ELSP Biofunct. Mater.

Article | Received 24 June 2026; Revised 21 August 2026; Accepted 25 August 2026; Published date
https://doi.org/10.55092/bm20260007

. . L)
Immunomodulatory effect of OCP doped with strontium, |
magnesium, and barium cations in vitro

Viadislav V. Minaichev'*, Anastasia Yu. Teterina?, Margarita I. Kobyakova', Roman S. Fadeev',
Igor V. Smirnov?, Polina V. Mikheeva?, Mikhail A. Shlykov?, Kirill A. Agibalov', Irina S. Fadeeva'
and Vladimir S. Komlev>*

! Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences, Pushchino,
Russian Federation

2 Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow,
Russian Federation

* Correspondence authors; E-mails: vminaychev@gmail.com (V.V.M.); komlev@mail.ru (V.S.K.).
Highlights:

e Low-temperature synthesis of St/Mg and St/Ba co-doped octacalcium phosphate.
e Doped OCP is non-cytotoxic and modulates phagocytosis, ROS, and cytokines.
e Immunomodulation is mediated by particle-cell interaction, not soluble ions.

Abstract: The development of modern osteoplastic materials with controlled immunomodulatory
properties represents a critical objective in bone tissue engineering. Octacalcium phosphate (OCP)
serves as a promising precursor to bone apatite; however, its clinical application is limited by
inconsistent biological response for recipients with similar nosology. Ionic doping presents a
prospective approach for enhancing the functional characteristics of calcium phosphates. This study is
dedicated to the synthesis and in vitro investigation of the immunomodulatory effects of low-temperature
OCP co-doped with Sr**/Mg** and Sr**/Ba*. The developed materials were characterized using X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). The incorporation of strontium
during OCP synthesis was shown to destabilize the crystal lattice and reduce crystallite size. In vitro
studies utilizing monocyte-like (THP-1 ATRA) and macrophage-like (THP-1 PMA) cell models
demonstrated that the doped OCP materials did not induce cytotoxic effects and effectively modulated
the functional activity of immune cells. Specifically, in monocyte-like cells, both OCP materials
enhanced phagocytic activity and significantly increased the secretion of pro-inflammatory cytokines
(TNF-a, IL-1B, IL-6). In macrophage-like cells, the materials reduced phagocytic activity and exerted
dual ion-dependent effects on reactive oxygen species (ROS) production. Furthermore, they stimulated
cytokine secretion predominantly under non-inflammatory conditions. Notably, OCP_Sr20 Mgl
induced a comparatively milder proinflammatory response compared to OCP_Sr20 Bal, specifically
reducing ROS formation and cytokine secretion by monocyte-like and macrophage-like cells under
standard conditions. These results suggest that Sr/Mg co-doping may provide a more balanced
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immunomodulatory profile favorable for osteoplastic applications. The findings indicate that the
immunomodulatory effect is likely mediated through direct particle-cell interactions influencing
intracellular processes such as phagocytosis and lysosomal activity, rather than being solely
attributable to soluble ion release.

Keywords: octacalcium phosphate; ion doping; strontium; magnesium; barium; immunomodulation;
monocytes; macrophages; cytokines; bone tissue engineering

1. Introduction

The creation of highly effective biomaterials for bone regeneration remains a paramount unresolved
challenge in contemporary tissue engineering, which is of significant social and medical relevance.
This challenge is becoming increasingly relevant in the context of global population aging, which
leads to a substantial increase in musculoskeletal disorders such as osteoporosis, osteoarthritis, and
other pathologies [1,2]. Concurrently, there is a consistent rise in trauma of various origins, including
road accidents, occupational injuries, sports-related damage, and domestic accidents. A distinct and
serious medical concern is unforeseen injuries from emergencies, natural disasters, or accidental falls,
often leading to complex fractures and extensive bone defects that necessitate the application of
osteoplastic materials [3].

Thus, the combined impact of demographic aging and increasing trauma rates generates a
sustained demand for novel biomaterials that combine high osteogenic activity with applicability
across diverse clinical scenarios [1,4]. This establishes the priority of research focused on developing
new generations of osteoplastic materials for regenerative medicine.

Traditional methods for bone defect repair, such as autotransplantation, are often not feasible due to
limited availability of graft material and additional trauma to the patient’s body, while allogeneic bone tissue
usage carries risks of immune rejection and challenges associated with procurement and storage [5,6].
Consequently, synthetic calcium phosphate compounds (CPCs) have gained widespread clinical adoption
due to their compositional similarity to bone hydroxyapatite and capacity to stimulate tissue regeneration [7].
However, CPC application is complicated by several factors, including the material’s physicochemical
parameters, site-specific bone structure, comorbidities, and the patient’s immune status [8].

It is well established that the physicochemical parameters of CPCs and their synthesis methods
substantially determine their biological properties. Conventional high-temperature synthesis (t > 1000 °C)
yields chemically stable yet biologically inert materials. Despite their non-toxic nature, the low solubility
and coarse crystalline structure of these materials limit their regenerative efficacy, often resulting in
fibrous encapsulation as the primary host response [9]. Therefore, utilizing physiological temperatures
during synthesis represents a promising approach to enhance the osteogenic properties of CPCs [10].
Materials synthesized through such methods are anticipated to closely resemble the natural bone mineral
in structure and, consequently, possess the necessary biological properties for regeneration [11].

In recent years, research interest has increasingly shifted toward investigating the immunomodulatory
properties of calcium phosphate materials. The initial interaction between an implant and innate
immune cells, particularly monocytes and macrophages, constitutes a critical phase determining the
implant’s fate. Their polarization into pro- or anti-inflammatory phenotypes directly influences bone
regeneration or, conversely, leads to fibrous encapsulation and rejection [ 12]. However, the relationships
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between the physicochemical properties of calcium phosphate compounds (composition, charge, particle
size, etc.) and immune responses are only beginning to be elucidated [13,14].

Among the broad spectrum of calcium phosphate compounds, octacalcium phosphate (OCP) is of
particular interest due to its osteoinductive properties and unique capacity to transform in vivo into
bone hydroxyapatite and [15]. Nevertheless, OCP application faces several significant limitations, as
OCP-based materials demonstrate inconsistent biological effects and may exhibit cytotoxicity attributed
to excessive calcium ion release into surrounding tissues [16]. Furthermore, the immunological
properties of OCP remain incompletely understood. In particular, it remains unclear how simultaneously
co-doping OCP with two divalent cations (e.g., Sr**/Mg** or Sr*>*/Ba**) affects the phagocytic activity,
oxidative response, and cytokine production of monocytes and macrophages, since most existing
studies have examined single-ion-doped systems rather than multi-doped formulations [12].
Clarifying these effects is essential for the rational design of next-generation immunomodulatory
calcium phosphate biomaterials.

To improve the biological compatibility of OCP, various modification approaches are being
proposed. Controlled doping of the OCP crystal structure with biologically active ions represents one
of the most promising strategies. This modification is anticipated not only to reduce potential material
cytotoxicity but also to deliberately alter its osteogenic and immunomodulatory properties. Previous
research has indicated that partial substitution of Ca?" ions with Sr** in OCP (from = 20 at. %)
contributes to reduced cytotoxicity in vitro [5,17].

Bone hydroxyapatite contains a wide spectrum of trace elements performing crucial regulatory
functions. Therefore, the development of multi-substituted calcium phosphate compounds and
investigation of their interactions with immune cells presents significant scientific and practical
interest [ 18]. Considering the heteroionic composition of natural bone hydroxyapatite and the biological
roles of its constituent trace elements, the creation and study of multi-substituted calcium phosphate
systems represent a relevant research direction. Particular attention is devoted to divalent cations Mg**
and Ba?", which not only resemble Ca?*" ions but also actively participate in regulating bone tissue
homeostasis [19].

Thus, the objective of this work was a comprehensive investigation of the biological properties
of low-temperature octacalcium phosphates doped with strontium, barium, and magnesium ions
in vitro, aiming to develop a promising osteoplastic material with enhanced osteogenic and

immunomodulatory characteristics.

