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Abstract: Creating bioactive materials for bone tissue regeneration and augmentation remains a
pertinent challenge. One of the most promising and rapidly advancing approaches involves the
use of low-temperature ceramics that closely mimic the natural composition of the extracellular
matrix of native bone tissue, such as Hydroxyapatite (HAp) and its phase precursors (Dicalcium
Phosphate Dihydrate—DCPD, Octacalcium Phosphate—OCP, etc.). However, despite significant
scientific interest, the current knowledge and understanding remain limited regarding the impact
of these ceramics not only on reparative histogenesis processes but also on the immunostimulation
and initiation of local aseptic inflammation leading to material rejection. Using the stable cell models
of monocyte-like (THP-1ATRA) and macrophage-like (THP-1PMA) cells under the conditions of
LPS-induced model inflammation in vitro, the influence of DCPD, OCP, and HAp on cell viability,
ROS and intracellular NO production, phagocytosis, and the secretion of pro-inflammatory cytokines
was assessed. The results demonstrate that all investigated ceramic particles exhibit biological
activity toward human macrophage and monocyte cells in vitro, potentially providing conditions
necessary for bone tissue restoration/regeneration in the peri-implant environment in vivo. Among
the studied ceramics, DCPD appears to be the most preferable for implantation in patients with latent
inflammation or unpredictable immune status, as this ceramic had the most favorable overall impact
on the investigated cellular models.

Keywords: biomaterials; calcium phosphates; biocompatibility; regenerative medicine; cell technology;
tissue engineering; bone tissue engineering

1. Introduction

Despite the abundance of proposed bone substitutes, there is a lack of truly effective
materials for bone tissue regeneration and, particularly, augmentation among them. The
desired properties can only be provided by bone autografts, the availability of which is
extremely limited by the patient’s own capabilities [1–5]. In turn, the proposed synthetic
calcium phosphates (CPs) often not only fail to promote tissue regeneration but also hinder
it, initiating rejection processes and the development of material-associated peri-focal bone
resorption of patients. The absence of reliable and effective materials is particularly acute
in the development of bone grafting surgery (vertical augmentation) and reconstructive
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surgery for critically sized bone defects, as no necessary solutions have been proposed to
address these acute problems.

It is known that the physicochemical properties of calcium phosphate substitute
materials play a central role in their behavior in the body. By varying these properties,
materials of different types and degrees of biocompatibility can be obtained. From one
perspective, controlled variation in the material properties of CPs allows the production
of materials of various types, shapes, and purposes, including through combination with
natural biopolymers [6,7] or their use as effective carriers of therapeutic agents [8]. However,
such dependence on physicochemical properties ensures a wide variability of biological
effects, from successful integration into the body to rejection, causing harm that exceeds
the initial problem of the patient [9–12].

The existing problem of the variability in the biological effects of CPs raises the
question of the need to develop new approaches to the creation of CP materials and the
study of their biological properties. The recent paradigm shift in modern biomedical
materials science indicates clear trends in transitioning from high-temperature ceramics to
biomimetic nature-like materials (synthesized at physiological temperatures, ≤40 ◦C),
i.e., creating CPs with a structure and composition as close as possible to the native
mineral of bone tissue, inducing homing, migration, and differentiation of precursor
cells at the implantation site, thus enabling effective directed tissue regeneration and
augmentation [13–18]. Increasing attention is paid to the study of various physiological
precursors of hydroxyapatite (HAp), such as dicalcium phosphate dihydrate (DCPD)
and octacalcium phosphate (OCP). Interest in such CPs is justified by several studies
demonstrating their greater biological activity compared to crystalline hydroxyapatite due
to greater solubility and the ability to undergo phase transformation in the body into native
bone tissue hydroxyapatite. In our opinion, the use of CPs synthesized under physiological
conditions can significantly increase the biocompatibility of CP biomaterials [19–21].

Another important aspect of CP osteointegration is their interaction with immune
cells, primarily with immune cell macrophages. Thus, one of the central problems limiting
the use of various CP materials is the development of uncontrolled inflammatory reactions.
Consequently, the study of the interaction of CPs with immune cells is of increasing interest.
It is known that macrophages and their monocyte precursors play an important role in
all stages of bone tissue remodeling and regeneration, as well as determine the body’s
response to implanted material by forming an appropriate proinflammatory and/or pro-
regenerative microenvironment [22–24]. The influence of hydroxyapatite precursors on the
behavior of these cells remains largely unstudied, which is partly due to the complexity
of such studies and the difficulty in choosing experiment models adequately reflecting
the ongoing biological processes. The lack of direct access to a broad base of healthy
donors for ordinary researchers, the complexity of isolation, and the variability of the
biological response of primary cell cultures to materials, associated with the spatiotemporal
sensitivity of the donor’s body, make it difficult to use them to assess the proinflammatory
and pro-regenerative potential of materials in vitro and also complicates the interpretation
of the obtained data.

In this regard, the use of immortalized cell cultures appears to be the most adequate for
studying the general principles of material interaction with immune cells. THP-1 represents
a line of human leukemia monocyte cells that are widely used to study the functions of
monocytes/macrophages [25–28]. This cell line has become a widely accepted model
for evaluating the modulation of monocyte and macrophage activity due to its similarity
to primary monocytes and macrophages in terms of differentiation, reproducibility, low
variability of cell phenotypes due to homogeneous genetic background, and a long period
of use without the loss of sensitivity or activity [28–31]. All these properties make THP-1
cells more preferable compared to cell lines PBMC and other primary cells—monocytes
and macrophages [28,31].

The aim of this study was to investigate the influence of physiological participants in
the bone mineralization process—DCPD, OCP, and HAp, obtained using a low-temperature
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chemical transformation approach—on the proinflammatory properties of monocyte-like
and macrophage-like cells in vitro.

2. Materials and Methods
2.1. Characterization and Synthesis Procedure
2.1.1. Materials Synthesis

CP powders, such as DCPD (dicalcium phosphate dihydrate), OCP (octacalcium
phosphate), and HAp (hydroxyapatite), were prepared using low-temperature approaches.
α-tricalcium phosphate (α-TCP) was used as the initial material. α-TCP powder was
soaked in a buffer solution composed of 0.15 M L-glutamic acid and 1.5 M sodium acetate
(pH = 5.5 ± 0.2, sample weight/solution weight ratio = 1/100) for 24 h at 35 ± 2 ◦C with
constant stirring; DCPD underwent hydrolysis.

