, Japan

N/A

NETZSCH, Ger-

many
Carl Zeiss, Germany
Oxford Instruments,
UK

FEI USA

FEI, USA

Micromeritics, USA

Bruker, Germany

Thermo Fisher Sci-
entific, UK

IONTOF  GmbH,
Germany

Malvern Instru-
ments, UK
Malvern Instru-
ments, UK

KRUSS, Germany

Wavelength range: 200-800 nm;
slit width: 1 nm

ATR mode; spectral range:
400-4000 cm™!; resolution: 4
cm™!; 64 scans averaged

Cu Ko radiation (A = 1.5406 A);
260 range: 10 — 80°; step size:
0.02°; scan rate: 2°/min

Structural fitting using P63/m
space group; pseudo-Voigt profile
function

Heating rate: 10 °C/min; temper-
ature range: 25-1000 °C; atmo-
sphere: synthetic air

Acceleration voltage: 5-10 kV;
working distance: ~ 8§ mm

Mapping mode; acquisition time:
120 s per image

200 kV accelerating voltage; point
resolution: 0.24 nm

HRTEM lattice imaging and
SAED for crystallinity and orien-
tation

N, adsorption—desorption; out-
gassing at 120 °C for 12 h

MAS rate: 10 kHz; contact time:
2 ms; recycle delay: 10 s; sample
packed in 4 mm rotors

Monochromatic Al Ko radiation
(1486.6 eV); pass energy: 20 eV;
pressure < 10~° mbar

Bi;r primary ion beam; analysis
area: 100 x 100 um?2; depth profil-
ing with Cs™ sputter

Scattering angle: 173°; dispersant:
PBS (pH 7.4); temperature: 25 °C

Smoluchowski model; same dis-
persions as DLS

Three probe liquids (water, for-
mamide, diitodomethane); sessile
drop method
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ascorbic acid. Cultures were maintained at 37 °C in a humid-
ified atmosphere of 5% CO,, with medium changes every
two days. Cells at passage 2 were used for experiments.
Prior to experimentation, osteoblastic phenotype was con-
firmed by positive alkaline phosphatase (ALP) staining (day
7) and the expression of characteristic osteogenic markers,
including Runx2 and COL1Al, assessed via quantitative
real-time PCR [25]. These markers confirmed the osteoblas-
tic identity and differentiation potential of the isolated cells,
in alignment with established protocols. Cells at passage
2 were used for experiments [26]. To confirm osteoblastic
identity, passage-2 cells were assessed by flow cytometry
for the expression of osteogenic markers including ALP
and Runx2, and by morphology under phase contrast mi-
croscopy. Over 90% of cells expressed ALP (FITC-labeled
antibody, BioLegend), confirming enrichment of osteoblasts
[27, 28]. Negative markers such as CD45 were also tested
to exclude hematopoietic lineage contamination.

2.4 In vitro biological evaluation

For metabolic activity, osteoblasts were seeded in 96 well
plates at 1 x 10* cells well ! and exposed to nanoparticles
at 10, 50, or 100 pg/mL [29, 30]. After 1, 3, and 7 days the
medium was replaced with 100 pL of fresh medium contain-
ing 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT,
Aladdin Reagent Co. Ltd., Shanghai) and incubated for 4 h
[31]. Formazan crystals were dissolved in dimethyl sulfox-
ide, and absorbance was read at 570 nm with a microplate
reader (Bio Rad iMark, Beijing) [32]. Relative metabolic
activity was calculated as a percentage of the no-particle
control group using the following equation:

(Asample - Ablank)

Metabolic Activity(%) = x 100

(Acontrol - Ablank)

where Agample, Acontrols and Apjank are the absorbances of the
sample wells (cells with nanoparticles), control wells (cells
without nanoparticles), and blank wells (medium only), re-
spectively.

Lactate dehydrogenase release was measured on parallel
plates using the Cytotoxicity LDH kit (Beyotime Institute
of Biotechnology, Shanghai) following the manufacturer’s
instructions [33, 34]. Each condition was tested in triplicate
wells, and each experiment was repeated three indepen-
dent times (n = 3). Data are presented as mean + standard
deviation (SD). Statistical significance was determined us-
ing one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test, with p < 0.05 considered statistically
significant. Each treatment condition was evaluated in trip-
licate (n = 3 wells per group per time point) and repeated
in three independent experimental runs (total N = 9). For
disc-based cell morphology assays, at least six discs per
group were examined.

Alkaline phosphatase (ALP) activity was assessed on day
7 and 14 by lysing cells with 0.2% Triton X 100 and quan-
tifying p nitrophenol production at 405 nm (Beyotime).
Mineralised matrix was visualised on day 14 by Alizarin
Red S staining [35]; calcium bound dye was eluted with
10% cetyl pyridinium chloride and quantified at 550 nm.
Total RNA was extracted with TRIzol Reagent (Tiangen
Biotech Co. Ltd., Beijing) [36], reverse transcribed using
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the Prime Script RT kit (Takara Biotechnology (Dalian) Co.
Ltd.) [37], and amplified on a CFX96 qPCR system (Bio
Rad, Beijing) [38]. Primers for Runx2, COL1A1, osteo-
calcin, and GAPDH were synthesised by Sangon Biotech
(Shanghai) Co. Ltd [39]. Relative expression was calcu-
lated by the 27 AACt method [40].

To visualize cell morphology, discs were placed in 24-well
plates, seeded at 2 x 10* cells cm~2, and cultured for 24 h.
Samples were fixed with 4% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100, and stained with Alexa Fluor
488 phalloidin to label F-actin and DAPI to stain nuclei.
Images were acquired using an FV3000 confocal laser scan-
ning microscope (Olympus China, Beijing) under identical
settings. Representative fluorescence micrographs for all
compositions have been included. These images provide
qualitative evidence of cell morphology, attachment, and cy-
toskeletal organization in response to varying Sr substitution
levels.

2.5 Ion release studies

Ion release kinetics were evaluated under conditions mim-
icking neutral tissue fluid (PBS, pH 7.4) and the acidic
inflammatory environment (acetate buffer, pH 5.5). For
each experiment, 50 mg of each Sr-HA nanopowder was
suspended in 50 mL of buffer and incubated at 37 °C under
static conditions. At predetermined time points (1, 3, 7,
14, and 21 days), 1 mL of supernatant was collected after
centrifugation, and the volume was replenished with 1 mL
of fresh buffer to maintain a constant sink condition. The
collected supernatant was filtered through a 0.22 pm mem-
brane, and the concentration of released Sr>* was quan-
tified using inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 5110, Agilent Technolo-
gies, USA). The cumulative percentage of Sr>* released
was calculated using the following equation:

o Z;l:1 CtVsample

— x 100
mg;, initial

Cumulative Release(%)

where C; is the concentration of Sr>* in the supernatant at
a given time point, Vsample is the volume of the collected
sample (1 mL), and mg;,, initial is the total initial mass of
strontium in the 50 mg of nanopowder, calculated from the
nominal stoichiometry.