2. Methods
2.1. Cell cultures and reagents

MG-63 human osteoblast-like cells were obtained from ATCC (Manassas, VA, USA). MycoFluor™
mycoplasma detection kit was purchased from Thermo Scientific (Waltham, MA, USA). Fetal bovine
serum (FBS) (heat-inactivated) was purchased from Gibco (Gibco, Waltham, MA, USA). Cell culture
media EMEM and DMEM, lyophilized bovine serum albumin (BSA), antibiotics ciprofloxacin,
gentamicin sulfate, fluorescent dyes Bisbenzimide Hoechst 33342, Propidium lodide, Calcein AM,
trypan blue (C.I. 23850) and other chemicals were purchased from Sigma-Aldrich (Milwaukee, WI,
USA). Antimycotic fluconazole was purchased from Pfizer (Paris, France). Cell Viability Reagent
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Alamar-Blue was purchased from Invitrogen (Carlsbad, CA, USA). Ammonium dihydrogen phosphate
and calcium nitrate tetrahydrate were purchased from PanReac Applichem (ITW Reagents).
Sedative/muscle relaxant Xylazine was purchased from Interchemie werken De Adelaar B.V. (Venray,
Netherlands). Anesthetic Zoletil was purchased from Virbac (Carros, France).

All other reagents used were of analytical reagent quality. The chemical agents were used exactly
as provided. All compounds and solvents used in this study were bought commercially and used
without additional purification.

2.2. Synthesis of pure and doped octacalcium phosphate powders

The synthesis of doped OCP powders was performed using a two-step method via a dicalcium
phosphate dihydrate (DCPD) precursor in a buffer system (Figure 1).

DCPD was synthesized by precipitating from a buffer solution. A 1 M CaCl: solution was added
to a 1.5 M sodium acetate buffer, the pH of which was adjusted to 5.5 using orthophosphoric acid. The
reaction mixture was stirred for 1 hour at 250 rpm and room temperature (25 + 2 °C) using an
overhead stirrer. The resulting precipitate was filtered, washed with distilled water to remove impurity
salts, and air-dried for 3—4 days.

The transformation of DCPD into OCP was achieved by hydrolyzing the obtained DCPD powder
in a 1.5 M sodium acetate buffer solution. The solid-to-liquid ratio was maintained at 1:100. The
reaction was carried out for at least 24 hours at 35 + 2 °C under constant stirring. This procedure
yielded pure OCP powder.

To obtain co-doped OCP powders (with Sr**/Mg?** or Sr**/Ba®"), the corresponding metal salts
(Sr(NOs)2, Mg(NO:s)2, or Ba(NOs)2) were added to the sodium acetate buffer solution during the DCPD
hydrolysis step. The optimal theoretical substitution concentrations, as determined in previous studies,
were 10-20 at.% for Sr** relative to Ca?', and 1, 5, 10 at.% for the secondary cations (Mg*" or Ba?").
For this study, samples OCP_Sr20 Mgl and OCP_Sr20 Bal were synthesized. The hydrolysis was
conducted for at least 48 hours at 35 + 2 °C under constant magnetic stirring at 250 rpm. The resulting
powders were filtered, washed, and air-dried.

o o DCPD Sr2+ O
ca2t HPO o v : O )J\O—NaJr

5 O
Mg2+ / Bz°+

Ny~ a e

RS Y
OCP_Sr_Mg OCP_Sr_Ba

Figure 1. Synthesis methodology of dual-substituted samples: preparation of DCPD via liquid-
phase synthesis followed by hydrolysis of OCP crystals in a solution containing sodium acetate,
strontium, and magnesium (or barium) cations.
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2.3. Phase composition analysis

The phase composition of the synthesized powders was analyzed using X-ray diffraction (XRD) on a
Shimadzu XRD-6000 diffractometer equipped with an automated visualization system. The dried and
sieved (< 100 um) powders were examined. Full profile analysis of the diffraction patterns was
performed using the Jana 2006 software and the JCPDS 2003 database.

2.4. Fourier-transform infrared (FT-IR) spectroscopy

Chemical functional groups were identified using a Nicolet Avatar 330 FT-IR spectrometer. The
transmission spectra of dried powder samples were recorded in the range of 4000—400 cm™ with a
resolution of 1 cm™.

2.5. Microstructure and morphology

The microstructure and morphology of the samples were studied by scanning electron microscopy
(SEM) using a TESCAN VEGA III microscope (Brno, Czech Republic). The samples were sputter-coated
with gold using a Q150R Quorum Technologies coater (Lewes, UK) prior to imaging. Surface images
were obtained at a column pressure of 7.3 X 1072 Pa and a chamber pressure of 1.5 x 10" Pa.

2.6. Cell culture and cultivation conditions

The study utilized monoblast-like cells of the THP-1 cell line, obtained from ATCC (Wesel,
Germany). The cells were cultured in a CO: incubator (CB53, Binder, Germany) at 37 °C in a
humidified atmosphere containing 5% CO-, using RPMI-1640 medium supplemented with 10% FBS
(Gibco, USA) and 40 pg/ml gentamicin sulfate. The absence of mycoplasma contamination in the cell
culture was confirmed using the MycoFluor™ kit (Thermo Scientific, USA).

THP-1ATRA monocyte-like cells were derived by treating the parental THP-1 cells with 1 uM
ATRA (all-trans retinoic acid) (Merck, Hamburg, Germany) for 72 hours [20,21].

THP-1PMA macrophage-like cells were obtained by treating the parental THP-1 cells with 100
nM phorbol 12-myristate 13-acetate (PMA) for 72 hours [22]. Prior to the addition of CPCs, the
THP-1PMA cells were washed three times with culture medium [22].

The phenotypic characteristics of THP-1IATRA and THP-1PMA cells were characterized in a
previous study [23].

For the experiments, THP-1 cells were seeded in 96-well plates (SPL Life Sci., South Korea) at a
density of 15 x 10? cells/cm? and subsequently differentiated into THP-1ATRA or THP-1PMA. After
differentiation with ATRA or PMA was complete, the differentiation medium containing the inducer
(ATRA or PMA) was completely removed and the cells were washed with culture medium to remove
residual inducers. To create pro-inflammatory conditions, a portion of the differentiated cells was then
treated with 10 pg/ml lipopolysaccharide (LPS) from E. coli O111:B4 for 24 hours, while the
remaining cells were left under standard (non-activated) conditions. After LPS-treatment, the medium
was removed from all wells and the cells were washed with culture medium three times. 100 pl of
fresh medium (without inducer or LPS) containing pre-sterilized OCP_Sr20 Mgl or OCP_Sr20 Bal at a
concentration of 1 mg/ml was then added to both the non-activated and LPS-activated cells, according
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to the methodology described by Teterina ef al. [6]. The cells were co-cultured with the CPCs for 72 hours,
after which the target parameters were investigated [18].

2.7. Assessment of the effect of calcium phosphate ceramics on cell viability

The viability of THP-1ATRA and THP-1PMA cells after incubation with OCP_Sr20 Mgl and
OCP_Sr20 Bal was assessed using the AlamarBlue reduction assay (Invitrogen, Carlsbad, CA, USA).
After 72 hours of incubation with OCP_Sr20 Bal or OCP_Sr20 Mgl, AlamarBlue was added to the
cells at a concentration of 100 pg/ml. The cells were then incubated for 4 hours at 37 °C and 5% CO.,
after which the fluorescence intensity was measured at Ex530 nm/Em595 nm using an Infinity F200
microplate spectrofluorometer (Tecan, Ménnedorf, Switzerland). Cell viability was evaluated based on
the mean fluorescence intensity (MFI) of the resulting resorufin product.