OCP was prepared from DCPD powder in a 1.5 M sodium acetate solution
(pH = 9.0 ± 0.2, sample weight/solution weight ratio = 1/100) for 24 h at 35 ± 2 ◦C
with constant stirring.

The hydrolysis of OCP samples into hydroxyapatite (HAp) was performed in 2 M
sodium acetate solution (pH = 10.0 ± 0.2, sample weight/liquid weight ratio = 1/100) for
24 h at 40 ± 2 ◦C with constant stirring.

2.1.2. Phase Composition

The phase composition of the dried (37 ◦C for 24 h) powders was studied using
a Shimadzu XRD-6000 diffractometer. Full profile analysis was performed using Jana
2006 software and JCPDS 2003 data bank to analyze the diffraction patterns and define the
crystalline structures.

Nicolet Avatar 330 FT-IR spectrometer was used to determine the transmission spectra
of dried CP samples in the range of 4000–400 cm−1 with a resolution of 2 cm−1. The mixture
with potassium bromide was used.

2.1.3. Microstructure and Morphology

SEM (Tescan VEGA III, Brno, Czech Republic) was used to examine the microstructures
and morphologies of the samples. Enhanced scanning electron microscopy imaging was
performed by gold coating the samples with Q150R Quorum Technologies (Lewes, UK).
The material surfaces were imaged at pressures of 7.3 × 10−2 Pa in the column and
1.5 × 10−1 Pa in the chamber.

2.1.4. Nuclear Magnetic Resonance
1H and 31P MAS NMR spectra were obtained using Bruker AVANCE III 400 spec-

trometer (Karlsruhe, Germany) at resonant frequencies of 400.27 MHz and 162.06 MHz,
respectively, in the magnetic field of about 9.5 T. Spectra were obtained using free induction
decay (FID), FID with proton decoupling and Carr–Purcell–Meiboom–Gill (CPMG) pulse
sequences. The duration of the π/2 RF-pulse was 2.5 and 3.4 µs for 1H and 31P channels,
respectively; the repetition time was 5 s for both nuclei. Powder samples were densely
packed in a 4 mm zirconium oxide rotor and spun up to a rotation frequency of 7 kHz for
the solid-state magic angle spinning (MAS) NMR. All NMR measurements were performed
at a room temperature of 293 K.

2.2. In Vitro Studies
2.2.1. Cell Culture

The study utilized monoblast-like cells from the THP-1 cell line obtained from ATCC
(Wesel, Germany). Cells were cultured at 37 ◦C in a humidified atmosphere of 5% CO2 in
RPMI-1640 medium containing 10% fetal bovine serum, 2-mercaptoethanol (0.05 mM), and
gentamicin sulfate (40 µg/mL). Mycoplasma infection has been detected in cell cultures
using a MycoFluorTM Detection Kit (Thermo Scientific, Waltham, MA, USA), and no
mycoplasma infection was found.



Biomedicines 2024, 12, 263 4 of 21

Monocyte-like THP-1ATRA cells were derived by treating THP-1 cells with ATRA
(all-trans retinoic acid) (Merck, Hamburg, Germany). To do this, THP-1 cells were treated
with 1 µM ATRA for 72 h [32,33].

THP-1PMA macrophage-like cells were derived by treating THP-1 cells with phorbol
12-myristate 13-acetate (PMA). To do this, THP-1 cells were treated with 100 nM PMA
for 72 h and then washed three times with culture medium [34]. The cells were detached
from the surface of the culture plastic using a 0.05% EDTA-trypsin solution (PanEko,
Moscow, Russia).

Human monocytes (Cell Applications Inc., San Diego, CA, USA) were used to generate
peripheral blood-derived macrophages (PBDMs). Monocytes were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with gentamicin sulfate (40 µg/mL)
and 10% fetal bovine serum (FBS) at 37 ◦C in a moist atmosphere of 5% CO2 for three
days from the time of plating. On day 4, the culture medium was replaced with fresh
DMEM containing 2% FBS, and the cells were cultured for another 7 days. Using a 0.05%
EDTA-trypsin solution (PanEko, Moscow, Russia), the cells were separated from the surface
of the culture plastic.

The co-culture continued for an additional 72 h. DCPD, OCP, and HAp powders
were pre-sterilized with an ethanol solution at a concentration of 75% using the specified
technique [19].

2.2.2. Cell Immunoprofiling

To investigate the expression of CD cell monocyte and macrophage markers, cells
were stained with the following monoclonal antibodies: APC anti-human CD11b; FITC
anti-human CD11c; FITC anti-human CD14; PE anti-human CD36; PE anti-human CD64;
FITC anti-human CD68; PE anti-human CD284; PE anti-human HLA-DR. Nonspecific
binding was determined by staining cells with isotype control antibodies: APC Mouse
IgG1 k isotype Ctrl; FITC Mouse IgG1 k isotype Ctrl; PE Mouse IgG1 k isotype; and PE
Mouse IgG2a k isotype. Cells were stained for 30 min in the dark and then fixed with
2% paraformaldehyde. The analysis was performed using a BD Accuri C6 flow cytometer
(BD/Fisher Sci., Franklin Lakes, NJ, USA) [32,34].

2.2.3. Cell Viability Testing

AlamarBlue (Invitrogen, Carlsbad, CA, USA) was used to measure the cell viability
after 72 h of incubation with DCPD, OCP, and HAp. The cells were incubated with
100 µg/mL AlamarBlue for 4 h at 37 ◦C in a moist environment of 5% CO2, and the mean
fluorescence intensity (MFI) of the resultant resofurin product was measured using an
Infinite®200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland): Ex530 nm/Em
595 nm. The vitality of the control cells that had not been treated with DCPD, OCP, or HAp
was assumed to be 100%. Cell viability was measured as a percentage relative to the control
using the following formula: Cell viability (%) = (MFI cells after incubation with DCPD,
OCP, and HAp/MFI of control cells) × 100% [19,33].

2.2.4. Determination of Cytoplasmic Granularity

The granularity of the cytoplasm of the cells was determined by lateral light scattering
(SSC) on a BD Accuri C6 Cell Analyzer (BD/Fisher Sci., Franklin Lakes, NJ, USA).