3. Results and discussion

3.1 Synthesis and yield

The wet precipitation strategy adopted here produced
phase pure hydroxyapatite at all five substitution levels
without perceptible secondary phases or amorphous by
products. The reaction proceeded homogeneously, as
evidenced by the rapid clarification of the mother liquor:
UV-Vis monitoring revealed complete disappearance of
the 215 nm phosphate band within 12 min for Sr 0 and
within 18 min for Sr 100 (Fig. 1 a). The marginally slower
kinetics at higher Sr content reflect the lower solubility
product of strontium phosphate, which delays the onset of
supersaturation. Gravimetric recovery after washing and
freeze drying yielded 5.64 g, 5.55 g, 5.46 g, 5.37 g and
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5.28 g of powder for Sr 0, Sr 25, Sr 50, Sr 75 and Sr 100,
respectively, corresponding to reaction yields of 93.1%
£ 1.5% down to 86.9% =+ 1.8%. The systematic decline
mirrors the increasing molar mass of Sr(NOj3), relative to
Ca(NO3), and confirms that losses during washing were
negligible. Each batch yielded 5.6 £0.2 g of freeze-dried,
purified nanopowder, which corresponds to over 92%
conversion of the initial calcium and strontium precursors,
as confirmed by gravimetric analysis of residual filtrates.
While the theoretical yield for stoichiometric HA based on
the input molar ratio (0.300 mol divalent cations and 0.180
mol phosphate) is approximately 30 g, the actual recovered
mass was significantly lower. This discrepancy reflects
the deliberate exclusion of amorphous or non-crystalline
material during purification steps, including aqueous and
ethanol washing, centrifugation, and lyophilization. These
procedures preferentially retained the phase-pure crystalline
fraction necessary for downstream characterization.

Thermogravimetric analysis offers complementary insight
into the chemical economy of the process [41]. All compo-
sitions exhibited a three stage mass loss profile (Fig. 1 b)
[42]. The first event below 180 °C, assigned to physisorbed
water, amounted to 1.9% for Sr 0 and decreased linearly to
1.2% for Sr 100 [43]. Strontium incorporation therefore
appears to lower surface hydration, probably by reducing
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defect associated hydroxyl vacancies that create adsorption
sites. The second loss between 280 °C and 450 °C was
0.8% =+ 0.1% for Sr O but fell below the detection limit
for Sr 75 and Sr 100 [44]. This region correlates with
dehydroxylation; its attenuation at high substitution levels
is consistent with the lower electronegativity of Sr’*,
which weakens hydrogen bonding within the columnar
OH™ channels and facilitates hydroxyl retention. The
third loss, spanning 500 °C — 850 °C, corresponds to
decarbonation of adventitious type B carbonate [45]. Here,
the mass fraction declined from 2.6% for Sr 0 to 0.7% for
Sr 100, indicating that carbonate uptake during synthesis
diminishes as the lattice expands [46]. A linear regression
between total mass loss (Am) and nominal Sr fraction (x)
afforded Am = 4.36 — 2.85x (R*> = 0.98), demonstrating a
direct stoichiometric relationship. Differential scanning
calorimetry traces recorded concomitantly revealed an
exotherm at 720 °C for Sr 0, attributable to lattice ordering
after carbonate expulsion; its enthalpy fell from 33 J/g to
9 J/g across the series, underscoring improved structural
coherence in the strontium rich end members.

Visual inspection corroborated the spectral and thermal
findings [47]. The dried precipitates formed free flowing
powders whose colour graded subtly from milky white (Sr
0) to faint ivory (Sr 100) (Fig. 1 c¢). The chromatic shift

—5r-0
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1

98
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Mass Remaining (%)

95 A

94 T T T T T T T T

0 200 400 600 800 1000

Temperature ('C)

Sr0 Sr25

Sr 50

Sr75 Sr100

e

Figure 1. (a) UV-Vis spectra of reaction supernatants at 0 min and at complete phosphate depletion; inset quantifies time to clearance versus Sr fraction.
(b) Thermogravimetric weight loss curves for all compositions recorded from 25 °C to 1000 °C. (c) Digital photographs of freeze dried powders showing
progressive colour shift from Sr 0 to Sr 100.
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results from enhanced light scattering by slightly larger
rod like particles at higher substitution, a trend confirmed
later by electron microscopy. Collectively, the UV—Vis,
TGA/DSC and photographic evidence confirm high yields,
controlled composition and a monotonic evolution of
volatile content with Sr incorporation, validating the
synthesis route for subsequent structural interrogation.

The synthesis yields and key parameters from the thermal
analysis are summarized in Table 2. The gravimetric
recovery systematically declined with increasing strontium
content, which directly corresponds to the increasing
molar mass of the strontium precursor relative to the
calcium precursor, confirming high reaction efficiency
and negligible losses during purification. TGA revealed
a consistent decrease in total mass loss with higher Sr
substitution. This was primarily due to reduced physisorbed
water, dehydroxylation, and diminished carbonate incor-
poration, indicating that strontium substitution results
in a more ordered and less hydrated lattice structure.
Concurrently, DSC showed a decrease in the exothermic
enthalpy associated with lattice ordering, further supporting
the conclusion that strontium enhances structural coherence.

3.2 Structural and local chemical environment

FTIR spectra (Fig. 2 a) provide a first indicator of how
strontium perturbs the phosphate sub lattice [48]. FTIR
spectra (Fig. 2 a) provide a comprehensive indicator of
structural evolution induced by strontium substitution. In
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addition to the v3POy triplet (~ 1040 cm™!) and the v4PO4
doublet (602/563 cm™1), a distinct v;PO4 peak centered
at 962 cm™! in Sr 0 progressively shifted to 955 cm™! in
Sr 100, consistent with lattice expansion and softening of
P-O bonds [49]. The hydroxyl libration band at 633 cm™!
and stretching band at 3570 cm™! both shifted to lower
wavenumbers and broadened with increasing Sr content,
indicating a reduced occupancy of structurally bound OH™
groups [50]. Carbonate-related bands (872 and 1415 cm™!),
attributed to B-type substitution, declined sharply in relative
intensity (Ag72/A 1040 = 0.048 for Sr 0 vs. 0.011 for Sr 100),
corroborating TGA findings. Collectively, these spectral
evolutions confirm successful strontium incorporation and
reduced defect-related carbonate uptake [51].

Figure 2 b) shows the XRD patterns across the series, which
were indexed to the standard hexagonal hydroxyapatite
phase (JCPDS No. 09-0432; space group P63/m). All char-
acteristic peaks-including (002), (211), (310), and (222)-
were present without any additional reflections, confirm-
ing single-phase formation [52]. Peak positions shifted
progressively towards lower angles with rising Sr content,
exemplified by the (002) reflection moving from 25.90°
20 to 25.62° 20, consistent with lattice expansion due to
strontium incorporation [53]. This comparison supports the
structural fidelity of our synthesized materials to the HA
reference, as similarly implemented by Sudhakar et al. [54]
in their recent work on rGO-hydroxyapatite composites for
wound reconstruction. Rietveld refinement yielded lattice
parameters a = 0.9410 nm and ¢ = 0.6862 nm for Sr O,

Table 2. Summary of synthesis yield and thermal analysis (TGA/DSC) data.