2.8. Phagocytosis assay

Phagocytic activity was assessed by determining the percentage of phagocytic cells (phagocytic index)
and the MFI of pHrodo Green E. coli (Fisher Scientific, Waltham, MA, USA) (phagocytic capacity)
within the cells. After 72 hours of co-incubation with OCP_Sr20 Mgl or OCP_Sr20 Bal, the cells
were treated with 1 mg/ml pHrodo Green E. coli (Fisher Scientific, Waltham, MA, USA) for 2 hours at
37 °C and 5% COs.. To control for non-specific staining, a portion of the cells was pre-incubated with
10 pg/ml cytochalasin D (Merck Millipore, St. Louis, MO, USA). Measurements were performed
using an Infinity F200 microplate spectrofluorometer (Tecan, Ménnedorf, Switzerland) at Ex485/Em530.
The obtained fluorescence values were normalized to the fluorescence intensity of cell nuclei stained
with Hoechst 33342 (Ex/Em: 350/461 nm).

2.9. LysoTracker staining

To assess lysosomal content, after 72 hours of culturing with OCP_Sr20 Mgl and OCP_Sr20 Bal,
the cells were stained by adding 50 nM LysoTracker Green DND-26 (Thermo Fisher Scientific,
Waltham, MA, USA) to the culture medium. Staining was performed for 30 minutes under CO:
incubator conditions. As a positive control, cells were incubated with 50 uM chloroquine (Sigma-
Aldrich, St. Louis, MO, USA) for 4 hours. Measurements were conducted using an Infinity F200
microplate spectrofluorometer (Tecan, Ménnedorf, Switzerland) at Ex485/Em530. The obtained

fluorescence values were normalized to the fluorescence intensity of cell nuclei stained with Hoechst
33342 (Ex/Em: 350/461 nm).

2.10. ROS production assay

To assess constitutive and inducible intracellular production of reactive oxygen species (ROS),
after 72 hours of culturing with OCP_Sr20 Mgl and OCP_Sr20 Bal, the cells were stained by
adding 20 uM 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA, SI-D6883, Sigma-Aldrich, St.
Louis, MO, USA) to the culture medium. Staining was performed for 15 minutes under CO: incubator
conditions. As a positive control, cells pre-incubated with 1 mM hydrogen peroxide (Sigma-Aldrich, St.
Louis, MO, USA) for 20 minutes were used. Measurements were performed using an Infinity F200
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microplate spectrofluorometer (Tecan, Méannedorf, Switzerland) at Ex485/Em530. The obtained
fluorescence values were normalized to the fluorescence intensity of cell nuclei stained with Hoechst
33342 (Ex/Em: 350/461 nm).

2.11. Analysis of TNF-a, IL-1p, and IL-6 cytokine secretion

To analyze the secretion of pro-inflammatory cytokines (TNF-o, IL-1f, and IL-6) by monocyte-like
and macrophage-like cells, the culture medium was collected after 72 hours of culturing with
OCP_Sr20 Mgl or OCP_Sr20 Bal powders. The medium was centrifuged at 300 x g for 5 minutes,
and the supernatant was used for further analysis. The secretion of TNF-o, IL-1f, and IL-6 was evaluated
using commercial ELISA kits: Interleukin-1 beta-ELISA-BEST, Interleukin-6-ELISA-BEST, and
Alpha-TNF-ELISA-BEST (Vector-Best, Moscow, Russia), following the manufacturer’s instructions.
Optical density was measured at a wavelength of 450 nm using an iMark microplate reader (Bio-Rad,
Hercules, CA, USA).

Investigation was focused on characterizing the pro-inflammatory (M1-associated) response, since
LPS activation was used specifically to simulate the acute pro-inflammatory conditions typically
present at the implantation site. LPS/TLR4 signaling is a canonical driver of M1, rather than M2,
macrophage polarization, and the primary readout of such stimulation is the production of
pro-inflammatory cytokines (TNF-a, IL-1B, IL-6) [24]. Conversely, the induction of the
anti-inflammatory/M2 phenotype and the associated upregulation of IL-10, TGF-B, and CD206 is
classically driven by IL-4/IL-13 signaling, rather than by LPS. Therefore, measuring M2 markers in
this particular experimental setting would not be expected to reveal the functional consequences of the
material’s interaction with the cells under the inflammatory conditions modeled here, and would not
directly address the mechanistic question posed in this study. Consequently, we limited our analysis to
the pro-inflammatory arm of the response, which constitutes the biologically relevant and
mechanistically interpretable outcome for our LPS-based in vitro model.

2.12. Statistical analysis

The results are presented as mean + standard deviation. All experiments were performed with at least 4
replicates (n > 4).

The Mann-Whitney U test was used for comparing two independent samples.

Prior to multiple-group comparisons, data were assessed for normality and homogeneity of variances
using the Shapiro—Wilk and Brown—Forsythe tests, respectively. For data that met the assumptions of
normality and homogeneity of variances, one-way analysis of variance (ANOVA) was performed,
followed by Tukey’s multiple-comparison test. For data that did not meet the assumptions of
normality, the Kruskal-Wallis H test was used, followed by Dunn’s post-hoc test with Holm—Sidak
correction for multiple comparisons. The magnitude of the observed effects was estimated using the
standardized mean difference calculated according to Hedges’ g.

Statistical analysis and visualization of the results were performed using the Python 3 programming
language (version 3.13.0) in the Spyder development environment (version 5.5.1), with the Pandas
(version 2.2.3), NumPy (version 1.26.4), SciPy (version 1.13.1), Matplotlib (version 3.9.2), Seaborn
(version 0.13.2) and Pingouin (version 0.5.5) libraries.



Biofunct. Mater. Article

3. Results
3.1. Physicochemical characteristics of doped OCP

According to the XRD results (Figure 2A), all synthesized samples were monophasic and matched the
reference pattern No. 26-1056 from the ICDD database (Powder Diffraction File, Alphabetical Index
Inorganic Compounds, Pennsylvania: JCPDS, 1997). The spectra of the substituted samples showed
the characteristic (0 0 2) and (0 7 0) reflexes, while the remaining reflexes were overlapped due to the
low degree of crystallinity of the obtained materials.

The Fourier-transform infrared spectroscopy (FTIR) spectra of the synthesized materials exhibited
all characteristic modes for OCP, indicating the absence of X-ray amorphous impurities (Figure 2B).
Detected bands included vibrations of phosphate groups at 561 and 602 cm™ (v4), 962 cm™ (vi), and
1040, 1121, and 1295 cm™ (vs), as well as vibrations of the hydrogen phosphate group at 861 and
916 cm™'. Carbonate modes at 1452 and 1558 cm™ were also observed, consistent with findings
reported in a previous study [19].

The samples retained the original lamellar crystalline form of the DCPD precursor. However, the
surfaces were additionally covered with newly formed, fine needle-like OCP crystals (Figure 2C,D).
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Figure 2. Physico-chemical characteristics of OCP. (A) XRD patterns and (B) FTIR spectra of
pure OCP and its substituted analogues; SEM images of the OCP_Sr20 Mgl (C) and
OCP_Sr20 Bal (D) samples.

XRD analysis is a widely used method for investigating the long-range order in crystals. The
reflections in Figure 2A are poorly resolved; the overlapping peaks on the diffractogram result from
the low degree of crystallinity of the substituted materials, characterized by small crystallite sizes and a
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significant amount of amorphous phase. The crystallite size can be estimated approximately using

Scherrer’s formula (Table 1):
kA

b= BcosO 1)

where D—crystallite size [nm], A—wavelength of irradiation (for CuK, A = 1.54056 A) [A],
cos6—Bragg angle [°], k—shape factor (k = 1 in our case), f—full width at half maximum.

Table 1. Approximate crystallite size for samples, calculated using Equation (1) for peaks (0 0 2)
and (0 7 0).

OCP OCP_20Sr_1Mg OCP_20Sr_1Ba
Crystallite size [nm] 64.68 +2.41 34.73 £2.65 35.24+1.96

The incorporation of strontium cations into the OCP structure is evidenced by the shift of the (0 0 2)
plane peak towards lower angles, indicating an increase in interplanar distances. This observation is
consistent with the larger ionic radius of the Sr?* cation compared to Ca".