2.2.5. Cytochemical Staining by Romanovsky-Giemsa

Cells were stained sequentially in Diachym-Hemistein-R solution (Abris Plus,
Krasnodar, Russia) for 20 min, and in Giemsa solution (Sigma-Aldrich, Hamburg, Germany)
for 10 min. The samples were then washed under running water for 1 min. Micrographs of
the stained preparations were obtained using a microscope fluorescent station Eclipse Ti-E
(Nikon, Tokyo, Japan).
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2.2.6. Analysis of Mitochondrial Mass

To determine the mitochondrial mass, cells were stained with 100 nM MitoTracker
Green FM (Fisher Sci., Waltham, MA, USA). In a CO2 incubator (Binder GmbH, Tuttlingen,
Germany), the cells were incubated for 30 min. Determination was carried out using a BD
Accuri C6 Cell Analyzer (BD/Fisher Scientific, Franklin Lakes, NJ, USA).

2.2.7. LysoTracker Staining

After 72 h of co-incubation with DCPD, OCP, and HAp, the cells were stained for
30 min in a CO2 incubator with 50 nM LysoTracker Green DND-26 (Fisher Sci., Waltham,
MA, USA). For 4 h, control cells were preincubated with 50 M chloroquine (MerckMillipore,
St. Louis, MO, USA). Cell fluorescence was analyzed using a BD Accuri C6 Cell Analyzer
(BD/Fisher Sci., Franklin Lakes, NJ, USA) [33].

2.2.8. ROS Production Assay

To determine constitutive and LPS-induced intracellular reactive oxygen species pro-
duction, after 72 h of co-incubation with DCPD, OCP, and Hap, cells were stained with
DCFH-DA (Sigma-Aldrich, St. Louis, MO, USA). To determine the constitutive intracel-
lular production of reactive oxygen species, cells were stained with 40 µM DCFH-DA for
30 min under CO2 incubator conditions. To study inducible intracellular production of
reactive oxygen species, cells were preincubated with 10 µg/mL LPS from E. coli O111:B4
(MerckMillipore, Chemicon®, Rolling Meadows, IL, USA) for 24 h. Control cells were
preincubated with 1 mM hydrogen peroxide (HP) (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min. Cell fluorescence analysis was performed using a BD Accuri C6 Cell Analyzer
(BD/Fisher Sci., Franklin Lakes, NJ, USA) [19,33].

2.2.9. Intracellular NO Assay

To assess constitutive and LPS-induced intracellular nitric oxide (NO) production,
after 72 h of co-incubation with DCPD, OCP, and Hap, cells were stained with DAF-FM
DA (Fisher Sci., Waltham, MA, USA). Cells were stained with 5 M DAF-FM DA for 40 min
before being washed with fresh growth medium and cultured in a CO2 incubator for
another 30 min. Cells were pre-incubated for 24 h with 10 µg/mL LPS from E. coli O111:B4
to explore inducible NO generation. Cell fluorescence was analyzed using a BD Accuri C6
Cell Analyzer (BD/Fisher Sci., Franklin Lakes, NJ, USA) [33].

2.2.10. Phagocytosis Assay

To assess phagocytic activity, the number of phagocytic cells and the mean fluorescence
intensity (MIF) of pHrodo Green E. coli (Fisher Sci., Waltham, MA, USA) in phagocytic
cells were determined. After 72 h of co-incubation with DCPD, OCP, and HAp, cells
were incubated with 1 mg/mL pHrodo Green E. coli (Fisher Sci., Waltham, MA, USA)
for 2 h after cell incubation in a CO2 incubator. To control for nonspecific staining, cells
were preincubated with 10 µg/mL cytochalasin D (MerckMillipore, St. Louis, MO, USA).
Measurements were performed using a BD Accuri C6 Cell Analyzer (BD/Fisher Sci.,
Franklin Lakes, NJ, USA) [33].

2.2.11. Analysis of TNF-α, IL-1β, and IL-6 Cytokine Secretion

To assess the inducible secretion of proinflammatory cytokines (TNF-α, IL-1β, and
IL-6), cells were pre-incubated with 10 µg/mL lipopolysaccharide (LPS) for 24 h. For the
determination of cytokine secretion after 72 h of cell cultivation with DCPD, OCP, and
HAp powder samples, cells were harvested from the culture dish, centrifuged (300× g,
5 min), and the supernatant was used for analysis. The secretion of TNF-α, IL-1β, and IL-6
was assessed using commercial kits: Interleukin-1beta-IFA-BEST, Interleukin-6-IFA-BEST,
and Alpha-IFN-IFA-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).
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2.2.12. Statistical Analysis

The results of the conducted study are presented as the mean ± standard deviation.
All experiments used statistical samples with no fewer than 4 observations (n ≥ 4).

The collected findings were statistically analyzed using Python 3 programming lan-
guage (ver. 3.10.6) in the Spyder framework for development (ver. 5.4.1), with Pandas
(ver. 1.5.3), Numpy (ver. 1.23.5), and Scipy (ver. 1.10.0) tools. Multiple comparisons of the
investigated groups were conducted using one-way ANOVA, followed by Tukey’s post
hoc test for comparing experimental groups relative to each other. At p < 0.05, differences
between groups were determined to be statistically significant. Multiple comparisons
were conducted using the scikit–posthocs package (version 0.7.0) [35]. Before conduct-
ing multiple comparisons, tests for normality of distribution and equality of variances
were performed using the Shapiro–Wilk and Brown–Forsythe tests, respectively, with the
scipy package.

The graphical representation of the obtained results was created using the Python
3 programming language (ver. 3.10.6) with the Matplotlib (ver. 3.7.0) and Seaborn
(ver. 0.12.2) packages.

3. Results
3.1. The Physico-Chemical Characteristics of Low-Temperature CPs

According to the XRD and FTIR results (Figure 1), a single-phase crystalline DCPD
was obtained. The IR-spectrum of DCPD shows bending modes of the PO4

2− group at 875
and 987 cm−1 (ν1); 1059 and 1135 cm−1 (ν3); 525, 576 and 662 cm−1 (ν4). Peaks assigned to
the P-OH bound are noted at 875 and 1212 cm−1. The stretching modes of the O-H bond of
lattice water appear at 3550–3160 cm−1, with bending modes at 1649 cm−1. The presence
of absorbed water was observed at 2385 and 1718 cm−1. The XRD spectrum corresponds
to card No. 9-0077 of the XRD base ICDD (Powder Diffraction File, Pennsylvania: JCPDS,
2011). The main XRD peaks of DCPD (020), (021), (041) and (220) are noted. The microstruc-
ture of the obtained samples is typical for DCPD: plate-like crystals with an average size of
2–20 µm.