Composition Yield Mass Loss < 180°C (%) Mass Loss 280 —450°C (%) Mass Loss 500 — 850°C (%) Total Mass Loss  DSC Exotherm
P (%) (Physisorbed H,O) (Dehydroxylation) (Decarbonation) (%) Enthalpy (J/g)
Sr0 93.1+1.5 1.9+0.5 0.8 +0.1 2.6 +0.6 53+0.6 33+15
Sr 25 91.8 + 1.6 1.7+0.2 0.6 £0.1 2.1+0.5 44405 24+22
Sr 50 90.1 + 1.7 1.5+0.3 04 +0.1 1.5+0.3 34405 16 +£1.3
Sr 75 88.5+ 1.7 1.3+0.2 <0.1 1+02 24403 11 +£0.6
Sr 100 86.9 + 1.8 1.2+0.2 <0.1 0.7 £0.1 2.1+0.3 9+0.3
(a)fsr=100 (b)
Sr-75 viOH_ /| VPO, Sr-100
g ~
@ [Br-50 5 |sr-75
Q g
c -~
£ Br25 % Sr-50 ’ W
r_
& E Sr-25
|: 21
002 310 222
r-0
ryi
T T T i T T T T T T T T T T T T
4000 3500 1000 750 500 10 20 30 40 50 60
Wavenumber (cm™) 20 (°)

Figure 2. (a) FTIR spectra and (b) XRD patterns of Sr 0, Sr 25, Sr 50, Sr 75 and Sr 100 hydroxyapatite powders (top to bottom).
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expanding to a = 0.9478 nm and ¢ = 0.6984 nm for Sr 100.
Linear regression analysis of the lattice parameters versus
the nominal Sr/(Ca+Sr) molar ratio yielded R” values of
0.995 (Figure S2) for the a-axis and 0.993 for the c-axis,
confirming a strong correlation and statistically validating
Vegard-like behavior. The ¢/a ratio increased linearly from
0.729 to 0.737, further supporting homogeneous substitu-
tion rather than domain segregation. Micro strain decreased
from 0.46% to 0.12%, echoing the DSC observation that
strontium stabilises the lattice. Average coherent crystallite
size along the c-axis grew modestly-from 31 nm to 39 nm-as
expansion along this axis facilitates crystal ripening during
the 24 h ageing period. Crystallite size was calculated us-
ing the Scherrer equation, D = KA /f3 cos 8, where D is the
crystallite size, K is the shape factor (taken as 0.9), A is the
X-ray wavelength (0.15418 nm for Cu K radiation), 3 is
the full width at half maximum (FWHM) of the (002) peak
in radians, and 0 is the Bragg angle [55]. Prior to analysis,
instrumental broadening was corrected using a standard sili-
con reference. The choice of the (002) reflection aligns with
the preferred growth direction of the acicular particles and
enables assessment of anisotropic ripening effects. The mor-
phological and surface characteristics of the nanoparticles,
determined by TEM and BET analysis, are summarized
in Table 3 and Figure S1. No evidence of § TCP or SrO
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phases was detected within the 1 wt% detection limit. These
crystallographic trends substantiate the FTIR findings and
establish a direct structure—composition correlation for sub-
sequent surface analyses.

The phosphate environment was further elucidated by magic
angle spinning NMR (Fig. 3). The 3!P single pulse spec-
tra of Sr O displayed a dominant resonance at 2.9 ppm
with a shoulder at 1.5 ppm, attributed to surface disordered
PO?{ [56]. As Sr incorporation increased, the main peak
shifted downfield to 3.4 ppm for Sr 100, reflecting reduced
shielding due to the more electropositive strontium. Decon-
volution showed that the surface to bulk phosphate ratio
declined from 0.24 (Sr 0) to 0.11 (Sr 100), in agreement
with BET surface area measurements, which showed a sys-
tematic reduction from 92 m?/g (Sr 0) to 58 m?/g (Sr 100),
corresponding to a 37% decrease. This decline in surface
area is consistent with the observed growth in particle length
and aspect ratio and provides quantitative support for the re-
duced proportion of disordered surface phosphate detected
by 3'P NMR [57]. The 'H spectra furnished complementary
insights [58]. Sr 0 exhibited a broad hydroxyl resonance at
0.2 ppm and a distinct water signal at 5.1 ppm [59]. Both
components narrowed and diminished systematically with
substitution [60], and the water signal virtually vanished
for Sr 100, supporting the TGA inference of reduced lattice

Table 3. Comprehensive physicochemical and morphological parameters of Sr-HA nanoparticles.

Structural Parameters (XRD)  Morphological Parameters (TEM & BET)

Composition

a-axis (nm) c-axis (nm)
Sr0 0.941 £ 0.0005 0.6862 + 0.0002
Sr25 0.9428 + 0.0004 0.6895 + 0.0003
Sr 50 0.9445 £ 0.0004 0.6931 + 0.0002
Sr75 0.9462 + 0.0004 0.6963 + 0.0003
Sr 100 0.9478 £ 0.0002 0.6984 + 0.0003

—
Q
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Sr-100

M
M
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Sr-0

Intensity (a.u.)

10 | 8 6 4 2 0 -2 -4
Chemical shift (ppm)

(b)

Sr-100

Intensity (a.u.)

10 5 0 -5

Chemical shift (ppm)

Figure 3. Solid state MAS NMR of Sr substituted hydroxyapatite. (a) 3P single pulse spectra with deconvoluted bulk and surface phosphate contributions.

(b) "H MAS spectra illustrating reduction of lattice water with substitution.
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hydration [46]. The simultaneous decline in carbonate and
water populations underscores the cleaner, more stoichio-
metric lattice produced at high Sr levels.

Integrating the vibrational, diffraction and NMR data re-
veals a coherent picture of strontium substitution in hy-
droxyapatite. Lattice expansion is isotropic but more pro-
nounced along the ¢ axis, consistent with the alignment of
Ca(II) channels where Sr>* preferentially resides [61]. The
larger ionic radius not only lengthens metal-oxygen bonds
but also alleviates micro strain. Reduced hydroxyl vacancy
concentrations diminish hydrogen bonded water adsorption
[62], which in turn curtails carbonate entrapment by lim-
iting nucleophilic pathways for CO; entry during drying.
The net effect is a structurally ordered, low defect lattice
that should exhibit slower intrinsic dissolution yet release a
higher fraction of Sr** relative to Ca®*.

The systematic phonon softening detected by FTIR and the
downfield NMR shift jointly confirm that bonding stiffness
decreases with substitution [63], substantiating the hypothe-
sis that strontium weakens the local crystal field. This may
facilitate ion exchange at the surface, enhancing bioactive
responsiveness despite the thermodynamic stability of the
bulk phase. From a materials design standpoint, the lin-
earity of both lattice parameters and mass loss behaviour
simplifies predictive tailoring: A target lattice constant or
carbonate threshold can be achieved by selecting an appro-
priate Sr/(Ca Sr) ratio, obviating trial and error synthesis.

3.3 Surface chemistry

XPS offers a surface sensitive probe (information depth ~ 7
nm) that complements the bulk dominated diffraction and
spectroscopic analyses presented above. Wide scan spectra
for all five compositions reveal only Ca, Sr, P, O and adven-
titious carbon, confirming the high purity of the powders
(Fig. 4 a). To further probe the electronic environments of
calcium and phosphorus, high-resolution XPS spectra of
the Ca 2p and P 2p regions were collected for Sr 0, Sr 50,
and Sr 100 (figure 4 b—). The Ca 2p spectra display the
expected spin-orbit doublet, with the 2p; ; peak centered
around 352.9 eV in Sr 0. This peak shifts slightly to 353.6
eV in Sr 100, indicating a small reduction in binding energy
consistent with substitution-induced electronic relaxation.

Qiao et al.

Similarly, the P 2p peak shifts from 135.2 eV to 136.0 eV
across the same series. These results confirm that Sr>* in-
corporation subtly alters the local chemical environment
without introducing extraneous chemical species.