Consequently, the introduction of strontium destabilizes the crystalline structure of OCP, leading
to a reduction in crystallite size and an increase in the concentration of the X-ray amorphous phase,
which is characteristic of this type of ionic substitution [25]. The influence of the additional barium
and magnesium cations is difficult to ascertain due to the poor resolution of the corresponding peaks.

3.2. Cytotoxicity assessment of doped octacalcium phosphate

The viability of THP-1ATRA monocyte-like cells and THP-1PMA macrophage-like cells was evaluated
following 72 hours of incubation with 1 mg/mL of either OCP_Sr20 Bal or OCP_Sr20 Mgl (Figure 3).
The results demonstrated that none of the investigated CPCs exhibited cytotoxic effects under either
standard or pro-inflammatory culture conditions. The cell viability of both THP-1ATRA and THP-1PMA
cells remained above 90% after incubation with all tested CPCs.
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Figure 3. Viability of THP-1ATRA monocyte-like cells and THP-1PMA macrophage-like cells
after 72-hour incubation with 1 mg/mL of OCP_Sr20 Mgl or OCP_Sr20 Bal. (a) ATRA;
(b) PMA. Data are presented as mean =+ standard deviation (n > 4).
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3.3. Investigation of the effect of doped octacalcium phosphate on phagocytic activity

The phagocytic activity of monocyte-like and macrophage-like cells was assessed by measuring the
phagocytic index and phagocytic number (Figure 4). It was found that none of the investigated CPCs
affected the phagocytic index of THP-1 ATRA monocyte-like cells under either standard or
pro-inflammatory culture conditions.

Analysis of the phagocytic number revealed that under standard conditions, OCP_Sr20 Bal
statistically significantly increased the phagocytic activity of THP-1ATRA monocyte-like cells to 172.9%
+ 11.1% relative to the control, whereas OCP_Sr20 Mgl had no significant effect (105.0% = 12.3%)).

Under pro-inflammatory conditions, both calcium phosphate materials significantly enhanced
phagocytic activity compared to standard conditions. OCP_Sr20 Bal demonstrated a more pronounced
effect (328.3% =+ 30.6% relative to control) compared to OCP_Sr20 Mgl (270.2% + 25.6%).

In THP-1 PMA macrophage-like cells, both calcium phosphate materials reduced the phagocytic
number to the level induced by cytochalasin D (62.5% =+ 11.4%), under both standard and pro-inflammatory
culture conditions.

EEELPS-  [CILPS+ EELps-  [CTOLPs+ Ctrl LPS+
52 100 = a00 o p<0.01
N o]
=z S 5350 * : Cytb
g e = -5 f LPS
i ] E 300 OCP_Sr20_Bal, p<0.01
8 60 wi 6 250 In.s.
o =5 200 OCP_Sr20_Mgl
£ =)
o
e Y 5 £ 150 8 3 B
c g ctrl g = =
o O V100 - - - R -1 - - - = -~ o =
-E 20 'g ] LPS- o ~
5 £ s0 v @
=, L=, 8§ &
Control CytD OCP_Sr20_Bal OCP_Sr20_Mgl cy‘ltD OCP_SfZ U_Bal, OcP_SrZ U_Mgl ° o
(a) (b) (c)
[ LPs- [ILPS+
EEELPs-  [CILPS+
g = ~ Ctrl LPS+
p E 120 ;rJ p<0.01
B w St ctrl cyto M-
v 3R e LPS-
-] G LPS-
T w5 80 OCP_Sr20_Bal p<0.01
= - In.s.
Z 5o 60
£ w 8o OCP_Sr20_Mg1,
5 5t I
= o 40 © o
5 ou @ =
2 20 3] I {
o o
g £e 20 2 a
1
] w
0 L a o ~ :'
Control eyto OCP_S$r20_Bal OCP_$r20 Mgl CytD OCP_Sr20_Bal OCP_Sr20_Mgl g o]
5]
(d) (e) (f)

Figure 4. Effect of OCP_Sr20 Bal and OCP_Sr20 Mgl on the phagocytic index of THP-1
ATRA monocyte-like cells and THP-1 PMA macrophage-like cells after 72-hour incubation.
Data are presented as mean + SD (n > 4); *—p<0.05 (Mann-Whitney U test). C—control;
CytD—cytochalasin D. Results of one-way ANOVA with post-hoc Tukey test for the effect of
OCP_Sr20 Mgl and OCP_Sr20 Bal on the phagocytic number of THP-1 ATRA monocyte-like
cells and THP-1 PMA macrophage-like cells (n > 4). (a) ATRA Phagocytic Index; (b) ATRA
Phagocytic Number; (¢) ATRA Phagocytic Number Matrix; (d) PMA Phagocytic Index; (¢) PMA
Phagocytic Number; (f) PMA Phagocytic Number Matrix.
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3.4. Investigation of the effect of doped octacalcium phosphate on acidic compartment content

Investigation of the effect of doped OCP on acidic compartment content revealed that incubation of
THP-1 ATRA monocyte-like cells with OCP_Sr20 Bal and OCP_Sr20 Mgl under standard
conditions led to a reduction in the number of acidic compartments to 62.2% =+ 5.4% and 51.7% =+
8.6% of the control, respectively (Figure 5). Under pro-inflammatory conditions, a decrease in acidic
compartment content was also observed to 86.8% + 5.0% for OCP_Sr20 Bal and 83.6% =+ 4.3% for
OCP_Sr20 Mgl relative to the control; however, these differences were not statistically significant.

In THP-1 PMA macrophage-like cells, no statistically significant changes in acidic compartment content
were observed after incubation with either CPC, under both standard and pro-inflammatory conditions.
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Figure 5. Effect of OCP_Sr20 Bal and OCP_Sr20 Mgl on acidic compartment content in
(a, b) THP-1 ATRA monocyte-like cells and (¢, d) THP-1 PMA macrophage-like cells after 72-hour
incubation. Data are presented as mean £ SD (n > 4); *—p < 0.05 (Mann-Whitney U test).
Ctrl—control; CytD—cytochalasin D. Results of one-way ANOVA with posthoc Tukey test for
the effect of OCP_Sr20 Mgl and OCP_Sr20 Bal on the phagocytic number of THP-1 ATRA
monocyt-like cells and THP-1 PMA macrophage-like cells (n > 4). (a) ATRA Acidic
Compartment Content; (b) ATRA Acidic Compartment Content Comparative Matrix; (¢) PMA
Acidic Compartment Content; (d) PMA Acidic Compartment Content Comparative Matrix.
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3.5. Investigation of the effect of doped octacalcium phosphate on ROS production

The investigation into the effect of doped OCP forms on ROS production revealed that under standard
culture conditions, the studied CPCs did not affect ROS production by ATRA monocyte-like cells
(Figure 6). In contrast, under pro-inflammatory conditions, a reduction in ROS production was
observed for both OCP_Sr20 Bal and OCP_Sr20 Mgl, to 51.8% + 4.0% and 51% =+ 4.2% of the
control level, respectively.