FTIR and XRD spectra confirmed the high-crystallinity and single-phase nature of OCP.
The presence of the intense bands at 1121 and 1040 cm−1 corresponding to the ν3 mode
of HPO4

2− and PO4
3− [P−O stretching in phosphate (PO4

3−) and hydrogen phosphate
(HPO4

2−)], and an HPO4
2− band at 916 cm−1 (P−O stretching in HPO4

2−) is typical of
an OCP structure. The 602 cm−1 and 561 cm−1 sharp P−O peaks (P−O deformation in
PO4

3−) belong to the ν4 mode of PO4
3−. The bands at 862 cm−1 and 961 cm−1 belong to

HPO4
2− stretch groups (P–OH). The primary vibration peaks of the PO4

3− and HPO4
2−

groups are indicative of the OCP structure. the XRD results are in good agreement with the
FTIR spectrum. The phase compositions of the samples with the major peaks (010), (020),
(002), (260), and (2–41) conform to the XRD base ICDD card No 26-1056. The standard
chaotic structure of OCP with thin plates can be observed on SEM images.

Pure and high-crystalline HAp powder was obtained according to Figure 1. A sharp
peak at 3575 cm−1 belongs to the OH− ion, which is a characteristic of HAp. The same
modes of PO4

3− groups remain unchanged (ν1 at 961 cm−1, ν3 at 1028, 1065 and 1092 cm−1,
ν4 at 561 cm−1, 602 cm−1). The relative decrease of the HPO4

2− peaks at 861, 917 and
1212 cm−1 can be observed. The stretching band of absorbed water occurs at 1649 cm−1.
Bands at 1415 and 1458 cm−1 are assigned to the stretching vibrations of the CO3

2− group.
According to the XRD results, HAp peaks (100), (200), (002), (211), (112), (300) и (310)
accurately correspond to card No. 89-4405. As seen, HAp crystals form thin needles and
plates. All IR results are in good agreement with the literature data [36].
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3.2. Solid-State MAS NMR

The results of the solid-state HMR MAS experiment confirm our material descriptions
(Figure 2). Single-phase samples were obtained in every case. DCPD has monoclinic
syngony, so all HPO4

2− ions are crystallography equivalent, as seen at 31P MAS spectrum
with one sharp peak at 1.4 ppm. The figure displays a comparison of the 31P NMR spectra
of the DCPD sample obtained in the absence (ZG) and presence (HPDEC) of proton
suppression. The difference in the linewidth of these spectra indicates the presence of a
dipole–dipole magnetic coupling 1H-31P.

The 31H MAS spectrum consists of three unresolved peaks at 5.1, 6.6, and 10.7 ppm.
One of them belongs to HPO4

2− proton (10.7 ppm), and two of them are attributed to the
four protons of two molecules of lattice water [37]. The sharp peak at 1.1 ppm may belong
to absorbed water, which is also visible at 1649, 1718, and 2385 cm−1 on the IR spectrum of
DCPD (Figure 2).

OCP crystal has the lowest symmetry (P1), and the unit cell has four inequivalent
PO4

3− groups and two inequivalent HPO4
2− groups. They appear as two unresolved

peaks at 0.3 (HPO4
2−) and 3.1 (PO4

3−) ppm at the 31P spectrum [38]. Two sharp peaks at
−0.1 and 2.0 ppm on the 1H MAS spectrum belong to the five inequivalent water molecules
of the OCP formula unit [39]. The broad line at 5.7 ppm can be ascribed to the adsorbed
water by the powder sample. Protons from the two HPO4

3− groups form a very broad
peak at ≈14.2 ppm.
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Figure 2. NMR spectra of CPS: 1H MAS spectra (left) obtained from FID (ZG) and spin echo (CPMG)
at τ = 100 µs; 31P MAS spectra (right) obtained in the absence (ZG) and presence (HPDEC) of
proton suppression.

HAp crystallizes in hexagonal syngony and has one sharp peak at 2.7 ppm on the 31P
MAS spectrum. The proton spectrum of HAp also has one sharp peak at −0.2 ppm, which
belongs to the OH− group. Two broad peaks at 0.5 and 4.9 p.p.m. may be attributed to
the absorbed water, whose mode can be seen at 1649 cm−1 in Figure 1. This assumption
may be also reinforced by the fact that the phosphorus spectrum shows the absence of CP
impurities (there is only one peak of six equivalent PO4

3− groups).

3.3. THP-1 ATRA and THP-1 PMA Cells Have Phenotypic Features That Are Characteristic of
Human Monocytes and Macrophages

As already noted above, macrophages and their precursors, monocytes, play an
important role at all stages of remodeling and regeneration of bone tissue, as well as
determine the body’s response to the implanted material, due to the formation of ap-
propriate pro-inflammatory and/or pro-regenerative microenvironment. In this regard,
further in the work, the influence of physiological participants in the biomineralization
process—DCPD, OCP, and HAp, obtained using the low-temperature chemical transforma-
tion approach—on the proinflammatory properties of macrophage-like and monocyte-like
cells was studied. THP-1 cells were treated with phorbol 12-myristate 13-acetate (PMA) to
produce macrophage-like THP-1PMA cells. Trans-retinoic acid treatment of THP-1 cells
resulted in monocyte-like THP-1ATRA cells. In the first stage, we characterized the pheno-
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type of THP-1ATRA and THP-1PMA cells. To characterize the phenotype of THP-1PMA
and THP-1ATRA cells, we compared morphological features, immune phenotype, intracel-
lular nitric oxide production, mitochondrial mass, and the granularity of THP-1ATRA and
THP-1PMA and THP-1 cells, as well as PBDM monocytes and macrophages. THP-1ATRA
cells had phenotypic features characteristic of human monocytes. Thus, THP-1ATRA in-
creased the number of cells carrying CD11b, CD11c, CD14, CD68, CD284, and HLA-DR
receptors, as well as decreased mitochondrial mass and granularity in comparison with
THP-1 cells, which was also characteristic of peripheral human monocytes (Figure 3).