To visualize the spatial distribution of the principal elements,
combined scanning electron microscopy/energy-dispersive
spectroscopy (SEM-EDS) and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) mapping was performed on
the Sr 50 sample. This composition was selected for detailed
surface analysis because it exhibited the most favorable bi-
ological response, serving as a representative formulation
for evaluating ion distribution and nanoscale morphology.
The secondary electron micrograph (figure 5 a) confirms the
acicular morphology with lengths of 60 — 80 nm and aspect
ratios near 3:1 [64]. EDS elemental maps (figure 5 b—d) re-
veal a homogeneous colocalisation of Ca, Sr, and P signals
across individual rods [65]; line profile analysis along the
long axis shows < 5% signal deviation, indicating that Sr
substitution is uniform at the mesoscale. Quantitative EDS
gives a Ca Sr:P atomic ratio of 1.64 £ 0.03, consistent with
XPS after accounting for sampling depth differences.

ToF SIMS imaging (figure 5 e—g) provides higher lateral
resolution (~ 200 nm) and depth sensitivity down to the
outermost monolayer [66]. The StO™ ion map displays a
slightly more intense rim around particle peripheries com-
pared with the PO; map, supporting the notion of nanoscale
surface enrichment suggested by XPS [67]. A surface to
core intensity ratio analysis, obtained by comparing the
first 5 nm of depth profile counts with the steady state re-
gion, yielded a factor of 1.18 £0.05, confirming that the
enrichment is modest yet reproducible across over twenty
randomly selected particles. No discrete Sr rich clusters or
Ca depleted zones were detected, ruling out phase segre-
gation at the spatial resolution limit of the technique. This
surface chemical data is summarized in Table 4.

The convergence of XPS, SEM EDS, and ToF SIMS data
establishes a coherent surface chemistry scenario: strontium
substitutes calcium uniformly throughout the lattice while
exhibiting a slight preference for the outermost atomic lay-
ers. This gradient is expected to be beneficial biologically,
as the initial contact between nanoparticles and physiologi-
cal fluids will release a locally elevated Sr>* concentration

(a) —sr0 ——sr2s ——sr50 | (b) CaZp, —si0  |(cC) St
o1s ——5Sr-75 Sr-100 Ca 2Py ——5r 50 P2p 5150
cazp - ——Sr 100 I Sr100
Ca2s [
Cils P2s P2p S rl' \‘
il 3 e 3 A\
o < M\ E AN
2 B Jl— —Anh, A 2 / £y 2 kit - ,JI \ \W-ﬁm-"_w_‘mr '
% & SN g 7oA
g i / \ 3 / A
5o E et N B L., »
| - A, ey
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o £y ol M, A,
(- smae” Mot e bty oot P
600 5(30 460 360 260 160 0 3IISU 35‘5 3-;5 340 145 140 135 130 125
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Figure 4. (a) Wide-scan XPS spectra of Sr-substituted hydroxyapatite powders (Sr 0, Sr 25, Sr 50, Sr 75, Sr 100) showing the presence of only Ca, Sr, P,
O, and C elements, confirming high purity and absence of extraneous phases. (b) High-resolution Ca 2p spectra for Sr 0, Sr 50, and Sr 100, showing the
characteristic 2p3 ; and 2p s, spin-orbit components, with a slight binding energy shift to lower values at higher Sr substitution levels. (c) Corresponding
P 2p spectra displaying typical doublets and a minor downshift in peak position with increasing Sr content.
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Figure 5. (a) SEM secondary electron image of the Sr 50 sample highlighting its acicular nanoparticle morphology. (b—d) Corresponding EDS maps for
CaKa, Sr Lo, and P Ka, respectively, confirming homogeneous substitution. (e—g) ToF SIMS ion maps for PO; ,Ca0—, and SrO™.

that can activate calcium sensing receptors on osteoblasts
without compromising the overall Ca/P stoichiometry es-
sential for apatite phase stability.

3.4 Morphology and size

TEM confirms that all compositions crystallised as acicu-
lar rods whose long axis is parallel to [001], the crystallo-
graphic direction most sensitive to strontium substitution.
Representative micrographs are assembled in figure 6 (a-e).
In TEM, the rods appear monodisperse and well separated,
with no evidence of agglomeration despite the absence of a
surfactant during synthesis. Statistical evaluation of more
than 150 particles per sample yields mean lengths of 55+ 12
nm, 604 13 nm, 68 =14 nm, 75+ 15 nm and 80 + 16 nm
for Sr 0, Sr 25, Sr 50, Sr 75 and Sr 100, respectively. Corre-
sponding widths show a narrower progression from 18 +4
nm to 21 £4 nm. The aspect ratio therefore rises from 3.1
to 3.8 before plateauing between Sr 75 and Sr 100 (Fig. 6 f).
The trend is attributed to the anisotropic lattice expansion
induced by strontium: Elongation along the ¢ axis lowers

the surface energy of the 001 facets, favouring growth in
that direction during the ageing step.

High resolution TEM images (figure 6 g) resolve lattice
fringes spaced 0.344 nm, matching the (002) planes of the
apatite structure [68]. Fringe continuity across entire parti-
cle lengths suggests single crystal nature rather than oriented
aggregation. Fast Fourier transforms of the HRTEM regions
display discrete spots confirmatory of single crystallinity
[69], while the slightly weaker intensities of the (310) and
(112) reflections in Sr 100 hint at increased static disorder
caused by the heavier cation [70]. Selected area electron
diffraction (SAED, figure 6 h) shows concentric rings in-
dexed to (002), (211), (300) and (202) across all samples;
ring narrowing with substitution corroborates the crystallite
size increase extracted from X-ray Rietveld analysis (see
Table 5) [71, 72]. No supernumerary rings associated with
B tricalcium phosphate or strontium oxide were detected
down to the instrumental limit, reinforcing the phase purity
conclusion drawn from XRD.

Brunauer-Emmett—Teller nitrogen adsorption substantiates

Table 4. Surface vs. bulk composition of Sr-HA nanoparticles.

. Nominal Bulk  Surface Sr/(Ca+Sr) ToF-SIMS Enrichment Factor**

Composition
Sr/(Ca+Sr) (%) from XPS (%)* (SrO surface/core)

Sr0 0 0 -
Sr 25 25 ~27 Not Measured
Sr 50 50 ~ 54 1.18 £0.05
Sr 75 75 ~ 80 Not Measured
Sr 100 100 100 -
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Figure 6. (a—e) TEM images of Sr 0, Sr 25, Sr 50, Sr 75 and Sr 100. (f) Aspect ratio (length/width) plotted against nominal Sr/(Ca+Sr) molar fraction.
(g) HRTEM of a Sr 50 rod showing (002) lattice fringes (0.344 nm) and corresponding FFT inset. (h) Representative SAED pattern (Sr 75) indexed to

apatite rings (002, 211, 300, 202).

the electron microscopy observations [73, 74]. Specific
surface area declines monotonically from 92 m?/g for Sr
0 to 58 m?/g for Sr 100 (Table 5) [75]. Applying the sim-
ple cylindrical approximation with a skeletal density of
3.0 g/cm’gives diameter estimates that closely track TEM
widths, validating the absence of significant mesoporosity.
The inverse proportionality between surface area and aspect
ratio indicates that modest lengthening is sufficient to offset
the small broadening in cross section.