In PMA macrophage-like cells under standard conditions, the calcium phosphate materials
induced an increase in ROS production to 131.9% =+ 4.4% for OCP_Sr20 Bal and 150.4% =+ 3.1% of
the control for OCP_Sr20 Mgl. Under pro-inflammatory conditions, OCP_Sr20 Bal decreased ROS

production compared to the LPS-treated control, whereas OCP_Sr20 Mgl increased it.
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Figure 6. Effect of OCP_Sr20 Mgl and OCP_Sr20 Bal on constitutive and inducible
intracellular reactive oxygen species production in (a, b) THP-1 ATRA monocyte-like cells and
(¢, d) THP-1 PMA macrophage-like cells after 72-hour incubation. Data are presented as
mean = SD (n > 4); *—p < 0.05; n.s.—not statistically significant (Mann-Whitney U test).
HP—hydrogen peroxide. ATRA LPS—: Kruskal-Wallis H-test with Dunn’s post hoc test with
Holm—Sidak correction; ATRA LPS +: One-way ANOVA with post-hoc Tukey test. (a) ATRA
ROS production; (b) ATRA ROS production Comparative Matrix; (¢) PMA ROS production;
(d) PMA ROS production Comparative Matrix.
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3.6. Investigation of the effect of doped octacalcium phosphate on the production of pro-inflammatory
cytokines TNF-o, IL-15, and IL-6

Analysis of the effects of the doped OCP forms revealed that both investigated calcium phosphate
materials (OCP_Sr20 Mgl and OCP_Sr20 Bal) substantially enhanced the production of
pro-inflammatory cytokines by THP-1 monocyte-like cells under both standard and pro-inflammatory
conditions, albeit with differential effects on specific cytokines. Under standard culture conditions,
OCP_Sr20 Mgl induced a less pronounced increase in TNF-a (46.8 + 3.6 pg/ml) and IL-1p (221.0 +
3.7 pg/ml) levels compared to OCP_Sr20 Bal (103.2 + 1.7 pg/ml and 274.2 + 21.5 pg/ml, respectively). In
contrast, under pro-inflammatory conditions, OCP_Sr20 Mgl stimulated a stronger secretion of IL-1f3
(263 + 3.9 pg/ml). Both materials increased TNF-a levels to a similar extent under pro-inflammatory
conditions and enhanced IL-6 levels regardless of the culture conditions.
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Figure 7. Effect of OCP_Sr20 Mgl and OCP_Sr20 Bal on constitutive and inducible
production of pro-inflammatory cytokines [TNF-a] (a), [IL-1B] (b) and [IL-6] (¢) by THP-1
ATRA monocyte-like cells after 72-hour incubation. Data are presented as mean + SD (n >
4); *—p < 0.05 (Mann-Whitney U test). Results of multiple comparisons of the effect of
OCP_Sr20 Mgl and OCP_Sr20 Bal on constitutive and inducible production of pro-inflammatory
cytokines [TNF-a] (d), [IL-1B] (e) and [IL-6] (f) by THP-1 ATRA monocyte-like cells (n > 4).
n.s.—not statistically significant. ATRA LPS: Kruskal-Wallis H-test with Dunn’s post hoc test
with Holm—Sidak correction; ATRA LPS +: One-way ANOVA with post-hoc Tukey test.

THP-1 PMA macrophage-like cells exhibited a less pronounced cytokine response compared to
monocyte-like cells. Under standard culture conditions, both investigated materials enhanced the
production of pro-inflammatory cytokines. Specifically, OCP_Sr20 Bal increased TNF-a levels to
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414.5 £ 18.5 pg/ml compared to the control (Figure 8a). OCP_Sr20 Bal also elevated IL-6 to 646.1 +
12.8 pg/ml and IL-1pB to 825.6 + 20.5 pg/ml, while OCP_Sr20 Mgl increased the concentrations of
these cytokines to 671.13 = 101.2 pg/ml and 810.7 £+ 91.4 pg/ml, respectively.

Under pro-inflammatory conditions, only OCP_Sr20 Mgl induced a statistically significant
increase in TNF-a levels (382 + 10.4 pg/ml) compared to the control (Figure 8a). In contrast, neither of
the investigated CPCs affected the production of IL-6 or IL-1f under pro-inflammatory conditions.
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Figure 8. Effect of OCP_Sr20 Mgl and OCP_Sr20 Bal on constitutive and inducible
production of pro-inflammatory cytokines [TNF-a] (a), [IL-1B] (b) and [IL-6] (¢) by THP-1
PMA macrophage-like cells after 72-hour incubation. Data are presented as mean = SD (n > 4);
*—p < 0.05 (Mann-Whitney U test). Results of one-way ANOVA with post-hoc Tukey test for
the effect of OCP_Sr20 Mgl and OCP_Sr20 Bal on constitutive and inducible production of
pro-inflammatory cytokines [TNF-a] (d), [IL-1B] (e) and [IL-6] (f) by THP-1 PMA macrophage-like
cells (n > 4). n.s.—not statistically significant.

To assess the observed biological effects, Hedges’ g criterion was used to compare parameters
both against the control and between different CPCs. The results demonstrate differences in cellular
responses depending on both the type of calcium phosphate material and the cell type investigated. The
obtained results are presented in summary tables (Figure 9).

Analysis of the CPCs’ effect on intracellular compartments revealed that under pro-inflammatory
conditions, they reduced both phagocytic activity and ROS production in both monocyte-like and
macrophage-like cells. The most pronounced effect of all investigated CPCs was the enhancement of
pro-inflammatory cytokine production by monocytes, observed under both standard and
pro-inflammatory conditions. In contrast, macrophage-like cells significantly increased the secretion of
pro-inflammatory cytokines only under standard culture conditions.
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A comparison of OCP_Sr20 Bal and OCP_Sr20 Mgl revealed several differences. In monocyte-like
cells, OCP_Sr20 Mgl reduced phagocytic activity, acidic compartment content, and ROS production
under standard conditions. Furthermore, it decreased the secretion of pro-inflammatory cytokines
under standard conditions but significantly increased IL-1f levels under pro-inflammatory conditions
compared to OCP_Sr20 Bal.

In macrophage-like cells, both CPCs did not substantially affect most parameters, except for ROS
production, where OCP_Sr20 Mgl demonstrated higher values. It was also noted that OCP_Sr20 Mgl
reduced TNF-a production under standard conditions but enhanced it under pro-inflammatory conditions.

THP-1 ATRA THP-1 PMA THP-1 ATRA THP-1 PMA

Group Parameter LPS- LPS+ LPS- LPS+ Parameter LPS- LPS+ LPS- LPS+
OCP_Sr20_Bal Acidic compartments | 489 -0.32 1.02 -1.56 | Acidic compartments -1.28 -0.6 0.17 0.06

OCP_Sr20_Mg1 Acidic compartments [ =549 -0.77 1.02 -0.88 | Phagocyticnumber | -485° -18 024 -0.12

OCP_Sr20_Ba1 Phagocytic number 351 -1.53 -3.08 | -4.79 ROS -3.65 -0.14 416 4.69
OCP_Sr20_Mg1 Phagocytic number = 026 -3.61 -32 -428 [IL-1p] -3.52 1119 -0.19 0.01
QCP_5r20_Ba1 ROS 1.1 -2./5 618 | -234 [IL-6] -4.5 02 -053 034
OCP_Sr20_Mg1 ROS -0.17 297 1145 233 [TNF-a] - -1.29 IS F.7
OCP_Sr20_Ba1 [IL-1p] 3162 937 -02

OCP_Sr20_Mg1 [IL-1p] 3499 2385 -032

15.6
OCP_5r20_Ba1 [IL-6] 334 543 6.7 -1.34

OCP_Sr20_Mg1 [IL-6] 548 388  -0.21
OCP_5r20_Ba1 [TNF-c] 1608 995 8.03 -202
OCP_Sr20_Mg1 [TNF-a] 597 1003 2.7 1.91

(a) (b)

Figure 9. Comparative table of the magnitudes of observed biological effects, calculated using
the standardized mean difference (Hedges’ *g* coefficient). Effects were assessed relative to the
control (a), and for OCP_Sr20 Mgl compared to OCP_Sr20 Bal (b). An absolute Hedges’ *g*
coefficient value of |*g*| > 1 indicates a significant effect. Green — Parameter increase; Red:
Parameter decrease; Blue: No significant effect.