Biomedicines 2024, 12, x FOR PEER REVIEW 9 of 22 
 

3.3. THP-1 ATRA and THP-1 PMA Cells Have Phenotypic Features That Are Characteristic of 

Human Monocytes and Macrophages 

As already noted above, macrophages and their precursors, monocytes, play an im-

portant role at all stages of remodeling and regeneration of bone tissue, as well as deter-

mine the body’s response to the implanted material, due to the formation of appropriate 

pro-inflammatory and/or pro-regenerative microenvironment. In this regard, further in 

the work, the influence of physiological participants in the biomineralization process—

DCPD, OCP, and HAp, obtained using the low-temperature chemical transformation ap-

proach—on the proinflammatory properties of macrophage-like and monocyte-like cells 

was studied. THP-1 cells were treated with phorbol 12-myristate 13-acetate (PMA) to pro-

duce macrophage-like THP-1PMA cells. Trans-retinoic acid treatment of THP-1 cells re-

sulted in monocyte-like THP-1ATRA cells. In the first stage, we characterized the pheno-

type of THP-1ATRA and THP-1PMA cells. To characterize the phenotype of THP-1PMA 

and THP-1ATRA cells, we compared morphological features, immune phenotype, intra-

cellular nitric oxide production, mitochondrial mass, and the granularity of THP-1ATRA 

and THP-1PMA and THP-1 cells, as well as PBDM monocytes and macrophages. THP-

1ATRA cells had phenotypic features characteristic of human monocytes. Thus, THP-

1ATRA increased the number of cells carrying CD11b, CD11c, CD14, CD68, CD284, and 

HLA-DR receptors, as well as decreased mitochondrial mass and granularity in compari-

son with THP-1 cells, which was also characteristic of peripheral human monocytes (Fig-

ure 3). 

 
 

(a) (b) 

 
 

(c) (d) 

Figure 3. Phenotype of THP-1ATRA monocyte-like cells in comparison with THP-1 cells and human 

monocytes. Morphology of THP-1ATRA monocyte-like cells; Romanovsky–Giemsa staining, light 

microscopy (a). CD markers of monocyte differentiation in THP-1ATRA cells in comparison to THP-

1 cells and human monocytes (b). Granularity of THP-1, THP-1ATRA cells, and human monocytes 

(c). The ordinate axis represents the average value of the intensity of lateral light scattering by the 

cell in relative units (SSC). The relative content of mitochondria in THP-1, THP-1ATRA cells, and 

human monocytes (d). The mean fluorescence intensity of cells (arb. units) infused with MitoTracker 

Figure 3. Phenotype of THP-1ATRA monocyte-like cells in comparison with THP-1 cells and human
monocytes. Morphology of THP-1ATRA monocyte-like cells; Romanovsky–Giemsa staining, light
microscopy (a). CD markers of monocyte differentiation in THP-1ATRA cells in comparison to THP-1
cells and human monocytes (b). Granularity of THP-1, THP-1ATRA cells, and human monocytes (c).
The ordinate axis represents the average value of the intensity of lateral light scattering by the cell in
relative units (SSC). The relative content of mitochondria in THP-1, THP-1ATRA cells, and human
monocytes (d). The mean fluorescence intensity of cells (arb. units) infused with MitoTracker Green
FM is referred to as the MFI. The data are shown as the mean ± SD (n ≥ 3). * p < 0.05 in comparison
to THP-1 cells.

Furthermore, microscopic examination revealed that more than 90% of THP-1PMA
cells had a pronounced “fusiform” shape similar to PBDM. When studying the phenotype,
it was shown that THP-1PMA cells reduce the number of cells carrying CD64 and increase
the number of cells carrying CD11c, CD14, Cd36, and others, which is also characteristic of
PBDM macrophages (Figure 4).
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Figure 4. Phenotype of THP-1PMA monocyte-like cells in comparison with THP-1 cells and PBDM
macrophages. Morphology of THP-1PMA macrophage-like cells; Romanovsky–Giemsa staining,
light microscopy (a). CD markers of monocyte differentiation in THP-1PMA cells in comparison
to THP-1 cells and PBDM macrophages (b). Granularity of THP-1, THP-1PMA cells, and PBDM
(c) macrophages. The ordinate axis represents the average value of the intensity of lateral light
scattering by the cell in relative units (SSC). Relative mitochondrial content in THP-1, THP-1PMA
cells, and PBDM macrophages (d). The mean fluorescence intensity of cells (arb. units) infused
with MitoTracker Green FM is referred to as the MFI. The data are shown as the mean ± SD (n ≥ 3).
* p < 0.05 in comparison to THP-1 cells.

3.4. DCPD, OCP, and HAp Reduce the Phagocytic Activity of THP-1ATRA and THP-1PMA Cells

THP-1ATRA monocyte-like cells and THP-1PMA macrophage-like cells were incu-
bated with 1 mg/mL DCPD, OCP, or HAp for 72 h. As shown in Figure 5, after incubation
with the investigated CPs, the number of viable THP-1ATRA and THP-1PMA cells was
more than 90%. Interestingly, we previously found that 1 mg/mL OCP, obtained in such a
way, led to a significant decrease in the viability of C3H/10T1/2 mesenchymal cells [19].

Further in the study, we assessed the impact of DCPD, OCP, and HAp on key pro-
inflammatory functions of human monocyte-like and macrophage-like cells, including
phagocytic activity, acidic compartment content, as well as the production of ROS, NO, and
pro-inflammatory cytokines.

Considering the crucial role of the phagocytic activity of monocytes and macrophages
in the process of material biointegration and biodegradation, we initially investigated the
influence of the examined calcium phosphate-based materials on the phagocytic activity of
THP-1ATRA and THP-1PMA cells.

The study results indicated that DCPD, OCP, and HAp reduced the phagocytic activity
towards pHrodo Green E. coli in both monocyte-like THP-1ATRA and macrophage-like
THP-1PMA cells, as evidenced by a decrease in fluorescent intensity of pHrodo Green
E. coli in phagocytic cells. We found that the number of phagocytic cells of THP-1ATRA and
THP-1PMA cells remained unchanged after 72 h of co-incubation with 1 mg/mL DCPD,
OCP, or HAp compared to control cells that were not incubated with calcium phosphate-
based materials, and it exceeded 95% (Figure 6a,d). In contrast, after 72 h of co-incubation
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with 1 mg/mL DCPD, OCP, or HAp, both THP-1ATRA and THP-1PMA cells exhibited a
decrease in the MIF of pHrodo Green E. coli in phagocytic cells compared to control cells
not incubated with calcium phosphate-based materials (Figure 6b,e). The effect was more
pronounced in THP-1PMA cells. It is worth noting that HAp caused the most significant
reduction in the MIF of pHrodo Green E. coli in phagocytic cells among the investigated
cell variants.
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Figure 5. Viability of monocyte-like cells THP-1ATRA (a) and macrophage-like cells THP-1PMA (b)
after 72 h of co-incubation with 1 mg/mL DCPD, OCP, or HAp. Ctrl—control (untreated cells). The
data are presented as mean ± SD.
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Figure 6. Number of phagocytic THP-1ATRA (a) and THP-1PMA cells (b); mean fluorescence
intensity (MFI) of pHrodo Green E. coli in phagocytic THP-1ATRA (d) and THP-1PMA cells (e). Ctrl—
control (untreated cells), CytD—cytochalasin D. The data are presented as mean ± SD. Statistical
significance of differences in the fluorescence intensity of pHrodo Green E. coli in phagocytic THP-
1ATRA (c) and THP-1PMA cells (f) among the investigated groups was determined using one-way
ANOVA followed by Tukey’s test; n.s.—no significance.