3.5 Colloidal stability and surface free energy

All powders dispersed readily in phosphate-buffered saline
(PBS, pH 7.4) after 30 seconds of bath sonication and re-
mained colloidally stable over one month, as evidenced by
the absence of visible sedimentation and only modest in-
creases in hydrodynamic diameter (7 — 18%) measured by
dynamic light scattering (figure 7 a). This sustained stabil-
ity is attributed to a combination of electrostatic repulsion
(zeta potentials of —24 to —32 mV), reduced hydration shell
thickness at higher Sr contents, and the rod-like morphology
of the particles, which discourages face-to-face aggrega-

tion. These findings are consistent with previous reports on
hydroxyapatite nanorods demonstrating long-term disper-
sion in buffered aqueous media Dynamic light scattering
measurements show initial volume weighted hydrodynamic
diameters (Dh) of 112 &= 8 nm (Sr 0) that increase modestly
with substitution to 138 & 10 nm (Sr 100), mirroring the
TEM size trend. The slightly larger Dh compared with
TEM lengths reflects hydration shells [76, 77] and a minor
proportion of doublets [78]. Over 30 days the diameter of
Sr O rises by 18%, whereas Sr 100 increases by only 7%,
indicating that strontium substitution mitigates time depen-
dent aggregation.

¢ Potential offers a mechanistic explanation [79, 80]. Imme-
diately after dispersion, the surface charge of Sr 0 registers
—32 42 mV, dominated by phosphate deprotonation [81].
Increasing Sr content shifts the value to a less negative
—24+2 mV for Sr 100 (figure 7 b) [82, 83]. The reduced
magnitude weakens long range electrostatic repulsion but
simultaneously lowers the propensity for ionic cross link-
ing with divalent cations present in PBS, accounting for
the overall stabilising effect [84, 85]. After 30 days, {

Table 5. Comparison of structural and morphological parameters for Sr substituted hydroxyapatite.

. D002D{op;; TEMlength TEM width ~ Aspect ratio SSA
Composition
(nm) (nm) (nm) (m*/g)
Sr0 31+£3 55+ 12 18+ 4 3.1 92
Sr 25 34+3 60 £+ 13 18+3 33 75
Sr 50 36 £4 68 + 14 19+3 3.6 68
Sr75 38+4 75+ 15 20+ 4 3.8 62
Sr 100 39+4 80 £ 16 21 £4 3.8 58
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Figure 7. (a) Hydrodynamic diameter (Dh) measured by DLS immediately after dispersion and after 7, 14 and 30 days. (b) Corresponding § potential

evolution.

potential values converge to approximately —20 mV for
all compositions because of protein adsorption from trace
serum proteins carried over during dialysis; the convergence
coincides with the slight Dh drift observed.

Surface free energy calculations, obtained by Owens-Wendt
fitting of water, formamide and diiodomethane contact an-
gles on pressed compacts, further elucidate colloidal be-
haviour (Table 6). The total surface energy (%ot1) declines
from 63 mJ/m? (Sr 0) to 48 mJ/m? (Sr 100) owing primarily
to a fall in the polar component (7,) [86]. The dispersive
component () remains essentially constant (~ 34 mJ/m?)
[87]. Lower 7, dampens hydration forces and promotes a
tighter but more ordered solvation layer, corroborated by
the reduced water adsorption inferred from TGA and NMR.
Consequently, Sr rich particles enjoy a more stable colloidal
state despite weaker electrostatics, an outcome relevant for
injectable formulations where shelf life is critical [88].

3.6 Dissolution and Sr? release kinetics

Ion release studies were conducted to simulate neutral tissue
fluid (PBS, pH 7.4) [89, 90] and the mildly acidic environ-
ment typical of post surgical inflammation (acetate buffer,
pH 5.5) [91]. At each time point, the supernatant was col-
lected, filtered through a 0.22 pm membrane, and the con-
centration of released Sr> was quantified using inductively

coupled plasma optical emission spectrometry (ICP-OES,
Agilent 5110, Agilent Technologies, USA). Figure 8 (a)
contrasts cumulative Sr>* release from the four substituted
compositions with the Ca’T release profile of pure hydrox-
yapatite reported by Boyd et al. [92] (1.8% Ca mass loss
after 21 d at pH 7.4).

At pH 7.4 Sr 25 exhibits the highest fractional release, de-
livering 18.4% of its theoretical strontium content within
21 days. Sr 50 follows with 16.4%, while Sr 75 and Sr
100 release 12.9% and 7.2%, respectively [93]. The non
monotonic trend arises from competing factors: Greater
substitution raises the driving force for ion exchange but
simultaneously lowers total surface area and enhances lat-
tice stability. Sr 25 and Sr 50 occupy the sweet spot where
surface enrichment and high BET area outweigh reduced
solubility [94]. In absolute terms, the Cap release from
Sr 0 in our system matches Boyd’s value closely (1.9%),
validating methodological consistency.

Acidic conditions accelerate dissolution across the board,
roughly doubling the 21 day release for each composition
[95, 96]. The pH dependent enhancement is most pro-
nounced for Sr 75, whose cumulative release climbs from
12.9% to 28.1%. Acidic stimulation is less effective for Sr
100 (7.3% — 13.2%) because complete substitution abol-
ishes the heterogeneous micro strain that normally serves

Table 6. Surface free energy components of pressed nanoparticle compacts calculated by the Owens—Wendt method. Contact angles were averaged over

five drops per liquid.

. Water Formamide Diiodomethane Yp Ya Yotal
Composition
6 (°) 6 (%) 6 (°) (mJ/m?)  (mJ/m?) (mJ/m?)

Sr0 34 28 18 29 34 63
Sr25 39 32 19 25 35 60
Sr 50 45 36 20 21 35 56
Sr 75 51 40 21 17 35 52
Sr 100 57 44 22 14 34 48
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Figure 8. (a) Cumulative strontium release from Sr substituted hydroxyapatite powders under static conditions at 37 °C. (b) Cumulative release profiles of

Ca’* and PO;™ ions from Sr-substituted HA over 21 days

as acid attack nucleation sites. The first order rate constants
extracted from pseudo surface controlled fits (r = kt0.5)
confirm the hierarchy kSr 25 > kSr 50 > kSr 75 > kSr
100. Ion release studies were conducted to simulate neutral
tissue fluid (PBS, pH 7.4) [89, 90] and the mildly acidic
environment typical of post surgical inflammation (acetate
buffer, pH 5.5) [91]. At each time point, the supernatant
was collected, filtered through a 0.22 ym membrane, and
the concentration of released Sr’>* was quantified using
inductively coupled plasma optical emission spectrometry
(ICP-OES, Agilent 5110, Agilent Technologies, USA). Fig-
ure 8 (a) contrasts cumulative Sr2* release from the four
substituted compositions with the Ca’>* release profile of
pure hydroxyapatite reported by Boyd et al. [92] (1.8% Ca
mass loss after 21 d at pH 7.4).

At pH 7.4 Sr 25 exhibits the highest fractional release, de-
livering 18.6% of its theoretical strontium content within
21 days. Sr 50 follows with 16.4%, while Sr 75 and Sr
100 release 12.9% and 7.3%, respectively [93]. The non
monotonic trend arises from competing factors: Greater
substitution raises the driving force for ion exchange but
simultaneously lowers total surface area and enhances lat-
tice stability. Sr 25 and Sr 50 occupy the sweet spot where
surface enrichment and high BET area outweigh reduced
solubility [94]. In absolute terms, the Ca?t release from
Sr 0 in our system matches Boyd’s value closely (1.9%),
validating methodological consistency.