4. Discussion

The incorporation of Sr**, Mg?*, and Ba** into the OCP crystal lattice causes various distortions due to
differences in ionic radii and coordination preferences. Strontium, which has an ionic radius larger
than calcium (1.18A for Sr*>" against 1.00A for Ca®"), is isomorphically substituted in the OCP
structure, causing a linear expansion of the unit cell and a significant decrease in crystallinity, especially
at higher substitution levels, what we can observe in Figure 2. In OCP strontium ion occupies specific
cationic sites such as M(3), M(4), and M(8), leading to lattice distortion [26,27]. This structural
deformation increases the solubility of the material, as the larger ion destabilizes the crystal [28].
Magnesium ion (0.72 A) is significantly smaller and inhibits the transformation of precursor phases
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into OCP, resulting in the formation of more amorphous or poorly crystalline phases [29]. Incorporation
of Ba?", in addition to lattice expansion, has been shown to stabilize the structure of B-TCP, although its
effect on OCP crystallinity is less well understood; however, it is known to alter particle morphology
and reduce cytotoxicity at certain concentrations [30].

Changes in crystallinity and lattice deformation caused by ion substitution directly influence crystal
size, shape, and surface topography, which are critical factors determining macrophage mechanotransduction.
Strontium substitution in OCP leads to the formation of crystals with reduced size, damaged end
groups, and jagged edges, promoting an asynchronous and less organized regeneration front [26,31].
Similarly, in dicalciumphosphate dihydrate, increased strontium content leads to crystal aggregation,
indented edges, and detachment, altering the surface topography encountered by cells [32]. Macrophages
are known to respond to the size, shape, and surface roughness of biomaterials, with jagged or sharp
crystals causing impaired phagocytosis and a sustained proinflammatory response. Thus, the altered
crystalline morphology of OCP_20Sr 1Mg compared to OCP_20Sr 1Ba will engage different
mechanosensitive pathways, influencing macrophage polarization. Furthermore, surface charge
modifications resulting from ion substitution influence protein corona formation, further modulating
macrophage recognition and response. For example, strontium-containing biomaterials are known to
promote macrophage polarization toward the anti-inflammatory M2 phenotype, which supports tissue
regeneration [33,34].

In addition to the physicochemical properties of the crystals, the released ions themselves have direct and
opposing effects on macrophage function. Mg?* is known to promote the formation of the anti-inflammatory
M2 macrophage phenotype, which supports tissue regeneration. Mechanistically, Mg>* enters cells through
TRPM?7 channels, activating the PI3K-AKT1 pathway, which inhibits TLR4 and NF-xB signaling and
reduces the levels of proinflammatory cytokines such as TNF-a, IL-1p, and IL-6 [33]. At concentrations
of approximately 4.1 mM, Mg*" effectively induces a transition to the M2 phenotype by increasing the
expression of CD206 and anti-inflammatory cytokines while simultaneously reducing M1 markers. This
Mg**-mediated immunomodulation creates a pro-regenerative environment essential for bone healing [35].
In contrast, Ba®" is generally toxic to immune cells. Barium nanoparticles have been shown to reduce
the viability of mononuclear phagocytes, increase superoxide release, reduce intracellular calcium
release, and induce apoptosis [36]. Barium blocks K* channels, disrupting ion homeostasis and leading
to cellular stress. Thus, while Mg?* actively promotes macrophage healing, Ba** induces cytotoxicity and
inflammatory stress, explaining the opposing biological effects of OCP_20Sr 1Mg and OCP_20Sr_1Ba.
The combination of altered crystal-mediated mechanotransduction and direct ion-specific signaling
ultimately determines macrophage response and the success of bone tissue regeneration. The dual
action of the Sr** ion itself, simultaneously promoting osteogenesis and inhibiting osteoclastogenesis,
further complicates this interaction, making specific ion substitution a critical factor in materials
design [37,33].

As central effectors of the immune response, monocytes and macrophages determine the cellular
and tissue reaction to an implanted material through changes in their functional state. The phagocytosis
of material particles by monocytes and macrophages plays a key role in altering their functional state,
thereby shaping the pro-regenerative or pro-inflammatory microenvironment they create. This process
is mediated by the physicochemical transformation of the implant within the biological environment,
including dissolution, ion exchange, and changes in the material’s surface properties. For instance, a
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CP implant, through dissolution/re-precipitation processes, provides a local increase in Ca*" ion
concentration, which chemoattracts monocytes to the wound site. These monocytes can subsequently
differentiate into macrophages and, if unable to phagocytose large particles due to their size, may
activate cell fusion mechanisms, forming foreign body giant cells [38]. Notably, Ca** is a modulator of
this process, binding to Soluble NSF Attachment protein REceptors (SNAREs) [38].

Given the importance of phagocytosis, we investigated the influence of OCP_Sr20 Bal and
OCP_Sr20 Mgl on the phagocytic activity of cells. Our data indicate that the studied CP materials
reduced the phagocytic activity of LPS-activated monocyte-like cells, as well as macrophage-like cells,
regardless of culture conditions. Considering that Ca*" is essential for normal phagocytosis, the
observed suppression of phagocytic activity appears unrelated to increased divalent ion concentration
from particle dissolution. Instead, it may be linked to the slow intracellular dissolution of phagocytosed
CaP particles, potentially inhibiting further phagocytosis of E. coli [39].

Interestingly, the investigated CP materials differentially affected phagocytosis in non-LPS-activated
monocyte-like cells. OCP_Sr20 Bal enhanced the phagocytosis of E. coli, whereas OCP_Sr20 Mgl
had no effect. This phenomenon may be related to the inherently lower baseline phagocytic activity of
non-activated monocytes compared to activated monocytes and macrophages. The ionic composition
of the doped OCP did not appear to directly influence the phagocytosis of the particles themselves.

Given that one of the primary mechanisms for degrading CP materials is their dissolution within
acidic intracellular compartments (endosomes and lysosomes), we next examined the effect of doped
OCP on their content [13]. Acidic compartment (lysosomal) status is closely linked to the cellular
inflammatory response, since disruption of lysosomal integrity and function is a well-established
trigger of inflammatory cascades, including NLRP3 inflammasome activation, making the study of
acidic compartments important for understanding the material’s mechanism of action. We therefore
used LysoTracker-based quantification of overall acidic compartment content in the cells as a general
readout of lysosomal status following exposure to doped OCP.

It should be emphasized that in the present study phagocytic activity was assessed functionally
using pHrodo Green-labeled E. coli as the phagocytic target, i.e., we measured how co-incubation with
OCP affected the cells’ capacity to phagocytose bacteria, rather than directly tracking the phagocytosis
or intracellular fate of the OCP particles themselves. Direct tracking of the intracellular fate of OCP
particles using fluorescent labeling would, in principle, allow the distribution and degradation status of
the particles to be followed over time, providing a more direct causal link between phagocytosis,
particle degradation and acidic compartment content, and the resulting changes in other intracellular
parameters. However, stable fluorescent labeling of calcium phosphate particles is itself a non-trivial
task: physically adsorbed or co-precipitated dyes are prone to leakage and dissociation from the
particle surface during cell culture, which can be misinterpreted as intracellular particle distribution,
and reliable tracking generally requires covalent conjugation of the dye to the particle surface via
dedicated surface chemistry (e.g., silica-shell coating followed by click chemistry) [40,41]. It should
also be noted that the OCP particles used in this study are considerably larger than the size range
typically associated with efficient, whole-particle phagocytosis (roughly sub-micron to a few
micrometers); given their micron-scale crystallite aggregates, large-scale internalization of intact
particles by monocyte-like and macrophage-like cells is unlikely, although smaller particles or fragments
generated during synthesis or dissolution may still be phagocytosed, and tracking the intracellular
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dynamics of such smaller fragments remains an interesting question for future work [42,43].
Importantly, OCP may influence phagocytic and other intracellular immune functions not only through
direct uptake of particles, but also via interaction with the cell membrane, extracellular dissolution and
ion release, and other mechanisms that do not require internalization of the material itself. In the
context of implant materials specifically, we consider that such cell-material interface interactions,
rather than complete engulfment of bulk particles, are likely to play the key role in shaping the
immunomodulatory response, consistent with the concept that biomaterial surfaces predominantly
engage phagocytes through receptor-mediated contact and, for non-internalizable material, through
frustrated-phagocytosis-like mechanisms at the surface [44].