Since the breakdown of large phagocytized particles, including bacteria, cellular debris,
and dying cells, occurs in compartments such as lysosomes, we additionally investigated
the impact of the examined calcium phosphate-based materials on the acidic compartment
(lysosome) content in THP-1ATRA and THP-1PMA cells [40].
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We found that the acidic compartment (lysosome) content in THP-1PMA cells slightly
decreased after 72 h of co-incubation with 1 mg/mL OCP or HAp and increased after
incubation with 1 mg/mL DCPD (Figure 7b,d) compared to control cells not incubated
with calcium phosphate-based materials. In turn, the content of acidic compartments in
THP-1ATRA cells remained unchanged compared to control cells after incubation with the
examined calcium phosphate-based materials (Figure 7a,c).
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Figure 7. The acidic compartments (lysosomes) content in THP-1ATRA cells (a) and THP-1PMA cells
(b) after 72 h of co-incubation with 1 mg/mL DCPD, OCP, or HAp. MFI—mean fluorescence intensity
(a.u.). Ctrl—control (untreated cells); CHL—chloroquine. The data are presented as mean ± SD.
(c,d) Statistical significance of differences in the content of acidic compartments in THP-1ATRA cells
(c) and THP-1PMA cells (d) among the investigated groups, determined using one-way ANOVA
followed by Tukey’s test. n.s.—no significance.

3.5. DCPD, OCP, and HAp Affect the Intracellular Oxidative Activity of THP-1ATRA and
THP-1PMA Cells

It is known that phagocytes produce reactive nitrogen species (NO) and reactive
oxygen species (ROS), which enhance and regulate the immune response [41,42]. Reactive
oxygen and nitrogen species are utilized by phagocytes to eliminate invading microorgan-
isms, which can also cause damage to cells and tissues [41]. However, an excess of ROS and
NO has been shown to lead to damage to normal body cells [41]. Therefore, in this study,
we further investigated the impact of DCPD, OCP, and HAp on the oxidative intracellular
activity of THP-1ATRA and THP-1PMA cells.

From Figure 8, it can be seen that DCPD, OCP, or HAp (1 mg/mL, 72 h) did not
affect the constitutive intracellular production of ROS and NO by THP-1ATRA and THP-
1PMA cells. Additionally, we found that DCPD, OCP, or HAp (1 mg/mL, 72 h) had no
impact on LPS-induced intracellular ROS production by THP-1ATRA and THP-1PMA cells
(Figure 8a–d). At the same time, LPS-induced intracellular NO production decreased after
72 h of co-incubation with 1 mg/mL DCPD, OCP, or HAp in THP-1ATRA cells (Figure 8e,f),
remained unchanged after incubation with DCPD (1 mg/mL, 72 h), and increased after
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incubation with OCP or HAp (1 mg/mL, 72 h) in THP-1PMA cells (Figure 8g,h) compared
to control cells not incubated with CPs.
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Figure 8. (a,c,e,g) Constitutive and LPS-induced intracellular ROS production by THP-1ATRA cells
(a) and THP-1PMA cells (b) after 72 h of co-incubation with CPs; constitutive and LPS-induced
intracellular NO production by THP-1ATRA cells (e) and THP-1PMA cells (g) after 72 h of co-
incubation with CPs. MFI—mean fluorescence intensity of cell fluorescence (a.u.). Ctrl—control
(untreated cells). HP—hydrogen peroxide. The data are presented as mean ± SD. (b,d,f,h) Statistical
significance of differences in ROS production by THP-1ATRA cells (b) and THP-1PMA cells (f) among
the investigated groups, determined using one-way ANOVA followed by Tukey’s test. n.s.—no
significance. Statistical significance of differences in NO production by THP-1ATRA cells (d) and
THP-1PMA cells (h) among the investigated groups, determined using one-way ANOVA followed
by Tukey’s test. n.s.—no significance.
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3.6. DCPD, OCP, and HAp Affect the Secretion of Pro-Inflammatory Cytokines TNF-α, IL-1β,
IL-6 by THP-1ATRA and THP-1PMA Cells

Another important function of macrophages and monocytes is their ability to secrete
numerous cytokines that play a crucial role in forming a pro-regenerative niche necessary
for bone tissue restoration/regeneration [25]. As a result, the study analyzed the secretion
of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 by THP-1ATRA and THP-1PMA
cells after their incubation with the investigated calcium phosphate-based materials.

It was demonstrated that DCPD, OCP, or HAp (1 mg/mL, 72 h) did not influence the
constitutive secretion of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 but enhanced
the LPS-induced secretion of TNF-α and IL-1β by THP-1ATRA cells compared to the control
cells not incubated with the materials (Figure 9a,b). After incubation with DCPD, OCP,
and HAp, the concentration of TNF-α in the culture medium of LPS-treated THP-1ATRA
cells increased from 50 ± 4 pg/mL to 64 ± 2 pg/mL, 66 ± 5 pg/mL, and 64 ± 2 pg/mL,
respectively. Following incubation with DCPD, OCP, and HAp, the concentration of IL-1β
in the culture medium of LPS-treated THP-1ATRA cells increased from 113 ± 3 pg/mL to
226 ± 18 pg/mL, 201 ± 17 pg/mL, and 313 ± 9 pg/mL, respectively. Additionally, it was
found that DCPD and OCP, but not HAp, slightly decreased LPS-induced IL-6 secretion by
THP-1ATRA cells compared to control cells not incubated with the materials (Figure 9c).
The concentration of IL-6 in the culture medium of LPS-treated THP-1ATRA cells after
incubation with DCPD and OCP decreased from 475 ± 3 pg/mL to 437 ± 9 pg/mL and
439 ± 6 pg/mL, respectively.
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Figure 9. Constitutive and LPS-induced secretion of pro-inflammatory cytokines TNF-α (a), IL-1β (b),
and IL-6 (c) by THP-1ATRA cells after 72 h of co-incubation with 1 mg/mL DCPD, OCP, or HAp. Ctrl—
control (untreated cells). Concentration is presented per 5 × 104 cells/mL. The data are presented
as mean ± SD. (d–f) Statistical significance of differences in the production of pro-inflammatory
cytokines TNF-α (d), IL-1β (e), and IL-6 (f) by THP-1ATRA cells among the investigated groups,
determined using one-way ANOVA followed by Tukey’s test. n.s.—no significance.