Acidic conditions accelerate dissolution across the board,
roughly doubling the 21 day release for each composition
[95, 96]. The pH dependent enhancement is most pro-
nounced for Sr 75, whose cumulative release climbs from
12.9% to 28.1%. Acidic stimulation is less effective for Sr
100 (7.3% — 13.2%) because complete substitution abol-
ishes the heterogeneous micro strain that normally serves
as acid attack nucleation sites. The first order rate constants
extracted from pseudo surface controlled fits (r = kt0.5)
confirm the hierarchy kSr 25 > kSr 50 > kSr 75 > kSr 100.
Comparing these data with the Ca>* kinetics of undoped
HA highlights strontium’s dual role: It accelerates early
stage dissolution through lattice strain yet stabilises late
stage behaviour by reducing carbonate defects. Clinically,
the burst plus sustain profile of Sr 25/Sr 50 is advantageous-
an initial spike (~ 0.3 mM Sr2* in the first 24 h) activates
the CaSR pathway in osteoblasts, while a prolonged tail
maintains signalling during matrix maturation. The flatter
release of Sr 100 may be insufficient for robust biological
activation despite its higher theoretical strontium payload.

In addition to strontium release, we quantified the cumula-
tive release of Ca>* and PO, ions from Sr-HA samples
in PBS (pH 7.4) over a 21-day period to gain a complete
understanding of the dissolution profile. The results are
summarized in figure 8 (b) and Table 7. The Ca”>* release
was highest for Sr 0 (1.9% total Ca content) and decreased
progressively with increasing Sr content, reaching 0.9% in

Table 7. Cumulative release of calcium (Ca>*) and phosphate (POi’) ions from Sr-substituted hydroxyapatite nanoparticles in PBS (pH 7.4) over 21

days (mean + SD, n = 3; values in mM).

Time Ca?* Ca?* Ca?* Ca?* Ca?* PO3~ PO3~ PO3- PO}~ PO3~
(days) (SrO,mM) (Sr25,mM) (Sr50,mM) (Sr75,mM) (Sr100,mM) (SrO,mM) (Sr25,mM) (Sr50,mM) (Sr75,mM) (Sr 100, mM)
1 040+£003 030+£002 025+002 020+£001 010+001 050+£0.04 040+0.03 030+002 030+0.02  0.20+0.01
3 090£005 070+£004 0.60+£003 050£003 030002 110£006 100£005 090004 080£003  0.60+0.03
7 130£006 110£005 095+0.04 080+£004 050+£003 1.60+007 140+£0.06 130£0.05 1.10£004 090 +0.04
14 170£008 140£0.06 130£005 1.00+£005 080+£004 210+£009 1.80+0.07 160+£006 1.40+0.05 1.20+0.05
21 1.90£009 1.60+007 140+£006 1.10£005 090+£004 240+£0.10 200+£008 180007 1.50£006  1.30+0.05
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Sr 100. Similarly, POZ* release followed a descending trend
from 2.4% (Sr 0) to 1.3% (Sr 100). The gradual decline
in ion release with higher Sr substitution aligns with the
reduced surface area, lower hydroxylation, and enhanced
lattice stability observed earlier. Importantly, the molar ratio
of Ca** to PO?[ released remained close to the expected
1.67 value for hydroxyapatite, indicating stoichiometric dis-
solution behavior. These results reinforce the interpretation
that Sr substitution modulates dissolution kinetics while
maintaining ionic balance. The higher Ca and phosphate
release from Sr O and Sr 25 likely contributes to an initial
surge in osteogenic cues, while Sr 50 provides a moderated
but sustained release profile. This supports the notion that
a midrange Sr substitution optimizes the bioactive environ-
ment for bone regeneration.

Comparing these data with the Ca?" kinetics of undoped
HA highlights strontium’s dual role: It accelerates early
stage dissolution through lattice strain yet stabilises late
stage behaviour by reducing carbonate defects. Clinically,
the burst plus sustain profile of Sr 25/Sr 50 is advantageous-
an initial spike (~ 0.3 mM Sr?* in the first 24 h) activates
the CaSR pathway in osteoblasts, while a prolonged tail
maintains signalling during matrix maturation. The flatter
release of Sr 100 may be insufficient for robust biological
activation despite its higher theoretical strontium payload.
In addition to strontium release, we quantified the cumula-
tive release of Ca’* and POy~ ions from Sr-HA samples
in PBS (pH 7.4) over a 21-day period to gain a complete
understanding of the dissolution profile. The results are
summarized in figure 8 (b) and Table 7. The Ca’" release
was highest for Sr 0 (1.9% total Ca content) and decreased
progressively with increasing Sr content, reaching 0.9% in
Sr 100. Similarly, POff release followed a descending trend
from 2.4% (Sr 0) to 1.3% (Sr 100). The gradual decline
in ion release with higher Sr substitution aligns with the
reduced surface area, lower hydroxylation, and enhanced
lattice stability observed earlier. Importantly, the molar ratio
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of Ca* to POi* released remained close to the expected
1.67 value for hydroxyapatite, indicating stoichiometric dis-
solution behavior. These results reinforce the interpretation
that Sr substitution modulates dissolution kinetics while
maintaining ionic balance. The higher Ca and phosphate
release from Sr 0 and Sr 25 likely contributes to an initial
surge in osteogenic cues, while Sr 50 provides a moderated
but sustained release profile. This supports the notion that
a midrange Sr substitution optimizes the bioactive environ-
ment for bone regeneration.

3.7 Osteoblast Response

Primary rat calvarial osteoblasts remained metabolically
active on all powders throughout the 14 day study [97], yet
pronounced composition dependent differences emerged
[98, 99]. Viability assessed by the MTT assay (figure 9 a)
rose monotonically with nanoparticle dose up to 50 pg/mL
for Sr 25 and Sr 50, reaching 152 + 8% and 164 9% of
the no particle control, respectively. Sr O elicited a modest
128 4+ 6% increase, whereas Sr 75 and Sr 100 plateaued at
140 £ 7% and 132 £ 6% [100]. At the highest dose (100
pg/mL) metabolic activity declined for all but Sr 50, indicat-
ing that excessive particulate load outweighs ion stimulated
proliferation except when the Sr>* flux is optimal [101].
LDH release (figure 9 b) remained below 6% of the positive
control lysate across the 1 — 50 pg/mL range, confirming
cytocompatibility, but rose to 11% for Sr 100 at 100 pg/mL,
consistent with minor membrane perturbation by the larger,
less soluble particles.

Differentiation markers corroborate the superiority of inter-
mediate substitution levels. Alkaline phosphatase (ALP) ac-
tivity on day 7 (figure 10 a) was highest for Sr 50 (2.8 0.2
U/mg protein), double that of Sr 0 and 1.5 fold greater than
Sr 25. By day 14 ALP declined for all groups, as expected
when cells transition to matrix maturation [102, 103], yet
Sr 50 retained a significant lead (1.7 £ 0.1 U/mg). Calcium
rich nodule formation quantified by Alizarin Red staining
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Figure 9. Dose-dependent cytocompatibility of Sr-substituted hydroxyapatite nanoparticles on primary rat calvarial osteoblasts after 72 h exposure. (a)
MTT metabolic activity expressed as a percentage of the no-particle control group. (b) LDH cytotoxicity expressed as a percentage of the positive lysis
control. Each data point represents the mean & standard deviation (SD) from three independent experiments, each performed in triplicate (n = 9 per
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significantly different (p > 0.05), whereas different letters indicate statistically significant differences (p < 0.05).