According to our data, an increase in acidic compartment content was observed only in non-activated
macrophage-like cells, whereas the effect was less pronounced in monocyte-like cells. This
phenomenon may presumably be related to the intracellular transformation of the doped OCP
occurring within the acidic lysosomal environment. Interestingly, additional LPS stimulation of
macrophages did not increase acidic compartment content. It appears that pre-activation of
macrophages with LPS alters their intracellular processes such that subsequent exposure to CP
suppresses lysosome formation. It is known that LPS induces lysosome tubulation in macrophages,
regulated by mTOR, whose activity is itself dependent on calcium signaling [45-47]. Furthermore,
macrophages exposed to particles can develop progressive lysosomal destabilization, leading to
NALP3 inflammasome activation [48]. These factors may collectively contribute to the reduced acidic
compartment content observed in activated macrophage-like cells.

ROS play a crucial role in cellular signaling and physiological processes; however, their excessive
production leads to oxidative stress, associated with various pathological conditions. In the context of
bone regeneration, elevated ROS levels promote macrophage polarization towards the pro-inflammatory
M1 phenotype and activate osteoclasts, shifting the balance towards bone resorption [49,50].

Our results demonstrate a differential influence of the investigated CaP materials on ROS
production. In monocyte-like cells, the materials had a minimal effect on ROS generation under
standard conditions but reduced its level under pro-inflammatory conditions. In macrophage-like cells,
increased ROS production was observed under standard conditions, whereas under pro-inflammatory
conditions, Ba?*-doping reduced and Mg**-doping increased ROS levels.

It is known that Sr** and Mg?* ions possess antioxidant properties, presumably by regulating the
activity of antioxidant enzymes [51-53]. Our previous research showed that Sr-doped OCP could reduce
ROS production in mesenchymal cells in a dose-dependent manner [5]. Similarly, an Mg**-containing
hydrogel was shown to promote bone regeneration in osteoporosis by neutralizing ROS and
modulating immunity [54]. Furthermore, Jin et al. demonstrated that biodegradation products of an
Mg**-containing alloy reduced ROS production in THP-1-derived macrophage-like cells via the
TRPM7-PI3K-AKT1 signaling axis [55]. However, these findings were obtained using material
extracts and did not account for the direct contact between particles and cells. In this context, the work
by Kim J et al. is relevant, where direct interaction with particles of an Mg-containing alloy showed
neither a reduction in ROS levels nor stimulation of cell proliferation, highlighting the critical
importance of considering not only the ionic composition but also the direct interaction of the material
with cells [56].
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Information regarding the influence of Ba** on oxidative stress is limited. The cytotoxic effects of
Ba?* are thought to be related to its blockade of potassium channels in the cell membrane, promoting
the influx of K* [57]. However, incorporating small amounts of Ba?* into osteoplastic materials does
not enhance their cytotoxicity [58]. We have previously shown that even 1% Ba?*" doping in OCP can
suppress ROS production under pro-inflammatory conditions [59]. Therefore, it is likely that ROS
production by cells following incubation with doped OCP is determined by a complex of
physicochemical properties affecting its interaction with cells, rather than solely by its ionic composition.
Since Ba?" is clinically recognized as potentially myotoxic, our short-term in vitro cytotoxicity data are
not sufficient to fully exclude long-term toxic effects, and longer-term cytotoxicity assessment together
with in vivo toxicity data represent an important next step before clinical application [60].

Acute and chronic inflammatory processes are characterized by increased production of
pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6, which play a dual role in bone
regeneration. On one hand, these mediators are necessary for initiating the primary inflammatory
response and triggering reparative processes; their secretion dynamics and concentration largely
determine the fate of the implant. On the other hand, excessive or prolonged production disrupts the
bone remodeling balance by stimulating osteoclast activity via RANKL-dependent mechanisms and
suppressing the osteogenic differentiation of mesenchymal stem cells [61,62]. The functional
consequences of a given cytokine profile cannot be reliably predicted based on its concentration alone:
the resulting biological effect depends on multiple interacting factors, such as concentration, duration
of exposure, and, crucially, the specific combination of cytokines present. It should be noted that
proinflammatory cytokines themselves are not detrimental to bone regeneration; for example, transient
TNF-a signaling is actually required for normal fracture healing, as TNF receptor-deficient mice
exhibit impaired endochondral and intramembrane bone formation [63], and TNF-o0, acting
synergistically with IL-1p, promotes matrix mineralization by mesenchymal stem cells and is required
for bone regeneration in vivo [64] Similarly, IL-6, despite being a classic proinflammatory cytokine, is
required for normal bone callus formation and mineralization, as IL-6-deficient mice exhibit delayed
fracture healing [65]. These examples demonstrate that specific combinations and temporal patterns of
proinflammatory cytokines, rather than their mere presence or absolute concentration, determine
whether the resulting response promotes regeneration or resorption.

In this study, we deliberately focused on characterizing the pro-inflammatory (M1-associated)
response, since LPS activation was used specifically to simulate the acute pro-inflammatory conditions
typically present at the implantation site, and LPS/TLR4 signaling is a canonical driver of M1, rather
than M2, macrophage polarization [66]. Induction of the anti-inflammatory/M2 phenotype, and the
associated upregulation of IL-10, TGF-B, and CD206, is instead classically driven by IL-4/IL-13
signaling rather than by LPS [25], and would not necessarily be expected under the pro-inflammatory
conditions modeled here.

Investigating the influence of multi-doped CP materials on pro-inflammatory cytokine production
revealed their pronounced stimulatory effect on monocyte-like cells, observed irrespective of
culture conditions. Under standard conditions, monocyte-like cells demonstrated the highest
production of pro-inflammatory cytokines relative to the control, with OCP_Sr20 Bal exerting a
more pronounced effect on TNF-a secretion compared to OCP_Sr20 Mgl. Majumdar et al. showed
that Ba**-doped bioactive glass exhibited an anti-inflammatory effect and reduced the production of
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pro-inflammatory cytokines, including TNF-o, in glioblastoma cells, an effect possibly linked to
released Ba?" ions [67]. The enhanced TNF-a production by monocyte-like cells observed in our study
is likely governed by a fundamentally different mechanism, namely the specific nature of the direct
interaction between the material particles and the cell surface.

Interestingly, the investigated CP materials enhanced the production of IL-6 and IL-1f cytokines
only in non-activated macrophage-like cells and had no effect on their production in LPS-activated
macrophage-like cells. Notably, the production of IL-1P by activated macrophage-like cells correlates
well with the effect of CP on acidic compartment content. This phenomenon aligns with literature data:
for instance, one study showed that in macrophages loaded with palmitate and stimulated with LPS,
NLRP3 inflammasome activation occurs via a lysosome-dependent mechanism [68]. Furthermore,
disruptions in lysosomal calcium regulation led to reduced pro-IL-1p levels and, consequently, decreased
secretion of mature IL-1P. Our data indirectly suggest that phagocytosis and intracellular degradation of
CP particles induce changes in calcium homeostasis that can modulate the inflammatory response.

It is also noteworthy that in non-activated macrophage-like cells, Ba*-doping enhanced the
production of the key pro-inflammatory cytokine TNF-o, whereas in activated cells, Mg**-doping
enhanced it. Mg?" ions are generally considered anti-inflammatory agents, and several studies report
Mg*-mediated suppression of pro-inflammatory cytokine secretion. For example, Sun et al
demonstrated that extracts from biodegradable magnesium microparticles exhibited an anti-inflammatory
effect by promoting macrophage differentiation from the MO to the M2 phenotype, with the observed
effects attributed to Mg?*-induced reduction in NF-kB activation [69]. In another study, doping calcium
phosphate cement with Mg** helped modulate macrophage inflammatory activation and suppress the
expression of TNF-a and IL-6, while simultaneously upregulating the osteogenesis-related cytokine
TGF-B1 [8]. However, these studies also utilized material extracts and did not account for direct
cell-material interaction. In other research, Mg particles were incorporated into a poly-D,L-lactic acid
matrix to enhance mesenchymal stem cell viability and osteogenic differentiation. Released Mg** ions
from the composites were able to regulate the macrophage-induced inflammatory response triggered
by poly-D, L-lactic acid degradation products [70,71].