Furthermore, we found that DCPD, OCP, or HAp (1 mg/mL, 72 h) did not affect
LPS-induced secretion of pro-inflammatory cytokines IL-1β and IL-6 but increased their
constitutive secretion by THP-1PMA cells compared to control cells not incubated with the
materials (Figure 10). After incubation with DCPD, OCP, and HAp, the concentration of
IL-6 in the culture medium of THP-1PMA cells increased from 230 ± 71 pg/mL (control
values) to 636 ± 44 pg/mL, 632 ± 48 pg/mL, and 691 ± 113 pg/mL, respectively. Following
incubation with DCPD, OCP, and HAp, the concentration of IL-1β in the culture medium
of THP-1PMA cells increased from 631 ± 24 pg/mL (control values) to 1161 ± 190 pg/mL,
1285 ± 141 pg/mL, and 1041 ± 178 pg/mL, respectively. It was also observed that OCP
and HAp, but not DCPD, increased the constitutive secretion of TNF-α and decreased
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its LPS-induced secretion by THP-1PMA cells compared to control cells not incubated
with the materials (Figure 10a). The concentration of TNF-α in the culture medium of
THP-1PMA cells after incubation with OCP and HAp increased from 451 ± 31 pg/mL to
786 ± 5 pg/mL and 799 ± 7 pg/mL, respectively, and decreased to 644 ± 18 pg/mL and
530 ± 6 pg/mL, respectively, in the culture medium of LPS-treated THP-1PMA cells.
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Figure 10. Constitutive and LPS-induced secretion of pro-inflammatory cytokines TNF-α (a),
IL-1β (b), and IL-6 (c) by THP-1PMA cells after 72 h of co-incubation with 1 mg/mL DCPD, OCP,
or HAp. Ctrl—control (untreated cells). Concentration is presented per 5 × 104 cells/mL. The data
are presented as mean ± SD. (d–f) Statistical significance of differences in the production of pro-
inflammatory cytokines TNF-α (d), IL-1β (e), and IL-6 (f) by THP-1PMA cells among the investigated
groups, determined using one-way ANOVA followed by Tukey’s test. n.s.—no significance.

4. Discussion

The development of biomaterials designed for the restoration of functions and re-
generation of damaged bone tissue is currently one of the most important and relevant
challenges in modern materials science. The specific structure and properties of various
histotypes of bone tissue, as well as the processes of reparative histogenesis, impose high
requirements on both materials and the technologies for their production. Ceramic calcium
phosphate materials obtained under high-temperature synthesis conditions are known
to be safe, non-toxic, and even biostable. However, they lack biointegration potential,
not only failing to initiate regenerative processes but also causing fibrous encapsulation
of the material, leading to a complete halt in the reparative osteogenesis process at the
implantation site. Additionally, these materials exhibit comparative brittleness compared
to native bone tissue, making them unsuitable for applications like dental implants or
endoprostheses.

In contrast, the use of low-temperature calcium phosphate precursors, such as hy-
droxyapatite (HAp) and its precursors (amorphous phosphates, DCPD, TCP, OCP, etc.),
synthesized under conditions reflecting natural (physiological) biomineralization processes,
is a promising and rapidly developing approach. It is postulated that, like native calcium
phosphates, these low-temperature calcium phosphates may have a direct inducing effect.
These low-temperature CPs, including OCP (octacalcium phosphate) and DCPD (dicalcium
phosphate dihydrate) are suggested to possess higher bioresorption rates and pronounced
osteoinductive potentials compared to known analogs. The possibility of incorporating
biological agents and performing targeted chemical functionalization of CPs directly dur-
ing their synthesis, with the subsequent controlled release of necessary elements for the
activation and maintenance of regenerative processes in the body, adds to the interest in
these materials.
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Despite the scientific interest and numerous studies in this field, knowledge and un-
derstanding of the impact of low-temperature ceramics on not only reparative histogenesis
processes but also on immune activation and initiation of local aseptic inflammation, lead-
ing to rejection of CPs and osteolysis in the recipient bed, remain limited and insufficient.

Macrophages and monocytes are among the first cells to invade the surface of biomate-
rials after implantation and play an important role in their biodegradation via phago-
cytosis. [43,44]. Phagocytosis is one of the fundamental functions of monocytes and
macrophages, and cellular-mediated resorption of calcium phosphate-based materials rep-
resents the central pathway for their in vivo degradation [45,46]. Monocyte-macrophage
cells phagocytose damaged and apoptotic cells formed during the material implantation
process and combat postoperative infection, thereby providing a favorable immune mi-
croenvironment for subsequent osteogenesis [25,47]. Our data on the influence of the
investigated CPs on the phagocytic activity of monocyte-like and macrophage-like cells
showed that the phagocytic index, that is, the number of cells capable of phagocytosis,
did not change after incubation with the investigated CPs. However, all the studied CPs
reduced the actual phagocytic activity, that is, the number of engulfed particles, in both
cell types. Moreover, HAp caused the greatest reduction in phagocytic activity in both
monocyte- and macrophage-like cells.

Macrophages are capable of phagocytosing relatively small particles (diameter less
than 10 µm) of calcium phosphate [44]. It can be hypothesized that the reduction in phago-
cytic activity after incubation with the CPs investigated in this study may be associated with
the uptake of these particles by cells and their subsequent biodegradation. Phagocytosis,
like lysosomal biogenesis, is a Ca2+-dependent process [48,49]. An increase in lysosomal
mass has been shown to be regulated by the activity of lysosomal channel TRPML1 [48].
When macrophages attach to particles, the TRPML1 channel opens in lysosomes, allowing
Ca2+ to be released from lysosomes into the cytosol, causing lysosomal exocytosis at the
phagocytic cup. This, in turn, increases the surface area of phagocytic macrophages and
facilitates big particle engulfment [49,50]. In addition to lysosomal Ca2+, macrophages can
also utilize an influx of extracellular Ca2+ released by dissolution on the “material-cell”
surface during phagocytosis [51]. Notably, both extracellular and intracellular resorption
pathways are characteristic of CP materials. The phagocytosis of small CP-particles with
subsequent degradation inside phagolysosomes may disrupt the normal functioning of
lysosomes by releasing excess Ca2+ and Pi, and by increasing osmotic pressure [52]. The
possible consequence of these processes may be a disruption of normal lysosomal degrada-
tion, which, as already known, is crucial for sustainable phagocytosis in macrophages [53].
This mechanism potentially explains the decrease in lysosomal mass along with the in-
hibition of phagocytosis observed for the investigated OCP and HAp. Moreover, it is
possible that DCPD, by comparison with OCP and HAp, can provide a more prolonged
maintenance of lysosomal function and potentially has a greater ability for macrophage
resorption. However, the described effects and their relationship with the physicochemical
characteristics of specific CPs require further investigation.