2008-9244[https://doi.org/10.57647/jnsc.2025.1503.12]


https://doi.org/10.57647/jnsc.2025.1503.12

14/21 JNSC1S5 (2025) -152512

| I Day 7
77 B Day 14

N
o
1

o
w
1

o
=3
|

5r-0 Sr-25 Sr-50

Sample

Sr-75

Sr-100

(b)zoo- [ Dayl 7

Qiao et al.

180 | I Day 14

- -

B [=2]

o o
1 1

120

—_

[=}

(=1
1

80+

60

Ca Deposition (ug/cm?)

40 -

Sr-0 Sr-25

Sr-50
Sample

Sr-75 Sr-100

Figure 10. Osteogenic differentiation markers. (a) ALP activity normalised to total protein on days 7 and 14. (b) Matrix mineralisation quantified by
Alizarin Red extraction on the same days. Columns share letters if not significantly different (p > 0.05).

followed a parallel trend (figure 10 b): mineral deposition
on Sr 50 reached 176 + 10 ug Ca cm~? at day 14, 2.3 fold
higher than Sr 0 and 1.7 fold higher than Sr 75 [104]. The
relatively lower performance of Sr 100 despite its high stron-
tium payload reaffirms that a balanced Ca/Sr environment
is essential for optimal osteogenesis [105].

Gene expression analysis (Table 8) provides molecular in-
sight. Early transcription (day 3) of the master regulator
Runx2 was up regulated 3.8 fold on Sr 50 versus control,
compared with 2.1 fold on Sr 0 and 3.2 fold on Sr 25
[106, 107]. The downstream matrix genes COL1A1 and
osteocalcin (OCN) peaked at day 7, with Sr 50 inducing 4.6
fold and 3.9 fold increases, respectively [108]. By day 14,
expression levels began to normalise yet remained elevated
for the intermediate substitutions, mirroring the sustained
ALP activity [109]. The temporal sequencing—early Runx2
surge followed by COL1A1 and OCN maturation-confirms
canonical differentiation and suggests that Sr 50 accelerates
but does not disrupt developmental progression [110].

To complement the biochemical assays, we examined os-
teoblast morphology on nanoparticle compact discs using
confocal fluorescence microscopy. As shown in figure 11,
cells on Sr 50 discs displayed the most favorable morphol-
ogy, characterized by extensive spreading, prominent lamel-
lipodia, and well-organized actin stress fibers. Sr 25 also
promoted moderate spreading, while cells on Sr 0, Sr 75,
and Sr 100 showed smaller, more rounded morphologies
with sparse cytoskeletal extensions. These morphologi-

cal features align with the proliferation and differentiation
data, further substantiating the enhanced bioactivity of Sr
50. Importantly, these findings highlight that a balanced
strontium substitution level-specifically at 50% molar ratio-
elicits a synergistic enhancement of osteogenic activity by
simultaneously promoting early-stage proliferation and late-
stage matrix maturation. The superior performance of Sr 50
across all measured endpoints not only confirms the com-
positional tuning strategy but also establishes biologically
meaningful thresholds for future scaffold optimization. This
composition achieves a dual benefit: Stimulating cellular
activity while avoiding the detrimental effects observed at
higher substitution levels. Therefore, Sr 50 holds strong po-
tential for clinical translation in alveolar ridge preservation,
where accelerated yet controlled osteogenesis is desired.

3.8 Mechanistic Discussion

Strontium substitution introduces a coherent yet anisotropic
lattice expansion that peaks along the ¢ axis, which we pro-
pose as the initiating event in a multiscale cascade linking
material structure to cellular behavior. The expanded con-
ceptual framework rests on a dual-channel model: (i) a solid-
state pathway, where lattice strain modulates the surface
Sr*2 distribution and free energy landscape, thereby govern-
ing protein adsorption selectivity; and (ii) a solution-phase
pathway, where Sr*? release dynamics influence osteogenic
signaling via calcium-sensing receptor (CaSR) activation.
This model unifies the observed physicochemical trends

Table 8. Fold change in osteogenic gene expression relative to housekeeping GAPDH (2~ AACt method).

Gene Time Sr0 Sr25 Sr 50 Sr75 Sr 100
Runx2 Day3 21+£03 324+04 38+05 30£03 24+03
COL1Al Day7 274+02 36+03 46+04 39+04 31+03
OCN Day7 20£02 31+£03 394+03 33+03 26=£02
ALP Day14 16+02 24+02 29£03 22402 18+02
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Figure 11. Representative confocal fluorescence micrographs of osteoblasts cultured for 24 h on compact discs of Sr 0, Sr 25, Sr 50, Sr 75, and Sr 100.
F-actin cytoskeleton stained with Alexa Fluor 488 phalloidin (green); nuclei stained with DAPI (blue). Scale bar = 20 pm.

and biological outcomes and highlights the importance of
achieving a substitution level that balances structural coher-
ence with dynamic ion signaling. Our findings thus extend
current models of bioactive ceramics by explicitly integrat-
ing nanoscale surface heterogeneity and cellular mechan-
otransduction into the design logic of bone graft substitutes.
Finite element atomistic modelling predicts a tensile strain
of ~ 0.8% at 50 mol% substitution, sufficient to perturb the
local electrostatic potential without provoking dislocation
formation. This residual strain manifests at the crystal sur-
face as a micro gradient in cation distribution: XPS and
ToF SIMS demonstrated an ~ 8% enrichment of Sr*? in the
outermost 5 nm [111]. Because Srt? carries a lower charge
density than Ca™2, this enrichment decreases surface Lewis
acidity, lowering the polar component of surface free energy
and modifying the hydration shell.

The altered ionic landscape governs the earliest biological
event-protein adsorption [112]. Ex situ quartz crystal mi-
crobalance experiments (data not shown) reveal that fetal
bovine serum deposits 1.6 fold more total protein onto Sr 50
nanoparticles than onto stoichiometric HA within the first
10 min, yet the albumin/fibronectin ratio shifts in favour of
fibronectin by 27% [113, 114]. Molecular dynamics simula-
tions attribute this selectivity to reduced electrostatic repul-

sion between negatively charged fibronectin domains and
the less polar St rich surface [115]. Fibronectin possesses
the RGD motif recognised by o581 and avf33 integrins
[116]; therefore its preferential adsorption primes down-
stream signalling.

Integrin clustering triggers focal adhesion kinase (FAK)
phosphorylation, activating the ERK/MAPK cascade that
culminates in Runx2 transcription. Simultaneously, Sr*? re-
leased during the initial burst binds the extracellular domain
of the calcium sensing receptor, amplifying the same MAPK
pathway. The dual trigger mechanism explains why Sr 50,
and to a lesser extent Sr 25, exhibit higher early Runx2 ex-
pression and sustained ALP activity: Lattice strain sets the
stage by enriching surface Sr*? and shifting protein corona
composition, while dissolution provides the soluble ion cue
that locks in the osteogenic phenotype. Excess substitution
(Sr 75, Sr 100) mitigates strain but compromises Ca™? avail-
ability, essential for integrin outside in signalling synergy,
hence their diminished performance. To visually consoli-
date the multi-scale mechanism described above, figure 12
schematically illustrates the progression from atomic-scale
lattice changes to cellular-level osteogenic signaling. Sr*?
substitution along the c-axis introduces tensile strain, pro-
moting a ~ 5 nm surface enrichment that lowers surface

Sr-substituted Sr2+ TR+ .
HA rods enrichment  Fibronectin/i Integrin
o = Albumin i
7 el o DRI rmotif \L
- B o
Ca%lo 1 R . ERK/MAPK
s O !
vdd o 1 Lewiis K
Anisotropic ! Lewis acidity acidity = Sr-50

lattice expansion
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<

o O

(o]
Oo
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Figure 12. Mechanistic pathway illustrating how Sr*? substitution in HA nanoparticles modulates osteogenic response.
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Lewis acidity. This change in surface chemistry enhances
fibronectin adsorption (relative to albumin), promoting in-
tegrin clustering and subsequent FAK phosphorylation. Si-
multaneously, released Srt2 activates the extracellular do-
main of the calcium-sensing receptor (CaSR), converging
on the ERK/MAPK cascade to upregulate Runx2. This
dual-trigger mechanism culminates in elevated ALP expres-
sion and mineral deposition, with Sr 50 showing the most
favorable response across all levels.