Beyond the specific findings discussed above, the known biological activities of Ba** and Mg** in
immune cells differ significantly and help explain the divergent effects of OCP_Sr20 Bal and
OCP_Sr20 Mgl observed in this study. Ba** is a well-characterized blocker of inward-rectifying K*
channels [47], and K* efflux itself is a well-known trigger of NLRP3 inflammasome assembly and IL-1f
maturation in macrophages, as well as a direct regulator of TNF-a and IL-8 production [72,73].
Consistent with these predominantly pro-inflammatory/cytotoxic actions, Ba®>" has been shown to
decrease phagocyte viability, increase superoxide release, and promote apoptosis in human
mononuclear phagocytes at sufficiently high concentrations [39]. In contrast, Mg?* is widely
known to be an anti-inflammatory and antioxidant substance in immune cells [42,43] and has been
shown to directly shift THP-1-derived macrophages toward an anti-inflammatory, M2-like
phenotype with reduced pro-inflammatory cytokine secretion by attenuating NF-kB activation [54].
These largely opposing direct ionic actions on macrophage ion channels, inflammasome activity, and
polarization likely contribute to the divergent effects of OCP_Sr20 Bal and OCP_Sr20 Mgl
observed in the present study. In addition to these direct ionic effects, Ba** and Mg** ions differ
significantly in ionic radius relative to Ca?*, and their incorporation into the OCP crystal lattice is
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known to differentially affect the crystallinity, solubility, and particle morphology of low-temperature
calcium phosphates [74]. We therefore consider it likely that the different biological activities of
OCP_Sr20 Bal and OCP_Sr20 Mgl reflect a combination of direct ion pharmacology and ion-dependent
differences in the physicochemical state of the material itself. Determining the relative contributions of
these two mechanisms will require specific physicochemical characterization (e.g., (-potential,
dissolution kinetics) of each doped composition, which we plan to conduct in future studies. It is
important to highlight that these structural and morphological consequences of doping can influence
cell behavior independently of the ion release itself: for calcium phosphate coatings and particles,
surface topography, particle/crystallite morphology, and degree of crystallinity have been shown to
directly modulate cell adhesion, proliferation, and osteogenic differentiation, with less crystalline
material generally promoting lower osteogenic cell proliferation than more crystalline material of similar
composition [75]. Accordingly, part of the differential response to OCP_Sr20 Bal compared to
OCP_Sr20 Mgl observed here may be due to such ion-induced structural differences acting directly at
the cell-material interface, rather than solely to the biological activity of the released ions themselves.

Conversely, studies examining the direct interaction of micron-sized magnesium particles with
macrophages observed necrosis and the secretion of pro-inflammatory cytokines [75]. Therefore, our
results suggest that the observed increase in cytokine production in monocytes is most likely
associated with the interaction of CP particles with cells and the subsequent alteration of intracellular
processes. The differential effects of Ba?" and Mg** appear to be determined not merely by their ionic
composition but primarily by their influence on the structure of the calcium phosphates, which governs
the nature of the material’s interaction with immune cells.

It should also be noted that THP-1 cells differentiated with ATRA and PMA, although widely used as
models similar to monocytes and macrophages, do not fully reproduce the phenotype and functional
heterogeneity of primary circulating monocytes and tissue macrophages. Therefore, confirmation of these
results in primary human cells and in vivo models represents an important direction for further research.

5. Conclusion

This study demonstrates the synthesis and immunomodulatory potential of low-temperature OCP
co-doped with strontium and magnesium (OCP_Sr20 Mg1) or barium (OCP_Sr20 Bal). Comprehensive
physicochemical characterization confirmed the successful incorporation of dopant ions into the OCP
crystal lattice, resulting in materials with altered crystallinity and structural properties.

In vitro assessment revealed a favorable biocompatibility profile: none of the materials exhibited
cytotoxicity towards THP-1-derived monocyte-like (ATRA) or macrophage-like (PMA) cells. The
study showed that these materials possess immunostimulatory properties. The observed effects appear
to be related to the physicochemical characteristics of the synthesized materials, which determine the
specifics of their phagocytosis and subsequent influence on intracellular processes, rather than being a
result of the direct action of ions released into the extracellular space. Notably, the most pronounced
effects were exerted on non-activated THP-1 ATRA monocyte-like cells. Among the studied
materials, OCP_Sr20 Mgl demonstrated a less significant impact on cytokine production in these
cells. The observed immunomodulatory effects seem to be linked to the direct interaction of particles
with the cell, influencing fundamental intracellular processes such as phagocytosis and lysosomal
activity, rather than being a direct consequence of soluble ion release. The differences in biological
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responses elicited by OCP_Sr20 Mgl and OCP_Sr20 Bal underscore that the functional outcome is
determined not only by the ionic composition but also critically depends on the resulting changes in
the material’s physicochemical structure.

These results confirm the promise of functional multi-ion doping as a tool for the development of
modern calcium phosphate-based biomaterials with tailored immunomodulatory properties. Due to
their ability to stimulate non-activated monocytes without simultaneously enhancing the activity of
activated macrophages, such materials may have therapeutic potential for patients with a weakened
monocytic immune response. Further research should focus on elucidating the precise intracellular
signaling pathways involved in this process and confirming these effects in more complex in vivo bone

regeneration models.
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Abbreviations

The following abbreviations are used in this manuscript:

Areviation Full Name

AKTI AKT Serine/Threonine Kinase 1 (Protein Kinase B)
ATRA All-Trans Retinoic Acid

Ba Barium

Ba** Barium ion

BSA Bovine Serum Albumin

Ca Calcium

Ca** Calcium ion

CaP Calcium Phosphate

CP Calcium Phosphate

CPC Calcium Phosphate Compound / Calcium Phosphate Cement
DCFH-DA 2',7'-Dichlorodihydrofluorescein Diacetate

DCPD Dicalcium Phosphate Dihydrate (Brushite)
DMEM Dulbecco’s Modified Eagle Medium

ELISA Enzyme-Linked Immunosorbent Assay

EMEM Eagle’s Minimum Essential Medium

FBS Fetal Bovine Serum

FTIR Fourier-Transform Infrared Spectroscopy

HAp Hydroxyapatite

ICDD International Centre for Diffraction Data

IL-1B Interleukin-1 Beta

IL-6 Interleukin-6

JCPDS Joint Committee on Powder Diffraction Standards
LPS Lipopolysaccharide

Mg Magnesium

Mg* Magnesium ion

MFI Mean Fluorescence Intensity

mTOR mechanistic Target of Rapamycin

mTORCI1

NALP3 (NLRP3)
NF-xB
OCP
PDLLA
PI3K
PMA
RANKL
ROS
rpm
SEM
SNARE
Sr

Sr2*
TGF-p1
THP-1
TNF-a
TRPM7
XRD

mTOR Complex 1

NLR Family Pyrin Domain Containing 3 (Inflammasome)

Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
Octacalcium Phosphate

Poly(D,L-Lactic Acid)

Phosphoinositide 3-Kinase

Phorbol 12-Myristate 13-Acetate

Receptor Activator of Nuclear Factor Kappa-B Ligand

Reactive Oxygen Species

Revolutions Per Minute

Scanning Electron Microscopy

Soluble N-ethylmaleimide-sensitive factor Attachment Protein Receptor
Strontium

Strontium ion

Transforming Growth Factor Beta 1

Human Monocytic Cell Line

Tumor Necrosis Factor Alpha

Transient Receptor Potential Cation Channel Subfamily M Member 7
X-Ray Diffraction
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