Macrophages represent a heterogeneous cell population with a dynamic spectrum
of functional states ranging from pro-inflammatory M1 to anti-inflammatory/immune-
regulatory alternatively activated M2 macrophages, demonstrating pronounced differences
in effector functions [54]. After the implantation of a biomaterial, during the acute in-
flammatory phase, macrophages initially polarize towards the M1 phenotype, secreting a
series of characteristic pro-inflammatory factors such as TNFα, IL1β, IL6, reactive oxygen
species (ROS), and nitric oxide (NO) [53,55]. However, the effective and timely transition
from the M1 to the anti-inflammatory M2 phenotype defines bone tissue regeneration and
implant integration [20]. During the phenotype switch from M1 to M2, anti-inflammatory
cytokines such as BMP-2 (bone morphogenetic protein 2), vascular endothelial growth
factor (VEGF), and IL-10 are released, creating the necessary osteogenic microenvironment
for bone tissue regeneration [55]. Our results indicate that the increased induced, but
not constitutive, intracellular production of NO after incubation with the investigated
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OCP and HAp suggests that these CPs may enhance the pro-inflammatory properties
of macrophages, which could contribute to reducing the pathogenic load after material
implantation. Elevated extracellular NO production may lead to contact damage to normal
cells and intensify inflammatory processes; however, within the peri-implant site, NO
production may contribute to angiogenesis, which is necessary for normal functioning of
the implant and successful regenerative processes [42,56–58].

Another important function of macrophages and monocytes is their ability to secrete
numerous cytokines that play a crucial role in the formation of a pro-regenerative niche
necessary for bone tissue restoration/regeneration [25]. Bone healing begins with an
inflammatory reaction that initiates the regeneration process, leading to the restoration of
bone tissue under normal conditions [59]. However, an imbalanced immune reaction at this
stage can disrupt the reparative process, ranging from delayed healing to the formation of
non-regenerating bone defects [24]. During the inflammatory stage of bone tissue healing,
the central cytokines secreted by macrophages and monocytes are IL-1, IL-6, and TNF-
α [25]. The function of these pro-inflammatory cytokines is to create an osteogenic niche by
recruiting and differentiating mesenchymal precursor cells into osteogenic cells [25,60–62].

The obtained data indicate that the investigated CPs do not influence the production
of pro-inflammatory cytokines in non-activated monocyte-like cells. However, adding CPs
to cells pre-activated by the Toll-like receptor ligand bacterial LPS significantly enhances
the production of pro-inflammatory cytokines such as TNF and IL1-β. This enhancement
of cytokine production may be related to the synergistic action of bacterial LPS and Ca2+

ions formed from CPs. The elevated levels of extracellular calcium are known to be de-
tected near dying or activated cells, in areas of chronic infections, and are also formed
during the dissolution and recrystallization of CPs [63,64]. The excess Ca2+ ions formed
can serve as a danger signal and induce the assembly of the NLRP3 inflammasome in
monocytes/macrophages through the activation of the calcium-sensing receptor (CaSR).
In turn, this signaling cascade can be triggered by signals from Toll-like receptors [65,66].
NLRP3 inflammasome activation led to the production of IL-1β, with the highest pro-
duction observed in cells incubated with HAp [67]. It is known that the activation of the
NLRP-3 inflammasome and the production of IL1-β play important roles in the patho-
physiology of hydroxyapatite-associated arthropathy [68]. Based on this information, it
can be hypothesized that the pro-inflammatory properties of hydroxyapatite are primar-
ily realized through the NLRP3 inflammasome activation and subsequent production of
IL-1β [68]. Our findings align well with the clinically recognized issue of implant-associated
infections, often leading to the rejection of bone implants [69]. Regarding CP materials,
this phenomenon may be associated with the release of a large quantity of Ca2+ ions into
the surrounding space during the interaction of cells with CPs, which, in conjunction with
infectious agents, enhances the pro-inflammatory activation of monocytes.

Based on the obtained data, it can be seen that all investigated CPs are capable of
increasing the production of pro-inflammatory cytokines in non-activated LPS macrophage-
like cells. From the literature, it is known that calcium phosphate particles can act as
DAMPs, contributing to the polarization of macrophages towards the M1 phenotype [70,71].
However, as previously stated, during material integration, macrophages initially polarize
to the M1 phenotype, which exhibits pro-inflammatory behaviors by secreting typical
pro-inflammatory cytokines, and only after that does the switch to the regenerative M2
phenotype occur [55,72]. Moreover, based on our data, it can be observed that with
additional activation of these cells by LPS, there is no further increase in the production of
the investigated cytokines upon the addition of CPs. In fact, the concentration of TNF-α
and IL-1β even decreases.

5. Conclusions

The necessity of developing bioactive and harmless materials imposes a challenge on
modern scientists for a comprehensive express assessment of the bio- and immunocompati-
bility of new ceramic materials under in vitro conditions. Our obtained data suggest that
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the THP-1ATRA and THP-1PMA cell models can effectively and informatively reflect the
monocytic macrophage response to the implanted calcium phosphate ceramics in in vitro
conditions, demonstrating not only the harmlessness but also the immunomodulatory
activity of the investigated materials. We believe that even such a simple model as the use
of THP-1ATRA and THP-1PMA cells will allow scientists to promptly make the necessary
adjustments to the composition of calcium phosphate materials directly in the develop-
ment process ex tempore, as well as significantly save resources and reduce the use of
laboratory animals.

The results presented in the study indicate that physiological participants in the pro-
cess of bone tissue biomineralization—DCPD, OCP, and HAp, obtained by us using a
low-temperature chemical transformation approach—may possess biological activity to-
ward human macrophage and monocytic cells in vitro and potentially provide conditions
necessary for bone tissue restoration/regeneration in the peri-implant site in vivo. More-
over, the most preferable calcium phosphate ceramic for implantation in patients with
latent inflammation or unpredictable immune status appears to be DCPD, as this ceramic,
in total, had the most favorable impact on the investigated cell models. To test this hypoth-
esis, we will conduct further research on the influence of experimental low-temperature
calcium phosphate ceramics on the immune status of laboratory SPF animals with modeled
latent inflammation.
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