In sum, the mechanistic insights derived from lattice level
tuning through to cellular behaviour not only advance funda-
mental understanding but also chart a viable course towards
clinical translation. By decoupling strontium’s structural
and soluble roles through rigorous compositional tuning,
surface-specific characterization, and biologically relevant
assays, our work moves beyond compositional screening
and delivers new mechanistic insight into how Sr*? in-
corporation modulates osteoblast behavior-something not
systematically addressed in previous studies using similar
substitution ratios. Furthermore, to contextualize the bio-
logical performance of Sr 50, we compared its key metrics
with those of clinically established graft materials. Com-
mercial bovine-derived xenografts such as Bio-Oss® are
osteoconductive but lack osteoinductive potential and show
minimal ionic release [117]. Synthetic alloplasts such as
Straumann Bone Ceramic™ (composed of biphasic cal-
cium phosphate) exhibit slow resorption and limited stim-
ulation of osteoblast proliferation and differentiation. In
contrast, our Sr 50 formulation demonstrated a 64% increase
in osteoblast metabolic activity (vs. control), robust ALP ac-
tivity (~ 2.8 U/mg on day 7), and significant upregulation of
Runx2 and COL1A1 genes-outperforming values typically
reported for stoichiometric HA or biphasic ceramics [118].
This dual stimulation of cell proliferation and osteogenic
differentiation, together with a favorable burst-plus-sustain
Sr*? release profile, highlights the clinical potential of Sr
50 as a next-generation synthetic graft for alveolar ridge
preservation.

Our research establishes a unique position in the field by
systematically investigating the full 0 — 100% strontium-
substitution gradient in hydroxyapatite (Sr-HA) specifically
for alveolar bone regeneration, a scope and focus that dis-
tinguishes it from the cited literature. Foundational work
by Bigi et al. [119] provided an excellent physicochemical
characterization of this compositional series but crucially
lacked any biological evaluation, leaving a significant gap
between material structure and function that our study di-
rectly addresses. Other works have explored narrower ap-
plications or compositions; for instance, Joshi et al. [120]
targeted dentin hypersensitivity with a collagen-composite,
while Devi et al. [121] examined low Sr-substitution levels
in calcium-deficient HA for antibacterial purposes. Neither
of these shares our focus on osteogenesis in stoichiomet-
ric HA. Furthermore, our study’s biological relevance is
significantly enhanced by the use of primary rat calvarial os-
teoblasts. This is a critical point of superiority over studies
by Frasnelli et al. [122], Harrison et al. [123], and Akshata
et al. [124], which relied on osteosarcoma cell lines (SAOS-
2 or MG63). These cancer cell lines may not accurately
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reflect the physiological response of healthy bone-forming
cells, making our findings more predictive of clinical per-
formance in a regenerative context.

The superiority of our work is further underscored by its
focus on the intrinsic properties of pure Sr-HA nanopar-
ticles and the depth of its mechanistic investigation. Un-
like studies on complex composites, such as the graphene-
reinforced chitosan scaffolds by Wu et al. [125] or the
alginate-templated materials by Akshata et al. [124], our
research isolates the effects of strontium substitution with-
out confounding variables from organic polymers or other
nanomaterials. This provides a clearer, more fundamental
understanding of Sr-HA as the primary bioactive compo-
nent. Similarly, where Harrison et al. [123] focused on
the formulation of injectable pastes and gels, our study
provides the essential scientific basis for the nanoparticles
themselves, which is a prerequisite for any successful for-
mulation. The most significant innovation in our approach
is the integration of advanced surface-sensitive techniques
like XPS and ToF-SIMS. This analysis revealed a modest
but critical Sr? enrichment at the nanoparticle periphery,
a nanoscale characteristic not identified in any of the other
papers, which relied on bulk characterization methods.
This unique combination of a systematic compositional anal-
ysis, a clinically relevant biological model, and advanced
surface characterization enabled us to propose a novel and
detailed dual-trigger mechanism for Sr-HA’s bioactivity.
We have moved beyond simply observing that strontium en-
hances cell proliferation or differentiation, as was concluded
by Frasnelli et al. [122] and Harrison et al. [123]. Instead,
we connect the material’s atomic-level lattice strain to its
nanoscale surface chemistry, which in turn dictates protein
adsorption and activates specific osteogenic signaling path-
ways (FAK/ERK/MAPK and CaSR) in a dose-dependent
manner. This multi-scale, mechanistic insight is the core
contribution of our work. It not only explains why an opti-
mal composition like Sr 50 exists but also provides a ratio-
nal design framework for developing the next generation of
bone graft substitutes, bridging the gap between fundamen-
tal materials science and targeted clinical application in a
way that the compared studies have not.

4. Conclusion

This comprehensive investigation successfully engineered
a series of strontium-substituted hydroxyapatite (Sr-HA)
nanoparticles with precisely controlled Sr/(Ca+Sr)
molar ratios (0%, 25%, 50%, 75%, and 100%) using a
wet-precipitation method. Extensive physicochemical
characterization revealed that strontium incorporation
systematically altered the material’s properties, inducing a
Vegard-like lattice expansion, particularly along the c-axis,
while reducing microstrain and yielding a more ordered,
low-defect lattice with diminished carbonate and water
content at higher substitution levels. Morphologically,
all compositions formed acicular nanoparticles, with
aspect ratios increasing with Sr content up to 75% Sr,
alongside a corresponding decrease in specific surface area.
Notably, surface analyses indicated a slight enrichment
of Sr** in the outermost layers, particularly for the Sr
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50 composition, which also demonstrated good colloidal
stability and a favorable burst-plus-sustain Sr>* release
profile, especially at the 25% and 50% substitution levels.
Crucially, in vitro evaluations using primary rat calvarial
osteoblasts conclusively identified the Sr 50 formulation
as optimal, exhibiting significantly enhanced osteoblast
metabolic activity, alkaline phosphatase activity, matrix
mineralization, and upregulation of key osteogenic genes
(Runx2, COLI1A1l, OCN). This superior osteogenic
performance was attributed to a synergistic dual-trigger
mechanism involving lattice strain-induced surface Sr>*
enrichment leading to preferential fibronectin adsorption,
coupled with a sustained release of bioactive Sr%t ions,
thereby robustly activating osteogenic signaling pathways.
These findings underscore that a midrange Sr substitution,
specifically around 50 mol%, strikes an ideal balance
between beneficial ion release and structural integrity,
offering a promising strategy for enhancing alveolar bone
regeneration.
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